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ABSTRACT

In this thesis an investigation intc the dependeuce
of the thermal conductiviity of a powder on.itg Pa;l?ﬁ‘d\*eﬁs'm
is described.

Measurements of the conductivity of zix aluminium
powders with interstitial air pressurerz from atmospheric to
’10-5 cm.Hg, are reported. The conductivity of a powder is
constant at higher pressires until the mean free path of the
molecules of the i'as becomes comparable to the size of the pore
spaces of the powder, The conductivity then decreases with
decreasing pressure to a small asymptotic wvalae at low prassurcs.
These results accord with those of previous workers, Measurements
of conductivity with varying temperature are also reported and
it is concluded that the heat transfer is due to conduction and
that convection and radiative heat transfer are not important,

The differeuces in conductivity or the six powders
are explained by considering the mean particle size and the
porosity of the powders. A finer powder tends to have a low
conductivity because a temperature discontinuity can oxist at
each solid-gas interface, A powder which packsito @:ihign
porosity also tends to have a low conductivity because the
thermal resistance of a powder is duc to the prescnce of the

voids,. It is shown that the porosity of a packed powder



3

depends on its particle size distribﬁtion and it.is conclnded,
therefore, that the conductivity of a powder depends on both
the mean particle size and the eize distribution, This
hypothesis is confirmed by further measurements on mixtures

of two of the aluminium powders,
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ABSTRACT

In this thesis an investigation jnto the dependeance
of the thermal conductivity of a powder onlits paviicle gize
is described.

Measurements of the conductivity of six aluminiunm
powders with interstitial air pressures.from atmospheric to
10-'5 cm.ldg, are reported, The conductivity of a powder is
constant at higher pressures until the mean free path of the
molecules of the ;;as becomes comparable to the size of the pore
spaces of the powder, The conductivity then decreases with
decreasing pressure to a small asymptotic valne at low prassures.
These results accord with those of previous workers. Measurements
- of conductivity with varying temperature are-also reported and
it is concluded that the heat transfer is due to conduction and
that convection and radiative heat transfer are not important,

The differences in conductivity of the six powders
are explained by considering the mean particle size and the
porosity of the powders, A finer powder tends to have a low
conductivity because a tecmperature discontinuity can exist at
each solid-gas interface, A powder which packsitor ahigh
porosity also tends to have a low conductivity because the
thermal resistance of a powder is due to the presence of the

voids, It is shown that the porosity of a packed powder



depends on its particle size distribution and it is conclrded,
thereforey that the conductivity of a powder depends on both
the mean particle.size and the size distribution, This
hypothesis is confirmed by further measurements on mixtures

of two of the aluminium powders,



READING OF THE THESIS.

In order to make reading this thesis easier, it'is
proposed first to explain its arrangenent.

The figures, which are used to illustrate the text,
are imounted facing the relevant page, If more than one figure
is referred to on a single page, the figures are all bound
together facing that page.

The graphs, however, are bound together in numerical
order, between the Appendices and the Tables. They are mounted
so that they will fold out and enable a relevant portion of -the
text and a graph to be studied simultaneously.,

The references are arranged alphabetically by the
Author's name. If therec are several authers, the first name is
used for this purpose. The references are numbered and the
number is inserted into the texi the first time the reference is
mentioned., If the same reference is mentioned subsequently, it
can easily be traced by the nlphabetical arrangement,

Some of the tables list values which are displayed quite
adequately on the graphs., It is felt, however, that scie
readers may wish to use the original readings for further work

or manipulation and they are thus given for completeness.
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CHAPTER 1.

IFTRCDUCTION.

1.1 Purpose of the Investigation .

The need for an understanding of the influence of
the particle size distribution of a powder on its effective
thermal conductivity was first suggested because of variations
in the sintering behaviour of different batciies of fetal powder
which might have been dttributable to variations in thermal
conductivity.

Thermal conductivity has been used as a parameter
to express heat transfer even though it is not rigorously
applicable to honmogeneous media,  or those in whiéh the heat
transfer is not entirely by conduction..

Interest in the effective thermal conductivity of
powders was first shown at the berinning of this century and
many experiments have been nerforiied since, The topic has
increased in industrial importance and has found direct appli-
cation in cryogenic engineering, soil technology, chenical
engineering and other fields.

One source of difficulty when making measurenments
of this sort is the large number of variable paramneters such
as pornsity,.size and shapre of the pores, size and shape of

the grains, tem"nerature and temserature difference, heat flow,

nature and pressure of the interstitial gas, geometry of cont-
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ainer, nature of solid and many others, which may influence
the heat transfer. | The value of uch of the previous work
would seem to be limited because too many parameters have been
varied at the save tine and nany have not been mcasured, making
it impossible to distinpuish the effect of each.

Several formulae have been derived, using both
theoretical and empirical methods which express the thermal
conductivity of a rcwder in terms of some of the variables.
Agreement between theseformulae and experimental results is
not satisfactory. With the present state of knowledge it
weould seem that any formula which coulé accurately predict the
conductivity would be of such complexity and involve the measu-~
;ement of so mény parameters that it siould be far more incon-
venient to use th:an it would be to measure the conductivity
itself. Since the conductivity of a powder is in no sense a
fundamental »roperty it WOuld seenm more inportant, first, to
understand the basic mechanism of the heat transfer. Thus, for
exampley if the influénce of varticle size distribution on
thermal conductivity was completely understood, maximum or nin-
imum conductivity could be obtained by choosing a suitable
powvider. The actual conductivity could be obtained by direct
measurenient,

It would seem essential, therefore, to vary only one
parameter at a time in an experimental investigation of the

hermal conductivity of a powder. In order to elucidate the
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effect of the rarticle size distribution of a powder on its
conductivity, then, as far as possible, all other paramcters
should not be varied.

1.2 A Survey of Previous Investipations.

Theoretical expressions relating the conductivity
of 2 heterogeneous Medium to the corductivities of its cons-
tituents were derived by Maxwell (41) in 1881, Lord Rayleigh
(48) in 1892 and Lees {36) in 1900; HMaxwell's equntion assurm-
ed a medium containing dispersed sphcres of another material,
Lord Rayleigh assumcd a system of sphecres arranged in rectang-
ular order in a containing mecdium and Leecs considered alternate
squares of two matcerials. taxwell's formula was found to be
consisﬁont with measurcments on a suspension of mercury in fat
by Meitner (42) in 1910 and was generalised further by Burger
(10) in 1919 and Eucken (19) in 1932, However, none of these
formulae are ayplicable to a packed powder bed because of the
approximations which are made in their derivation and no
successful theoretical approach to this problem has ycect been
made,

Experiments were first carricd out by Sir James
Dewar (16) in 1898, In the course of his classic work on
vacuum flasks, he found that he could further reduce the heat
conduction through a flask by filling the evacuated space with

finely divided powder. At atmospheric pressure, however, the

conductivity of the powder was greater than that of air. He
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concluded that the gowder shortenced the mean free rvath of

the molecules and thus reduced the hcat conduction at lower
pressures. Early patents utilising this principle were taken
out by Fate (20) in 1909 and Stanley (56) in 1913,

The basic mechanism of hcat transfer through a
powder and an interstitial gas was cstabiished by Smoluchowski
(55) in 1910. He wcasured the thoermal diffusivities of several
powders by measurins the rate of decrcase in temperature of a
thermomcter which acted as the inncr cylinder of & concentric
system, the outer cvlinder being surrounded by ice. He made
measurenents in air at various pressures between 0.2 and 760
mr.Hg. and found that a pfabh of thermal conductivity plotted
against the logarithm of the intcrstitial gas pressure was an
S- shaped curve, the rowder tending to constant conductivity
at the higher and lower pressurcs. All the powders had
comparable conductivities at the lower pressurcs. Ee concluded,.
thereforey, that the conductivity of the powder depends mainly
on the interstitial gas, the residual conductivity in vacuun
-being due to conduction throuch the peints of contact of the
grains and to radiation passing between the grains. In an
attempt to utilise this knowledge to derive an expression for
the conductivity of & powder, Smoluchowski assumed each
contact between grains to be displaced by a small distance)p
Thus he avoided the implication that the heat transfer at the

point of contact would be infinite. This apparent raradox has
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been discussed, more recently by Jaffe (26). Having made
this assumption, Smoluchowski calculated the heat conducted
through thc gas at the point of contact of two spheres. He
was thus able to calculate the conductivity of arrays of equal
spheres, which he did for cubical and teotrahedral packing,
assuming the displecement to be a function of pressure. This
formula related the conductivity of the mnowder to the conductivity
of the gas and its pressurc. His experimental results gave some
measurce of agreeient but did not confirm the theory.
Smoluchowski further calculated the conductivity of a powder
of sphcrical grains in vasuo,assuming that the heat transfer was
due to conduction through the solid and that the area of a
point cf contact was given by the Hertz (25) »ziatiouship. His
calculated values were about 1,000 timcs grezter than the exper-
imental values. He thus concluded that there is not a good solid-
s0lid contact between the grains of wvowder, This is easily
understood in the light of the 7ore modern work on friction
between soiids (7). Snoluchowski had thus shown that the
thermal resistance of a powder is due to heat being conducted
from grain to grain through thc gas and, even if the solid
pPhase is a poor conductor, the conductivity of the interstitial
gas is the dominating factor, As the pressure 1s reduced, the
conductivity decreases when the mean free psth of the molecules
becomes comparable.to the distance between the grains, as might

be expected by considering the kinetic thcory of gases. The
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effective conductivity thus devends meinly on the naturc and
pressure of the interstitiél gas. These general principles
of hecat conduction have been coufirmed by all subsequent
investigations. Smoluchowski also concluded from his
measurements that the conductivity of a powder depends on its
particle size.

The next investications were made by Abcrdeen and
Laby (1) who, in 1926, published mecasure~cnts of the conductivity
of silox powder in air, Che and H2 with interstitial pressures
of 1 to 760 rm. Hg. They also used a concentric cylinder
arrangement but neasured a steady state tempcrature drop and
the heat input from an electrical hcater. By making the
cylinders much longer than those used by Smoluchowski they
assumed that a region of lincar heat flow existed over the

central portion of the cylinders.

They found the conductivities to be greater than
those determined by Smoluchowski and pointed out that his
values were open to doubt because of the short length of the

c¢ylindcers which he used. However, Smoluchowski's qualitative

conclusions would not be affected. “hen their results were
plotted as a graph of conductivity ‘against the-logarithm
of the interstitial pressure they gave approximectely a

straight line rclationship, not the S- shaped curve found by

Smoluchowski, They therefore proposed the experisicntal
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relationship
- 2
k=3 ko log10 n
k = ccnductivity of the powder, -~ - oy

© lwko & conductivity .of the gas.

p interstitial gns pressure...

-constant. for each gas.

w.

n

Aberdeen and Laby do not specify the particle size
of their silox powder but they do say that the density of the
powder was only %6 times that of the constituent grains, It
scenis probable jtherefore,that the void spaces were fairly large
and that they did not attain sufficient vacuum to prcduce an
S-shaped curve. They did point out the nossible use of
cvacuated powders as thermal insulation for liquid oxygen
storage vessels.

The work of Abcrdecn and I-~by was continued by
Kannuluck and ifartin (28) who,in 1933 published the results
of a more extensive set of measurcments of the conductivitics
of secveral grades of carborundum powder and also magnesiunm
oxide, glass anc Jiphenylamine powders over with a gzas
pressure range of 0.5 to 76 cn.Hg. Their expcrimcntal tech-
nique was again a concentric cylinder arrangement, a straight
wire forming the inncr cylinder a2nd thc heat flow being
calculated from thce electrical ctnergy dissipated in the wire,
*hen plotting conductivity against the 1ogafithm of the gas

pressure they obtained the S~ shaped curve as found by
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Smoluchowski. They found thet, for a sinfle powder, it was
as though the scale of thc pressure was successively magnified
in passing from carbon dioxidc to air to hydrogen.

They considered the rossibility thet conduction
was due to an adsorbed layver of gas causinm conduction between
the grains but showed that this explanmtion is unlikely because
the powders did not show any variation in their conductivity
2t etmosphcric pressure before and after cvacuation,. They
2lso mcasurcd the conductivity of & powder filled with helium
which does not show any adscrption and yet the conductivity of
this powder was high. Kannuluick and Martin also pointed out
that Abcrdecen and Laby had in faét obtained a slightly "S-shaped"
curve if full weight was given to each of their points. In
an attempt to obtain a mathematical expression for the
conductivity of a powder Kannuluick and lMartin considered it
te be made up of a series of successive laminae of solid and
gas and thus derived the formula

k:kg‘

T-w(i- £8)

where:~ Eo _ L
Ezgunducti#ity’bf the plwden
kKg=conductivity of the mas -
ks=conductivity of- ®i¢z-golid R
p=effectivé density -of “the pcwder
po=density of the solid Lol

K
o
+4

Agreement between the measured conductivities and values
calculated using this formula were not wholly satisfactory and

this they attributed to some of the interstitial spaces being
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smaller than thc mcan frec path of the gas. Their results,
therefore, agrced in principal with Smoluchowski's,and it is
interestins that the change of gas gave the resulis which might
have been expected if thc conductivity of the powder depends
mainly upon thet of the interstitiél gas.

In 1931 Amberry (4) had attempted to obtain an
expression for the COﬁductivity of a powder by applying the
principal of similitude. Assuming & mcdium in which all the
bodies are similar and arc situ=zted in the samne position with
respect to the surrounding oncs, he Ealwnced the dimensions of
conductivity with those of the size of the powder bed 2nd its
constituent grains. Saunders (52) extended this theory in
1932 and concluded that the effective conductivity is independent
of the size of the grains. and if the conductivity of the gas
is low, the conductivity of the powder is proportional to that
of the constituent grains, This conclusion clcarly does not
accord with expcrimental values and it seems that there are so
rmany parameters which can be varied to describe an actuwal powder
that very little progress can yet be made by this approach,
Obviously, unless all the variablcs are included, the conclusions
are not likely to be wortuwhile,

It was by this:tinc established that the basic
mechanism of heat transfer is conduction and the effective

conductivity of the powder depends mainly on that of the gas.
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Several later authors have statcd th=t conduction is mainly

by the paseous phase which is a misinterpretation of the
results, the gasecus phase constitutes the thermal resistence.

A mathematical deseripticn of the process was obviously very
difficult, if not impossible, and simple nodels did not describe
the results completely. A1l thc experimcntal measuremcnts

werc onen to objections but they yiclded comparative results
which were aliost as useful as absolute ones.

Meanwhile, the subjcct was increasing in practical
importance and was approached by several people with specific
problems in mind.

Griffiths' (24) work, published in 1929, was a
thermal insulation test for the Food Investigeation Board. He
used a parallel plate and guard ring arrangement and worked
at atmosphecric pressure with relatively ccarse mzterials,
Under thcse conditions, convection cecntributed considerably to
the heat transfer when the appsratus was in a vertical rlane,
Terres (56) measurcd the conductivity of crushed coal, in 192&,
in order to try to improve its 'coking' tirie. Zurke Schumnman
and Parry (11) were concerned with the same problem and in,
1931, they publighed values for the thermal diffusivity of
crushed coal, They found that the diffusivity of coal,

Fn-gn rmsh ,was greater than that of #16 mesh coal, Their

experimental method was a dynamic one end from the shape of the

r
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heating curve they concluded that the laws of conduction for
solid materials hold also for granular materials.

