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A techn1que has been.deve]oped for s1mu1taneous determ1nat1on ‘of
therma] ipnduct1v1ty and distribution of monsture content in.a spec1men' L
of granu]ar material. ATso the effect ‘of the var1at10n of mo1sture .
. content onetherma] conduct1v1ty of the specxmen “has been studied. A

d1st1nct feature of th1s technique -is that maxsture d1str1but1on-1s

“. determ1ned nondestruct1ve1y, thus a1low1ng the use of a s1ngle specimen |

#

for a who]e set of exper1ments Jt var1ous moisture contents Th\\ !

\-'-

e11m1nates the otherw1se 1nev1tab1e var1ataon in the. 1ntr1ns1c conduct1-
e

v1ty of spec1mens -In part1cu1ar, it allows the study. of the effect of

Lthe variation of mo1sture content & thermaT conduct1v1ty of a part1cular i

. s

spec1men at Tow overgll moisture contents which. otherw1se wou1d not- be

posS1b1e. | ;g' T _' E . T . R

L3 ‘ * - . .

Loca] values of the thermal conduct1v1ty atong the’ “thickness of‘the

spec1men of 20 30 Ottawa sand have heen obta1ned,,rather than a s1n91e |

value of the over§ﬂ1 therma1 conduct1v1ty. " The var1at1on of the overall ‘
oisture coﬁtent in the spec1men haa been obtained by measuring the 1oca1

va]ues of ‘the m0\§ture content a1ong the th1ckness of the specimen: An

anaTys:s has been}developed to eva?%ate the d1str1but1on of moisture under )

thenma] cond1t1ons of the spec1men and it 1s own/’pw this analysis "
emp1oyed tq evaluate the 10ca1 values of the moisture contents
under gra ient cond1t1ons that is, the test cond1t1ons. The knowledge of -

)

conduct1v1ty and mo1sture content at several Tocations: in the specimen. on

' . - -
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' re]at15h ‘of. conduct1v1t&Kf1th mo1sture and temperature of the granu&ar

A .. . .
a one-tob-one basjs at diffsreqt mean temperatures,and different overall

moisture contents of the specimen, enabled us tb produce a genera1 cor-

matepial: _ K
&9

.
-

An attempt has bean made to develop a theo£;t1ca1 expression to

pred1ct the conduct1v1ty of mo1st sand The evaluation of conductivities °

using trans1ent heat conduction method has also been’ attempted Conducti-

v1ty va1ues obtained by these two' methods, as.well as-those resu1t1ng

from prev1ous]y_pub11shed‘theor1es of othen authors have been compared with

.our own steady-state results. = - -
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‘Chapter I

-

° INTRODUCTION.- .

~
L . -

2
Thermal conduct1v1ty is an 1mportant property of mater1als, whether
Hgao;eneous or consisting .of well ~defined m1xtures Knowledge of
“ ,thermal conduct1v1ty isquseful not only to the workers in the field of
ba51c-sc1ences, but also, and perhapsrpr1mar1}y,_to those in applied
-sciences. It igﬁihe néeds»of—the-]htterfthat led among other things to_
the research into the thermal cqnduct1v1ty of granu1ar mater1als Among
eng1neer1ng endeavors which wou]d beneftt from a reliable method of
. eva]ﬁat1ng this property are: (a) desvgn of foundations for bu11d1ngs,
| highways, tunriels, towers, canals, dams, refrigerated spaces, etc.,
(b) determination of.heat transfer from onderground steam, water, or
-ioil_pfpes, e]ectr1ce1 cables, etc., (c) construction of earth reservoirs
for storiﬁe\of industrial fluids, (d) development'of granular or porous’
‘€'1nsu1atrng materialsy.(e) reduction of v1scos1ty of heavy 0ils by

| lunderground\geet1ng “to enﬁance the1r f]ow towards 011 we]1s.

—_——

- “~ . - \ - N
The study of\heat’transmission in granular materials has attracted_
" the attent1on of sc1ent1sts from the very beg1nn1ng\of this century,

.,

s1nce the rea]msat1on of the 1mportance of these mater1alS\qQ
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the deveIopmentgéf various branches: of applied science, such as soil

‘ science,'mechanica1vengineering, chemical engineefing, and building

haterfa1s science. Many attempts have since been made to obtain
formulae that express thermal conduct1v1ty in terms of various para-

meters, name]y, vo1ume fract1on snze and conductivities of the

o
‘\Several formulae have been proposed for two -phase granular ‘
mater1als cons1st1ng of a so]1d and a gaseous (or a 11qu1d) phase.:

The following T1st wﬁthout c1a1m1ng comp1eteness may serve as a

"~
representat1ve sgmple. Lord Ray1e1gh (1892) for a cubical array of

.uniform spheres, Maxwe11?(1963).for‘a eghdog\eistribution of sb1id'

spheres in a continueﬁs medium, Burgers (1919) for a cub1ca1 arrange- 3 1!!
ment=of arb1trary e111pso1ds, Russell (1935) for.a cub1ca1 array of
cubes,. De .Vries (1952a) for soil, Woodside and C11ffe.(1959)‘for a

cubical array of spheree,'Lqub%tz (1959).for'deders,'Brai]sford'end

<

Majdf“(19649ﬂfqrqa_randpm_ejstrjtgtien of solid spheres which are far

_enough apatt s0 as not to interact mutually, Cheng and Vachon (1969a)

for powders These. formu1ae have been tested against experimenta1
data for certa1n part1cu1ar cases and have ‘beeuzaccepted as being

ab]e‘tijredlctuﬁbermal conductivity with a reasonabte—degree of ac- - .

Dt T e T I—
_‘éuracyf-—%_.ﬁ_____ 0 i ..

- ~AY ey
— e . -

e L - . A o
‘Theoretical investigation of thermal conductivity of multi--
phase. media is complex and has been attempted in a few simple cases ™
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only. Bra11sford and ‘Major (1964) extended the1r moqe1 “for the two-
phase‘med1a to determ1ne the conduct1v1ty of a system of three or more |

' phase5° Cheng and Vachon C\QGSb)a1so extended the1r two -phase model

to a three- phase one
e ‘

2

The abo#@'formu1ae are applicable in cases when the. interstices
between'thé.SOTjd grains are either occupied by a gaseous phase or

-completely filled by a 1iquid phase. They are not to be used for
. e . - _ 3
_ materia1s*partia11y filled by ]iqujd_(unsaturated granular materials).

~at
- e
.

Thepratical investigation of thermal conductivity of unsdturated
‘ ' ' P .
granular material is comp]icate&z because of the changes in the heat-

flow mechanism in it. Heatin presence of moisture is- transferred not
o

only by<r1mp1e conduct1on, convect1on and rad1at1on, but a1so by two
other means: 1atent heat is transferred by d1ffus1on of water vapor
and sensible heat s’ transferred by movement-of 11qu1d water in the
'1nterst1ce; between the grains of thefsol1d phaee’- Formu1at1on'of
_therma1_conduct1v1ty of moist granu1ar material was attemnted by
) — . .

o Gemant-(1950), De Vries (1952b),3KrisEher-and Esdorn C1956j, Joy {(1957),
" Woodside and Cliffe (1959), etc.

o

‘._The understanding of the Moisture-flow mechanism in mois (granujar

/

maf§r1a1s under tehperature-g adient is a prerequisite for_the under-
standing of heat-flow mechanism in-sueh a case. Various hypetheses
have‘been proposed. in the past in dn effort to create.a simplified
modei-representing the flow of the.mdisture. These hypotheses are

s _ @ (. '

K - b . - ¢
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djscussed under a separate heading in Apﬁendix‘ﬁ. pased onthessf”/’///,/’/,,/

" moisture-flow mechanisms, éttempts have a]so_Been méde/tﬁzg;;;;tte

the contribution of moisture to the oygra1 ~éat transfer pfocesses

(Appendix H).

Despite tﬁg,grdﬁ?ng nééd for accurate thermal éonductivity

determination and better understanding of the heat and moisture-flow

‘mechanisms in granular materia1s, nothﬁng-conc1u$ive has unfortunate]y

been proposed so far.’ There is, as yet, no general agreement regard1ng

the most approprlate method to determine accurate1y the thermal

'~conduct1v1ty of m01st granu1ar materials, nor is there any reliable

theory to predict the same. ' T ‘ ‘ . Ly

,F It -is for these reasons,}that th{S'projéct was undertaken with
J . L] -

the idea of proposing a new-experimental technique for simultaneous

determthqtion‘of thermal conductivity and moisture content of granu]ar .

”ﬁaterials.‘and with a hope of suggesting a way to corte]até'theﬁnalf

conductivity with moisture and temperature.
But what is\so unique about simultaneous determination? The -
by
answer to this quest1on is, that desp1te its advantages, 1t was never o

attempted before.. What was done in such cases before is that on

completion of therma1 conduct1v1ty tests "moisture contents were

_determined by removal of discrete samples at various Space intervals

across the thickness Bt_the spécimens,'and by consequent drying of:' p

these samples until they reach a coistant weight. A new specimén had .//;,/’ 5
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to be, prepared'for.each test. -D1ffe§ences thus obtat

tests for various mo1sture contents and_ eratures)oould'ggnceivably

be at 1e§§t part]y due to 1ntr1n51c d1fferences between . the specimens.
I other words, even if the monsture and temperature cond1t16ns were
kept unchanged, deferepces could be expected 1n the outcome of the .

 tests, s1nce no one mater1a1 can be said to be tru]y reproduc1b1e;

1ndeed’each sample may be said to have its own unique - therma1 conduc- —

ey

: t1v1ty These inherent differences are usually small: for homogeneous

mater1als but in granu1ar mater1a1s not compTeteTy saturated with

m015ture these could be surpr1s1ng]y 1arge ‘ ,ﬁa

B
- .
[

. The chief virtue'of the proposed method‘of,sjmultaneous determina-

tion lies in the fact that, un]%;e—in other methods (e.g. Woodside and

Cliffe, 1959) the moisture disgribution is determ1ned nondestruct1ve1y,
thus, allowing the use of & 51ngle speC1men for a whole set of exper1-

- ments at various moisture contents and temperatures. Th1s, by
eliminatinp;the othérwise inherent variation in the 1nt:i§sic conduo-
t1v1ty of the spec1men -could great1y 1mprove the preci jon with which

one cam determ1ne the effect of the var1at1on of mo1stureacontent and

,,temperature on the thermal conduct1v1ty of a particular spec1men

Pl

| Tﬁe possibility of the water freezin§ being of vital importance _

' the case qf moist materials used at re1at1ve1y Tow temperatures,

. striding the freezing point. A range from -15 to 20 deg. C was chosen

o theifﬁper1ments were performed throughout a temperature 1nterva1

K\ R . .‘ ] ! ‘ \
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— Pratt 1969; etc ). The mo1:iure starts red1str1but1ng itself as ‘soon

The'OVeraT1‘meisture content wae/ﬁeried”in various.experiments from

zero to five per cent by weight.

A steady/state method is sa1d to ‘be unsu1tab;23§gj;ggterhining~ '

the therma1 conduct1v1ty of mc1st g:ggular_materfats (Joy, 1957

,meesathefspec1men is subjected to a temperature grad1ent, It is trans-

' -“Because of this grad1ent the 1iquid starts moving from the colder IR

ferred in the direction from hot to cold by a process'bf vapor dif‘

fusion, sett1ng up a mo1sture grad1ent in the opposite direction.

side towards the warmer, Under steady state cond1t1ons, asdynam1c

eeuilibrtum‘is thought to establish itself betﬁeeh these two op-- :

posidg processes,,end a new ﬁoisture dtgtribution tekes p1aceiin thé
material (Bouyoucos, 1915; Tey]or and Cavazza, 1954; Philip and

De Vries, 1957). The thetma] coqductivity of a specimen measured
under” such a conaition_is some sort of an aée%ageiva1ue for-a non~

uniform moisture distribution. This value is quite different from

thé’va1ue of therﬁa] cbnductivity which would be-obteihed with a
. uniform average d1str1but1on of mo1sture in the spec:men The re-

‘duction in the app11ed temperature grad1ent woulq reduce th1s prob]em _

substant1a11y. but there is a 1imit to this because too small a

grad1enthQqu be detr1menta1 to the accu:écy of all experimental |

results.

- ul
2



A transient heat flow method, which requires gbnsiderabiy sﬁbrter

test-bime -- ot ‘the onder of on1§ 2 few minutes as compared to several

hours needed in a steady state method produces onTy a sma11 tempera

ture. r1se. The red1str1but1on of mo1sture in such a case 1is much le

: s1gn1f1cant than in. a steady state néthod But the problem w1th a

/ L

(ruazue 0§ zﬁenmaz conductLVLIy Several vaTues of thermal conduc v

trans1ent heat flow- method 1s/that 1t does not give a very aocarate

value of therma1 conduct1vxty
e

In short, the steady state method g1ves some sort of an average
1ue of thermal conduct1v1ty because of a considerable degree o1
nzgdstr1but1on of moistere. And a trans1ent method, though not com-
-p]ete]y “immune to th1s problem, g:ves a better value of therma1 on-
duct1vxﬁy as. far as. mozsture s concerned but the method 1tse1f’1s
not cggs1dered very re11able as far as the: ng{a1] accuracy 1s/conh

e
sidered. A solution to this dilemma is - suggested in the proposed

-

techn1qd§ wh1ch resorts to a steady state. method for accgracy of

K,
measurement and measures To€al thermal. conducth1ty/§pd/no1sture

T

content at severa1 d1fferent places along the th1ckness of the '\\

/

~specimen in order to e11m1nate the prob1em of some. Aonz 04.-an auen%g

corresponding to d1fferent 1ocal mo1sture contents rather tha//just

/

one. value of the overall conduct1v1ty, are thus obta1ned This

58

ty,
b

o
enab1es us to observe the var1at1on of therma1 conduct1v1ty with_~7

mo1sture w;th1n a. s1ng]e specimen. : \ .
L ) . —

-

.‘\_



" an ele r1c-current carry1ng w1re can, u nder ideal conditions, be

)

Tdescn1bed in Chapter II Sect1on 3.

| spec1f1c exper1menta1 s1tuat1on ma1n1y due to the poss1b1e bht

unknown 1nf1uence that such funct1ons as mo1sture m1grat10n under

[

. The thermal conduct1v1ty, in th1s proposed procedure was

_‘measured by ‘the standard guarded hot- p]ate techn1que accord1ng‘to

the ASTM spec1f1cat1ons (1963) with Such modrf1cat1ons as are further

e

, The-djstribution of the moistore'content of the specimen was.

obtained @%ﬁh’the measurenente of'the se1f-heating.résponse of copper

w1res embedded in it (Chapter II, Section 4) This”response the

*temperature rise versus time.curve, was found to be qu1te sensitive

to- the amount of mo1sture surround1ng the Wi W e of the parameters

descr1b1ng this resp nse was chosen as a. sca]e ‘to indicate —

present around“the. wire. .This particular . 7

‘parameter was f1rst ca11brated at each temperature and o1sture content :
) under 1sotherma1 cond1t1ons, and was then used to m sure the mo1§ture

- under temperature grad1ent cond1t1ons, that iS, test cond1t1ons

ana]yt1ca]1y correTated w1th the conduct1v1ty of the spec1menA§Append1x

F). Doubts exist as to'the app11cab111ty of th1s procedq}e in our

8. Y
test or contact res1stance have on the response of" the wires.

However, an attempt has been made to evaTuate the conduct1v1ty in
th1s marner and the resultd have been compared with those obta1ned
d . . -,

iy

e

". ll-a..‘ ) .
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using the steady state method.

ALY

et

The compar1son, in fact, was not good

For reasons qust stated, 1t is be11eved that the steady state resu1ts
correspondnmore nearly to the }ea11ty

. ’ ‘_-J :
An attempt has a]so been made to develdp a, new model to pred1ct

the therma] conductivity of oun mo1st granular mater1a1

_ been compa_‘gijjth our exper1meﬁtal resu1ts. |

,as..

This qss"

2
“

Now a few words about the sty]e of presentatuon of the&work
For a better readab111ty of the presentat1on the whole of it is

d1v1ded 1nto two main parts.

The f1rst part contains an exp]anat1on
of fhe methodo1ogy, a brief deSCr1pt1on of the actua] operat1on and

of the speC1men material, and a summary, ana1y51s ‘and? d1scu351on of
resu1ts.

The second part, presented in form of appendices, bes1des
dea11ng w1th more cumbersome detaJTs reTated to the t0p1cs dealt with

o

in the first. part, includes aTso other relevant mater1a1 such' as a

s1mp11f1ed mode1 ’a d1scu551on of the trans1ent method of conduct1v1ty

~

-
-

;determ1nat1oos a‘descr1pt1on of moisture and heat f1ow mechan1sms, etc.
o .

7‘1

It should perhaps be mentioned that a report on the early progress

of th1s 1nvest1gat1on has been presented at the XII Internat1ona1

Conference oo ThermaT Conduct1v1ty held in B1rm1ngham' Alabama in’,
September of 1972. :

<o

e
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| Chapter 11

DESCRIPTION OF THEv METHOD .
.1. lGE_NERA'—t% Foe :

Determination of -the. therma1 conductivity ot any homogeneous

‘._; mater1a1 by means of a steady state method requires a samp]e of the

o
'

B

material to be subJected to a temperature gradwent In one varwant

. ;hof th:s method, a measurab1e amount of heat, 1s made to f1ow un1garec—'

>

f‘t1ona11y through the spec1men of known dimensichs, and the resu1t1n9

<8

temperature d1fference across the specimen is measured when the system

-has atta1ned the state of a steady heat flow. The thermal conduct1v1ty

of the spec1men is then ca1cuf§ted from the wed1-known steady state one-

-

dimensional Fourier' s;heat-conductjon equat1on. o \ . g
' i ' . i T ’

o - -

' MagroScopaca11y,'a moist granu1ar materiaﬁ—cou]d be.constgered to,
¥

be. homogeneous, as 10ng as the mo1sture 15 un1formly“d1str1buted 1n¢,r
. % .
it This, however, is not genera11y the case, and, what is more,

the moistu re 1str1butes 1tse]f’when the materia1 1sosub3ected to &
¢

temperature gradient in the process of the determ1nat1on of the con-

duct1v1ty of that materia]. The conduct1v1ty, measured as descr1bed

*

i
Tm—p

~10- CL T
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above, would pr0v1de some kind of an average value for the particu1ar

>

moist mater1a1 and for the part1cu1ar d1§tr1but1on of the<m01sture

. which preva11ed dur1ng the exper1ment
1 b . - - r

The therma1 conduct1vrty of granu]ar mater1a15 is known to
increase with the1r mo1sture content However,{the rate of 1ncrease
- of conduct1v1ty with mo1sture is larger’'at Tow moisture contents than
; at h1gh moisture contents. In a mater1a1 with a certa1n 1n:t1a1
. moﬁsture d1str1but1on “the hotter region 1oses mo1sture to the coneq’~

I’

.one, when the mater1a1 is subJected to a temperature grad1ent aJthough
the totai mo1sture content does‘not change. ~The thermal condact1w1ty
of the hotter regwon decreases, however, by an amount greater than the
increase in conduct1v1ty of the ‘colder reg1on. Thus, the. overaTT
conduct1v1ty of' the mater1a1 wh1ch is the quant1ty measured ﬂS 1ess
than if the moisture were uniformly d1str1buted This effect is.

o greater the more uneven the mo1sture d1str1bu$1on i And therefore, the
measured overall conduct1v1ty of the material gives no direct 1nd1ca- _
Lion of what are the local conduct1V1ty va]ues corre5pond1ng to 10ca1 i

moisture’ content in any guven layer of the mater1a1

‘E \R Q;der, therefore, to evaLnate correct]y the dependence of
-'-the:mg1 conductlfzty on molsture content of a granuIar mater1al it
" was thought necessary to determ1ne the exact’ var1at1on of moisture
.content as wel] as -that of conductwv;ty in the spec1men by obt 1n1ng

~§EVera1 Tocal va1ues of the .two a1ong the th1ckness of the spec1men

_‘. 3
'
]

&Y

T



‘temperatures and different overall moisture coptents of the specimen,

. : ) ;
. » oo~ 1. /
- . . . ;

~

"The knowledge of conduttivity and moisture content at several Joca- |
- r - N ) Rl - .

tions in_the specimen on a one-to-gne basis at different mean

- .

enabled us 'to produce a -general cdrreTationgpfﬁgonductfvity with

- ' ‘ . . . -
moisture and temperature of the granular material. ,
. 1 * ' .(
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= | 2. SPECIMEN CONTAINER .

The bas1c exper1menta1 equ1pment adapted here fOr this 1nvest1—

gation is a standard research unit built by the Dynatech Corporat1on

of Cambridge, Massachusetts. The operation of this unit is described

" in Appendix A. - 5

4

Ahe unit, ingits onigjnaT"form,'was designed to test solid or
celiular materiaTs, like building.materials, plastics, rubbers, glasses,

fibrous insulations, foams

etc., but not granu%en:materials; . The
change fncm solid or cell material to granular'materia] to be

tested in this unit not only ;cessitated.use of’a'container to hold

. the granular mater1a1 but subs‘ant1a11y changed the measurement

technique 1nv01ved A watert1ght ce11 had to be constructed and equ1p-

/

ped with prov1s1ons for 1njectJng an accurately measured quant1ty of

-

mo1sture into it. The 1mpTémentat1on of the special feature of th1s

A .-/

project; name]y the .pérformance of the tests for measuring the moisture

distribution an‘ thermal conductivity of the specimen s1mu1taneou51y and

: thus render1ng the tests non-destruct1ve, requ1red some special features

to be 1nc1uded in the des1gn of the. conta1ner. The mod1f1cat1on of the

un1t thus amounted to a re-deS1gn of the ent1re test stack assembTy

.._,'- .

The spec1men Test- sect1on of the unit was rep]aced'by a su1tab1y

des1gned watertight cell hav1ng bu11t -in faca11t1es for the measurement_'

of temperature and moisture. .The ma1n-factors that governed the de51gn'

of the cel¥ were? -

-
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(1) the adherance to the_specifications laid down by.the-ASTM;
{2) the need to preserve the geometry of the granular specimen;
(3) the ability to vary the moisture content of the specimen;

(4) the necessft§ to maﬁhtaﬁn a chosen moisture content over repeated

temperature cyc]es'
‘ (5); the need to allow for a small volumetr1c change of the specimen- under_
o -different™thermal cpnd1t1ons, ' -
(6). the importahce of prpber contact between the specimen and the

' temperature and moisture measuring sensors; and

(7) the fulfillment of the cond1t1on that the f1ow of heat through

the centra] test- sect1on of the spec1men shou]d be un1d1rect1ona1

Thefﬁiﬁtch'ef the cell }s shown in Fig. 1. The ayeiT§b1e<spece in
the Dynatech uhit'provided for a cy1indrical specimen of 20.32 ch;f\“““~feeﬁxwi

d1ameter and the .specifications laid down by the ASTM(1963) a1Towed
for a maximum th1ckness of about 3&4?cm for such a-specimen. The out- -

s1de rad1a1 wall. of the ceI] was-made of stainless steel and.

-

Rad

tached to the bottqm copper plate which forms a _" therma1 region—in

that place.

The grahular sample was poured into'the container“to'the height of
3.4 cm. The container was‘gentiyrtepped‘from time to time to‘ensdre
.compact1on. The sample was then covered by the main and guard heaté%
assembly. The 20132'cm diameter specimen could be viewed as consisting

of two portions. The cehthal 10.16 cm diameter cylindrical portion
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under the main heater forms the actual samp1e with respect to which.

the measurements were” taken, and the surround1ng rema1n1ng port1on

under the annular guard heater acts as a therma1 guard ring.

- -
-~

Th— -

Cl1 of the ce11 on the heat flow pattern in the guard ring, the top of
the wa11 was‘cpnnected by a solid coppper ring to another heater (-— a
Itop auxi]iary heater) The fUnct1on of this heater, besides supplying
heat to the sta1n1ess steeT wa]l was ta prevent the upward heat losses
from the ma1n heater As the centra1 sect1on of the main and guard

'heatev’assemb1y was guarde he top aux111ary heater and on the side

””hy/the guard heater and the stainless steel ‘container, the heat generated
' 1n it flowed through the spec1men establ1sh1ng a. temperature grad1ent

a]ong its path. e

-
-

~The circumferentia1 space betueen the main heater and the container
. wall was "sealed with a rubber gasket makihg~the cell watertight. Tis
'rubber joint a11ows also fbr a s11ght freedom of movement of the main ‘
and guard heater assemb1y in the' vert1ca1 direction. A few synmetr1cal]y
*=placed holes 1n1the main heater a11owed the requ1red ‘amount of moisture
“to be 1njected through them, subsequent‘to;wh1ch they were kept sealed.
It is usefu1 to determineﬁthe local values of moisture sontent and
temperature at as many locations as ‘possible in-the epecimen along its '
~ thickness,~for an accurate mapping of these distributions. The number

of sensors ¥ be used for the determination of these local values was

! e "
Y ‘ o .

To m1n1m12e the effect of re]at1ve]y high conductance of the rad1a1 ¢
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a compromise between the desire to obtain an accurate picture of these
-d1str1but1ons and the necess1ty of m1n1m121ng the d1§tﬁgb1ng effect

that the sensors themse]ves have on these distributions. r'a

specimen as smaT] as ours three Sensors seemed to represent %{rea—
3

r
- .. : [

sonab1e comprom1se.

v \ ) LT _ i
; Three-ennealed and varniihegitopper wires, 0.0254 cm in diadeter_

-(3b gauge), wererst}etched diamettical]y throdgh the spécimen at equal
verticaT-spacings These _copper wires have suff1c1ently stable and
reproduc1b1e re51stance-temperature characteristics to be used as

-

res1stance thermometers in the temperature range from 20 to 320 K
\;'These three copper Q1res were used both for temperature and mo1sture
,measurement in the specimen at their reSpect1ve Ievels. These wires
‘pass through Kovar seals fixed in the wall. In order to reduce the
sag of the w1res two support1ng bake11te réds were prov1ded on the
»perimeter of the main test- sect1on of the specsmen as shown in Fig. 1} 1
These rods are 1ocated just out51de the’heat:?eter1ng area to reduce
the error resuliing frdm any‘pessib}e djstortion oﬁ'the.heet f]ow;" ‘i;i
-pattern. .0n one hand these bake/'{ﬁ’te rods‘ helped fix and maintain the |
distance between the copper wiﬁes; énd\on the other, they also provided
support to the potential Teads used fot'measuring the potential drop
| across the 1ength of the wires within’ the main test;sect1on. The
- potential leads were~so1dered to each of the thtee copper wires at the
border of 10.16 cn main testfsect1on,-and were wound around the bakelite
rods a few times before coming dut;dt~the_¢e11 thrgugh the Kovar seals.

o
'
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3. MEASUREMENT OF THERMAL CONDUCTIVITY

,

3.1 FUNDAMENTALS:

. where q i< the net amount of heat flowing per unit time ¥

-
-

In~pr1nc1p1e the, thermal conduct1v1ty of ‘the Speg1men was obtained

us1ng a steady-state one-dimensional Fourier's heat.conduction equat1on
A AT AT '

q=A AR ' (1)
--from which. ° | . . ~
| A-ﬁ_s__ez_s_r@” o -
AT TATST ' (2)

. . / .-
perpendicular to the cross-sectional area of the specimen, [mh],
A is\the coe ficient'df thermal conductivity, [mW/m=K] , .

o

A s the area cross- sect1on of the spec1men, [m?],

~

TH and TL areﬁtemperatures of any twe isothermal p1anes 1n
- the specimen, Ty > T [deg cl, f
AT =T, -TL, is the temperature d1fference between these two
jséthermal planes, and

~

F ax denotes the distance between them, [m].