In 1934 Séhumaan and Voss (54) made an empirical
attempt to derive a formula which would predict the conductiéity
of a granular m~rterial from a knowledge of its constitucnts,
They assumed that the conductivity could be expressed in the
formK = f(KA. KB‘ a) oo e otinnal oot o0 G

where:-a = _fractional volume of the continuous phase A

KA = conductivity of phase A

Ky = the conductivity of the solid phase B

K = <the effective eonductivity of the medium,
By considering all the limiting cases where K was known, they

cmpirically arrived at the formula

s

K_K (
__a_'b ) p(1+p) (Ka-Kb) Ka(l+p)
K =g oplra-kp) & ! *Gav pRa-KD) 1°8° “Kop.

~

where a = p (p+l(_1og 1%2) - D.

They measured the diffusivity of steel shot, lead
shot, qu-rtz and coal, in air and in hydrogen at various
pressurec., Their expcerimental technique was one of plunging
a concentric c¢yvlinder arrangement into a bath of boiling water
and plotting thc rise in tempcerature of the inner cylinder
against time. The results corroborated the conclusions of
earliér investigators, the conductivities in hydrogen being
much greatér than those in air but both approaching similar

values at lower pressures, They also pointed out that convection
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cannot be an important mechanism of hcat transfer through
fine powders., Unfortunately, the expcrimental results did
not fit their enmpirical formula very well,

In 1935, Russell (51) attempted to derive a formula
to explain the behaviour of porous and granular matcrials,.
His model consisted of cubical nores of the same size on a
regular lattice or alternatively, cubical particles separated
by layers of air and hc assumed plane isothermals, Thus for

a granular mr~terial hls formule takes the form:-

Kb (l—p)’ +== - 3;;
X = [_1 (1 p)

2 (dup) - = +(1-p).“-gj
(1-p)? ks — (12p)3
where kb = conductivity of the material
ks = conductivity of the &o0lid
ka = conductivity of the air
p = fractional porosity

Russell aisb calchiaﬁed %he contribution to the hcat transfer

made by radiation assuming the samc model as before
2
- = Tm
hence Kr 46 A‘IZ

where K, = apparent conductivity aoroses a pore’due tormdiation
Trne = absolute tempcerature

x = width of air space 6-
A42 = a constant depending upon the enissivity and geometry
L of the surfaces.
>= radiation constant
He concluded thercfore that with smnall pores and

lowecr temperatures thc conductivity of the nores is that of the

aif alone,. With higher temperatures radiation plays an increasing

part and with nore spaces bigger than about 3" convection also
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occurs. He docs not conprre his' formule with experimental
drta but concedes that it only epproximrtes to the truth, it
does not, for c«xawprle, predict thrt for lcivest conductivity,
the continuous phase should be the matcrial of lower conduc-
tivity.

It was now anparent, therefore, that convection is
entirely ce¢liminated with small pore size. Radiation was
thought to constitute some part of the total heat transfer
but its importance was not known.

In 1934 Kistler and Caldwell (31) publishcd measure-
ments of the conductivity of various grades of crushed silica
acrogel at various gas preossurcs down to 10_4mm, Hg. They
also mcasured the conductivity of the powder when it was
filled with dichlorodifiioromethane- which has a conductivity
lower than that of air. As was expected thc conductivity
of the poi.ider was lover than wien fillcd with air, Their
apparatus was of the guarded rlate type and was adaptced so
that -<ieckanical pressure could be gxerted on the upper plate
by neans of a2 calibrated spring. Readings of the conductivity
wien cvacvated to a low gas pressure were then made with
different mechanical loads on the spring. It was thought that
by this mcans the particle to particle contact would be
increased and hencec also the heat conduction. This was indeed

5

the case , the conductivity increasing from 1.27 x 10 ° to
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1.50 x 10-5 cal/sec/°C/cin when a load of 15.3 1b/sg.in. was
anplicd. Since tie silica acrogel seened to behave elastically
under repeated compression and relecase, aftcr an initial decrease
in volume, this cxrperiment would scem to show that much of the
residual conductivity of a nowder under vacuum is due to
narticle-narticle contact,

In a paper published in 1935,_Kistler (30) went
further and pointcd out that, since the'cdndﬁctivity of a porous
material depends very closely on thce rclative sizes of the
rores and the mean free path of the interstitial gas, this
could be 2 vowerful tool in mecasuring the size of the pores,
which, in silica';erOgeli were too small to be measured by
microscopic means.

Kistler first deduced a formula rclating the
conductivity of silica a¢rogel, its mean pore size and the
nean free path of the gas as follows:-

From the kinetic teory of gases the conductivity

of a gas is progortional to thc mcan free path of the molecules

of the gas R
K=k £

where £ = nean free path of the molecules.

If L is the mean pore size of the silica acrogel, a
molecule may collide either with =nother molecule cor with a selid
surface and thc mcan frce veth of the molecules is la wlhere

1&:1.-'?‘



:If the conductivity of the acromel is propertional
to this mean freeprth, and this would sccm to be open to
discussion, then

k = k1l
L+[

and hcnce

, L
k 0.058 Cv ‘o )
L+ Yo

b

n
T

where M = the mclecular weight of the gas.
o= the mcan frec path of the gas at a2 prcssure
of 1.am, Hgn
P = pressure cf the gas.
T = temperature cof the gas.
Cv= specific hcat of the gas at constant volume.
Kistler modified this formula to alles for an
acconrodation coefficient between the elecules and the gel
surface, but concluded that the c¢rror was nrobnbly small in
this case and ncglccted it in actual calculation, By estimating
the residual conductivity of the powder at vcry low pressures
and using thc neasurements at two otihcr pressures, Kistler was
able to calculate L, the mean uorce size from his e¢quation,
He performed this calculation using velues of conductivity of
the sane povder measured with three interstitial geses, air,

002 and 0012 F_ and obhtaincd consistant values for the pore

2
size. If the calculation is repeatced using some of the valucs
of conductivity measurcd by Kistler but not used in his

calculations, however, the agreenent is not so good. However,

this is thc only real attcunt to use conductivity neasurcements



20
as a means of nmcasuring pore size £nd would sceih to be a
promising idcea.

In 1636 Bartens (5) weasurcd the thermal  conduc-
tivity of stccl, gless and lend %ells in cil #nd in air at
atrnoszheric pressure and at 0.2 pn.Hg. The conductivitics at
atmospheric pressure were rrceter than the evacuatecd case but
were much lcss than these for oil iwwersion. These conduc-
tivities incrcrsed when tre volume of mectal was increased.

These rcsults arrcc iith what might be expected,
Since the conductivity of a liquid is nuch greater than that
of 2 gas systemi 1in which the continuous medium is n~ liguid

will have a highcer conductivity. It is also of interest to

note that as carly a2s 1909 Fatten (45) h~Ad published measure-
ments of the thermal conductivities of soils with various mois-
ture contents ~nd hsd found that thc conductivity increases
sharp»ly iith increasinﬁ noisture content, This is obwviously
an intermediate case ~nd emphasises the importance of the

continuous phase in transferring the hcat between the solid

grains., Patten 2l1lso concluded from his e¢xperiments that the
conductivity is not grcatly ~ffected by g.xin sizea In

1938 Kling (32) published 2 sct of measurcicnts of the conduc-
tivity of powders at pressures betwcen onc and fifty atmospheres.
He did not find any appreciable effcct with increascd pressure
over this range which again accords wcll with what wmight be

predicted from the kinetic theory of gascs since the conduc-
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tivity of the gns would not be expected to inecrcase over this
range.

Conc (12) submitted & thcesis to ILoadon University
in 1938 entitled 'The flow of hcat thrcush a granular aaterial'.
He neasurcd the thermal diffusivity at atmospheric pressure of
a varicty of matcrizls including stecl spheres, steel plates,
crushed brick and glass by plunging & cylinder ccntaining the
naterial into a ccnstant tcemperature bath. A larger temprrature
drop gave an increased diffusivity of the crushed brick,
Polishing the Bphcres appeared to decrease the conductivity.
The results were not chy accurate and were only taken at
atricsphcric pressurc. The main varisble in the readings was
the mrterial, vhich was very coarse. However, the rcesults
riay be teken as an indication th~t tcmperaturc and the state
of the surfacc are varisblcs which may influence the conduc-
tivity. Cone did not offcr any explanation of his results
but it is interestins to note that nolishing the sihceres
decreased the effective conductivity and to see how this could
be exnrlained as a rcducticn of the acconmodation ceoefficient
as discussed later,

In 1939 Damkghler (13) calculated the contribution
to the heat transfer mrde by radiation assuming that radiation,
pessed from solid to solid through the interstices and that
no absorption occurred in the gas. No expcriricntal support

for the formula was offercd.
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Fis formula was Ka = 4 A@ € S dp TJg

where:-

=

a

equivalent conductivity caused by radiztion
fractional free area in granular meterial
erissivity

Stefan's constant

factor relating thce length of the radiant path
between particles to the particle diameter

dp = diancter of thg varticles

T = absolute temwperature,

NP >
(LI |

In the sare ycar Austin (3) publishcd a general
review cf the conductivity of porous nmoterinls. He pointed
out thce large number of variable prramctcrs and discussed their
e¢ffect using somc of the rcsults which have been described
previously. Austin also discusscd thc conduction of heat
through a nowder in terns of the scattcring of heat gquan*a.
or phonons as postulatcd by Delye (14).

Cones work was continued by “addams (61) who,
in 1944, published mcasurcmcnts of the conductivity of steel
spheres and of coarse calcite rpowdexr again a2t atmosnheric
pressurec., The increase in conductivilty with increasing particle
sizé he attributed to convection, Again the c¢lcanliness of
surface of the particles affccts the cocnductivity but Waddams did
..t make a direct comparison of the conductivity of the same
spheres with differcnt surface conditions.

In 1948 Whilhelm et. 2l (63) collected all the
availablc experimcntal measurcients and comuparcd them with

the formula derived by Schilimpan=and Voss. They computed a



23
correction factor to be added to the formuls which wouid give
the best average of the experimcntal results. Trus, of course,
they ignored the parameters which were not included by Schumman
and Voss.

In 1950 Prins et al (47) measured the hecat transport
through glnss spheres and througZn mngnesium oxide with gas
pressurcs from ‘IO.-l+ - 800 s Hg, using hydrogen, carbon
dioxide and air as interstitial gases. They obtaincd the
S shapcd curves and also the variation in conductivity with
the interstitial gas found by cearlicr workers. They also cla-
imed that & calculation of the contact radius of glass
spheres using the Hertz relafionShip, predicts residual
conductivities which are of the sane order of mnagnitude as
experimental velues, In the same year, Gemant (23) calculated
the thermal conductivity of soil assuming a layer of wmcisture
between each particle, He compared his formula with a set of
mcasurements which had been made by Krischer (33) in 1934,
These peapers do indicate that a threc phase ;ystem will be very
different from onc consisting of two phases and that the two
cascs cannot ve edsily correlated.

Gemants' formula was criticised by Webb (62) because
of the ncgleet of the 2ir nhase and by De Vrics (18) because
of the assumntion of parallel heat .flow. - Most of the theoretical
predictions of effective conductivity have becn derived

essuming narallel flow =nd thus they can only be, at the best,
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order of magnitude estimatcs. There geems little point in
trying to make cxperimental results fit these formulae or to
deduce from them the effecf of a paranmecter.

Three sets of measurcicnts werce published in 1951
by Rowley ct al (50), Katan (29) and Allcutt (2). Rowley et
al measured the conductivity of several powdered and fibrous
materials. They found the usual reduétion in condﬁctivity
with pressufe and also a reduction in conductivity of the
fibrous materials when they were compressed. Roi'lcy stressed
the importance of investigating the effcct of one parameter
on the heat transfer instead of overall changes due to sceveral
paranmcters. Much of the work rcportcd in this survey would
seen to be of limited value for thris reason. Katan measured
the conductivity of several powders over a range cf pressures
and cbtained the familisr S-shaped curve. By noting the
pressure when the conductivity first started to increase he
cquated the mean pore size of the powders to the nean free path
of the gas at this pressure. Allcutt measurcd the conductivity
of fibrous materials at diffcrent bulk densitics obtained by :compre-
ssion, A graph of conductivity against bulk density was a
hook shaped curve, the msaterial having a higher conductivity
at the lower and higher densitics and pessing through a minimm
at an intermediate density. The high conductivity at low
densities was attributed by Allcutt to increased heat transfer

by radiation and convection, Rowley had found only a decrease
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in conducti#ity but possibly if he had comprcssed his mcterial
furthe? he may hrve obtaincd ~ similar effect . In 1952,
Deissler and Eian (15) again assumcd a cubical array of spheres
and parallei lines of heat flow in order to relatc the effective
cenductivity of a powder te those of its constituents,

Marathef and Tendolkar (39) published measurecments
of the conductivities of marble haematite and copper powders
2(1953), The experimcnts were only performcd =t ztmospheric
pressﬁre and the object of the experincnt was to detcrmine how
the porosity of the bcd and fthe particle size of the powder
affected the conductivity. They relied on sicving as a
particlc size anelysis and varicd the porosity by putting
an aporopriate weirht of powder into the thermal conductivity
apperratus. It would seem alwost certain that in sone cases
the powder would settle to a loi:cr poresity during the experiment
and a more reliable procedure is to measurc thce porosity of the
rost dense packing. Marathe and Tendolkar concluded thet
conductivity varied lincarly +-ith the porosity of the bed and
was not affected by particle size, These conclusions do not
agree with those described later ~nd it must be questioned
whether liarathe and Tendolkar controllod and measurcd the size
and porosity of thcir powders =adequately. rinrathe and Tcndolkar
also developcd a formula for ca1011qtiné the conductivities of
powdérs by considcring the solid conduction and =2 fictitious

gas condition? to operate in parallel.
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In 1954 Johnson et., al (27) mcasuredthe conduc=
tivity of a nuimbcr of npowders and fibres and obtained the
S-shapcd curves on graphs of conductivity plotted against the
logarithm of the interstitial gas pressure at temperatures as
low as 20%K.

In the following year Leidenfrost (37) Publishe&

a study of the use of evacuated pcewders as a support for thin-
walled flasks.

In 1958 Woodsidc (65) also calculated the conductivity
of a cubical array of spheres in a gas assuming parallel lines
of hecat flow,

Lauvktnitz (35) published ncasuremcnts of the conduce
tivity of various powders at atmospheric pressure in 1959.

He measured the conductivities over a mean temperature range

of 100°C to 1,00000. Although Laubnitz docs not state whether
the temperature difference was the same in cach case, his
results do denmnonstrate a considerable increase in conductivity
with increasing temperature which he attributed to an increase
in the component of hcat transfcr due to radiation, He
compared his rcsults with some of the formulee derived by
earlicr workers. Using thc¢ basic model of Russell,
synmetticaily placed cubical particlecs, he derived a formula
expressing the contribution of rndiation, He was, however,

unable to obtain agreement between this theory and his experimental

results. It may be pertincnt to mention that the tenperature
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gradient in hig apparatus was measured by two thermocoupla
junctions located in the powder which were separated by a
radial distance of only 5 mm, |

Three sets of measureuents were published in 1959 by
Bretznajder and Ziolkowski (8), Schaier and Grgndle: {(53), ard
Fulk et al (21, 22, 49). Bretznajder and Ziolkowski studied
the effect of the packing of cylinders on the effective conductivity
at atmospheric pressure. They found a higher conductivity for
a uniformly packed bed with the axes of the cylinders perpendicular
to the heat flow than for a2 disorderly packed bed and an even
higher conductivity for a uniformly packed bed with the axes of
the cylinders parallel to the heat flow. In the latter case the
bed had a higher porosity and the increase in conductivity was
attributed to the increased area of contact. Bretznajder and
Ziolkoweki also found an increase in conductivity with temperature
gradient and attributed this to radiative hcat transfer.

Fulk mcasured the e¢ffective conductivity of several
combinations of powder and gas over a pressurc rance of 760—‘!0-'6
mm,Hg., The measurements were nade at low temperaturcs and he
obtained S-shaped curves on graphs showing the variation of
conductivity with pressure. Fulk was particularly interested
in the residual conductivities at low gas pressures, a large
rroportion of which he attributed to radiation. There was a

paradox in some of his results in that there was an apparently
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greatcr acat flow through some of the powders with a emaller
temperature drop.

Schafer and Grgndler measurcd the heat transfer
through a quartz powder with severel diffcrent gascs. They
neasured thc residual cenductivity at low pressurcs and
subtractcd this from the cffcctive conductivity at higher
pressures., They found & lincar relationship between the
effective conductivity of the powder and the known conductivity
of the gas at lower tenpcratures, the constaﬁt of proportionality
depending on the particlc size, They thercfore extrapolated
the conductivity of the gas to higher temperaturces and obtained
values which agreed rcascnably well with direct wmeasurcmentse.
Schéfer and Grgndler were the first pcople to recalise that it
may be more profitable to try to deduce the fundamcntal
propcrties of a gas from ncasurcmcnts of the conductivity of
a powder rather than to try to predict the concductivity of the
povder from the propertics of its constitucnts.

In 1960 Stronz, Bundy and Eoverkerk (57) measured
the conductivity of ¢vacuztced fibrous mnterials and concluded
that random orientation of the fibres in a nlane perpendicular
to the heat flow grnve the least conductivitye. They =2lso riade
an estimete of the heat transfer due to radiation and concluded
that it must constitute a large »roportion of/ihe total in
evacucted materials.

In 1962 Pratt (46) calculated the conductivity of a
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fibrous material, using Kistlcer' s approach of nodifying the

mean free path of the gas:tv.allow for toilisions with the
fibres and showed that it compared fairly well ':ith experinental
rcsults obtained by Verschoor and Grecblcr (60).

In the samc ycar, MischXke and Smith (43) mcasured
thc thermal conductivity of alumina pellcts and in 1963 Masanurnc
and Smith (40) ncasurcd the conductivity of beds of spherical
particles. For four grades of sphcrical gless beads the

cnductivity increased with increasing particlc size.

Mapanumne 2nd Smith calculated a formula to cxplain these
ccnductivitics by considering the diffcrent mcchanisms of heat
transfcr to opcrate in parallel.

1.3 Discussion of the Litcrnture Survey.

It is evident from the work of previous investigaters
that the effcctive thermal conductivity of a powder is de¢pendent
mainly upon thc¢ nature and pressurc of the interstitial gas and
that a graph showing the conductivity of a2 powder plotted
against the intcrstitial gas pressurc produces an S-shaped
curve, the conductivity tending to asymptotic valucs at the
highcr and lower pressures.

This basic rmcchanism of heat trensfer was elucidated
by Smoluchowski At the beginning of the century and yet it is
still not possible to say how the thermal conductivity will

vary from vowder to powder. Thcecre are several paramcters whose
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influence on the conductivity is not understood but it wouid
seern that the powdcr itself can be characteriscd if the nature
of the solid and the particle size¢ distribution of the powder
are known. The conductivity of the solid grains does influe-
nce the conductivity of the powder but it would seci to be a
secondary effect and there is no investigation needed to understand
it. The influence of the particle size distribution of a powder
on its cffective conductivity is, however, not clear. Several
authofs, such as Smecluchewskl and Schafer and Griindler, have
statcd that the perticlc size of a powder docs influence its
conductivity, many authors have simply ignorcd the cffect of
particle size and a few, notably Marathe and Tendolkar, have
stated that the thermal conductivity of a powder at atmosphceric
pressure, does not depcend on its particle sizec. Several
2uthors, such as Kannuluick and Martin, have indicated that
coarser powders tcend to hnve a highcer conductivity ~nd Waddams
has attributed this c¢ffcct to an incrensc in convective hcat
transfer as the pore sizc¢ is increased. It would sccwm that,
~1f the dependence of the conductivity of a powder on its
particlc size was understood, then the mcchanism which causes
the conductivity of diffcrent powders,measured under identicel
ccnditionssto be different would be understoed and an invest-
igation of the influence of other parameters on the conduc-
tivities of 211 powdcers could then procecd from there. Many

of the investigntions described previously are open to the
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objection thet the various parameters have not kascn controlicé
closely enough and the results are, thcrefore, almost inpossible
to interpret. In this case, it wns dccided te vary the
particle size distribution of & powder and to keep the other
parancters constant as far as possible.

An z2luminiunm powder weas chosen since nctallic
nowders wcre of primc interest and air was obvicusly the most
cenvenicnt interstitial gas. The work of Leugnitz, Fulk <t
al and other workcrs shows tant the conductivity of ~ powder
varies with the temporature ot which it is measured and several
authors have stresscd the inmportance of radiative heat transfer
through a powder. It scemed impcrtant, thcerefeore, that the
mcasuremcnts should be made at fixed temperatures and also
that the importance of radirtive heat transfer should be
investigated if interpretation of the results were to avoid
ambiguitys, It was also clcar that for a comprchensive
investigation, the conductivity of a powder rust be measured
over a range of pressures wide eacughitc Zudldy defind - o i
the S-shaped curve.

Hest of the differcnt techniqucc used for mcasuring
the thormal conductivitics of powders by previous investigators
ar¢ opcn to objections. Because of the time involved in
making steady state ncasurenents, the deduction of theraal
conductivitics from mcasurcments of thernmal diffusivity has ween

2 popular approach to the problem. It is, however, by ro nmeans
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clcar that the coiception of thermal diffusivity-ean be:zso eagily
appliecd to an inhomogeneous mass and, in any casc, it is not’
possible to make neasurencnts with fixed boundary temperaturcs
by this method.
It was co: eluded, thercforc, that an investigation

of the variations in thcrmal conductivity of powders of the

aric material with differing narticle size distributions and
othcer narancters hceld constant, zs far as possible, was necded

in order to be able to understand the variation in the conduc-
tivity of one powder to another.

1.4 Packing of Particles.

The stvdy of the packing of granulmar mmterials has
been widely treated beoth theorectically and ciperiscntally,
and an account of much of the garlicr work is given in
"Micromeritice" (66)., The effcct of several variables has
beecn summrrised by MaCrae and Gray (38).

MaCrae has pointed ocut that only two situstions in
the packing of a nowder can be exnlicitly stated, that at the
point of incipicnt fluidismtion and thot cof the nost dense
packing whea tappipg docs not furthcr reduce the porosity.

It is the latter packing vhich is rceclcvant to this investigation
and which can be considered characteristic of the powdcr.
Further compression of 2 powder by the application of pressure
would seem to be inadmissible since grinding nnd deformation

nay take place and the particle size distribution thus be
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changed, For the purposes of this investigation, therefore.
a packed powdcr is one whose container has becn tasvped until
the nmaxirmum density is achieved.

Before the overall properties of a powder bed are
nmcasured it is necessary to ensure that the bed is uniform,
othcrwise the results weuld be very difficult to interprct.
MaCrae and Gray found a variation of porosity in the radial
direction but not in the vertical direction. More recently,
Penenati and Brosilow (6) have shown that an increcased porosity
exists at the wall of o containcr and also in the vicinity of
an object inserted into the bcd, This wall cffect is, therefore;
2 valid conponent of the thermel resistance whese inportance
depends on the reclative sizes of the particles and their
container. Benenati and Brosilow say that the effect is
inportant for the first five particle diamcters, although
whether this is gencrally applicable is not known, As will be
seen in scction 2,7, this wall cffect rny cause an appreciable
tempcrature drop but it is net large cnough to detract from the
significance of the ncasurcments,.

Experinment 7. A variation in the propcerties of the bed with

the height of the bed would nmake it impossible to produce &
radial hcat flow pattcrn, and hence, to find the conductivity
of the powder, In order to ascertain whether vertical inhowmo-
geneity exists in a packed bed of the aluminium powders used

in the expcrimcnts described in Chapters 2 and 3 & sample of
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the original, unsieved aluainium powder was preked into 2
tube which was made in three sections.By inserting a thin blade
between the sections, the bed was split and the particle size
distribution of two samplcs of powder from each section was
measurcd using the Bound Brook Photosocdimentometer described
in Appendix 2, The¢ results are shown in Graph 9 which is a
plot of relative surface against Stokes' diameter for samples
from each section, No apprecimble veriation of particle size
distribution with hcight exists and it has been assumed, there-
fore, that particlc segregation did not occur when these powders
were packed into the thermal conductivity apparatus, providing
the powder is well nmixed initially. This ccnclusion is supported
by the results of McCrae who also in a packed bed feund no
vertical segregation.

In Experincnt 6 mixturcs of,>150 nesh aluminiun
and<;300-mesh aluminium were used and it was decided to check
that this conciusion applies to thesc powders since the
possibility of pértiéle segregeation is probably greater, A
mixture containing approximately 30% by weight of the fincst
grade was packed into the sectional tube and the tube split
into threc parts as described previously. Thislmixture
ccntains a reasonable amount of both components but is not the
nixture of minimum porosity. The two grades of powder were
separated, for cach sectiony by sieving on a 200 mesh sieve,

the <300 mcsh grade passing casily through the sieve and the
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:>150 being retained. The relative percentages of each grade
in the three sections are shown in table 10. It is clear ithat
each section of the powder is still ~ represcatative sample
of the whole.

Experiment 10, While interpreting the results of the thermel

conductivity ncasurcments described later in this thesis the
porosity of the packed powder was fcound to be a critical
parancter, Thus, to understoand complotely the effect of
particle size distribution on the thermal conductivity of & powder
sore knowledge of its effect on the porosity of the powder seenmed
desirable,

An cxperiment was carried out using glass powders
of sphcerical particles since their particle size distribution
is casily defined and measured, The powders were availnble
as sicve fractions and their particle size distribution was
found by microscopc counting as discussed in Appendix 2. Five
successive sieve fractions were then blended in differcent
proportions to give powders with the same size linits but
different size distributions. The porosities of thcese powders
were nmeasurcd in & graduated cylinder Aas digcussed in Appendix
2e The Zeasurenmeritswere repeated for powders of cven wider
distribution aﬁd for-the individual sieve fractions. The
results show that, for powders with the same size linits, the
porosity of the bed is lower for a powder whose size distribution,

plotted on a cumulative pcrcentage weight basis, is lincar than
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for those powders which have an exceoss of larger or smaller
particles, Further, if the ratio of the size of the largest
particle to tﬁat of the smallest is increascd, the porosity of
the powder will be loss than that of a powder with o similar tyrpe
of sizc distribution but with narrower size linits,

More experiments are required before it is possible to
say whether these conclusions are gencerally applicable to irregular
powders. It is plain, however, that although the gcometry of the
container and thce methed of nacking a powder arc contributing
factors, the particle size distribution of a powder determnines
primarily its packed porosity and hcence, as is shown in Chapter 3,
its effective thermal conductivity.

Three of the powders vere blended a second time using
coloured hcads, a different colour being used for each of the
five sicve fractions, ¥hen the powdcrs were packed no obvious
segregation of the diffcrent colours cculd be cbscrved, which
supports the conclusions of-ExPeriment 7 thet vertical inhomogeneity

docs not exist in a packed bced,
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CHAPTER 2,

CXFERIMENTAL WORK

2.1 Design of the Apparatus

In 211 thermal conductivity reasurements it is
difficult to aceurately define the heat fliow potierns zsv:insd,
Insulation is not possible with very poor ccnductors, such as
powders, and linear heat flow is difficult to obtain.

Thermal conductivities can be neasured either by
steady state or dynamic mcthods, The flow pattern is more
difficult to define when using the dynamic methods and they
suffer from the further disadvantage that a zlose contrcl of
parancters such as temperature is not possible. The need for
a close contrcl of cgnditions has alrecady been stressed and
‘thus a steady state method was adopted even though the results
were consequently obtained very slowly.

There are basically three geometrical arrangements
which are convenient for measuring therw:al conductivities,
concentric spheres, concentric cylinders, and parallel plates.
The concentric sphere arrangencent was rcjected because it
ne-~cessitates thermocouple and heater wires lying in the
direction of heat flow which would distort the flow pattern.
Since the nowder must be contained, the other methods involve

a conducting surface in the direction of heat flow and
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therefore compensation for end lesses must e made, The
concentric cylinder arranrerent was chosen as the more
convenient of the tiro because the compensatirg regions can

be separated from the central region meore easily and also
because it is possible to ensure that the heat produced flows
through the powder.

The size of the apparatus was limited by the diuensions
of the vacuum system available and by considerations of the
quantities of powder necessary to fill the apparatus. The
easiest way of obtaining a uniform low mressure in the powder
bed was to mount the whole apparatus in a vacuum dome. Tke
cylinders had to be short enough to fit inside the dome and
also have a diameter smaller than their length. The powder
annulus had to be reasonably thick, however, and this, combined
with the necessity for keepings the powder samples sirall,
called for an inner cylinder of small diancter. Since the
heaters had, therefore, to be fitted into a small space a
low voltage A.C., eclectrical system was uced.

To deduce the thermal conductivity of the specimen
it was necessary to measure thc heat flow and the tenmperature
drop. Three methods were considered for measuring the hcat
flow ; calorimetry, electrical mcasurciments and measurement of
the temnerature drop across a known conductor placed in series

with the specimen, Calorimetry was considered to be






inconvenient and a large thickness of conductor would have
been necessary to give a reasonable temwerature drop in
series with the powder, It was, therefcre, decided to rely
on electrical measuremrents alone,

From these considerations an apparatus was designed
which would measurc the efféctive thermal conductivity of
powders,.over a ran~e of pressurcs and temperatures, with
sufficient accuracy to detect any appreciable change in
conductivity,

A schematic diagram of the apparatus is shown in
Fig.1 and a general view in Fig.2.Q and 18

2.2 Construction of the Apparatus

The cylinders were made of graphite and were mounted
vertically and concentrically the inner cylinder contéining
the electrical heaters, the outer one being surrounded by a
heat sink. The powder under test was packed between the two
cylinders and was contained by two graphite slabs. Holes were
drillcd through the top slab to allow the thermocouple wires
to pass through and to assist in evacuating the air from the
powder. A scale cdrawing of the apparatus is shown in Fig.3
and a general view in Fig.lh.