The Tocal values of the conduct1v1ty were obtained W1th the use of .
Eq.(zl. The cross—seqt1ona1 area was fsxed by the dimensions of the

specimen and the distances between the consecutive temperature seq§1ng

wires were fixed once for all by the separation of the copper wjres\\\\‘\\\\\\\\\

" embedded in the specimen. Their values aré -

A-8]07(10 %) n2 . S | @)
% = 8765 (10°7) m. ' . @
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The tota] heat. Qs re]eased by the main heater was made to flow through -
the sample, as explained in the prevreus section, estab11sh1ng a
temperature grad1ent across. the spec1mEn thickness of the order of one
to two degrees Kelvin per-cent1meter. Th d.c. power input to the main
heater was determ1ned directly by the vo1tage and current measurements
to.agﬁaccuracx df at least four significant figures. The temperature
differences AT' were obtained-from'the temperature measurements of the
consecutive sensors and were modified, before their use in Eq (2),

explained in the next sect1on. . <

For the temperature measurement a current‘sma11 enough to cause

,negltgible self-heating (0.03 A) was passed through each of the three-

‘—copper wires’ and the res1stance of the 10.16 cm lengths of the w1res

1ns1de the centra1 test-sect1on was accurately measured to S?x 51gn1-,

: f1cant figures. The’res1stances of these wires in turn were used to ,"
T~

the ran/e from 80 to 34OMKLe_

ca1cu1ate their réspect1ve abso]ute temperatures to five significant-

f1gures u51ngfthe temperature res1stance relationship given in Dauph1nee

‘and Preston—Ihomas (1954 , Th1s re1at1onsh1p 1s shown to. be 11near in

The c0pper-re51stance techn1que has distinct advantages over the
use of the thermocoup]es for temperature measurements The'COpper wires
give a radial average value of the‘temperature at the1r particularﬁleve]s,r
as compared‘to the point.temperatures obtained by thermocouples whfch .
in granular mater1a15 may acc1dent1y vary somewhat even when measured

at the same.1eve1. The use of the same sensors for temperature and”

Ealr s
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-moisture content measurements not only minimizes disturbance in the

spec1men ‘due to their very presence but also gives the results that //

pertain to the 1dent1ca1 sections of the speC1men which may not be/the “\\ =

m LT
_case 1f separate sensgrs were used. '

3.2 MODIFIED TEMPERATURE DIFFERENCE

Desp1te tak1ng a]l the precautlons, necessary for a valid use of
Y

Eq {2), there are generally some error—caus1ng features present in the

apparatus'thCh prevent a straightforward usé‘ef Fourier heat conduction
eqjation for ca]tu]ating the thermal conductivity of the specimen to'a
sufficient degree of accuracy. The necessity,of working in a temperature

range away from room temperature and the lack of a perfect guard and

_perfect insulation.give rise to heat sinks and sources.in any multi-

component experipenta? system These undesirable heat 51nks and sources’

-

make the heat flow pattern in the exper1menta1 test—sect1on of the

~ spec1men tyo or three dimensional. .The determination of temperature
difference, AT, to-be used in Eq.(2) for the conductivity calculation

. was virtually impossibie under these conditions. Considerable ingenuity

had to be.eXErcised to simplify the problem so that some plausible

analysis could yield accurate values of AT and therefore of ;5

In the first plece the use of cy]indrica] symgetry had reduced the
heat-flow patterﬁ to two dimensions. -As the most important step, we
reduced the *inflygnce ofEthe/Eﬁifliary heat sourcés and sinks in the

v

: § C : : Lo
following manner,. ‘ , i

v

{
]

]
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First, dthe temperature d1fferences were measured with only inei-
denta1 heat f]ow1ng through the,spec1men when no heat’ f1owed from the
.§E:*> ma1n heater. These~temperature differences will be denoted by &7,
.and the cond1t.on under wh1ch ‘they were measured will be referred to

as Iaoxhenmaﬂ Condtzton

Ihen_the‘tenperature differences were measured when theasoecimen
- was subjected ta-both the still present incidental heat flow and the.

heat flow Ffom the main heater. Thesé temperature differences will Ee

denoted by ATq:>and the test condition will be referred to-as Gradient

’ ‘.Condtzton }/j’ . .

-

,By.the princ‘ple;o?’superposition of heat flows, the effect of . ig
' the'incidénta1 heat flow on the temperature difference in the specimen
" was e11m1nated by tak1ng the d1fference of the above two measurements -\

-

to give alcorrect AT. That is, theA:aTue of AT used in Eq.(2) is -

AT = ATq'ATo - : - (5) .
. - /{ - : _ i
' EZ This approach is ‘virtually indispensible ipr'accurate A\ measure-
mf ts (Laubitz and McElory, 1971). It depends on the prtncip]e of
superposition of heat'f1ows; which is valid if the temperature changes
due to the specimen heater are small, so that the effect of temperature
on the conduct1v1t1es of all the components of the system can be ignored.
In pract1ce, th1s means that AT s48u1d not exceed 10 to 20 K, and of

course the smaller it is the better, prov1ded that the precision of the

/A measurement itself is not a problem. In our case AT was less than

——
i
. -
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5 K, which was acceptable from both pojnts‘of uiewe.
_.__‘\ ) ~ ' ! . “i‘, - -

LA

- AT° and T ‘was found to be almost Tinear. Stra1ght 1ines’, later

x. 7

referred to as Base Leneé were-frtted between the exper1menta1 po1nts

&

by-the least square method-§§ee Append1x D, Sectjon 2)

-

\\ o By.ée]cu1atihg the conduEtivity usfhg‘a'steady-stafe:method one -~

- -
A

w1th1n the narrow range of temperature drop between two nef/itor1ng
7 ‘measurement po1nts. For tests on 1ow conduct1ng mater1eTs u51ng -thex
‘guarded hot pIate method, th1s temperature drop is suggested to run '
between. 20 to 30 K (Tye, 1968) In order td/}mprove the acciracy of(:
the-var1at1on of conduct1v1ty with temperature of our spec1men we

rediced this temperature drop to ebout 1 to 2 K.

kR

Com1ng back to the d1scuss1on of AT R the re]at1onsh1p between ;»‘f

of course:tgnores any 1ntr1ns1c variation of conduct1v1ty of a material -

o~



RS

: funct1on of the1r temperature (Dauph1Nee and Preston- Thomas 1954) -

o
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© 4. DETERMINATION OF MOISTURE DISTRIBUTION
. : . - /"A :

s

|4.1_PRINCIPLE: I
1] % - ) ‘ Tt
The d1str1but1on of the moisture content of the spec1men was

"<obta1ned from the measurements of the effects of aeﬁﬁ heazxng of copper

wires embedded in 1t§ The resistance of these w1res 15 a d1rect

\
\1

'fand the1r temperature in turnr1s a fgnct1on of the propert1es of the

-sugrounding medium (Carslaw and Jaeger, 1959). To obtain the moisture .

distribution of the.specimen,'a d.c. current was passed through each
of the three wires and the change in voltage over their central portion,

contained within the main test-section, was recorded as a function of °

~ time. This response was first calibrated at each temperature and over-

-

.t

all moisture content under isothermal conditions -and was then used to

measur I\e mo1sture d1str1but1on w1th1n the spec1men under temperature

- -

- grad1ent conditions. The whole process is exp]a1ned below. -

w -

-,

When an elect$1c current is passed. through a2 thin wire embedded

ﬁh any material, the temperature of the wire and consequently of the

o surrounding mater1a1 would rise as the time 1ncreases. The-rate of rise

of temperature 1s governed by the ab111ty of the mater1a1 “to conduct
heat away from the wire, wh1ch/q; case of granuTar mater1a9 m1xed with
water depends not only upon the temperature of th1s material but also
on its moisture content. This temperature rise is a funct1on of the
rise in resistance of the wire, as mentioned above, which in turn is

. ‘ : ' K

-

st
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",toxgne gzven in Eq. (6) 98 g1ven in Append1x B. JUso shown in the -same

Tak

IS . o -
i . N

] proport1ona1 to the change in voTtage aU across the two: measur1ng

points on the wgre. ﬂ typical se]f—heat1ng curve,’ show1ng ‘the varia-

tion-of av w1th t1me t, is drawn qns F1g 2 - This. curve when p1otted

on AV--£nt coord1nates.yas found to be representable by 2 stra1ght

T1ne as 1s done in Fig.. 3. The equat1on of th1s T1ne is
=Bt - g e T ()
. . o B SN P
where B and C. are slope and intercept, resgectiVely, of the line.,

“ he e C " - - CoL 2
P .- ) e

> For readers conven1ence an ana1yt1ca1 der1vat1on of an equat1on

of an ideal 11ne heat source and 1ts transformatxon into-a form s1m11ar

;

the properties of the surround1ng med1um.‘ -
. KU - . ) .{;'

-

The parameters B and C are constant for a part1cu1ar self-

heat1ng curve But their value var1es with d1fferent curves taken under

ke

d1fferent surrpund1ng conditidns. / These parameters were ?ound to be

R Y

'"~_qu1te se§%1t1ve to mo1sture content ‘and temperature of the mater1a1 sur-

J l

] round1ng the wire. Parameter C was found to vary cons1stent1y “nth

teqperature and mo1sture content of‘the surround1ng material, and hence ,f

f"

h;]t was chosen to be used as a scaie to and1cate the amount of mo1sture

. S of g Lt
present around the wire. - ) o

<
=

, It now_seems necessary to explain the mean1ng of the terms Laca£

Mo&otuae Conzent, M(x), and Overalt Moisture Conzent <M>?, whach w1T1

- v
1Y K 4

@
'

e

‘append1x is the theoret1cal depeudence of the parameters B “and C on’

-

[

[ETY
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LFIG 2 SELF HE’AnNG RESPONSE ON A/—-f COORDINATES ‘%
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FIG 3 SELF HEEFING RESPONSE ON N-In’t COORDINATES
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-

be used henceforth The overa1l moisture content 1s the tota] amount
of moisture present in the spec1men expressed as a percentage of the .

" total we1ght of granu]ar material, whereas the local mo1sture content
is the percentage of water in the mater1a1 in the 1mmed1ate vicinity e

of the wire. Figure 4 represents a cross-sect1on of one of our w1res ' T

-
—

w1th a ring of surround1ng mater1a1 deemed to 1nf1uence the temperature '. -":u
rise in this wire due to a comb1ned effect of the current flow and heat
‘Qtransfer. The diameter of the‘mater1a1 mainly influencing the wire
temperature can be-considered so sma]J that the moisture content varia-
tion with{n the ring bétween‘points A" and B may.be assumed to be
linear. Thus, the expression'ﬁocai moiézumejcontent refers to the

moisture contént prevalent at the level of the center of the wire. (Of

course, similar things may be said of the temperature of the material
) ‘ ' R b -

A kKnown pércentage Omeoisture was injected tnto the‘specimen. The

spec{men was held under a moderately high and uniform temperature of

about 40 deg. C for 2 duration long enough for the moisture in the
.:spec1men 1o d1str1bute itself in a manner compatible w1th th1s temperature.

In order to perform moisture ca11brat1on tests .on the spec1men the
-.—specimen was brought down to a des1red level of the isothermal temperature _)

in the temperature range of our 1nterest., A d.c. current of about 2 A, |

suff1c1ent to cause a moderate self-heating of the coppei wires, was ;

passed through each of the three w1res and the change in voTtage aV

over their central 10.76 cm portlon was recorded as a funct1on of t1me, -

b

-



_— K - - .
’ ‘. R ':'.*. S e “ b
. Co LT 1 :
FR I "

\‘ o . o R S A PR S o . UrLs o




‘was held constant. Similar tests wers

-28- . _ - '-“:.

3 ‘ - ‘ - ) '

the shape o _urves be1ng oﬁi}he form. shown in F1g 2 The va]ues of

the parameter C scribed above, for the three copper wires, were
obtained Var1at1on of with temperature was obta1ned by varying the
1sotherma1 temperature of the Spacimen while the overaT] moisture content

performed for different.known

f overall moisture contents. Thus, awhole set of va1ues of C_for each

of the three copper wires was obta1ned as a funct1on of T and <M>.
RPN o W)

The results were p{otted in C -.T . coordinates and po1nts re1at1ng to

the same <M>: were: connected by 11nes, as shown schemat1ca11y in

Fig.5. It was found that each of these lines was composed of two very

nearly stra1ght segments Joining at a p01nt correspond1ng to T=20 _
deg C. 1In fact, best stra1ght segments were drawn through the experi-

menta11y obtaaned p01nts in the manner described above. Three such

plots were obtaired, one. for each of the three: copper w1res of the specimen.

———

If.the values of the local moisture contents'cou1d now be assigned
to the lines drawn in these three plots, drawn under jsothermal condi-
tions of the Epecimeng‘then.theee«p1ots could be used to evaluate the
unknown va1ueshof' M(x) 'fOr'a cifferent condition of the specimen
provided the respective values of ‘C and T were made available.

SpeC1f1ca11y, under temperature gradient condition — in which red1s-

- tribution of the’ mo1sture takes place in the specimen — the new d1str1-

" bution of the overa]l mo1sture content ‘could be obta1ned w1th the help

e

of these plots. This is based on the fact that the vaIue of C depends

on the local values ofJn01sture content and temperature (as explained in

-
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the description of Fig.ﬁ), whatever they may be due to, arid irres-

pective]y-of the overall condition, isothermal or gradient, of the.

specimgn. . ;
F

Originally 1t was thought that heat1ng the specimen and ma1nta1n1ng

it at a’ﬁ1gh 1eve1 of temperature after injecting a known amount ‘of

hnnasture 1nto-1t,-wou1d help moisture d1str1bute itself un1fbrm1y in

the specimen. It_ﬁa§ thought that capillary forcts in.the granular
specimen, discussad in Chaptér IV,Awou1a become strong enough to spread
the moisture‘uniformfy after a prolonged heating‘of the specimen., If
this,weréutrue, then at every isothermal témperaturé‘of the specimen, a

-

uniform condition of-Toisture in the specimen. would have brevaf1ed, that‘

15,}the percentage of moisture at each of the three levels in the specimen
. . >, . .

~ would have been the same and would have been equal to the known dvgra11

percentage of mojsture injected into the specimen. Or, in cher words,
the values of <M> 1in the three plots, discussed above, would be the °
same as M(x), rendering these three plots ready for direct use as

moisture calibration curves.

UnfortunateTy, this was found not to be the case (see Chapter V

Section 2). . The moisture d1d not d1str1bute itself uniformly within the

'specimen, even after a prolonged heating at high temperature. The

moisture also remained non-uniformly distributed in the specimen during

.the tests under iéqtqgrmal conditions which took place after the initial

-

heating and cooling as required. Therefore, ‘an analysis had to be
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deteloped to evaluate the distribution of moisture under isothermal

. conditions, and a functional relationship wasjproduced to eXpress -

M(x) in terms of C and T. This analysis is shown in the following

section. This relatuonsh1p was_ then employed to eva1uate (x) under

—

temperature gradient conditions w1th the he1p of the corresponding

measured;values of C and T, in the manner aTready explained.. .