The main heater consisted of a straight constantan
wire insulated by a glass tube. LAt each c¢nd of this tube was

wound a comnensating heater and the whols was encloscé in
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another glass tube. This comvosite heater wés then

inserted into the inner cvylinder. The end of ecach of the
conpensating hcaters passed through a hole in the insulation
and made contact with the graphite cylinder, thus making only
one electrical conncction with cach of the compensating
heaters necessary. Each of the hcaters was fed from the

A.C, mains throuvch a Variac transformer and a step-down
transforrcr, By adjusting the awvnpropriate Variac the output

of each heater cculd be controlled. The voltage drop across
the main heater was Measured by an Awrometer, the current
vassing through it beiig memsured by another Avometer
connected across tﬂe secondary winding of a current transforner.
The mains voltage fluctuated slichtly but it was thoﬁght that
a voltage stabiliser would distort the wave form.and introduce
inaccuracies into the power mcasurements, The fluctueations
were, therefore, monitored by a recording ammeter connected
across tne larger transformer. A circuit diagram of the
electrical arrangement is sho n in Fig.5.

The hcat was dissipated by a sjpiral cooling coil
soldered to a coppcr cvlinder which fitted round the outer
graphite cylinder., Good thermal countact was znsured by
interposing an aluminium shim. In order to ensure symietry
and an even sink temperaturec the spiral was wound with two

tubes lying side by side. their opposite ¢nds being joined.
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The cooling water was circulated :from a conctani cemperature. .
bath and an Edwards' Y"Flowlrol" switch wus ineludzd to ureak
he heater circuits if the water pump should fail.

The apparatus stood on a copper base inside the
vacuum doiie. Into the base was cut a hole equivalent in size
to the outer cylinder so thet the base did not contribute to
the end losses. The dome could be evacuated by means of a
rotary pump and an oil diffusion pump, the rotary pump being
connected to the vacuum dome by 2 flcxible tube to minimise
vibration, A phosphorus pentoxide moisture trap was included
in series with thc diffusion pump vhich was prctccted by a
pPressure switch, The gas pressures were controlled by means
of a leak valve and were ileasured on a series of three MclLeod
gauges and a mercury manoneter, used in conjunction with a
Fortin baroucter. A Pirani gaure was also included for control
purposes.,

Twelve thermocouple junctions were spaced over the
central region of the cylinders, six on the inner and six on
the outer. Fine Chromel-Alumel wires, insulated with glass
braiding were used. Two thermocouplc junctions were placed
diamctrically opposite each other at the centre of each
cylinder, thus indicating any assymetry. The remaining
thermocouple junctions were then placed at points 1" and 2" on

e¢ither side of the central ones. The outer thermocouples
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were spacea round the circumfcrcnce of the cylinde: and their
junctions were attached by gluing them into a small hole,

Five of the inner thermocoupls wires lay side by side and

the junctions were attached by binding them onto a coprer

shim wi h wire. The arrangement of the thermocouple junctions
is shown in Fig.6. Since thg diameter of the inner cylinder

1

was only 4" it was thought that the presence of the thermo-
couple wires mizht arpreciably distort the hecat flow pettern
and hence introduce error into the measurcrents of thermal
conductivity. A plot of the equipotentials on an clecctrical
anzlogue of the anpsratus showed that they were not signifi.-
cantly altercd by the presence of a conductor corrcsponding
to the thcrmocouple wires.

The thermocouple wires passed through holes in the
top graphite block and passed out of thc vacuum chamber through
an Araldite seal to a Honeywell irulti-point Electronik
Recorder which was calibrated periodically using a Cambridge
potentiomcter and a standard cell, The cold junctions were
imzersed in melting ice and werc clectrically insulated from
each othcr by cnclosing ecach in a glass tube.

2.3 Operation of the Apparatus.

The apparatus was packed with powder by
disconnecting thc clectrical hecaters and siiding the top graphite

block over the thermocouple¢ wircs. A scmi-circular template
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located the inner cylindeér and- the powder wns puacked into
the annulus, the apparatus being continually tajpped. A
photograph of this opcration is shown in Fig., 7. then the
space was tightly packed ith powder the top block was re-
placed, the electrical connections wele made and tested and
the vacuum dome put into place. A beaker of silica gel was
placed inside the dome to indicate excessive moisture if the
coiling cool should leak.

The apparatus was next cvacuated to lO_qmm. Hg,
the pressure being reduced slowly to avoid disturbing the
powder, and the appmratus was allowed to de-gas for at lecast
24 hours. The heaters vwere uscd to assist this de-gaseing
process.

The main heater was next adjusted until the inner
cylinder was at approximatcly the required tempcrature and
the end hcaters were then adjusted until the six inner
thermocouples and thc six outer therimocouples read the same
tecmperatures. The apnaratus was considered to be in balance
if cach sct of readings was within a band, one degree
centigrade wide, and if the inean temperature of the inner
cy¥linder was within five degrees of the acminal temperatures
required, This was a2 practical expedient because the time
taken to balence the apparatus exactly on the nominal

tempcrature would bc prohibitive. Using the criterion
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statcd above it was possible to take, on average, about one
reading each day while the apparatus was running, “hen this
condition was reachcd the recorder continued tg print the
results for at least half an hour to show that the apparatus
wuas in equilibrium. A typical chart is shown in Fig.8,

The voltage and currcent in the main heater circuit
and also the interstitial air pressure were then mcasured,
The pressure was then adjusted to another suitable value and
the procedure repcated, When sufficient mecasurcrcents had been
made cver the wholc pressure rance the conductivitics
were calculated as illustrated in Appegdix T

Thc apparatus was emptied by nlacing = tray under-
ncath the graphite cylindcers and reaoving the bottom graphite
block,

2.4 Prcparation of the Samples of Powder.

Since metal powders are¢ of particular interest in
this investigation, aluminium was chosen as being readily
available. Six samples Qere seprrated from onc hundredweight
of powder by sicving. The fractions wcere not sharp cuts,
the coarser groades contained soie fine powder , but they were
six wowders of the same material with differing size distributions.
The sieve sizes have, however, been used to designate them.
The densities, porosities And perticle size distributions of

the powders were determincd es described in Appendix 2.
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2.5 Experiment 1. Conductivitics of
The conductivities of the six gr-des of alumi.ium

powder were measurcd over @ Pressure range Jren atmospheric to

1072 mm.Hg.  About 15 rendingswers

el different pressures

"S
[¢]
ﬁl
-

for each grede, choseir such that the eurves ware closely defin

The rcsults are given in Tablaz 7. 1 shows a pliot of

[A*]

cenductivity ocgeinst pressurce for tha six powders and Grenh
shows thc same results plotted as condu-tivity cgeainst the
logarithm of the pressurc, The nominal tempsroture of the
inncr cylinder was 100°C for all these eryperiments except

Experiment 4.

2.6 bxperiment 2.  Repro ucibility of whe uesult_

In order to assess the renroducibiliity of the
results the three coarsest grades of powder were prcked iato
the avparatus again and the rcadirnss repreiiied. The readings
on the 170~200 :i:esh grade were tolicn a Third time w1tbouv re-
packing the appmratus,in order to test the reproducibility
using the same packing. The results are given in Table 2 and
are also plotted in Graph 3.

The scatter cn the results in the atmospheric and
intcrmediate pressurce regions is seen o be much less than the
differcnces between the different gredes of aluminium and the
annaratus is therefore scensitive enough for the purpese intended,
From the results of the cxmerimentis on the 170-200 mesh
grade, tiae two curves plotted witheut reonncking the powder

are not significantly closer thar. the uther pairs of curves and



the scattcr can not be attributed only to repacking,

Piobably it is due to a combination of the inheront experimental
error and variations of the nominal temperaturec. This is dis-
cussed furticr in Section 2.8, The asymptotic values of the
conductivity at low pressures are not as accurate as the other
readings. The points fall on a straight line which suggests
that thc error is not random but is due to some change in
conditions between runs. This is discussed further in Section
2.9. However, it is fe¢lt that no significance can be attached
to the rclative values of these low pressure asymptotic values.

2.7 Experiment 3, Boundary Effects.

Scveral authors have discusscd thie possible
exis'‘e nce of a wall effcct or a temperature discontinuity
between the boundary and the powdecr. In order to test whether
such an effect does exist the 150-170 grade aluminium was
packed into the apparatus with a 1%" diameter copper tube
inserted coaxically into the powder bed, Three of the thermo-
couples from the outer cylinder vere soldered onto the tube
giving 2 set of three thermocouples at 2% intervals on both
the intermcdiate and outer tubes and leaving the inner set of
gix theérmocouples intact.

The thermal path ncw traversed four boundaries
instead of two and thus any boundary effect should decrease the

conductivity. Otherwise, the prcsence of a layer of copper and



the snoothing of any assymetri@s wouid tend to increase the
effecctive conductivity, 5 reduccd conductivity would,
thuerefore, indicatc thc existcnce of a boundary cffect,

The results of this experiment are given in Table 3 and are
plotted in Graph 4,

It is seen that presvnne ol the tube docs slightly
reduce the eficctive conductivity, which implies that the
powder and cylinders are not nnking sood thermal contact.

A Dbettéer "y explanation of the decrcase in conductivity is
the existence of & region of high porosity ncar to the wall

of a packed powder as discovered by Benecnati and Brosilow.
Thus, the overall porosity of a powder verics with the

geonctry of its contziner (as discusscd in Appendix 2) and
this is a variable which must be kept constant when comparing
the conductivities of differcnt powders, The threce thermo-
couples on thc copper tube also gave a valuc of the temperature
at an intermediate radius in the bed and enablcd this temper-
ature to be compar:d with that nredicted by Fourier's equation.
The comparison is given in Tablec 3.

The measured and calculeted temperatures are
coincident providing further evidence that the heat transfer
is mainly by conduction.

2.8 Experinment b, Radiation and Temperature Effects.

Several authors have comiented on the increase in
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conductivity with increasing temperature and also on the
contribution made by radistion to thc total heat transfer.
Allcutt has attributed an apparent variation in conductivity
with porosity to radiative transfer and it was thus necessery
to clarify this point since it »Tffers a possible e¢xplanation
of the results shown in Graphs 1 and 2.

The 150-170 grade aluminium was packed into the
apparatus and the conductivity mcasured over the full pressure
range for nominal temgperatures of the inncr cylinder of 1OOOC,
15000 and 200°C, the X 5°C scatter round these means being
accepted, The outer cylinder was in gencral betwecn 2500
and 3000 depending on the total hcat flow, this temperature not
being so critical., It was not considered nccessary to make
quite as many mcasurcments of conductivity as in previous
experiments, to be ablc to plot the graphks »f conductivity against
T'ressure, since their form was no-: estazblished. The results
of this experiment are given in Table 4 and are plotted in
Graph 5.

The implications of the results of this experiment,
wilen considering the contribution nnde by radiative heat
transfer, are discussed in thc¢ next chapter, Howevcr, it is
also seen from these rcsults that the variation of conductivity
with temperature can be fairly large and that a z 5°C variation

on a nominal inner cylinder temperature can produce apprecciable
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variations in the measurements of conductivity. It is
suggested that much of the scatter of the points about the
curves on tho graphs may be due te the use of this practical
expedient. In future work it mey be better to build an
apparatus whose boundary temperatures are rigidly fixed,

for instance by using steam a2nd ice in order to ecliminate this

eIrror,.

2.9 .Experiment 5, Resi@ual Conductivity.

The results obtained sc far had raised doubts,
about the reprodueibility of the-values of the residual
conductivity at low pressures, It was thought that this might
be attributable to varying moisture content and that the addition
of a cold trap to thc apparatus might imirove the reproduvucibility
of thcese readings. This was fitted by surrounding the pire
connecting the pressure gauges to the apparatus with an
insulated calorimeter, The )450 grade aluminium was packed
into the appmratus which was evacuated to 'IO"'l’+ mz. Hg. and
balanced in the usual manner,. The calorimeter was then fillcd
with a mixture of mnmethcol and solid carbon dioxide and the
effect on the baleanced temperaturc noted. Over a pcriod of

three hours thc reeding was not effectively changed.
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CHAPTER 3.

INTERPRETATION OF THE RESULTS

3.1 Variation of the conductivities with pressurea.

The graphs showing *the variation of conductivity
with gas pressure for the six freacticns of aluninium are
Graphs 1 and 2. . Each of these curves has the general shape
found by earlicr observers, the conductivity tending to an

sgymptotic value at higher pressures and a much smaller asyqtotic
value at low pressures,

The actual valucs of thcrwal conductivity at atmos-
phcric pressure arc of thce same order of nmegnitude as those found
by previous investigators nnd it is the shepe of the curves and
the valucs of conductivity relstive to each othecr which are of
intercst.

The rccepted cxnlanation of the S-shaped curve is
that the thermal resistence of the powder is provided meinly
by the gas, the hent passing from particle to particle through
the interstitisl spzces, The srizll residual conduction at
low pressures is duc to conducticn through the actual areas

of contact of the grains znd to transfer of hcat in the forn

of readintion, The remaining, and major component, of the
conductivity is indevendant of the pressure of the interstitial

gas until the mean free path of the molecules in the gas becones

comparable to thc pore size when the conductivity decrcasces with
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decreasing pressurc, Although the mechnnism is possibly
more complicated than this, the results of these cxperiments
give no reason to doubt it as o first corder explanation,

3.2 Atnmespheric Pressure Region.

For all the ~luminium powdcrs except the coarsest
grade, the;>150 fraction, the tendoncy is for the conductivity
at atmospheric pressure to increase with increasing particle
size. However, the;>ﬂ50 mesh samplce does nof conform with
this tendency.

Thce reproducibility of the curves (Graph 3) climinates
the pessibility of this result being spurious, In addition it
is intercesting that the results of Kannuluick and Mortin show
a similar tendency although they hove not thought it significant,
From the graphs of conductivity against pressure which they
plotted for four grades o carborundum powder with three differcnt
interstitial gascs they concluded thnat, in gencral, the finer
thce powder thce lower the conductivity at atmosphcric pressure,
However, with each interstitial gas, the conductivity of the
coarscst grade is less than that of two other grades of powder
at atmospheric pressure and only becowmcs the greatest conduc-
tivity at lowcr pressures, This is exactly the form of the
rcsults in Graphs 1 and 2 and provides strong evidence that
this is not a spurious cffect.