-~

4.2 ANALYSTS: | . -

-

In order to obtain a dependence—of—ioca] mowsture content M(x), on

'1sotherma1 temperature and a part1cu1ar overall mo1sture§content <M>,

>

Consader1ng a nonuanorm meisture d1str1but1on a]ong the thickness

of the spec1men Tet us assume that this distribution can be represented

El

) . . / ..l ramers N
\-(\"'\ “‘ e s
: _parameter C and.temperature T, un er 1§etherma1 conditions—ofvend” ‘- -

'spec1men, let us first analyse the mo1sture distribution for.a. part1cu1ar

\

by a polynom1a1 i . T~

o
=

M(X) -A + Alx a A2x2 . s i | (7)

| where x is a var1ab1e ol§tance from the centra1 p1ane “of <the spéETmEh;a‘ —

The centra1 p1ane of the spec1men coincides in Fig.6 with the m}ddTe\ -

-

\
copper wire. As the three copper wires. divide the spec&men—tﬁ1ckness
’ ¥ ' o

into four equal barts Tet one gquarter of the specimen thick ss.be

denoted by unity, as shown in Fig. 6. The local moisture coft nt-at the

three levels (for the three copper wires) cou]d—Be written as

\M(]) - AO + Al + Az ves 3 T ./;_-’_" "& (8) ‘
o M) =A | ' - 9
M1} = A - Ay F Ay + .. R NG (1)
T g - ° ' . 2 : Q . e .
-4 o . _
' t. ///////N\\\.
H jar) - /
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The numbef of copper wires in our exﬁerihenta] unit hes restricted
the-number of terms in Eq.(7) to represent M( ) to three. |  If we had,
el e g., five equidistant wires, we could-produce a system of five 11nean\
equatrons with five: unknown coeff1c1ents A ,,Al, Az, Az, and A,.- \{
', Upon the evaluation of, in our case, tﬁ;eé/hnknowns A Al, and A,, -
the moisture d1str1but10n in the spec1men could be approx1mated by
properly fitted curves for ‘the part1cu1ar values of T and <M>. With ‘
GEHy three terms in Eq.(7) th1s approx1mat1on could not be very precise, .
but this is the.best we can .do without an increase in the number of wires

) . which as we recall is undesirable.

4

The overall mo1sture content in the spec1men could be obtained by

4
1ntegrat1ng Eq.(7)’ w1th1n proper limits.

2.

S -l-fM(x)'dx,' - 7 an

-2.

Subst1tut1ng the express1on for M(x) from Ex. (7) Snto Eq.(11),

1

M = j A, +A1x+A2x2) dx. o ' Q12 .
=2

. On integration, . s . ‘

g o - | :
:<M> bl Ao + g A2 . . "‘ :.(‘[3) ‘

In order to determine the unknowns A AI, and Az- in Eq.(7), the
~use s made of the valoes of C obta1ned for the three copper wires L
under 1sotherma1 cond1t1ons of the specimen, as a function of the known
values of. T and <M> and an unknown value of M(x). Symbol1ca1ly,
e CT, W, Ml ' (14)

Y
s

-/,. . B . . . . . . -3t



" . C=C(x), for T =const.and <M> = const. (15)---
Now, the dependence of  C(x) on Jd(f) is assumed :td be représentabTe

jn the following form: \\

oty =1 - M ™ (16)

where -CD(x), (D 'For dry) is the va'lue of C(x) at '<M> =0, that is,
for -the dry specmen, and‘ b, d and n are unkmown positive constants.'
Since the values of the ratw E(x)/CD(x) are ca1cu'lab1e for x =1,
x = 0; and &= -1, from the p'lots of C versus T | and <M>, as

exp1a1ned in the previous section, Eq (16) is a quadrat'[c equation in

M(x)". Therefore, Eq.(]@) -couldbe solved for M(x) as

Hx) = [-'b 2\b - gg[c(ﬂmp@-g] -

Since, b and d are positive constants and C(x)/CD(x)" is less than

-

u\nij\:y, consideration of oniy the positive square root gives us the

positive valug of M(x). Rewriting Eq.(17) for x =1, x'= 0, and

x =-1, we have L | e
B = { (-b +y/bZ - &d[ cOOZO() -1 /2y M, (18)

M(0) = { (-b +\[b2-.- ad{ c(0)/¢p(0) -'1] y/2dr /™, '.(19')

M(=1)-= { (=b +\{bi -“4d[c(-1)/cD(-1)~ 1], yeay ML (20

Comparing Eqs.(8), (9), and (10) with Egs. (18), (19), and (2‘0),

respectivé1y, and solving for parameters A Al, and A_z, we get

/

: "
. .
. v
.y .
- : - . L/
1
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A, = (-B.+\]b?

N

e/ ] 2t )

3T /o) ] J2art

Ay "%ﬂ(;b ;\Jbz

- Li(-b 522 aC-D/e(-N1] 2, (22)
Ay -%{'(-b «'_»;]b2 - '4d[. c(l)/CD(l)'—-H )/23?}1-./n N
-+ T BT ] 2
s (b b2 - 4d[c(0)/6D(0) -1] )/2d}1-/“.. (23

Substituting the values of A, and A, “Into Eq.(13), the overal]
hoisture-éonten; in the specimen is expressed as | "

-
i

“ats = Z4(-b +[b2 - 4d[ c(1)/ep(1) 1] V/2dr /"

+£((-b +\Jb2 - ad[c(-1)7cD(-1)-1] )24y /M

» - $(-b +[bZ ~ 4a[ c(0)/cD(0) -1] )/2d3 /" o (24)

- In this equation, only b,'d,.‘énﬁ‘ n. are unknown.. As mentioned
earlier, fhe values of C(X)/CD(x)"canlbé obtéined‘from experiments on
the tﬁree cbpper wireérunder isothermal Eondition; of the specimeq; at
various temperatures and at variots?qyerai] moisture contents. " With
these, <M> cgy]dfbe calculated froﬁ'Eq.(24), provided b, dy and n
were known. But the actual value of <M> ds known. ThiS‘ai]ows us to

' . .

- determine the values of b, d, and n by tria}‘and error in such a way,

that = ° N ) - - . i

m ’ JE——
§ - E 512 is a minimum, . . (25)
S | ‘ '
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~where. m  is the ;otai number of known overall moisture contents, which : '

in our case is three, and ey, €3, and e3 are the three differences

Ll (\{:',-

between the known and the calculated values of <M> for ihe'thréeu:f

moisture contents.

/ Having obtained the values of b, d, and n for a particular

. isothermal temperature, the whole procedure is repeated for other

/

isothermal temperatures. On comp]etioh'of.these calcu1aﬁ§ons; a‘set’ ~-

of b, d, and n would be obtained at various témperatures. This set ' J
. . -
of values could be used to express these three parémete as @ function +/

-
b

of temperature.*

Havf%g done this, Eq.(f?) becomes ready to“be used to determine the ,Qg
Tocal moisture content at any vajue of T and <M>,. provided the corres-

. - D /
poriding values of parameters C(x) and CD(x} are knowg.

‘Because we only had three wires, th2 curvé\fitting procedure s
open to criticism as to,the accuracy with which the resulting curve -

. represents the actud] Woisture distribution at'all levels.

[_—

.7 N
3

Similar proé;dUre could be applied with suiiable modification to=a
A - a o : S
Targer number of measuring stations, rendering ﬁopefu]Ty a2 more accurately

4 .

fitted curve. - . T < . .
. T < :

. '. SR



ance of the copper wires under d1fferent cond1t1ons.

r-“‘

Chapter III

DETAILS OF THE EXPERIMENTAL
SET UP AND ’I‘I‘S OPERATION

-

1. RESISTANCE MEASURING CIRCUIT. . |

S

‘As méntioned‘eartier,fthe-temperature-of the specimen at’ three™

different levels was deéuceaﬁjrom the res1stances of the copper wires -

,embedded 1n 1t, which 1n fact were obta1ned by pass1ng a weak current

/

(0.03 A) through txem. i the other hand the s1gna1 generated due to .
se]f—heat1ng of these copper w1res was used to- obta1n mo1sture d1str1-

~ bution. For th1s #atter part a reIat1ve1y Targe. current (2 A)Jnas

' passed through each\of the three copper wires and the1r change in re- -

J

"s1stance was recordéd as a-funct1on of t1me Thus , both, temperature

and mo1sture measurement requ1red a prec1se determ1nat1on of the res1st-

-_’

In order to m1n1mnze the errors .in our evaluatton of therma1 con-

duct1v1tyaas a functfon of temperature a Tow temperature grad1ent was

_used Gabout T K/cm), consequentIy the-temperature had to be measured to .

an accuracy of about |0.005. K, and the res1stance, in turn, to about 5

" part per mi]]ion The current that was passed through the copper wires

el

L=}
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be1ng of the order of 0. 03 A, measurement of the vo1tage had to have

a prectsion of " about 0. 2 n.

13

< -
-

' In the case pf moistune-neasurement -the'se1f4heating'response of -
the wires was taf b measured with the precision of about 10 V¥ in
200 mV that 1s agout 5 in 105,

- . -

Convent10na1 d1rect-current res1stance measurements are genera11y

'made either w1th a br1dge or by potentiomet%ic methods. Either, pro- .

—_—

vcedure has 1ts own advantages as well as def1n1te limitations. The -

,wheatstone br1dge techn1que}offers h1gh degree of prec1s1on1\but the

~use of this techn1que was‘hot open to uss because of the requ1rement

that the res1stance measured be that of the centra1 port1on of the probe

| wire on]y, and not of its_whole length Though the br1dge-mea5urement : - 'ss!
is 1ndependent of the f]uctuat1on 1n the current f1owﬁng through the

brmdge, it is certa1n1y affected by the res1stance of the Tead w1res. -

e

Thus, wheatstone -bridge shou1d not be used whenever lead res1stance is-

-~ f
~

significant as compared to the reszstance to be measured. An attempt

L. . ) v

to avoid the(use of pbtentia] Teads wou]d tend to introduce errors in -

".the resxstance of the bridge wires which wou1d then have to pass through

the therma] guard portion of the specipen. This wou1d have only re-

cp]aced one;undes1rab1e factor-by aaotheﬁ.

S : ‘ .

' - ‘ »\ o o
A potentiometr1c technique is comp?eie1y free from any effect of /
potent1a1 or current Tead res1stances. Its main disadvantage is that

it requires a current stabi]ity wh1ch shou d at Teast be as:good as .

P




the ‘resolution requ1red 1n the measurement When” this resolution ap-

proaches one part per m111ion ‘the corresponding current stab111¢y 15'": S _Qi
X often diff1cu1t if not 1mpossib1e ‘to achieve, since it 1s affected by> f
%nboth the drift of the supply unit and.lead res1stance var1atfons The5 o

lead resistances concerned- are ‘those “in the current circuit where thgy

may constTtute an apprec1ab1e port1on of the total- c1r§u1t res1stance. f

Such stabilities were feas1b1e for the 1ow currents necessary for the

: temperature measurement, but were not- readi]y ava11ab1e at 2 A Tevel s
frequ1red for the moisture determinat1on. 3 ; . L . §~7‘
It was, therefore, decided’to use a d.cl ehoppen'zechntéue o |

'.(Dauphinee, 1953; Dauphfnee and'Mooser, 1955; Dauph1nee and Preston—-
Thomas, 1958) wh1ch comb1nes ‘the 1nherent 1nsens1t1v1ty to current )

Fluctuations of the bridge w1th the ab1l1ty to employ potent1a1 1eads :

0,

of the potent1ometer ' . - - . S

—y

The unknown res1stance is. ,gnnected in series with a known standard
reststance~1n a current-supp1y1ng circuit to ensure curfent equa11ty
" through the two res1stances. The e1ectromot3ve forcesydeveloped across ‘
the'two res1stances can be " compared accurate1y us1ng the d.c. chopper
.techn1que w1thout mak1ng any d1rect e]ectr1ca1 connect1on between ‘them. .
‘Though an-;ract1ce these two e1ectromot1ve forces can- be compared oy v
: means of any intermed1ate electromotive force usua11y in form of some
manua11y adjusted measur1ng 1nstrument SUCh as a potentlometer and a

. nu11,jnd1cator as shown in F1g. 1, this woqu, as already ment1oned,

. o
& -
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require considerable voitage or current stability and‘suffﬁcient-tine

-

for the-comparison to be made. Such a method would, therefore, be

fundamentaily unsuited for any measureméht where either one or both the'

electromotive forces.are'varying quantities. In the d.c. chopperl

technique the effective per1od of compar1son is reduced to a few

hd:dredths of a second eTiminat1ng the need of the stab111ty of the -

jrrent source.’ This reduction in timelgegybd is accomp1ished by ‘ o

rep1ac1ng,manua11y adjusted intermediate e]ectromot1ye force in Fig. 1° ~
by thegvoltage across a large condenser‘and by;rep1acing‘the_manua1 : B
) switching mechanism by a mechanica}]y driven‘three-section double pole . -

chopper'“'The‘circuit is. schematica11y shown in Fig. 2 The condenser

is connected between the continuous1y revo1v1ng contacts wh1ch are of

the brake-beforenmake type - - 2
3.

iy
-

The oasic circuit for chopper is shown in F%g Operation of the _

TH Chd

chopper connects the condenser first to e]ectromot1ve force 1 causing it

-

to charge™ to voTtage el. The chopper contacts now open and then close

N
~—

r +
- a0l
......—,ms;-mmm i

on the other s1de, connect1ng the condenSer with the same po1ar1ty to

. e1ectromot1ve force 2 through the ga]vanometer G. If e 15 equaT to
- e, the total e]ectromot1ve force around the 1oop is zero and no current™
flows. However, if ey is not eq) ial to e,, the condenser charges or

/' d1scharges through the ga1vanomet r unti] it has the vaJue ez. “The
condenser 1is ‘then transferred backléo e1ectromot1ve force 1, and the
who]e process s repeated severa1 fimes a second. The net result of the
inequa]ity between ey and ez 1s,that a series of cucrent,pu1ses pass_

-
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through the galvanometer making 1ts pointer remain stat1onary at a

'certa1n position. The ga1Vanometer thus acts as a nu]] detector. At

|,/

Tstandard and unknown resistances avoids the necessity of very high cur- -

- rent stab111ty, allowed this techn1que to enJoy the advantages of both

ba1ance there is no current rowing in any of the potent1a1 1eads and

the resistance of these leads is comp1ete1y eTiminated,from the result ” ~ny
essent1a1 for true potentiometr1c comparisons. ‘ R °
/I ‘

In our case measurements were made through the use of th1s tech- .

nique to better than 0.1 wV. The c%rcu1t d1agram shown in Fig. 4 is =

-
-~

capable of heasuring the res1stance’\?Jthe copper w1res at Tow current

1eve1s ‘as well as recording ‘the change in balance due to heat1ng of

4

the copper wfres at high current levels. -

The two facts, one — that the absence of flow of current in

potential leads at balance renders measurements independent of the lead

-

resistance, and the other -—_that the flow of the same current through

e o . { - N . -

‘the potentiometric and bridge methods

s

R

vy
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2. -INSTRUMENfATiON

“The fo11ow1ng funct1ons had. to be performed by appropriate instru- ;//

AN, /

ments: - g o . .. T

| two categories; the f1rst cons1st1ng of what Was ava11ab1e to us as .an-

. ng'

ﬂ./ . | s ) . . R ‘\_‘A\ | —_ -

‘these bas1c funct1ons. They are described in deta11 1n Append1x C under

N : EE _
(1) The supp1y of a measu;abIe quantity of heat flowing unidirectionaily /// ‘L

through the spec1men, : ' ' | e “/f )
o/
The ach1evement and ma1ntenance of a des1red level of temperature !
R
in the speC1men,

-

The measurement of the resistance of the sensors at the Tow 1eve1
of cdrrents, and the record)ng of the change in resistance of

| | , LA e :
these sensors at a relatively high level of currents.///

- . ya )
Various types of 1nstruments and circuits were;emp1oyed to;pe;fonm

'1ntegra1 part of the basic exper1mentat;n and the second cons1st1ng

of what had to be’ desvgned ‘and mah/factured to comp1etecthe expernmenta]

set-up for s1mu1;aneous temperature and mo1sture measurement. The

’

sa11ent features of the 1nst/umentseandrc1,cu1ts from both the categor1es

are described here in §h1s section.’