If the porositics of the powders (Teble 8) are studied

it is seen that they decrease with increasing particle size of
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the sample except for the 200-240C.nmesh fraction and the >150
fraction, which has & much higﬁer porosity than any of the other
gradcse Thus it scems that the)>150 grade may hnve a lower
conductivity than the others becruse its porosity is higher.
However, the decreasing porosities of the other fractions
cannot clone account for the incressing conductivities of the
cther grades or the;>150 nesh grode would have the lowest
conductivity of all and the 200-240 mesh fraction would not
have a conductivity substantinlly bigger than the two finest
grades. Since there are no othcr variables but the porosity
and the particlc size distribution it would scem thet the
conductivity in this pressure rcgion rust also depend on the
particle size. In addition, since the porosity depends on
the particle size distribution (as discussed in Section 1.4)
the conductivity is affected by both the mean particlce size and
the size distribution,

No mechanism has yct bcen proposed to account for
the dependence of the thermal conductivity of a powder on its
nean particle size, It has, however, been recognised that a
temperature discontinuity con exist between & solid surface and
a gas, the "accomnodation cocfficient" being the ratio of the
cnergy which & gas molecule acquiresrtwhen’ striking a'surface to
that energy which it would acquire in attaining a speed corres-
ponding to the tcmpraturc of the surface. An exccllent account

of this phenoriena has bcen given by Devienne (17) =2nd sone
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interesting ncasurcments have been nr~de by Thomas and Olaer
(59) (sce¢ footnote). It is now suggested that this riecchanism
can explain the tendency of coarser powders to have a higher
conductivity at atnosphcric pressure. If there is a tempcrature
discontinuity at thc surface of each grain in a powder, then the
grcater number of surfaces which the hcat flow must traverse, the
greater the thermal resistance of the nowder and hence the less
the cffective conductivity of the powder, Thus it is sugrested
that a2 fine powder will have a lowcr conductivity =t atmospheric
pressurc than a coarse powder of the same material, because a
larger number of gas-solid surfaces and hence temperature dis-
continuities will exist in the heat path, assunming, of course,
that the accommodation cocfficicnt for that particular system

is less than unity.

Footnote

Schumann and Voss imagincd the prrticles to be surrcun-
ded by a stagnant layer of gas, as first postulated by Langmuir
(34), in order to cxplain the mcchanism of decremasing conduc-
tivity when the mean free path of the gas molecules becoucs
equal to the porc size. It is intceresting to speculate
whcether the boundary lay.r theory and the accommiodation
cocfficient theory are nct two descriptions of the same

phcnomena,
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The effecct of porosity on the conductivity of a
powder is more casily understood, The groater the volume of
the voids, ond hence gas of lower thermel coaductivity, which
fills thc hceat path the greater the thermal resistance and hence
the lover the effcctive ccnductivity. Thus o powder whose
particlc size distribution is such thet it packs to 2 low
porosity night be cxpcctcd te tend to have & relatively higher
conductivity.

It should be pointed out that these two mechanisns
which have been suggested to c¢xplsin the depvendcence of the
thermal conductivity of o powder at ~tnosphceric pressurc on its
mean particle size and its particle size distribution could
2lso account for Allcutt's rcesults on the conductivitices of
compressed fibres, The porosity of the moterial will decrease
as the noterial is compressecd, tending to increase the conduc-
tivity. However, the number of fibre surtfaces per unit length
of heat path increascs with compression, tending to decrcase
the conductivity. Thus, the conductivity might bec expccted
to have a nioimunm value at some intermedinte poresity.

However, Allcutt's own explanation of his results is quite
reasonablce but could not apply to the aluminium powders as
discussed in Section 3.5.

3.3 Internedirte Prcssure Region.

The 3150 mesh curve crosscs those of the two coarser

grades at intermcdinte pressurcs and this fractinn then has the
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highest conductivity. Previous workcrs have agreed thai the
shape of the intermcdiate portion ¢f the curve will depend largely
on the porc size of the packed powden iince the 2150 mes
fraction is much coarser than the others (See Appendix 2 and
Graph 8) it is reasonablc to mssumce thet the pore size is greater.
Thus, a lower pressure must be reached before the conductivity
of this fraction decrecases because a larger percentage of the
pores are still greater than the mcan free path of the molecules
of the gas. Similarly, it is suggcsted that the 200-240 mesh
grade has a fairly high conductivity at a gas pressurc of about
1 cm.Hg. bccause it has a narrower particle sizc distribution
(Graph 8) than the threc coarscr gradcs. Hcence the pores will
tend to be of larger size than in the 150-170 2and 170-200 mesh
gredes in which the small prrticles pack between the larger
ONCS. The results are, therefore, concordant with the accerted
mechanism of the decrease in conductivity and there secms no
doubt that it is thce main mcchanism,
Thus,over this internediate region, the value of

the conductivity depcnds on thnt at atmospheric pressure but

the rate a2t which it decreascs from this value depends on the
interstitial pore structure, The expression 'pore size' is
Possibly a misnomer since the pores are not distinct but are
a continuous random shapc. Also, the scction of the pores
surrounding the point of contact of twc grains may contribute

more to the effcctive conductivity than the rest of the pore,
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s0 that the pore shape mny be as important az its size and
possibly powders of the same porosity but different porc shape
could have a different thermal conductivity, In the case of
the aluminium powders thc grains are comrletely irregular and
the pore shape cannot be considered as a parameter. The
calculation of pore size of a packed powder from a knowicdge of
particle size is a very difficult problem and has not been
solved to date for irregular grains. An interesting paper
describing the pore sizes produced by the packing of

spheres was published by Wise (64) in 1952 and the technigue
of Broadbent and Callcott (9) in expressing the particle size
distribution of a powder as a column matrix would seem to be

a very promising method of describing thes bulk behaviour of
powders mathenatically,

The two nmcthods available for pore size measurement,
mercury impregnation and microscopic measurcment are not suitable
for a loose packed, fine powder, Kistler used his thermal
conductivity measurements to deduce the mean pore size of his
sample and, although his method of doing this was not very
convincing, the ides would seem to be wortnwhile, Possibly, as
a first order calculation, the pore size distribution could be
calculated by differentiating the curve on the graph of
conductivity against pressure and irogtulating that the gradient
at any pressure, expressed as a fraction of the steepest gradient,
is the fractional area of the pores which ic opposite & gap less

than the mean free path of the gas molecules at that pressure,
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3.4 Low Pressure Rcgion.

The asunptotic values of the condactivity at low
pressurcs are nct s reproducible or accuratc as the cther
readings, The crror must be due to some chance of conditigns
betwecen sets of results because of their consistency for any
one run. The magnitude of the residual conducitivities is
small and thus the other conclusions will not be cffected.

The obvious explanation is the presence of vapours in the
vacuum chambcr or as an absorbed laycer on the powder. However,
when the cold trap was fitted to the mercury gauges it collected
& little mercury but did not affect the thcecrmal conductivity
readings. Also, if the thermal conductivities at atuospheric
pressure were measurced both before and after evacuation of the
apparatus, the valucs did not vary appreciably. Both these
facts tend to indicate that the variation in the conductivity
rcadings is not duc to the presence of adsorbed layers of
moisture. Pcssibly, 0il vapours from the diffusion pump escaped
into the system or altcrnativcly the surfacce of the powders nay
have become contaminated during the expcriments, The fact that
the Pirani gauge meastrcmcentsdic net agree with these of the
McLcod gauges could possibly indicate the prescnce of scne
vapour,

These readings arce not sufficicently reproducible to
be reliable and it would secm desirablc that they be repeated
and forn the basis of a separate investigntior so that the

mechanism at very low prcssures may be clucidated further,.
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3,5 Radiation and Convection Effects.,

In Experiment 3 it was found that Fourier's Law
was obeyed, indicating that the heat tiansfer is mainly by
conduction, rroviding the average prticle size¢ is much
smaller than the total heot path, the postulnticn of = temper-
ature discontinuity at the grain surfaces would nct be expected
to affect this result.

lorever, if radiation is a predominant mechanisnm
of heat transfer, the tempcrature distribution would be alterecd.
It seems, therefore, that hecat transfer by radiation is
nct appreciadble. To test this further Graph £ shows
the conductivity of the 150-170 mcsh grade at three different
boundary temperatures. £s wons exvected the effective
conductivity increases with increasing termperature. However,
the curves come closc together at lower pressures, whereos,
if the incrcasc was attributable to radiation, they would be
parallel, The increase in conductivity is probably due to
the increascd conductivity of the gas, therefore, and much
higher temperatures would hove to be attained to mrke radiative
transfer appreciable,

The consideration of rodiative transfer is imvortant
vecauvse of the nossibility thet the differences in conductivities
of the grades may be explaincd in similsr fashion to Allcutt's
results. He ~ttributed the high conductivity of fibrous materials

at low densities to increcsed heat transfer by radiation and
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convection. A proliminary esieuistion, given in Appendix 3,
had shown that it might be feasible for radistion ©o> contribute
an apprecinhle portion of the heat transfer. It is now clear,
however, that Allcutt's explanation cannct apply to the
aluminium powders,. Convection is not possible with such
fine powders and with no vertical temperature gradient.

Heat transfer by radiation has been shown to be small and
further, even if it accounted for the whole of the residual
conductivities, which is unlikely, they are not large enough
to account for the differences in conductivity of the powders
at the higher pressures,

It is concluded, therefore; that radiative heat
transfer is not an important mechanism in this case and cannot
explain the variations in the conductivities of the aluminium

powders.
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CHAPTER 4.

CONCIUSIOKS.

L.1 Statement of the Hypothesis.

The rcsults of the experimsnts dcscribed in Chapter
2 can now be cxplained in the fcllowing menner.

A tempersture discontinuity cun cxist at a gas-solid
interface and hence a powder of small mrain size tends to have
a low conductivity because the hecat path must traverse a greater
nunber of surfaces, The conductivity also depeads on the
relative quantities of gas and solid which the heat flow must
traverse, A powder of high porosity will tend to have & low
conductivity. Since the porosity of a packed powder depends
primarily on thce relative quantitics of different sized grains,
its effective conductivity ot atmospheric pressure depends on
both the mean particle size »nd on the size distribution, The
conductivity of a powder is indcpendent of the interstitial gas
»ressurce until the wmean free path of the molecules of the gas
becomes comparable to the pore size of the powder. Hence the
shape of the curve,on o gravh of conductivity piotied against
pressure, depends on the pore size distiibution of the packed
powder.

This hypothesis cxplains the dependence of- thermal
conductivity on the physical propertics of the powder itself.

Several other paramcters which are not proncrties of the powder
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can influence the conductivity, one important onc being
tenperature. The conductivity of a powder increases at
higher tempcratures but this is due mainly to an ‘increaseiin
conductivity of the interstitial gas. Nadiative hcat transfe:r
docs not contribute appreciably to thc total transfer at
temperatures up to 200°c.

4.2 Expcriment 6. Confirmation of the hypothesis.

Having now carried out a 'series of experiments with
the six different grades of aluminium powder and heving
rostulated a mechanism to exwrlain the results of those experi-
mcnts, it was decided to perform an expefiment which would test
the hypothesis, As has already been pointed out, quantitative
prediction of conductivitics is very &ifficult and hrrdly worth-
while at the moment. Furthcr, it is very difficult to vary
the mean particle size and the porosity of a powder independ-
cntly. It was decided, therefore, to qurlitatively predict
the results of an experiment. If thce finest ~nd coarsest grades
of powder are mixed in diffcrent proportions, the finc particles
will tend to rcduce the porosity of the coarse grade, by filling
the interstitial spaces, and hcnce increase the conductivity.
However, the decrease in averare particlce size will tend to
decrease the conductivity. (In fact, if the hypothesis of
Section 3.2. is correct, the conductivity might be expected to
be directly proportional to the mean particle sizes at constant

porosity.) With thc different mixtures of these two powders, if
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the mechanism described -in section 3.2 is corrcct, a grajh of
the conductivity ageainst the percentage constitution of the
mixture might be cxpected to pass through a maximum, having
lower coﬁductivity with large averege prticle size and high
porosity and with small particlc size and low porosity then
at som¢ intermcdinte mixture, The conductivity of the 150
grade was measured over the full pressure ronge and then
gradually increasing percentapes of the 300 grade added. The
conductivity of each mixture was measurcd at low Pressure
(i.e. 1077 m.m.Hg) and at atmosphcric pressure. When the
atmosphcric.readings appcared to have uassed throagh a'maximqm,
as expected, the rcadings were taken over the full pressure
range agoin as they were yet agninrabtia-highcconcentration of
(300 gradé. If the mean nore size is graddally decreasing as
the percentage of fine powder is increascd, the lecrease in
conductivity with pressure might be expected to occur at higher
vressures and thus the experirent also acted as a check on the
mechanism of the reduction in conductivity with gas pressuresas
described in section 3.4, The results are given in Table 5QandSH
Graph 6 shos a plot of thc conductivity ot atmosphcric pressure
against the percentage composition of the mixture., In order to
reduce the time of the experiment the balancing of the thermo-
couple temperatures,using thce compensating heaters, was rot done
guite so rigorously as in prcvious expcriments since it was only

required to cstablish thce shape of the curves However, an
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cstimrte of the ervox has beer maJe and a amcoth curve drawn
through the points on the graph. The porositics of the mixturcs
were also ricasurcd (&s described in Appendix 2)and are plotted
against the percentope comvosition of the mixture on Gravh 6
underncath the conduvctivity graph. The third curve on Graph 6
is simply the straight line decrense of the menan prticle size.
This line is fixed by reading the fifty percentile dizumeters for
the:§150 and<:}OO grades of powder from the graphs of cumulative
pcrcentage undersize by wecight against Feret's diameter in Graph
_9. Thcse valucs are approximately & linear diamcter of the
particles averaged with respect to thceir volume,which is the
relcecvant one since the lincer dimncters of the particle determine
the numbcr of surfaces in the hemt path and the volume determines
the proportion of the bed affected by thet diamcter, Values of
the conductivity and thc interstitial gos pressure for the
>150 mesh grade, mixturcs containing 20% and 60% by weight of
the<:300 mesh grade, and the(LSOO ricsh grade are given in Tablé 5.
In order to compare the shapes of the curves they have 21l been
scaled up to give a conductivity at atmespheric pressure of

ten arbitary units. The results are shown in Graph’7; 2

From Graph 6 it is seen that the porosity docs initi-

ally decrcease with increesing proportion of the<L500 grade

until the finer grade constitutes 40% by weight of the mixture
when it starts to incrcase again. Thus the 40% mixture

contains the right proportion of fines to fill the spaces between



64

the large particles and hag the minimum porosity.

However, the maximum conductivity occurs for the
20% mixture cond is clenrly the prcedicted maximum duc to the
opwosing influences of the aecreasing particle sizec and poros-
ity. Further, it is possiblc from the curvc to compare the
conductivities which powders with the same porosity but
differing mean particle size would have, This experiment
confirms that a decrense in the mean particlc size can cause
a substantial decrease in the cffective conductivitya

The curves in Graph 7 shonw thrt the conductivities of
the mixtures containing 60% and 100% by wcight of thc‘<300 mesh
grade decrease more rapidly than those contoining 0% 2nd 20%
of this grdde. This agrin supports the conclusions of Section
3.4,since‘the coarser powders will probably hnve a greater
average pore size. Also, these reults show the femasibility
of differentinting between diffcrent pore structurcs by this
mecans although these results are not nccurnte cnough to sepmr-
ate the powders further,

4,3 Suggestions for Further Vork.

The experimcents described in this thesis have obviously
not completed the necessary work, It would be interesting to
sce how mcasurements using diffcrent powders comparcd with those
described, prticul~nrly if the accommodmation coefficicnt could
be measured for the relevant gascs nnd solids. The readings

at low pressures are unsatisfactory aond should be repeated. If
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an apparatus was constructed such that the temixrature of the
whole becd was in cxcess of 100°C it might help to remove
doubts nbout adsorbed layers of moisture. Further, the
tempernturce range investigntced is very norrow and rendings
of the conductivity ~t very high temperotures might show
radintive hcat transfer to be more importsnnt in this region.
In futurc investigations it might be advontngeous if the
temperature of the boundnrics were fixed to reduce the scatter
due to the vnri~ntion of the nominnl temperatures.

The prcking bchaviour of powders, its reproducibility
and the factors which affect it obviously nced further invest-
igation. As statcd previously it is nccessary to be 2ble to
define ﬁ system cxactly before mcasurcmcnts of its propertics
have ony meoning,

Previous workers hrve found some nowders to have
conductivitics lcss than thrt of air.at reduced pressurcs but
not ~at atmosphuric pressurc. It is intcresting to speculate
whether & very fine powder of close size distribution ground fron
o mrterial with o low nccommodotion cocfficient might not memke
o very efficicent thermel insulntor =t atmosvheric pressure.

i

Schafer and Grundler used their measurcments of
conductivity to deduce the conductivity of gases at high
tenmperatures where they ore not ensily determincd by other
mcthods, This idea sccms worthwhile, Further, it may be

possiblc to comprre the nean free paths of the iioleccules of
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different gases by measuring the varation of conductivity
with pressure of 2 powder contsining each gas in turn or to
measure the varintion in meon free path of molcculcs with
temperature by the same method, This, thercfore, may be
A valuable method of measuring the mean free path of the
moleculcs of a gas.

The paradox of increascd hert flow with reduced
temperature difference found by Fulk would secm to invite
further investigation. At the low temperatures attained in
~Fulk's apparrtus, the interstitial gas must h~ve been ncar to
its liquifaction point ~nd it might be worthwhile ncking
measurements with an interstitial gas which is close to its
liquifaction point.

The existence of a temperature discontinuity at a
solid gas interface is a phenomenonwhich requires further
investigntion. One intercsting explmnrtion of the mechanisnm
is that the molecules are adsorbed onto the solid surface and
are emitted mgain when they undergo n collision with ~ phonon
of suitableenergy. Possibly o ncdium consisting of a large
number of laminne instead of grains might produce o messurable
total temperature drop nt the surfrces and ensble the dependence
of the accommodation cocefficient on paramcters such ~s the nature
of the solid, gas temperature and gas pressure to be investi-
gated,

In Section 3.3, it woas suggested that the pore size
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distribution of a powder might be deduced from a knowledge
of the varistion of its conductivity with gas pressure. It
is suggested thnt possibly a measurement of the varirtion of
the permeebility of a bed of powder to gas flow at various
gas pressures may be an casier method of doiug this since a
transition from "Poiseuille" to¢ 'Knudesen" flow might be
cxpected to occur when the mean free poth of the moleculcs is

comparable to the pore size,
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APPENDIX NO, 1.

Calculation of Conductivities,

The method of calculating thcrmal conductivities
from the voltage, current and temnsrature readings is described
below using the measurements on the 150-170 grade of powder
from Evperiment 1 to illustrate the procedure, The complete
set of feadings is given in Table 6 and the significance of
the various readings is described below.

Column 1, Records the r.ri.s. voltage between points A and B
in Fig. 5.

Column 2. Sometimes the voltage scale had to be moved from
0-2.5 volts to 0-10 volts and the readings taken on the two
scales were not consistant, The lower range was taken as the
reference scale, therefore, and the other readings corrected
to this. Twenty readings of voltage were niade on both scales
and the ratio of the readings found to be 1.0381.001. The
voltages taken on the 0-10 volt range are, therefore, multi-
plied by 1.038.

Column 3. itecords the r.m.s. current passing through the
secondary of the current transformer.

Column 4, Shows the product of the voitugé and current.

Column 5., Shows the total power dissipated between points A
and B, The Avomecters were calibrated against a sub.-standard

wattmeter by taking successive readings of voltage, current and
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power, the voltage becing taken on the 0-2.5 volts sceale, The
mecan of twenty valucs of the ratio of power to the product of
the voltage and current weas found to bc O.963f,003. Assumiﬁg
the wattmcter to be rcliablg, therefore, this factor, includes
corrections for the scales nf the Avewmcters and the power factor
of the circuit. Hhen multiplicd by the ratic of the current
transformer this is the factor for converting the product of
voltage ard current to the total power dissivated between. pedbss
A end B. The rcduction ratio of the transformer was 20 and
this was checkcd by mrking ten neasurercents of the currents
pessing through primsry n~nd secondary of the transformer with
the two Avometers and then repeating the process with the Avo-
ricters intcrchanged. The finel conversion factor wos thus
20x0.963 =—19,26.

Column 6.Shows the ratio’of..the voliange and current the average
of which is proportional to the clectrical resistance between
points A and Bﬁ

Column 7. Shows thc powen in watts, disipated in one centimetre
of the main resistor wire. The resistance qf 1 cm of the main
heater wire was 00731 ohms,. This vnlue was obizined, both by
calculation knowing the resistivity of constantan, and by com-
parison of the actual wire with o standeord ohn, The elegtrical
resistance bctwecn points A and B varied slightly each time the
connections were made., It was nmeasured cduring the calibration

of vecltage, currcnt and power by connecting a standard one ohm
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resistor in series with the cirecnit and nzasaring th= reegpec-
tive potential differences when a D.Ca . - - . N
veltage was applied, The average of throe measurements was

« 2319 ohnas ¥ 00011, In this case, therefore, the total
00731

in 1 c¢m. of the wire, For the other measurcicnts it was not

power was multiplied by to obtrain the power dissivated
nccessary to measure the resistance agein, The esverage ratio
of vcltage to current during this calibratiocon was 4.325 and
the factor to convert the total poer to power per unit length
of wire in the othcr exporiments was thus token as

.00731 4.325 13633
2301 L %7" = i
I

where ¥ is the average voltage to current ratio for the part-
icular experiment.

Column 8. Records the rncan tempcrature of the inncr cylinder,
whichwas within 500 of thec nominal tempcerature aimcd for, The
temperatures are calculated to the nearest O.1OC in order to

meke the errors of calculation smaller than those of measurement.,

Column 9, Records the mcan temperoture of the outer cylinder,

Colunn 10, Shows tihc temperaturce differcence between the
cylinders,.

~ir pressure measured by the Mcleod

p]

_Qolumn 11;_ Records the

~

gauges or the manonmcter.
Column 12, Records the reading on the Pirani gauge. These

rcadings are not directly correable with thuse of the McLecd

G

. i e mmep e memn - L | +ta L+t~ MaAT ~n A . T
¢s but serve simply as o cihcck that the Melesd fauge has

~ 31
gl.s L
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not been rcead inccrrectly.

Column 13, Is the ratio of the poer disipated in one
centinetre of wire and the temperature differcnce between the
cylinders, For ceonvenience, it has becn nmultiplied by a
factor of 103.
Colunn 14, Shows the calculatcd valucs of the thermal
conductivity, For a concentric cylinder arrangencent it is

given by 2

L]

loge T7 H

K - 2 t"—-jg- 62 )

K = thermal conductivity

r2=-diameter of cuter cvlinder

rq= diameter of inncr cvlinder,

H = heat conducted per unit length of c¢ylinder per unit time
(64-8,) = temperaturc difference between. gylinders

The radii of the cylindcers were neasurcd wilh vernier calipers,

the averages of ten neasuremcnts cf cach being 1.291 cns and

Ir
loge 75 = 0.23625

+
5.696 crs=. Thus 5o

and the theraa
conductivitics are calculated by 1'..1u1tiply:‘.1'1g?‘_-._%-_-€§|2 in column 13
by this factor, Again the conductivities are multiplied by

a factor of 103 for ccnvenience.

Column 15, Records the settings of the varicus transformers,

It was thus pnssiblcec to check the approximate power readings

if an obvious mistrke was suspectced in the power rcadings,
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APPEI'DIX 2

Propertics of the Aluminium Powders

Density of the Aluminiunm,

The dcnsity of the alurminium was found by ligquid
displecenicnt usiné ricthecol, Threc dcterminations of the
density of each of two grades, the 150-170 and thefigoo mesh
fractions, were nade, They coincided exactly, the specific
gravity of the two powders being 2,666 gms/cc and this was
therefore assuned to be the srecific gravity of 211 -the powders.

Experiment 8, Particle

Size Distrigption of the Powdgra.

—p

There arc nmany ways of measuring the particle size
distribution of a powder, but they all have limitaticns and the
results must be interpreted carefully to avoid ambigintys.
Unless the particles arc %pherical, there are a large number
of sizes which can be ncasured, An analytical tcchnique must,
thercforec, be choseh which measures the rclevant parancters.

-In this casc the'particlc size Analyses were required
prinarily to ccmpare the size distributions of the six powders
which had already becn graded by sieving. In order to obtain
fairly comprehensive results the powders were analysed by two
different nmethods, microscope counting and photosedimentation.

Microscope Count Anzlysis.

The microscopc cocunt consisted simply of neasuring
the individual size of @ nunmber of prticles, which were dispersed

on a microscope slide, using an eye piece vernier, The
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vernier was cnlibrated using & stege miecrumetew.
It was fell that the ‘Ferct's diameber® was the
most preactical onc to wcasure with such ixwcgules particlos

1

Teret's diameter is the dicteonse broiwe

particle in an arbitrerily fixed direciion, Apnroximately 200

particles in each powder ware nmeesirad And the resulte are given

in Table 9fand are plotted as 2 ‘) d cunitlative nporcentags

4
undersize curve)inGraph_8, wheite n is the number of

1

of sige d, A phetomicrograph, iliuvsiroting thoe irregular

nature of the grains of aluminiuvm powders, is shown in Fig.%.

Analysis by Fhotosedimentomcter.

The aluminium powders were also waalyscd in a

photosedimentoncter which was constructed using the principle

of a 'Bound Brook Photosedimcantonmcitert(G7)- The three fincst
grades of aluminium werc suspended in watcr and the other three

grédes in a mixture of water and glycciine. Two sanmples of each
grade of powder were anmlysed when using thils technique,

In each case the results of the anilysas of ths “wo samplcs were
_similar and were combined in be cocaverted to a curmudntive Der-
centage undersize by weight curves. Care must be tagcn tnat

the concentration of powder in thez suspeinsion is low, otharwise
the garticles do not fall independantiy, The results of

a>

the analyses converted to = ‘n :d curve,; are given in Trble 9§
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-
and are plotted in Graph 8.

Rssults of the Anelyscs.

The ~nalysces by the two differcent mcthods do not
coincide, of course, thc Fcret's dimmecier measured by the
microscopc count mcthed is lnrger than the nean projeccted
diaeter ~and the Stokes!' diancter measured by the photoscd-
imentoncter for such an irregular powdcer. However, the
relative size distributions of the powdecrs scem to be représ-
ented quite well, although the siecve apertures have little rele-
Vance. Thié is not surprising since the sicving was carried
out as a nest opcecration cnd was not intended to give pecise
separaticn but powdcrs of different size distributions,

The microscope count rcsults give » realistic estinmate cf a
lincar diniicter of the particles and the phetosedincentation
results confirm the relative size distributions of the powders.,
These analyscs, thercfore, give sufficient information for the
purpeses of this invcestigation.

Experiment 9, Porosity of Powders.

To determinc the porosity of the powders, if the
density of materiml is known it is nccessary only to measure

the volunec occupicd by o kneown weight of pader. The porosity

volumc occupied by Voids
volurie cccupied by powderg.

is dcfined

The velume occupicd by the powders in the thermal

conductivity app~ratus could not ensily be mensured directly

b

s 3 - s mtA-A USR-S o o g N JPR- SR T
NG 1T WIS -\;C.Ld\,"\i' therefor tc ncosurc th O clic

[28
1
bl
O
L]
O
4]
!
ct
H
¢
]
[



75

powders independently. Thc prwder wes poared into a
measuring cylinder, which was tappcd until the powder did not
subsidc further, when the volumc and weight of the powder were
determined, Hence the porosity of the powder was deduced,
Ench powder was measured in threc different ceylinders of
differing diameters, and cach of the nmecsurcmenis was made in
triplicate. The results arc shown in Table 7.

As might be expected, thc scatter of the results is
apprecicble since the surface of a pmckced powder is not always
lcevel or easily defined. However, the variation betwecn the
porcsity of the samc powder when pncked into different tubes
shows a greater variation and clearly the cffective porosity

~of these powders depends upon the gecmetry of the centaincer,
Since the sanc weight of powder had not been used for cach
measurcient the porosity of the 170-200 mesh powder was_measured
several tines with diffcrent amcounts of powder. The results
ere shown in Table 78 . No systenatic variation cxisted but the
standard deviation on thcse readings,tC%OQS is an estimate of
the scatter to be expected con the nther sets of triplicate
rcadings, The poders tend to prck to 22 lower porosity in the
smaller tubes although the 170-200 mesh powder rcesults show that
it is not possiblc to generalise from these results, Clearl};
further investigations into the pracking behaviour of powders

are necessary.

However, for the purposcs of these c¢xperinments it is
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only necessary to know fHe poroéity of the powders in the
thermal conductivity espparatus.

A concentric cylinder arrangcincnt of the sanme
dimensions as the thernal conductivity apparatus was constructed
and the porositics of the powders when packed into the apparatus
were neasured, Again, cach cxperincnt was prforned in triplicate,.
The height of the powder bed weas rmieasured ot four fixed points
and the average taken, The powder was packed by tapping the
sides of the cylinder as inm the actual thernal conductivity
apparantus and weighed after each volunetric measurcnent.

The porositics of the powders 2re shown in Table 8 .
They all fall into thc soame order as when meosured in the other
tubes and the weights of the powder used in the actual thermel
conductivity apprratus corrotocate these results, For the
purpeses of considering how the pornsity affects the thermnal
conductivity, therefcre, the results from the concentric tube

apparatus are sufficient.
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Radistive Fea®™ Trunsfex,

When consiceariang tus importasce of hent transfer by
radiation through a powder, o preiiw’-wory eslimoate of the
maximum contribution which could De mac. by this wmechanisy
was made,

In the literatvurs there nve Yuo dilfercat conzeptions

cf radistive heat transfer throoz

2 powder. Some nuthors, suzh
as Lauonitz, assume that the sclid is opasie to radiation and that
the heat is passed from grainr {c graia through the Dore sprces.

In this case, the cffect of the powler i1s much liks iuterposiug

a number of levers cof conducteor batween ths ket and cold Loundar-
ies and hence the radintive heat trarsfer must bz small, Othueyw
authers, such as Fulk, consider that the powder is marily frens
parent to radintion which is écattered as it passes throush

the powder,

In eithcr case, the teotal heat transfer by vadiation
cannot be greater thar that whicn would he emittea by a black
body radiator at the seunic tempersriiure ag “hs fnacr cylinder,
Taking Stefan's coustant to be 5.0669 x G erg/&ma/sec/degah)
and assuming an emissivity of unity, one centimctre rength of
the inner cvlinder could radinte 2.445 jcoules/scce Since the
heat transfer through thc 150-170 mcun ~luminium was 1,10 joules/
sec. p.r centirictre length of cyiinder, an experimental invest-

igation of the importance of radintive hoat transfer was neceszary.
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TABLE 1

HNesults of Ixieriment 1

Plotted on Graphs 1 and 2

Thermal Conductivity of Six Aluminium Powders with varying
Interstitial Pressure.