.The main heater, which'isfthe central portdon of the'heateria§4
sembly 1y1ng on the top of the spec1mea supp11ed"a\measurab1e heat
f1ow wh1ch was produced by the d. .C. power being d1ss1pated 1n the main
heater res1stance. The voltage and current to the main heater were

suppl1ed by a power supp1y hav1ng an output“voltage regu]ated to 0.015

- " —



: ﬂl* R _ S B Vs
- per cent or 1 mv (wh1chever is greater for 1oad var1at1ons/fr0m zero

/

to full load) and an output current regulated to 0’1 per cent or 10 mA

rxaﬁg;uﬁx‘(wh1chever is greater) ' The load. current -and voltage were measured n

~

The guard heater, ‘;‘ is the rema1n1ng port1on of the heater

e assembly, is separated from the ma1nhEEater~hy~a_narrq__ngL_#Ihe—gua’d
/e

. heater” ‘was. operated at the//ame temperature as the mawn heater to

eliminate the radial heat f]ow to and rom the ma1n heater The thermaT

-

balance of the order of 0 025 deg~\C z:s ma1nta1ned by the use of a

zero-d1fferent1aY proport1ona1 contro] er. This controller operates on ‘ T

an unbalance s/gna1 produced by a differential thermocouple whose Junct1ons

‘aTternate/between the main and the guard h\ater-surface

Tﬁe upwaﬁ“h‘eat*ﬂow—ffomthema‘q %mrevente[ | mmn_ oo

\v\tghn1ng the temperature of the top auxiliary he?ter, p1aced on,the top’
/ .
. .of the main heater apdzﬁeparated from it by a gap f111ed waﬁh Styrofoam, )

at ‘the level of the ma1n heater tempirature his ézater was accupately:

matched in temperature to the ma1n heater by means of an automatic heater

contro%

- e =
i e

e T . o P

4

A coolant from a refr1gerat1ng unit, c/pcuTat1ng in tﬁe e;peramenta]
' / -
—_____-_____-_—-'/.—‘-
. unit, was used to contro] the 1sotherma1 temperature of "the Specamen

For grad1ent‘tests this coo1ant was used to. set the co]d s1de tempera—

‘_—-—_
—

. ture of the specimen. The temperature of the.coolant was ma1nta1ned at TTe—

a set'temperature to anraccuracy of iU.OS deg. C.
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L :
o Temperatures were mon1tored at three 1eve15 1n the- exper1menta1 P
sect1on of the unit by six thermocoup1es Copper-constantan thermo~ - s

.couples were emp1oyed for this purpose. These thermocoup1es are. good Lot

fcr measurement Eetween -190 and 400 deg. C. The thenmocoup1e Junct1ons.

were connected at the des1red temperature sens1ng 10cat1ons and the
'thermocouple wires were made to pass through 0.032 1n.0 0. ceram1c N 4
'1nsu1ators,_accommodated in the specially cut grooves on the surfaces

of the heaters. - In this manner they came out of the heaters along

ispthermal planes reducing the ccnductton heat Tosses always encountered

_--in tnermocoupTe 1eade;_ The w1res were then connected to the thermocouple EL

terminals on the base plate. After exiting from the 1nsu1ators the'

thermocouple wires were covered with g]eSS's11k sleeving. for their

: 7
_ J -protection. © ,\
L e

.

The referenée/aunctaons of the. thermocoup]es have to be ma1nta1ned

"}

,at a defin}te temperature "The most common reference temperature is

- e

0 deg since th1s temperature is easy to ach1eve by us1ng an egui-

14 1um m1xture of pure ice and d1st1]1ed water at the atmospher1c

- ) 4

‘pressure. Referring each of the seve;fi thermocduples 1nd1v1dua11y to

L]

the ice-point; as shown in Fig. 5, may, introduce 1arge,errors in tempera-)

3

- ) \

'.ture'ﬁifferences-unTess a large volume of distilled ice-water mixture is
used ang each wire igrimmereed individually.to a considerable depth.
al At least five 1nches are constdered adequete for'thﬁs purpose (Tye and
Hurley, 1967). This prdﬁ]em can be avo1ded by the use of an isothermal ~ --

."Junct1on block where each thermocoup1e is referenced to_a copper block - ~

P - *
“\\ C L ——"'",.

L 2ol
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before connect1ng‘1t to a multi- p01nt sw1tch as shown in F1g .6. Frop

2

the. output of the sw1tch a pa1r of copper wires is run back to the
isothermal Junct1on block and from there an origina1 metal pajr is run
. to an ice-water bath before beﬁhg connected toﬂa'potentiometer This

method is sa1d to yield extremely re11able resu1ts (Tye and Hur]ey, 1967)

“and was adopted in th1s 1nvest1gat1on

A
- ™

The thermoe1ectric e1ectromotive'forces were measured by a-poten-

tiometer wlth a resolution of ¥y, wh1ch was_quite suff1c1ent for the

A

;rpurpose, since accuracy in the absolute vaTue of the temperature was not

‘of much importance here. what was important was an accurate determ1nat1on C
of the .temperature difference. fh1s was ach1eved here by emp1oy1ng pre— -

calibrated thermocouples in an arrangement shown ip Fig. 6

¢

Ice water bath preparation and maintenance require great care. Ice

made from distilled water should be finely crushed and. washed aTso with
' [«

distilied water -After wash1ng, the 11qu1d should be drained and re-

placed by a fresh one. "As the ice me]ts, new mixture has to be prepired:
in rep1acement. Any deviation from these procedures is apt to affecEF'/
'the correct measurement of, the abso]ute value of a temperature becauée/
of a possibly 1ncorrect reference po1nt 'Even though our interest here
3¢~ in the evaTuat1on of temperature d1fferences at d1fferent measuring
points rather than in the exact know1edge of var1ous 1nd1v1dua1 tempera-

ru
[

tures, a]I the above-mentioned precaut1ons had constant]y been taken.



Cag - .
A schematic d1agram of the c1rcu1t, capab]e of measur1ng the . /

res1stance of the copper w1res at low ‘current levels and record1ng<¢he o

change in resistance due to thg:ﬁizijéﬁof.these copper wires at~high.
' current 1eve1s was shown 1n Figs 4. VThe details of the same circuit o .
.' & : | ) ,)/\

are now shown in Fig. 7. T ' T

-

The two.levels of current FEquirements that is, 0.03 A for resist-

ance measurement ‘and 2 A for self- -heating of copper wires, were met by

a d.c. power supply This supply has a voltage regulation of 5 my and /

!

-a current regu1at1on of 0.01 per cent plus 250 pA. The 1nf1uence of
‘ thermaT e1ectromot1ve forces, usua]ly present in any circuit, was reduced

in our case by the use of a revers1ng sw1tch The generation of ,
transients during the reversal of the current was -avoided by the intro-

duction of a shorting resisfance and a shorting switch in the current

circuit. - - ' F

-

T

- The two f1xed resistances, 0.1 @ and 0.01 Q used for supp1y1ng

‘a standard voltage in the potent1ometer c1rcu1t and for ca11brat1ng the
potent1ometer, respectively, were ca]lprated before use at the D1v1s1onr
" of Physics, National Research Council of Canada, Ottawa. The potentio-
meter in the measuring circuit was used only as & vo]tage‘div%der. The
voltage across_the fjred resistance of 0.1 @ ‘was‘diyided S;\therpoten-
tiometer in such_a‘way fhat it wes equal to the voTtage across tﬁe copper

wires within six digit accuracy.
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: s1des, has three pa1rs of contact arms ‘made of a go]d 511 er a11oy and =

. X
the contacts of solid gold H%ocks to reduce therma1 e]ectromot1ve forces -

T to a m1n1mum of. 0 1 uV

)

) The functioning of this:device has been expTained dn the\prevtoﬂs s
\ :

sect1on, and it is c]ear that at any g1ven t1me it.is necessary that at )

1east one pair of poles be}in contact w1th one of the ehectnomot1ve force

_ ) ‘§;$e+rcu1ts wh1le not be1ng simu1taneous1y n contact thh the other.' Theo-
t . -

/,/ ';) retica]]y, two sect1ons hav1ng contact angles fromce'to 180 degrees could
‘ be suff1c1ent for this purpose, as shown in F1g, 8a But in practice, in
order to avo1d short circu1t -they have to be separated by some angle as
. shown in E1g 8b. Th1s woqu unfortunate]y leave the c1rcu1t open dur1ng
: the per1od of separat1on decreas1ng the sens1t1v1ty. The minimum number

. {7n~3§ sections 1s, therefore three 1n order to e11m1nate the problem of short

ﬁrcu1t1ng and to provtde cont1nuous transfer of e]ectr1c charge from one -

The three pa1rs of contact arms of the chopper in‘our .

" ‘% - c1roh1t to the other. The overlaps prov1de what 5 known as the make-beﬁone-
/ | bmfze contacts.

" particular model were adJusted to give contact angles of 14& degrees with
20 degrees of OVer1ap as shown in Fig. 8c.

- A

The cofftact arms are activated hy a common camshaft., which was . ?\
i driven, ﬁechanica]1y by a small motor at-a certajn‘speed. In almost all

. : - e - e r
practical circuits“there are a few microvolts, often copsiderably more,
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of a. c. main's frequency p1ckup A chopper driven synchronousTy-w1th
the ma1n may effective1y rectify this ptckup, while a nonsynchronou5°
chopper-gives beats with main' svfrequency or 1ts harmonics., it has been
suggested (Dauphinee, 1953) that the effect of a.c. pickup can be prac- :
tically e11m1nated by using mechanica]ly dr1ven choppers at a frequency

’

of 37.5; cps. The cam-shaft and a shaft of a constant Speed d.c.;motor:

- were connected by gn O;ning through pulleys. The mountdng of the motor

‘

~.on the' base plate was such that the distance between the two puTTeys

) 'cou1d be varied in order to- achieve. the des1red speed of the. chopper -

i

-

F1ner adaustments 1n the chopper Speed were also made by vary1ng the:

‘speed of the motor.. The motor-speed was contro]Ted'by a variab]e vo1tage— ;'f—T“i

transformer (Var1ac) included in the c1rcu1t shown in- n-Fig. 9 A constant

) voltage transformer, 95 130P/115 S was used as a constant - vo]tage supply.' L

G
.l

-h_hamber to prgtect the chopper from, p1ck1ng up extraneoﬂs s1gnals

Variac has _voltage regu1at1on from 0 to 115°V, Another trapsformer‘w1th .

A

115P/25'S was also used in the c1rcu1t as shown in Fig. 9. By manoeuvering

- -

the Var1ac as’ we]] as the d1stance between the two. pu]]eys, a desured '

frequency of the copper was obta1ned to avoid beats in the gaTvanometerg_;R .
The whole chopper assembly was enclosed in.an e]ectrrcalTy grounded

L

.,

'“;fgi A galvanometer, preceded by _ 2 photoce11 gaTvanometer amp11f1er, ;

capab1e of - amp]1fy1ng d c. smgna]s of nanovo1 'and nanoampere 1eveTs,

4 -
!

waspused to function as a null detector in t‘e potent1ometr1c c;rcuwta

The amplitier was mounted in such a position that it was-not'subjected

to vibration and was connected to ‘2 source capable of 'supplying up to

R
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A strip chart recorder, preceded by an amp11f1er, was used in the’
C1rcu1t to record the 1hcrease in vo1tage due to self heating of copper

wires. The zero mark of the recorder was adJusted to lie’ on the center

-

, of the chart " hm“rm% . | 2’
. : T ' 7.

. The thermal electromotlve forces of The- ‘circuit were reduced by the

use of a 1ow therma1 switch, low therma1 solder, and h1gh puthy-con-

nect1ng wires. The 1ow thermal sw1tch generates no more than 0.01 uV -

therma1 e1ectromotnve forces Cons1derab1e therma1 e1ectromot1ve forces

/
- may be’generated in the circuit: at’ the Junct1on of two or more dissimilar
/“

meta1s, depending. on the type of meta1s and the d1fference of temperature :

;}> ~ to wh1ch they are subJected A conrent1ona1 Tead-tin ~so1der has 3 uV/K
| of therma1 e]ectromot1ve forces versus copper ~To minimize this, a .
+.special Tow therma1 solder, cadm1um—t1n a11oy, was used which has therma1 f
e]ectromot1ve forces Versus copper of less than 0. 3 uV/K A high pur1ty
;opper wire originating from onei1ot was used.to connect various instru- , ~i
. ments. _Low thermal interconnecting insulated wires; 20 gaugefeol1d_
| copper conductors:were—se]ecteo. These.wires are untinnéd to avoid thermo- -
electric effects and uere twisted together to minimiie hagnetic fie1d
pickup. They were ¢overed with. a woven copper sh1e1d to eliminate electro-
- ‘stat1c.effects. An 1nsu1at1ng sleeve separated the sh1e1d from the con-
'ductors. The shields in the various ports of the circuit, were all coﬁ—
ﬂ nected to the ground. Th1e kind of 2 cable is thought. to be'essent1a1
for.the trah%piseion of:d,c. signaTs whose_ integrity must he maihtained ’ ;
down to'the,nﬁﬁogoit level. ‘

- - . . - - L -

P
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. - .. 3. EXPERIMENTATION &

“
[

* 3.1 'PLAN-da I | . )
The exper1ments were conducted on the specwmen w1th vary1ng moistdre

content rang1ng from 0 to 5 per cent by weight over a temperature range

—

erm -15 to 20 deg C. The overa11 mo1sture contents chosen for the

exper1ments were 0 per cent, that is, the dry spec1men, 1 per cent; -~ | -

.