Pressures in centimetres of HMercury.

¢S C/em®/sec and multiplied by 107

Conductivities in joules

| > 150 mesh | 150-170 mesh 170--200 mesh.
Inter- | Thermal § Inter- Thermal Inter- Thermal
stitial Conduc- stitial |[Conduc- stitial Conduc-~
Gas tivity Gas tivity , Gas tivity
Pressure Pressurc Pressure
0.00001| 0,058 0.000005 | 0.392 0.00001 0.047
0.00037| 0.057 0.00006 | 0.390 0.00005 | 0.042
0.00070| 0,076 0,00038 | 0.395 [ 0.021 0.155
0.0045 0.106 0.0049 0.393 0.28 L O bk
0.026 0.229 | 0.017 | 0.376 | 2.3 - 0.959
0.168 0.603 0.170 0.516 5.4 1.712
0.k0 0.905 0.51 0.629 }12.5 2.246
0.67 1.137 1.9 1.101  118,0 2.535
3.4 1.947 4 1 1.577 (23.2 2.919
9.9 2.320 8.6 2,020 :37.0 3.256
15,2 2.950 |20.5 2.790  160.1 3,46k
23.8 3.182 |41.5 3,401 }66.8 3.543

B2.7 3.362  |53.5 3.609 |74.4 3.502

62.0 3.469 |64.6 3.711

68.5 3.496 {68.9 3.715

73.3 3.469 [74.5 3.7517

continued......
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TABLE 1 (contd. from previous paze)

Results of Experiment 1

Plotted on Graphs 1 and 2

| 200-240 mesh 2LC-300 mesh £ 300 mesh
Inter- Thermal Inter- Thermal | Inter- Thermal
stitial Conduc- stitial Conduc- stitial Conduc~
Gas tivity Gas tivity Gas tivity
Preasure Pressure Pressure
0.00001 | 0.355 0.00C03 0.054 0.00001 0.139
0.00007 | 0.345 0.0C0C9 0.078 0.0001 0.142
0.0012 0.363 0.,00021 ¢ 0.073 0,0009 0.161
0.0046 0.k22 0.0015 0.084 0,011 0.142
0.028 0.488 0.019 0.154 0,093 0,248
0.39 0.537 0.028 0.191 0.4 0.295
1.4 | 0.775 0.055 0.260 | 1.6 0.619
£ 2.9 1.145 0.14 0.328 10,4 1.253
8.9 1.695 O.44 0.488 [21.7 1.59%
8.8 - 2.020 1.2 0.574 {40.8 1.819
b8, 2 2.237 | 2.0 0.705 [60.2 1,919
57 .8 _ 2.471 8.3 1.291  [70.9 2,114
66,2 2,787 [12.1 1.511  |74.6 2.066
77.0 2.859 3.4 1.692
37.0 1.924
51.5 2.100
638.7 2.118
74 .5 2.267
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TABLE . 2

Results of Experiment 2

Plotted on Granh 3

Repeated Measurencnts of the Thermal
Conductivity of Aluminium Powders.

Prcs%urcs in centimetrcs of 'crc"ry

Conductivities in joulecs cm/° C/cm /sec. and multiplied by 10°

(X)

> 150 lesh 150-17C Hesh
Apparatus rg:pac?ed ) Ay?aratus Teupacked
P ke P | Ko P k_f P X

0.00001|0.058 0.000005 | 0,323 || 0000005| 0,392 0.00010] 0.082
0.000%7 |0.057 0.0026 1 0.364 || 0.00006| 0.390 0.020} 0.112
0.0007C [0.076 0.51 }0.999 o0.cax| 0.395 0.31 | O.4kk
0.0045 {0,105 | 2.4 |1.624 || 0.0049|0.395 ] 3.4 | 1.204
0.026 [0.229 | 12.2 2.810 0.017 1 0.376 n1.0 | 2.231
0,168 |0.603 | 39.1 3.430 0.170 | 0.516 {36.0 3.h02
0.40 }0.905 | 75.1 3.556 0.51 |0.629 |74.8 3.719
0.67 }1.137 1.9 1.101
3.4 1.947 L. 1.577
9.9 2.320 8.6 2.020

15,2 2.950 20.5 2.790

33.8 3.182 41,5 401

%2.7 3.362 53.5 3.609

62.0 3.469 64,6 3.711

68.5 3.496 68.9 3.715

P33 |3.u69 L 4.5 | 3.751

contd,
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TAELE 2 (contd, frcm previous page)

Results of Experiment 2

Plotted on Graph 3

] 170-200 ilesh
Without re-~packing apparatus % Apparatus re-packed
PoolLK LR R KT
0.00001 | 0.047 0.003 | C.012 1 0.00001 i 0.227
0.00005 | 0.042 | 0.028 0.047 0.00006 | 0.229
0.021 0.155 0.08 0.310 0.00030 | 0.295
0.28 0.4kh ‘ 0.67 0.536 | 0.0030 0.261
2.3 0.959 1.2 0.923 | 0.023 0.360
5.k 1.712 3.0 1.483 0.033 0.338
12.5 2.246 1.1 2.292 0.70 0.692
H8.0 2,535 21.5 3,006 1.2 0,871
P3.2 2.919 31.5 3.259 2.1 1.049
37.0 3.256 52.7 3,461 3.9 1.735
£0. 1 3. 464 74%.9 3.482 13.1 2.286
66.8 3.543 30.5 3.145
7l L 3.502 50.2 3.365
| 53.2 3.611
69.1 3.691
75.0 3,601




91

TABIE 3

Results of Dxpoeiment 3.

Flottced on Graph 4

Thermal Conductivity of the 150-170 mesh Aluminium rowder with
an additional ceaxial tube.

FPressurcs in centimetres of Mercury

Conductivities in joules cm/%:/cmz/sec and multiplied by 103
Inters- | Thermal Temper- Temper- Tenper-
titial Conduc- ature of ature o aturect 9\ -‘91
Gas Pre- tivity Inner Inter- Quter ‘a -
ssure Cylinder mediate Cylinder 27V3
(®) Cylinder és)
0.00007 0.127 100.6 46,5 29.1 3,109
0.00008 [ 0.103 98.8 46,5 28.2 L 2.858
0.0034 0.184 101.5 L4s.6 29.1 3.388
0.032 0.300 102.4 43,7 26.3 3,374
0.080 0.329 99.8 41,9 2L 4 3.309
1.0 0,672 100.6 41,9 25.4 3,558
2.9 1,272 100.56 Lz,7 27.2 3,448
6.6 1.784 99.8 42,8 25.4 3,276
5.9 2.478 101.5 45,6 28.2 3,213
7.6 3.292 101.5 L&,5 29.1 3.161
k4.7 3.592 102. 4 L8,3 31.8 3.279
+

Average measured value of ®, "'92._ ‘= 3,270 - 057
- 1

Calculatcd value ofg_%’-_ﬁa.= foge %—2 = 3,249 I 004

. . ' ’T‘ log_ d-j.

using Fourier's equation e 3%

where dq= outside diameter of inncr ¢ylinder_ .
d3= inside diameter of intermediate cylinder
dz= outside diameter of intermecdiate cylinder

inside diamecter of outside cylinder

al,=



TABLE

\O
n

4

Results of Zxperiment 4

Plotted on Grarh 5.

Thermal Conductivity of the 150-170 mesh Aluminiumn
Powder with various boundary temperaturecs.

Pressures in centimetres of iercury

Temp.of
Inner
Cylinder

Conductivities in joules cm/OC/cmZ/sec and multiplied by 103
100°¢C 150°c 200%¢
Inter- Thermal ; Inter- Thermal % Inter- Thermal
stitial | Conduc- p stitial Conduc- § stitial Conduc:-
Gas tivity | Gas tivity | Gas tivity
Pressire “; Prussire : Presare
0.,30010 0.082 § 0.00004 0.151 ? 0.20003 0.151
0.020 0.112 g ©.013 0.26k ? 0.029 0.247
0.31 0. bl E 0.180 0.482 : 0.25 0.636
3.4 1.204 0.45 0.€19 2.8 1.809
11.0 2.231 s 3.3 1.410 10.7 3.160
3C .0 3.402 ¢12.2 2.685 |i38.2 4,400
74 .8 3.719 |[14h.3 3.706 75.5 L 8kh
ﬁ75.5 b 3.990 |
| :
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TABLE 5A

Results of Exnerimcont 5

Plotted on Graph 7

Thermal Conductivity of mixtures of the
2150 and £300 grades of Aluminium Powder.

Pressures in centinmetres of Mercury.

Conductivities in joules cm/OC/cma/sec. and multiplied by 10

3

The arbitrary conductivities are the actual conductivitics
scaled for comparison purnoses such that thce conductivity of
cach fraction at atmosi;hc¢ric =ressure is 1,600,

Percentage

by weight of'<500 mesh grade

0% 20%

Inters- Thermal Arbitrary  Inters- Thermal Arbitrary
titial Conduc- Conductiv- [{titial Conduc- Conductiv-
Gas Pre tivity. ity. i Gas Pre tivity. ity.
ssure. ssure,

0.00001 0.058 0.17 C.0051 0.576 7] 1.23
0.00037 0.057 0.17 0.56 1.392 2.98
0.00070 | 0.076 0.23 | 1.4 2.165 L.65
0.0045 0.106 0.32 4 3.5 2,673 5.72
0.026 0.229 0.66 11.7 3.509 7.52
0.168 0.603 1.73 30.6 L.337 9.28
0.40 0.905 2.59 75.4 5.014 10,00
0.67 1.137 3.29

3.4 1.947 5.63 i

9.9 2.320 6.68
5.2 2.950 8.50

33.8 3.182 9.16

52.7 3.362 9.68

£2.0 3.469 10,00 |

£8.5 3,496 10.10 ;
73.3 3.469 | 10.00 | bontd.....b...
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TABLE 5A (contd. from previous fpage)

sults of Expcrimcnt 6

Plotted on Graph 7

Percentage by

weight of 7,200

meszh pgrade

60% i 100%
Inters- Thermal l Arbitrary %Inters- Thermal Arbitrary
titial Conduc- Conductiv- | titial Conduc- Conductiv-
Gas Prc tivity. ity. | Gas Pre tivity. ity.
ssurec. ssure.
0.00001 0.4ok 1.20 0.00001 [ 0.139 0.68
0.0016 0.451 1.31 0.0001 0,142 0.68
0.60 0.815 2.43 2.0009 |0.161 0.77
2.1 1.065 3.18 0.011 0.142 0.68
g.2 1.754 5.25 0.093 0.248 1.21
32.3 2.709 8.13 0.14 0.295 1.45
3.5 2.856 8.58 1.6 0.619 3.00
75.6 3.333 10.00 10,k 1.253 6.0k
| 21.7 1.594 7.68
| 40.8 1.819 8,79
60,2 1.919 9.22
70.9 2.114 10.05
7h.6 2.066 10.00
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TABLE 5B

Results of Experimcnt 6

Plotted on Grach 7

Thermal Conduc-- 1

Percentage by Therial Conduc-f Porosity |
weight of tivity at Atmo- tivity at of mixture
£300 mesh spheric Press- 0,C0001 cm.
AJuminium. urce. Hg.
0 3.469 0.058 0.480
5 3,644 O.414 0.466
10 3.713 0.090 0.452
15 3.975 0.323 0.422
20 L,667 0.289 0.4k
30 L.002 0.454 0.385
40 3.597 0.111 0.361
50 3.345 0.175 0.368
60 3.329 0.404 0.379
80 2.809 0.426 0.403
100 2.066 0.13%9 0.451




TABLE 6,

Described in Appendix 1,

Calculation of Thermal Conductivities.

. ‘ -
Powder 150-170 mesh Aluminium

i

Wt. of Powder = 807.4 gms.

- !
1 2 3 4 5 & 7 Te [o [0 [ 12 13 | b 15
v [Vx1.038] I Vx1 W % %’ Ti | Te |Ti-Te P P ﬂﬁﬂ-_TE) K T.H |BH [M.E
1,065 0.218 | .2322 | 4.4722 [4.89 | .12468 {|104.2 |29.1 | 75.1 || 0.000005| 0,00073 || 1.6602 [0.392 | 20.{15 |32
1,055 0.216 | .2279 | 4.3894 (4,88 | .12238 |[102.4 |28.2 | 74.2 |} 0.00006 | 0.00072 || 1.6493 0.39OIL20 15 |32
1.060 0.218 | .2311 | L.,4510 |4,86 | ,12409 ||100.6 |26.3 | 74.3 |l 0.00038 | 0.00133 || 1.6701 |0.395] 20 |15 |32
1.060 0.217 | .2300 | 4,4298 {4,88 | .12350 {{100.6 |26.3 | 74.3 |} 0.0049 0.0063 1.6622 {0,393 [t 20 [ 15 |32
1.055 0.216 | .2279 | L4.3894 (4,88 | ,12238 ||102.4 | 25.4 | 77.0 || 0.017 0.035 1.5894 10.376{ 15 | 38 |32
1.260 0.257 | .3238 | 6.2364 (4,90 | .17387 {[103.3 [ 23.7 | 79.6 || 0.170 0.15 2.1843 10,5161 15 | 55 |38
1.375 0.278 | .3823 713631 4,95 | .20528 [[101.5 | 244 | 77.1 || 0.51 2.6625 | 0,629 40 | 60 |LO
1.785 0.370 | .6605 12&7212 4,82 | .35467 {|101.5 | 25.4 | 76.1 || 1.9 4,6606 |1.101| 28 | 72 |54
2.150 0.440 | ,9460 [18.2200 |4.89 | .50797 ||102.4 | 26,3 | 76.1 j4.1 6.6750 [ 1.577 32 [ 80 |64
2.380 0.b97 |1.1828 122.7807 [L4.79 | .63513|[101.5 | 27.2 | 74.3 || 8.6 8.5482 | 2.020| 55 | 70 |72
2.69 |2.792 | 0.564 |1.5747 [30.3287 |4,95 | .84556 || 99.8 | 28.2 | 71.6 [l20.5 11.8095 | 2.790( 70| 68 | 83
2.96 |3.072 | 0.624 [1.9169 |36.9195 |4.92 [1.02932 |[ 100.6 | 29.1 | 71.5 |[41.5 14,3961 | 3.401| 70| 68 | 92
3.10 [3.218 | 0,648 |2.0853 {40,1629 [4.97 [1.11974 [[103.3 | 30.0 | 73.3 |i=3.5 15.2761 | 3.609{ 70 68 | 98
3.10 |3.218 | 0.650 |2.0917 |40.2861 [4,95 |1.12318 || 101.5 | 30.0 | 71.5 |i64.6 15.7088 | 3,711|) 72| 70 | 98
3,10 [3.218 | 0.667 |2.1464 |41.3397 |4.82 {1.15255 || 103.3 | 30.0 | 73.3 [58.9 " 15,7237 | 3.715)] 78| 68 | 98
3.0k 13,156 | 0.653 [2.0609 39,6929 |4.83 |1.10664 [1100.6 { 30.9 [ 69.7 4!F_7L+.5 15.8772 | 3,751 75| 65 { 98
Average % = 16 :ggggg ~.Power in 1 ¢cm = Total power x .13633 = To;aé1gg;§§. E i
i , > of wire L.890 '%, -
Kéy - - -
V = Voltage | i : P = interstitial g#é pressuf; (Mcieod Gauéé;m;ﬁd Manometer)
I = Current (amps) /,p = Pirani Gauge reading
. ' i 7 K = Thermal Conductivity of powder. _
W = Power (watts) : :
W s TH = Setting of variac transformer supplying top heater
T = Povwer per unit centimetre of heater wire " BH = Setting of variac transformer supplying bottom heater
Ti = temperature of inner cylinder ,! MH = Setting of variac transformer supplying main heater