3 per ceﬁt and 5 per cent. For each moisture content at 1east-e1ght L
tests were performed varying the temperature in steps of about 5 degreeS;_3
- _ Two k1nds\o,_tests, nameTy isothermal and grad1ent were performed at

each comb1nat1on of temperature and moisture contents. \\;

.‘-.,‘
-’

3.2 ASSEMBLING OF EQUIPMENT AND  SAMPLE PREPAhATION: C o

- -

“The preliminary work for the'actuai experiments invo1ved putting -
. together the test-stack'assembi;mand_instrumenting it. The bottom -
auxi1iary heeter and the cell were put on the top of the botjom heat sdnk,
B as shown in Fig. 10." The base plate, to which tue bottom heat sink-is

S

attached, has term1na1s for connect1ng copper-constantan thermocoup1e
/

w1res and heater wires. These term1na1s are 1nterna]]y connected to a .
mult13unct1on selector switch in a remotely located control pane] They

—l

are also connected to another term1na1 at the backﬁof_the controT panel
" from where further connectnons cou1d be made to externaT s1gna1 mon1tor1ng"'.
system if so. des1red These 1nterna11y connected thermocouple w1res,
fbes1des be1ng used to carry the thermocouple outputs from the test stack
p -assemb1y to the contro1 panel, were also used for the fo110w1ng additional
| purpose. The current and potent1a1 leads of .the three copper, wires were
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<+

~~7connected to the coppér w1res of these thermocoup?e term1naTs and the '

"_l

“.other ends of these term1nals~on the. back of the control pane1 were con-

nected to the appropr1ate-current supp1y1ng and vo1tage-measur1ng c1rcu1ts

Before filling the\ce11 with the spec1men mater1a1, it was necessary '

7to perform an- add1t1ona1 exper1ment The cell was f111ed w1th jce so
that the 1ce-po1nt res1stance:of each of the three copper W1res could be °©

‘measured These ice- po1nt res1stances were necessary for the evaiuat1on

of temperatures of the three w1res,'s1nce the relat1on used for:the purpose
gives the temperature of copper wire as a funct1on of a ratio of a resist-
ance at unknown temperature to a reslstance at {ce- po1nt The cell was h
filled w1th crushed 1ce and the pores were saturated w1th d1st111ed water

Thig mixture of crushed ice and d1st111ed water served as_ an appropr1ate

' 1ce-p01nt for these wires The resrstance of\the three copper'u1res w%s

measured as a funct1on of cufrent f]owing through them so that the de51red

~

ra

uld be xtrapo]ated for 7p flow of current

1 through'fheh Thf~proc\\s of resistance meagurement is exp1a1ned 1ater S

in Section 3.5. . o -

After hav1ng determ1ned the res1stance of the copper w1res at ice~.

\

\“~.

p01nt/the cell/Was emptted r1ed and then f111ed with a known volume of ]
/ (8 .
water to the he1ght of/a 4 cm in order to determtne the exact vo]ume of - B

| ,the cel] Subsequent to th1s the ce]] was again- empt1ed dried, and\filled

<

wqth dry gra ular- mater1a1 To make sure that such mater1a1 was indeed
complete1y d?y, it was heated in an oven at 105 deg. C for several days.

While the ce]1 was be1ng f11led, 1t was: gentTy tapped SO that the materaa1 ‘
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couid settle down, thus ensur1ng compact1on During the process of
f11]1ng the cell with the mater1a1, care was taken not to dasturb the
wires thr gh tappang or othprw1se Appropr1ate temporary supports S

were prov1ded for this purpose Hav1ng filled the cel] to the required

he1ght with the granu1ar material in the densest p0551b1e manner, these
.temporary supports were removed and the top of the ceT] was\covered hy 7 |
the ma1n heater assembly: The main heater assembly was fastened to the'
.ceT?-top by pertphera1 screws A rubberr seal on the top of the main .
heater assembly covered the space between the heater and the cell-wall
and thus made the cell watert1ght.

Figure 11 shows- the comp]ete test-stack assembly. The solid copper

ring and the top aux111ary heater were connected together by a hold1ng

r1ng, and the space under the heater was filled w1th Styrofoama-Th1s f

assemb]y was p1aced on the cell andgbe]d tight to it by means of circum--

ferential screws. Figure 12 shows 2 photograph of the test-stack assemblyz

o . -

_fhere are'three'verticaT_rods on the base~p1ate‘wh1ch support two
horizontal plates Of these two plates, the one on the top cou]d be
 fixed on the three rods anywhere a]ong the1r he1ght by means of three
screws. . The Iower plate to wh1ch “the top heat sink 1is attached, 18
connected to the top plate by means Ef a 1ong screw, which- can make 1t
slide up or down using the th;ee rods as gu1des. The purpose of 'this

arrangement is to’ a]low to exerc1se a des1red degree oi\pzessure hy

rotating the tong screw,by hand. Onﬂthe-one hand some pressure-1s
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: needed to ensure good contaﬁt but on the other = excessive pressure

<

'wou]d undu]y compact the mater1a]
o . - SR
Appropriate connections were made for supp1y1ng and measur1ng power

to the main heater and to the contro1lers of the guard heater and the

S

top aux111ary.heater.

- -

Figure'f3 represents the wtring diagram'tor khe test stack assembly’AT?/’ .
Six thermocouples were 1nsta11ed at three different- 1eve1s in the exper1-'
menta] sect1on of the un1t for temperature mon1tor1ng These-three levels -
are; bottom. of the top. auxiliary heater, top of the ma1n and guard heater
_assemb]y, and top of the bottom aUX111ary heater. The purpose of tempera-
ture monitoring was two-fold. F1rst, 1t was used te. check from time td\
time whether a cond1t1on of steady state _was be1ng maintained in the system
In the second p1ace, 1t‘he]ped us matdﬁ the temperatures of thisguard and

the top aux111a’y heaters to the. 1eve1 of the maln heater temperature. A11

these’ thermocoup1es wereraccurately ca11brated before installation.

Y

It is 1mportant'to understand ihat the. purpose of th1s ca11brat1on
ts .not merely to determine the genera] 1eve1 of dev1at1on of the thermo-
couple reading from the true temperature*\put rather to know this deviation-

i at d1ffereht temperatures. We were really interested on]y in temperature .
. differences rather than in the_ab561ute values. Thus, if all the measured._
'ua1ues.dtfﬁerred from.the‘true ones.g; the same-am0unt; this would be of‘
little concern to us. Unfortunately, the devjations'do vary with the'u

temperature and proper oa1ibratioh is therefore necessary.

&

.
5 - : -

e
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The test-stack assemb1y~was surroundeﬁ\by Styrofoam pieces wh1ch

were cut; to size to fill t1ght1y the space around it as-shown in F1g 14.

The coo11ng shxoud was then 511gpon to this from the top Several bags -
\ - of activated Sj11par§e1 were‘plaged in different 1ocat1oh;\andfthe whole . v
assembiy was theh couered with a pyrex bell-jar reeting~on the hase. BN
The pyre;"beT] jar was\insulateo from outside\bsing Armflex tnsulation\\“x\\ i )
‘\\in order to minimize anyrheat transfer- through it Bags of Silica- Ge] 7 .;\\*a\

'were also p]aced under the base ‘of. the un1t which corntains all-the

el ctr1ca1 connections. The base was made a1rt1ght and ‘then covered with

. insulation. Activated Siiita-éél‘absofbg{atmospheric_water\yapor.

- - N . - 7
. -~

P1pe connect1ons were made to- the refr1gerat1ng un1t to ca(\y

. .

tooling fluid to and from that unit. The fluid flows: thpough\the top: )

‘and bottom heat sinks and the shroud. . \\\\" ST

\\

) . \.: T .‘ . : ) “-\,_\\
3.3 ISOTHERMAL TESTS - s ::‘ } r‘\_f; . C

To perform a test under. isothermal cond1t1on at.a temperature any-.
where between -15 to 20 deg C the des1rEd‘iemperature of the speC1men e
‘was ach1eved by controlling the temperature of the cooling fluid. The
i temperature of. th bath of the refr1gerat1ng ‘unit; was ma1nta1ned 2 to |
1‘4 degrees Tower than the desired temperature of the spec1men s1nce the
f1u1d temperature 1ncreases on its way to the test unit by approx1mate1y
that much. No ‘power was supp11ed to any of the heaters in the test stack

assembly The temperature of the test-stack assembTy was mon1tored by

Six thermocoup1es from day to: day, and a]so severa] times in the course



.J. . . . N . .‘ . . .. ] - ‘. .

| . a... g . o . . . ) ‘. ;, Lt .
\. ‘ , . ) -.. 1

Lo ) J ; | . a

[ Aiaw3ssv xoﬁm-pmuk IHL ANV o:omzm

oz__n_ooo mwdm 139- <o_|__w zo_._.d.sz_ s_qon_om?_.m ¢__ o_..__,

g



: o¥'each‘day : It took anywhere between two to four days to ach1eve\

ijf{. steady state heat f]ow in the test sect1on dep\hd1ng on the 1n1t1a1 -

S <o~ oEay
\“ o temperature of the unwt as well as on the value of the desired temﬁ“ra-

ture. The unit was taken to be under steady state cond1t1on when t e

”fTuctuat1on in the thermocoupTe temperatures was not-more than one |

-fort1eth of 2 degree per-day. S

; -« When the steady state cond1t1on was reached ‘the res1staace

. of the thrée copper wires:was measured and the1r se]f heat1ng response

recorded The deta1ls of these measurements are descr1bed Tater in

Sect1ons 3 5 and 3. 6

L.
3.4 GRADIENT TESTS: . o L ‘

: L L L . . ) v ) T
On completion of -isothermal tests, the various heat sources and

sinks were. adjusted toi%Eve a desired temperature gradient. Thefdesired ~

; temperature dﬁfferenc ';cross a 3. 4—cm speC1men was anywhere betmeen

three to fTVE degrees; The mean temperature of the spec1men was controTled

by the temperature of the. coo]1ng fluid. The temperature of the fluid "'

bath of. the refr1ge:atang unit was maanta1ned at a temperature somewhere

.
)

R Between 5 to TG degrees lower than the desired mean temperature of the T

g specamen The heat»from the maﬁn heater created temperature grad1ent BRI -
across the speC1men The voTtage and the cuxhent to the\madn heater ';

were adausted to g1ve a temperature grad1ent of about qQne . to twefdegrees s R

.-per cent1meter S o 1 el ,Hﬂ‘,d_.sffnduf--f_sLst,__Yﬁ:___

o The guard and the top aux111ary heater were accurate]y matched 1n =

temperature to the ma1n heater sectﬁbn As was explaaned 1n Sect1on 2

'#. _! R o B . L e ) '.":'

- . . ! : L Lo
W - S a . ' R ‘ LT " ~ . - v
J/’ B ‘. . R P . . . i i "' - . ) . Lo N Af?}-'{;
‘ o ' ) - U I ’ &




~of th1s chapter, the guard heater was automat1ca11y matched to the ma1n :

Q

“heater by 2 zero d1fferent1a] proport1onal contro11er If the tempera-

) tures mon1tored by . the thermocpuples st111 1nd1cated a d1fference in the

temperature of. the two heaters then the zero- d1fferent1a1 proport1ona1 4 '

- - . ©

" controlier was accord1ng1y biased. ‘The top aux11tary heater was matched

v

manua]]y by observ1ng the temperature dlfference between the aux113ary

and the ma1n heater ' These temperatures were matched to an accuracy of '

- I

'i;f"better than ‘one tenth of a degree | .'; SRR N o o

ey

. * l
The res1stance of the three copper w1res was measured and their- se]f—

' heat1ng response recorded after a steady-state ;ond1t1on had’ reached The -

‘ accurate1y measured. AP ' K_fa ;

..\

_' tlme requ1 red for the umt to come to steady state in t‘ms casﬁe was about ‘

temperatures The current and vo]tage supp11ed to the main heater .

T

3. 5 RESISTANCE MEASUREMENT f o 'k\_ifr

Athe otent1ometer in the measur1ng circuit had ta be ca11brated

////be?ore it was ready for res1stance measurement.. A standard of known 2oz
P

e

[

res1stance R was 1ncorporated in the c1rcu1t as shown in F1g 15a\ //,/’

0

. A small current of 0 03 A was passed through the c1rcu1t and the potentlg- 'fﬁﬁ

r ..-f,

meter read1n§ r correspond1ng to | R - Was, noted._ Tb15 served as & '.7 R ffv

s .
;ca1ibrat1on of the potent1ometer for res1stance measurement . Now, 1f ' :.%VL .
L N
Teo ] is the potent1ometer read1ng correspond1ng to any unknown res1stance R :
| A ) :
1 ‘f)._ s B
" i . "_:::.[7
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© “Hence, - s

g -
3
l

e

. i L] .. ’
/\ . . ‘ . b s
. " . ° . -+ .
- - .
. ) . .

(F1g 15b),- ther® R s obtained by |

In. our case- R, was 0;@099974f9 and;r. was 52328 .

—

.
e - L ) g o ~

-7 . ) . o -
R, —.1..9105 (10" ). et (2)

For measurement of- the unknown resistance of the copper w1res, ‘the -

current supply was adausted to g1ven 0. 93 A The chopper- motor was

‘ sw1tched on and the speed of the c opper was adJusted to about 37 5. cps, le

by check1ng the speed W1th ‘& strobo scope. :f . B _~‘

One of the three copper ‘wires was c'nnected to the current supp]y-
ing £1rcu1t by means of a.SW1tch. Then: the sw1tch connect1ng the .

ga]vanometer to the cireuit was depressed The'dials of the‘potentiometer

were adausted to g1ve a ﬁu]l p01nt on the galvanometer. %he nu11'point e

. 'cdrrespondedto the p051tgon°on the galvanometer scale wh1ch did not .

oo,

e

5 3.6 SELF HEATING RESPONSE MEASUREMENT//

change upon the reversa] of the current The reversaT of- the current

was . necessary to el1m1nate the effect of the therma1 e1ectromot1ve forces .

1n the c1rCU1t. The potent1ometer read1ng at the fhna] nu11 ba]ance was E

noted and was used to.calculate the res;stance, and further, the temperaf' E

‘“ ture(ofjthe copper wire. The'procedurebwas repeated for the other tuo

‘copper wires,>‘ *

Y
L.

The current used for se1f -heating of the copper wires was 2 A Th1s

was found to be 1arge enough to prov1de a suff1c1en¢ self- hea|1ng response o



-

, w1thout an undue disturbance of mo1sture d1str;EEtaon by“unnecessary
Tocal heat1ng of the granu]ar material. The copper wires' were heated

'one at a time, for a period of sixty seconds. o ,." T
"The current supply was set on a constant vo1tage mode when 0.03 Q )
were requ1red and on a constant current mode when the magnitude was d A.

.'A sufficient time of about 30 minutes was a1Towed to e]apsemgetween two

consecut1ve heatang exper1ments to ensure that the sample and the wires L
/ /,_

_e—="" were able to return to their 1n1t’él temperatures A In1t1a11y, a sma]] _

) amount of current, namely 0-03 A, was ai]owed to pass through the c1rcu1t

— =

and the potent1ometer was adausted to g1ve a null on the ga1vanometer
Th1s procedure was 1dent1ca1 to that of the re51stance measurement des-
crtbed earlier. The motor, turn1ng the chart‘on the recorder, wascturn- :

L e
i ed Oﬂ and was adJusted to glve the chart -spéed of six 1nches per m1nute

'?he nul] pornt'was recofded on the chart in form of a stra1ght line in R

_the center of the chart as shown in F1g 16a. S1nce-the nu]l po1nt was

- 4

obta1ned when the potent1a1 drop across the sensor,‘in equals that
across the potent1ometer as shown 1n Fag 16b the straight‘line in
F1g ]6a represents V -to’a certaan scate.- Its magnitude was unﬁm-

.’ .
portant for our purpose After 2 few seconds, the c1rcu1t current was <

sudden]y 1hcreased to 2 A A generat1on of heat in the sensor due to L , f
this large current 1ncreased the temperature of the surround1ng«med1um‘ Lo

1 ' o~ . ,
as well as tha pf the sensor mater1a1 1tse1f wh1ch in turn 1ncreased '

,/ o . . ,
. ’th\\re51stance f the sensor accord1ng to the reﬂat1on I . R

o)
(4)
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g L | s
N &
_ where‘:R is. the’ or1g1na1 re515tance,' ' 1;' '_z" - ,l j.‘qV-
.  ;'R*x is the new re51stance,, : _ | {.‘ )
. | \,y‘ :a“ is a temperature coefficient of resistance';-4(10’3)_(deg. )t

*”"-GT is sQe temperature change, and |
' \AR - R a sTJ is the change n. res1stance

Consequent]y, the vo1tage drop across the.sensor 1ncreased and the gaTvano-

- meter no 1onger remawned at the null. The increase in vo]tage due to the -

t1me as shown in Fig

1ncrease 1n the re istance was recorded on the chart as a funct1on of
§\\17a The increase in voltage AV is equal to

et

I ARX, where I is a Breset value of 2 'A, shown in F1g 17b. Because

-

. of the poss1b111ty of a-ﬁhange in the magn1tude of the heat1ng current

£
- .
-
'4

Ty B
N
between cne exper1ment and another, every seTf—heat1ng curve was caTIbrated

kA
-
e

at the énd of the 60- second per1od Th1s was accomp115hed by mak1ng a
known change in the potent1ometer sett1ng, ar. 1, ‘and record1ng the cor-

respond1ng deviation ;AV s on the chart, as shown in Fig. 17a. ' Since,

cal
the current remains unchanged for AV and &V 10 we have

- B\ AR AVca]/oR . L (5)

1!.

Thus, vaTues of AV versus t for a'oarticu1ar se]f—heating response

'\.

are obtained From the curve similar to one shown in F1g 15a. Relation

*

between,. Avijjand 6T coo%ﬁ now be obtained as fo]]ows

‘A&(-RaGT- . ., from.Eqs. B)mﬂ(4}' T (8)
S VR oy
® Ry ]AV /AVca], from Eq. (5) - (7
" Equating (6) and (7), and s1mp11fy1ng, | _';1:. g s



cal |

(o AV, MEASURING X

et W
x

FIG.I7 \RECORDING OF A SELF-HEATING RESPONSE

. o



8T = (AR 1/R )(av /aAV

. me ca]) . T f i ‘;:h“‘LB) ’
| BUF- . ARéale ]/r . from Eq.(2) ™ | g : g
. Therefore, . 6T = (&rca]/a r Avca1)av S . (9)

Iz

Subst1tutf%g the va1ue of a and dropping the subscr1pt X, we have
s | GI;='(250*AP J /r AVca1) av. ',f'“ i‘. A | _ L10),

¥
Thus, the increase in temperature ‘of a “sensor due to se]f—heat1ng cou]d

aTso be obta1ned expermmenta]ly as ‘a funct1gn of AV and in turn as ¥

o+ ‘
functton of t1me t. - e o N H‘. 2 -

| 3.7_MOISTURE INJECTION SO

AAfter a set of exper1ments with the dry spec1men was over the fest
staéklnssemb]y was complete1y uncovered by removwng the bell Jar, the

shroud and the Styrofoam - The top heat s1nk was ra1sed and the top

-

aux111ary heater assembly removed from the top of” the ce11 The ;ej1 was

_now ready for mOTsture_1nJec§1on. o 'i T | T
. = - : - ' {

For moisture content of 1 per cent by we1ght ‘the total we1ght of .

the moisture to be 1n3ected was 19. 7] g (19 71 cm3) Eor ’ -“e; '

———n

3 and. 5 per “cent, the respect1ve vo1umes of water were 59. 13 and+98 55 em3. v

1

_ There are three holes in the main heater assemey through which mo1sture )
S ewas 1n3ected using @ syringe as “shown in Fig. 18. ‘Equa] amounts were
o 1nJected through each~of—theathree holes witi gh . were unscrewed one at 2
P LT o

'K . *

t1me

R e —————

After the/des1red amount of;water was 1n3ected 1nto the ce11 the’

teSt.stack assembI& was,aga1n put‘\ogether and covered/w1th Styrofoam, '



. ‘ A

\ " M . * - N .- : . - Mt

the shroud and the be]T Jar, as before. The temperature of the assembly

i - N

- was raISed to about 40 deg C and it rema1ned at that Teve1 for two to

three weeks. The res1stance and the self- heat1ng response of the copper

: wwres were checked from daynto day when the specimen was: ‘observed to |
: )

have reached a‘steady state with respect to the mo1sture and temperature

. d15tr1butjon within it, the requ1red tests were‘performed again as_before.

[
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Chapter IV T T~

é

' SPECIMEN ‘;MATER‘IAEL_-"

e
"

1. ‘cnoiét OF SPECIMEN MATERIAL

Irf order to be aﬁ’qe to compare our resu'limth others avaﬂab]e
. J y . .
in the 1?terature4and to fac111tate an analyt1ca1 study of the heat flow .

. mechan1sm 1nvo1ved we had to choose a’ Spec1men ‘material of standard s

: 'was found to be su1tab1e for th1s purpose - ; - -y

-

- descr1pt10n and simp1e geometry A graded quarti sand‘ﬂrom the Ottawa\

river (1n the State of I111no1s) commonly known as 20- 30 Oztan\sand
) S

A

" Graded quartz sand is . cons1dered to be as good a standard ?n\case

'fof granu1ar mater1a1s as 15, for exampTe h:gh pur1ty copper in metaTS\ ~ .

*f_ Many 1nvestxgat0rs, for examp]e Kersten (1949) and’ Noods1de and Ci1ffe

L

¥

'(1959), have used this sand as a Spec1men 1n ‘their exper1ments in an

/ SR
attempt to zorre1ate the therma] conduct1v1ty of granu1ar mater1a1s w1th ..
mc1sture content and temperature. The Ottawa sand part1c1es wh1ch are

qu1te close totyn1f0rm spheres in shape, fac111tated cons1derat:on of a

s1mp11f1ed mode1 to study the heatJ?Tow mechan1sm. )



'strongly dependent on denszty and grain 5123 bes1des be1ng a funct1on'

- mean1ngfu1 3nd sefu] ' _ R T

. The thermaT conduct1v1ty oﬁ'granular materaa]s 1s known to be

of moisture ébntent and temperature (Kersten, 1949) T

deta11ed know1edge of these propert1es of the sand’\gkessent1a1 in

mak1ng the presentat1on of the resu1ts of exper1mentat1on comp]ete,

LN
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" o 2. STRUCTURE AND MINERAL COMPOSITION - =

. | ‘ - ‘ . N .

“ . .Quartz (s111con d10x1de, also. _known as s111ca) can ex1st\1n many

d1fferent forms. .Of these, two maTnéforms are amorphous or glassy and

S
~

crysta111ne. These two forms d1ffer rad1caT{y in the1r behav\or. The' '

-4uuung conduct1v1ty of amorphous quartz is 1ow at 1ow temperature and

B ~decreases with increasing temperature.

"

2 )
-w_\\; 1ncrease;%;:tﬁ‘the tEmperature,.whereas that‘of crysta]s is high and
_-—__-—-—-_“"'_‘—-—-__

4

To 111ustrate th1s, Tab1e 1.g1ves—*

tﬁ“thenmal conduct1v1ty of quartz (5402) in amorphous (glassy) and

b crysta111ne phaset\the 1atter for conduct1pn Qormal and para11e] to the .

'main_qrystp11ograph1c axis.

.,
e

.
—

‘?hese\yalues are taken from Jakob (1958):

————

o TABLE LTIt b
Comparison between the conduct1vﬁt1es of fused and‘crystatiine&gpertz
- X ~ ° R
; _ Temperature .ﬁ" Ao (meqﬁl\ L —
11(deg‘h§J : Quartz Glass __Quartz Grystal _I- i
i (Fused Silica). { Normal to~axis [ Parallel to axis
N , ~ ' T .
Coom2ss . [ . 692 G
Y- 200 _0.93 40 100\
o - 100 1.56 7t ¥ L
. } _ o . v .
0. 1.90. 10 -19
ke 7 100 2.08 7 12 )
202|225 - -
/'l . ' "J ’ ' . .
; g l Ly, e
. \ k
» ?; - ¢ * “\‘ -
i g?' - = NS )

g
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The figures7in this table are striking At -2b0 deg C‘the crystaT

L

conducts the heat 40" to 100 times better tian the g]ass ahd at o

-~ .

. 100 deg € still 3 tb 5 times better, depend1ng upon ‘the - or1entat1on

f . of the heat flow w1th respect to the crystal axis. . Thus, the structure

-

of.the quartz seems to dom1nate its therma1 conduct1v1ty va1ue very , 'e/.'

st&ongTy And therefore, it is necessary 0 know whether cur sand is

amorphous-or crysta111ne s

. . &

A sampTe"bf‘ourr@ttawa_sand_was sent to the Department of Energy,
4 e
M1nes and ReSources of Canada, in Ottawa for exam1nat1on. There a a T

. h - detailed ana%ys1s on th1s samp]e was carried.out by Dr C. M. M1tche11 of

Physical Meta11urgy D1v151on, us1ng X-ray d1ffract1on technaque which

is at present cons1dered to be the'mdst powerfu1 method of e]Qiqdat1ng

structure ‘ °

Lo \ . . -

© The exper1ments w1th X-rays constitute a search for s1gns of an

|y pack1ng{of atoms and 1ons w1th1n the structure of a part1c1e. If

- k)

a bearn of X1;ay su1tah1e wavelength (say between 1 and 2 angstron
\ .
units, this unit Be1ng 10‘5f\‘jr£rgmhan X-ray tube fitted with a pin- hole L ®

;0 collimator system-impinges upon‘;\;;aTT“fragment;gf\spl1d mater at, each,
" of the constituent atoms §s disturbéd by the radiation; and~the result s
. : e _ Tl T .
' red. radiations, h di article. I~ .
- a2 number of scattered rad1at1ons one from each d1sturbéd pa “::Zfr\ak;;
- the material has. a 1att:ce structure, i.e. an orderly repet1t1ve pattern :

-.

of t1c1es there may be d1rect1ons in which the weak waves frdm each

‘of a part1cuiar ser1es of regu]ar1y spaced part1c1es re1nforce eaeh other

to produce a relatively powerfu1 scattered béam. Such re]nfdrcement ti_

\ .. ol
\, o , . o
o T
v --“' :\\ - Py
8 v, ™~ i 4
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not ach1eved unless the p1ece ‘of mater1a1 Jds presented to. the 1nc1dent

_ beam at a part1cu1ar ang]e., Hence, if o%gbpiaces the p1ece of mater1aT

_ at the center of a cylindrital strip of photograph f11m, f1res the X-rays

at 1t-a]ong one of the radii through a gap-in the-f11m, and then turns_ss

.the_materwal.about _in_all possible d1rect1ons each t1me the ang1e of

—

irkidence su1ts a part1cu1ar set of atoms there will. be a more or Tess -

N \

'Jpowerfu1 scattered beam emerg1ng in a d1rect1on wh1ch amounts to reflection

pattern of lines on the deve1oped film, the positions of wh1ch 1nd1cate

.the- mater1a1 is all crysta111ne. Amorphous si1ica- having no regular struc- g

at planes in which those atoms -are found: to Tie. The end result is. a

4 N

e

-the angles of reflect1on of the X- rays, exponents of the art can spec1fy

'the structures of quvte comp11cated crysta]s, 1ncﬂud1ng most’ of .the known ) .

- —

el [N

" minerals (Cu]hty, 1957) e - - L

. . ) _-' ‘ .‘\\_‘_7___‘ —.., .
With the hg]p of the‘technioue just described it was concludedsthat

——

ture, .does hox have d1ffract1on pattern bu \gives diffuse Tines. Such

d1ffuse 11nes were not- observed hence no 'sign f amorphous silica.