To temperature of outer cylinder




Yorositics of the

97

TABLE 7A

Results of

LXperiment 9

Six Grades of Aluminium Powder

Cylinder dinmeter = 3357 dms% Cylinder diamcter =25kmsrﬂ
Grade _ } ¥
Lt / Vo| | Mean “‘_’"/\lsl Poros~ |i O ¥ /\J o| _ I-iean\'_')v-,/\ Poros-
(gms/cc)l (gns/cey | ity. |(gms/cc. ((Bms/cc) iity.
. !
- i
1.302 1.356 |
P > 150 | 1.307 1.305 0.51 1.346 | 1.355 10.492
' 1.305 1.363 j
1.479 1.526 !
150-170 | 1.478 1.480 0.445 1.52h 1.525|0.428
1.482 : 1.525
g 1.456 1.498
170-200 | 1.44h 1.457 0.45k 1.491 1.492 |0.440
- 1.472 1.488
1 bk 1.455
200-240 | 1.b5k | 1.450 | 0.456 [ 1.460 1.462 |0.452
1.453 1.471
4 1.435 1.512
PLO-300 | 1.451 1.4 0.460 1.496 1.495 {0,439
1.436 1.476
L 1.371 P43k
<300 | 1.376 1.371 0.486 1443 1.446 10,458
1.367 1.462 ;

------
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TABLE 7A (contd, from pravious rags)

Results of Expcrimcnt 9

Porosities of the Six Grades of Alumin;um Powder

! Cylinder diameter = 1.92 cus.
. Grad
rade W/ o\ .lwi'ee:--._r..P\’/ub\f
Q—'_;‘R’ls e /C;C) (‘:::,:111_.1'5 u.’/o:-.; .) Porosity.
1.350
: ;>15o 1.350 1.350 0.494
1.349
1.527
150-170 1.536 1.528 0.h27
1.522
1.473
170-200 1,467 1.463 0.451
- 1.450
1.471
200-240 1.494 1.48% 0. bl _
1.486
1.538
2L0-300 1.541 1.543 0.b21
1.550
1.476
<;3oo 1.485 1.477 0.4L6
1.471
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TABLE 7B

Results of Exwmeriment 9.

Porosity of the 170-200 Grade of Alviainium Powder.

Cylinder diameter = 3.57 cris.

Volume Weight Weight/

occuvnied of Velume.

gzwder (ces) I(’;;gf)-‘r (5«\5/«,)
79 116.39 1.473
121 180.10 1.483
156 228.14 1,462
188 277.37 1.475
20% 297.58 1.459
220 324,02 1.473
235 348.85 1.484
2L3 351.30 | 1,446

Mean value of weight/voiuns = 1.470

Standard deviation 6%-& single value = =.013
.. Standard deviation on a single value of
porosity .= - ,005,



TARLE 8.

Results of Experiment 9.

Porosity of the Six Grades of Aluminium Powder
determined in the Concentric Cylinder Apnaratus.

: Mean‘J*/Ud ‘Weight of Powder
Grade j (§m6-/cca Forosity in Thermal Cond-
! : uctivity Apparatus
g daring Expt. 1
!
)150 ! 1.386 0.480 659.5
150-170 1.612 0.395 807.4k
170-200 1,515 0.432 755.6
200-240 1,468 0.449 708.7
240-300 1.503 0.43%6 718.1
<;}oo 1,460 0.451 688.5
T TR

13 AUGI964'

LI LY

BRARY
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TABLE 94 .

Results of Experinent 8

Plottcd on Graph 8

Micrcscope Count and i'hotosedinmentation Techniques.

Particle Size Analysis by :dcroscope Count Technique.

%Grade S 150 150-170 ' 170-200 |
| Cunula- | Particle || Cumula- | Particle [ Cumula- | Particld
L tive % Diameter [} tive % Diamcter | tive % Diameten]
| under- (microns) |, under- (microms) {| Under- (microns
Esige by % sige by ’i sige by
i weight. i weight i weight., [
0.5 84,6 g- 0.5 22.6 0.6 22.6 |
2.2 103.4 % 2.3 37.2 2.9 45,2
6.7 131.6 | 5.8 55.2 5.4 52.2
1.3 150. k4 I 12.b4 77.8 | 12.0 73.1
18.1 169.2 21.3 95.8 % 16.6 63.2 |
31.0 188.0 39.9 113.4 i 36.9 95.4 7
3.7 205.8 £0.1 125.5 %% 37.2 | 100.4
59.9 | 235.0 .0 | wsa 0 oass | ansa |
75,7 263.2 73.6 161.2 ;E 65.7 B 125.5 |
87.2 282.0 80.9 165.7 76.8 148.1 |
ér 93.2 319.6 36.8 171.3 87.3 155.5
100.0 376.0 100.0 175.7 |l 100.0 158.1
|

contdecas
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TARI.E 9A (contd. from previous page)

- . 2]
Results of Experiment o

Plotted on Graph 8

Particle Size £nalysis by iHicroscove Count Technique.

| Grade  200-240 240-300 i < 300
Cumula- | Particle Cumula- Particle Cumula- | Particle §
tive % Diawmcter tive % Disneter tive % Diameter
under- (microns) under- (microns)|j under- (microns)
size by size by size by
weight weight weight !
0.7 10.5 ; 0.6 7.3 0.7 6.3 |
5.0 19.9 i 1.7 10.5 3.0 o.b f
5.4 23.0 3.6 13.6 5.2 11.5
8.7 17.8 8.2 13.7
10.5 31.5 i 13.5 21.0 16.4 16.8
16.0 40.9 23.9 26.3 31.4 23.1
32.5 56.7 40.6 32.5 L, 7 26.3
46,7 66.2 51.9 36.8 56.7 28.4
60,6 70.4 66.7 39.9 69.3 33.6  }
79.3 78.8 78.3 L6.1 78.0 37.8
89.5 79.8 87.4 4.2 84.3 40.9
100.0 80.9 100.0 55.5 100.0 44,0
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TABLE GB

Results of Experiment 8

Plotted on Graph 8

Microscope Count and Photosedimentation Techniques.

Particle Size Analysis by Photosedimentation

‘Grade.>>150 ! 150-170 170-200
i Cumula- Particle é Cumula- Particle Curula- Particle
[ tive % Diameter |i tive % Diameter tive % Diameten
under- (microns) | under- (s«icrons) under- (microns)
size by | size by size by :
weight. é weight. 5 weight.
2.8 36.0 % 7.6 25.3 § 11.0 18.5
8.6 58.3 g 21.9 v1.2 || 23.8 23.8
16,7 7.7 & k2.0 53.7 & 41,0 31.9
36.9 89.0 67.1 67.0 - 65.0 L6 .1
59.7 100.2 ﬁ 82.2 77.0 81.0 55.2
85.3 115.7 98.0 91.0 98.0 66.2
98.5 126.7 100.0 ok, 0 fr 100.0 68.0
100.0 128.4 |

contdeesseos
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TABLE 9B (contd, from previous pare)

Resvlts of Experiment 8

Plotted on Graph 8

Particle Size Aralysis by Photoscdimentation

Grade 200-240 240-300 < 300

Cumula- Particle Cumulé- r' Particle Cumula- Particle

tive % Diameter tive % Diamcter tive % Diameter

under-~ (microns) }tunder- (n sromns) under- (microns)
size by size by | size by

wcight. weight. . weight.

3-5 12.5 3.0 9-8 L:.O 8.9
15.0 19.5 7.7 12.9 G.3 11.3
31.0 25.9 21.7 18.1 { 22.8 15.0
52.0 3L L 40.9 25.3 L1.bL 16,9
81.0 Lo 2 52.6 29.3 52.9 23%.2
97.0 53.0 66.1 33,6 || 65.9 27.6

1
100.0 53.6 81.5 38.8 81.2 34,0
97.9 Ly, 0 | 97.9 Lo.3
100.0 4.8 |1 100.0 40,7
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TABLE 10

Split Tube Experiment showing the vertical homogeneity of a
packed mixture of the {300 mesh and» 150 nezh grades of
Ajuminium Powder.

mesh grade,

Mixture consists of approximately 30% ty weight of the~5300

i
{ Section of Height of Total weight of Fractioral !
iTube. Powder powder in sect- percentage of
i retained on ion, coarser
’ 200 mesh novwder.
sieve.,
Top 14,777 21.489 68,77
[
Middle 13.819 20.26% 68.20 |
|
— — P— —
Bottom 11.239 16.410 68.49




12.

13.

14,

15.

16.

17.

18.

19.

20,

106
BIBLTOGRAPHY

Aberdeen and Laby. Proc.Roy.Sece. A 113 ».h55-577 (19206)

Allcutt. General Discussion on Heat Transfer Instn.Mech,
Engrs, Section 111. p.23%2 (1951),

Austin. Symposium on Thermal Insulating Materials
American Society for Testing Materials (March 1939)

Awberry. Phil. Mzg. p.1152-1155 (19321).
Bartens. Forsch. Gebeite Ingeniew 7. p.174 (1936).

Berenati & Brosilew. A.I.Chem.E: Journal 8{3). p.359-361
(1962).

Bowden & Teabor.

Bretznajder & Ziolkawski, Builetin de l'Acadamie des

Sciences 7(8) (1959).
Broadbent % Callcott.
Burger. Physik %20, p.73. (1919).

Burke,Schumman & Parry., Fuel in Science and Practice.
10, n.148. (1931).

Cone. M.Sc. Thesis London University (1939).

Damkéhler. "Der Chemie Ingenieur", Duken-Jacob 3, Part 1,
p.kk5, (1937).

Debye. Sce Blackman Rep.Prog.Phys. 8(11), (1942),

Deissler & Eian., Natl. Advisory Ccmm. for Aeronaut R.H,

E52C05 (1952).
Dewar, Proc.Roy.Inst. 15, p.824, (1898).

Devienne. Memorial des Sciences Physiques. (L'Acadamie
des Scicnces de Paris). No.56, p.1-71, (1953).

De Vries. Nature 178, p.1074, (1956).
Euken. VDI, Forschungscheft 353, p,16, (1932). VD 1

Fate. British Patent 12022/09, (1910).



107

21. Fulk. "Progress in Cryogenics'", Vol.1, K, Mendelss<la,
Heywood & Co. (1958).
22. Fulk,Devereux & Schrodt. Proceedings 7956 Coyogenic
Enginecring Conference(National
Bureau of Standards,Colorado)
p.163-165 (1956).
23. Gemant. J. Appl.Phys. 21. ».750 (1950).

24, Griffiths. D.S.I.R. Food Investigation Board Special
Report No.35. (1929),

25. Hertz.

26. Jaffe, The Fhysical Review. 61(9&10) p.643 (1942).

27. Johnson,Hood,Bigeleisen,Powers & Zicgler. Proceedings of
the 1954 Cryogenic Enginecring Conference.
(National Bureau of Standards,Colorado). 1.
p.212, (1954).

28. Kannuluick & Martin. Proc. Royal Soc. A141, p.144-158

(1933).
29. Katan, Vacuum, 1. p.191-202. (1951).
30. Kistler. J. Phys.Chem. 39. p.79-85, (1935).

21, Kistler & Caldwell. Inc. and Eng.Chem. 26(6), p.658-662
(1934).

32, Kling. Forsch Gebeite Ingenview 9. §.28 (1938).

33. Krischer. Beihefte 2 Gesundheits - Ing.Serics 1(33), (1934),
34, Langmuir. Phys.Rev. 34, p.401 (1912).

35. Lzubnitz. Canadian Journal of Physics 37, 1».798-808,(1959)
36. Lees, Phil.iing. 49. p.221-226, (1900).

37. Leidenfrost, VDI Zeitschrift 97(34). p.1235.(1955).

38. MaCrae & Gray. British Journal of Applied FPhysics,l2,
p.164=-172, (1961).

39. Marathe & Tendolker. Trans,Indian Inst,of Chem.Eng. 6
p.90-104, (1953).

40, Masanume & Smith. Ind.& Eng.Chem. (Fundamentals) 2(2)
p.136-142, (1963).



108

ba, Maxwell., Treatise on Electricity and pdhgnetisu p.403
(1663,

L2,  Meitner. Sitzgsber Wien.Akad.Abt,24. 115, p.125-137,
T (1906).

k3.  lischke and Smith, I. & E.C., Fundamentals 1(4), (1962),
bh.  Newman., Ind.Eng.Chen.28, p.545-548, (1936).

k5, Patten. Bureau of Soils (U.S.Dept.Agriculture) Bulletin
N¥o.59, (1909).

k6.,  Pratt. Rescarch 15(5), p.214-223, (1962).

47.  Prins,Schenk & Schram, Physica 16, p.397, (1950).

4k8. Rayleigh. Phil.Meg. 34, p.481, (1892).

kg, Reynolds,Brown, Fulk,Park & Curtis. Proceedings of the

1954 Cryogenic Engineering Conference (National
Bureau of Standards,Colarado), 1, p.216 (1954).

50. Rowley,Jordan,lund & Lander, Hcating, Fiping and Air
Conditioningm, 23, p.103, (1951).

51. Russell. J. Amer.Ceramic Scc. 1§, p.1, (1935),
52. Saunders. Phil,lrg., 7(13), p.1186-1188, (1932).

it n
53. Schafer & Grundlcr. Zeitschrift fur Electrochemie 63 (4),
p.449-453, (1959).

54.  Schumman & Voss. TFuel, 13, p.249, (1934).

55. Smoluchowski. Bull.In.Acad.Cracovie Scr.A.5, p.129-153,
(1910).

56. Stanley. British Patent 17832/13, (1913).

57. Strong,Bundy & Bovenkerk. J.Arpl.Phys. 31(1), p.39,(1960).
58. Terrcs. Proc.2nd. Int.Conf.Bit.Conl. 2, p.657-684, (1926).
59. Thomas & Olmer. Journal of Amer.Chem.Soc. 65, p.1036 (1943).

60. Verscher & Grecbler.Trans.Amer.Soc.Mech.Engrs.74,p961,(1952).

61. Waddams. Chem., 2nd Ind. No.23, p.206-210 (1944), also J.
Soc.Chem, and Ind. éé, D.337-340, (1944),



62.
63.
64,
65.
66,
67.

109

Webb, Nature, 177, p.989. (1956).

Wilhelm,Johnson,Wynkoop & Ccllier.Chew.Eng.Frog,4:(2),

p.105-116. (1948
Wise. Philips Research Reports,5(7), p.321-343, (1952).
Woodside. Canadian Journal of Fhysics 36(7) (1958),

"Micromeritics" Dallavalle, Fitman & Sons (1948).

Bound Brook Photosedimentometer. Goring Kerr Ltd. Gerrards
Cross, Bucks,