Neg11g1b1y sma]] amounts of 1mpur1t1es present in the mater1aT were -
1dent1f1ed as fhose due to compounds of Fe, Ca, K, Ti," nd " Ma. The - Jir_ -
a-Quartz Si0, was 1dent1f1ed as the maJor constituent of the material.
Th1s anaiys1s a1so conf1nmed ‘the m1nera1 compoS1t1on of the material
suggested by its supp11er' 5103 = 89.756 per cent Fezoz - 0. 020 |
Al,05 = 0. 0\80 T102 - 0.014, Ca0 = 0 040, MgO - 0.020, other = 0 070.
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' . ' N
DU 3. PARTICLE SHAPE AND SIZE CHARACTERISTICS .~
S R . - . . :

Normally, 55&%&&1e§ dre divided irito fire ddfterenﬁlgroops (Laobe
‘tman, 1969), name]y, angu]ar, subangular, subrounded rounded

and well rounded .as shown in F1g 1. The part1c]es of our Ottawa sand ‘

fa11 into the category of'we££ nounded. It could be* observed from

- Fig. 23 yhrch is an.enTarged photograph of several sand part1c1es’ran-
L domly ohosen'trom the specim%h material, that these particles are'neariy
¥ . oo o

A spherical in shape.

: The arerage diameter of the particles shown in Fio 2 is about
0,8 mm. But what is Tmportant to. kpow is not\the s1ze of that or other
individual™ part1c1es, it 1s the size d1str1but1on of the samp1e that :

matters. The usual and most pract1ca1 method of ana{yswng a samp1e of

-order to f1nd the proport1ons in wh1ch the gra1ns of each size

are present, is by s1ft1ng it through a series of sieves, beg1nn1ng w1th

the one hav1ngethe 1argest aperture. The sample is passed success1ve1y

. ' through the- s1eves, and the separated material is: we1ghed Each wquht

o is divided by the. tota] we1ght of the sample in order to’turn 1t\1nto\a

| percentage. For a v1sua1 presentat1on of fhese values, & dtagram is
usua11y constructed on ‘a semi-Togarithmic, sca]e, in wh1ch the percentggh\ :

\1 | we1ght of- all that has passed through each sieve, is plotted aga1nst,the

i

. . .
s1ze of the sieve aperture o S _F S SR
~ . o
= The gra1n size analysis on'a samp1e of our Ottawa sand was carr1ed I
i E;j out by Mr. N.S. Verma of Civil Engjneer1ng Department at the University

LR : ' . 7 [ . L N >
| ) P Lo . B ) . -
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FIG. 2 20-30 OTTAWA SAND PARTICLES.
MESH SIZE: I mm SQUARE
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e
I
-

’ : '\ , . L ) \. M
of Ottawa eThe r'esu1ts o‘F ana‘lysw are presented in F1g 3. As can be

seen- from th'lS f1gure the samp'!e As ve:*y uniformly graded d1ameter of .
1.

\ A
about 80 per nt of the part1c1es ]ymg 'm ‘the range from 0. 75 to 0 85 mm. ‘

In generaT the umfor'mt_y of a granu'lar mater'ta'l is exprpssed by the

umforrmt_y coeﬂ-lc:ent which is 2 ratio of\so to. Dip, where Dsg 'fs
the part1c'le d'lamet;r at which 60 per cent of the matema] w__]ght is ﬁner
and - DIO | is t}/correspondmg va]ue at: 10 pe'r cent fmer. A material '
havmg uniformity coeff1c1ent sma‘i'ler- than about 2 1s cons1dered umform .

(Lambe and Whitman, 1969) The uniformity coefﬁment\of our sand, calcu-r "'ﬁ
lated mth the he'lp of F1g 3 is very r.ilose to umty, which suggests that\ :

V'
our sand is very umform in size..

e . -
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: Th1s is in accordance w1th usua1 pract1ce1 ( ¢f.Childs, ]969)

vo]ume Vp, to the tota] vo]ume v, or s .-

oL f;.ss_;

4. ‘POROSITY AND DENSI‘i’Y

Between the packed part1c1es\of granular mater1a1 is an interstitial -
space which is cbnt1nuous. that is, a path can be. drawn from any point-in

it to any other po1nt without 1eav1ng the space. Th1s 1$ a very d1fferent

‘_state of affa1rs from the d1screte bubb1e nature of the air- spaces 1n~such

r

mater1a15 as pum1ce)or foam, which are known as cellular or porous - -

mater1a1s. It 1s, however, a conmon pract1ce to. refer to the space between

L

-the part1c1es in granular mater1a1s as the pan%:,gacc, ma1n1y because of

-the nature of these spaces -- consust1ng of caverns 1nterconnegted by ;

narrower channels. Hence the - words, Tike pore, pore space porous,

poros1ty, etc. W111 be used heréafter w1th reference to granular mater1a1s
g .Y

12

The ponoaaiy P.of a granular mater1a1 1sldef1ned as a rat1o of pore

.

v - - “

and the dry denAAIy p of a granuTar mater1a1 is defined as a rat1o of K

we1ght of granu1ar mater1aJo ng to the tota1 vo1ume V or -' ' .F:)G
¢ - w. E
p "'W S/V- . : : .5 (2) .

-

The values of-both porosity and dens1ty depend on pack1ng of mater1a1

part1c1es. Dense pack1ng gives 1arge value of density and sma11 value of

porosity. These two values are a1i? affected by the range of part1c1e size.

The: sma1T§F‘the range of part1c1e size present (i.e., the more nearly

o

;‘uniform the so11). the?smaller the part1c]es,,and)the nore.angu1ar the

-

-
. 4
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partiéIes,-the emaIIer~the dry density and Iarger“tne'peros%ty.{i e.’, tne i
| g{eater the opportun1ty fbr building. }Q\\e arrangement of part1c1es) eﬁ'
The greater the range of part1c1e size present the greater the dry
B dens1ty (i.e., tne pores -among the Iarger part1c1es can be partially

. filled with smaller particles) and, thus, the smaller tﬁe‘porosity,‘

The processes of pack1ng the mater1a1 in eur exper1menta1 ce]l and

oef ob{a1n1ng the vqume of the ceII have been exp1a1ned in Chapter III

Section 3.2. The. vo]ume of the cell is 1135 cm3 and the we1ght of the 8
J/J
sand packéed in it is 1971 g. Hence, "the dry dens1ty of the/sand used is -~ o
- ) : ) o
~ . p=1.736 g/emd. ‘ T (3) _

(."_

. The dens1ty of quartz is 2. 65 g/cm3,'as taken from the Thermophys:caI -

‘e

Propert1es Research Center Handbook (Toquuk1an 1966) The volume oc-

‘cupied by dry sand part1c1es Ve, is, therefore I

¥

u—msw_ . (4). . F
~and that occpp1ed by the pores is \
.- - - - - 3 . PO ) - . . g
Zo V=¥ ‘4391 .2 cm L ‘ () ”
- " Hente, the porosity of the $and in the cell is o : - _ N
. © p=397T.2/1135 = 0.345, -
) . S N i
or : : ' - . e
o pm345pertent. " e S
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A 11qu1d surface is capab1e of'resistlng a certain amount of .

"-ten511e stress becausecof 1ntermolecu1ar attract1on We taTk in this
. connection about Aunﬁace ion. Sim11ar attﬁact1on exists betWeen |

- molecules of the 11qu1d and any so11d surface with’ which it happens to

.

be in- contact. The magn1tude of the 1atter may be greater or sma]1er

-~

than the former, and we sha11 ‘be then faced w1th the phenomena of

X wettabtzczy\or non—wettabczaty respectively. Thus e.g., a drgp of

water w111 not spread on a non-wettable surface and w111 adopt the form

- shown in -Fig. 4 “The rat1o of the diameter, D, of the drop to 1ts

R

B m1sc1b1e 11qu1ds Thus, 1n case of the surface tension be1ng weak in.

he1ght ﬁ for 2 g1ven mass w111 depend pr1mar71y on the magn1tude of

1ts density~wersus 1ts surfagg_tens’on (though to sone~degree also on

f*tﬁe actuéﬁ‘weakness of the attract1on between ‘the s01id and the, 11qu1d

PR

i

tab1e Surface will spread into very thin layer. \

_.nplecu1es}. -On" the-other hand:é/he same drop placed on a h1gh1y wet-

\

\ 4

) Sim11ar th1ngs cou1d be said about the contact be;ween two non-"

vt

-‘reTat1on to the/nutual attract1on between the molecules of the two

liquids, e.g.,.a 44:; of 1ubr1cat1ng oil. p1aced on. the surface of water,

" the oil wild spread unti] its layer reaches 2 thfc*ness of only a few

molecu1es. By contr, st, a drop of me?gfd fat on the surface of:a bow1

o%\50up w111 form a 1§nse which w111 not spread | P

i
-
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'fhe'weIT-knowh“phenonEnon‘of capizzaaixy is due to the surtace '
. tens1on combined with wettab111ty or nondﬂ!ttab111ty, as the case may

1' be. F1g 5 ‘shows what happens in the two cases.

Exper1ments have shown that water weza the surfaces of our granuIated
mater1a1 and has, therefore -a tendency to cT1mB‘1n the pores.‘ In other

words cap11]ar1ty enab]es a dry sand to- draw water to e]evat1ons above

the free water surface, it also enab1es a dra1n1ng sand mass to reta1n

b

water above the free ‘water surface “The he1gﬁ§ of water column which . -
- can be supported by any sahd is dependent on_the pore s1zes besides:
. i ' LA *

be1ng a function of some propert1es of the 1iquid, .as exp1a1ned before.

In sand unlike 1n f1ne bore tubes the cap111ary walls form sharp ang]es

. and consequent1y the water creeps far above the normal cap111ary he1ght

A

' (Carman 194]) The time requ1red for equ111br1um to be reached greatly

depends on the nature of sand as we11 as. on-rpe temperature to wh1ch it o

is subJected - The maximum height for wh1ch water is un1form1yod1str1buted_
when it is e1ther aITowed to rise or is. dra1ned out of sand s1m11ar to

';ours has been found by Lane and Hashburn (1946) ‘to be equal to about 6 cm.r
It, therefore, seemed reasonable at £i to*issumé that the watern11
become untformly d1str1buted throughout the spec1men of our sand, “which 1st‘
onTy 3.4 cm in hejght. 1f‘it.were injected 1nxseVera1 p1aces and the whole:'

'_spec1men kept warm for a certa1N“number of days. As a1ready statedﬂln
i 5,

.’Chapter 11, Section 4, this has proved not to be the case in the numerous

r . - _ -
. exper1menﬁzf%ﬁ¥ormed w1th1n our temperature range. 3 .
. L - . ’ -

—
'
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. 6. UNFROZENLMUISTURE comn?f‘;g-"'"

It ds. gnown that all the water in so11s and other—porous systems |
\‘Q, <

* dogs not freeze at: the sam5,temperature and that the 1ce content gradua]]y

Ny

1ncreases as the temperature is 1owered'(Love1T 1957 Penner, 1963

w1}11ams 1964} . Freez1ng of water 1n f1ne1y porous mater1als may take

f Y
P ace over a rangeao\‘temperatures reach1ng down " to as far a5~25 deg C

_be1ow zero. ?he greatest depress1on of the freez1ng po1nt~be1ow zero )

occurs Tﬂ water that is most f1rmTy he]d and is - closest to the gratns

- The ma1n\factors thought to controlfthe amount of\%1qu1d water in frozen

"porous mater?a1s are m1nera] type, kind .of exchangeableeaons and pore

£
J -

size d1str1butfbn._ NaturaTIy, the salt conteht of the pore water'has a  ©

- J_' o~ ‘\\_

maJor 1nf1UEnce on 1ts freezang point 1rrespect1ve1y of any. other factors.

-‘

In genera1 f1ne gra1ned mater1a1s tontain more unfrozen water at a-given.

I
P

temperature be]ow o deg € than do coarse-gra1ned mater1a1s S

. '.'(

- ' ‘ ’ s

S1nce some exper1ment5'w1th the speC1men material were peFformed at e

d1ffh{ent mo1sture 1eve15f§nd be1ow freez1ng po1nt of-hater, 1t seemed [

‘1nterest1ng to know ‘the relat1onsh1p between the temperature and the

/ o
amount of unfrozen mo1sture if the a ounts of unfrozen moﬂsture proved

to, be s1gmf1cant4 th1s would be- 1mportent for the ana1y51sdof the experi-

B

mental results, as' well as for the ana1yt1ca1 study gf “the heat-f1ow N U

™
mechanasm.nn the Spec1men because the conduct1v1ty va]ues of ice and

WafEr=ace w1de1y d1fferent. The thermaT oonduct1v1ty of wateﬁ 1ncreases
u1th temperatureg whereas that of ice decreases w1th 1ncreas1ng temperature,

and at 0 deg, C the conduct1v1ty of 1ce is nearly four t1mes gjfater than
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‘
A dry sampIe of 20 ch Ottawa sand was' sent to the Department. df .ﬂ-;\

Geography and Geotechn1ca1 Scnence at Car1eton Un1verswty, Ottawa to
determ1ne the temperature of initial ice formation (freezing point) and
unfrozen ‘water content-versus temperature re1at1onsh1p for the overa]l o .
no1sture contents of 1, .3, and 5 per cent by ‘dry weight. \ Dr. P:J. w1111ams

had- these tests performed, and using his pressure plate t\thn1que des- o

cr1bed in PQOpert1es and Behaviour. of-Freez1ng So115 (N1I11a S5 1967) and

in R1chards and Fireman (1943}, produced results in the form of graphs

‘ shown in F1gs. 6 7, and 8 tor 1 3 ~and 5 per cent mo1sture ¢ tent, k\

o

_thousardths of. a degree below zero. For a11_practicai purposes, aimost

reSpect1ve1y. The graphs~ are drawn for unfrozen water content ve

temperature (below 0 deg. C) The d1fference between the unfrozenihater

\ Y

content and‘frﬁ 1n1t1a1 water content is the ice content at a g1ven

_\\-' : : '\;. _/(

The conclusion of Dr. Williams' experiments on the 20-30_0ttawa sand

temperature. .

was that because .of its-coarse porous nature this sandrhas extremely'small

quantities of water remaining unfrozen at temperatures lower than a- few

all the water-in our sand at its various moisture levels can be said to,

‘Treege at 0 deg. C. 'Negative outcome of such fnvestigations is as
i R .

°

important as a“posttive one in the sense that it shows that a particular

- » » Q\
consideration has nat been overlooked. -
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*‘EXPERIMENTAL, RESULTS AND-'

“ . ANALYSIS

s

a SV 1. CONDUCTIVITY CALCULATIONS

'Me_aserements of AT "anq‘; AT were performed as exp1a1‘ned in

' Chapter II oh pege 2'! In every case these values were calculated

.

separately for the upper- and the 1ower ,part of the spec1men, i -e. e
W
between the upper and the m'Idd'Ie w1re and between the middie and the . /

1

lower w'ire, respective]y. These temperature dafferences therefore, :

Jin add'l‘tion to the subscr*rpts o or g will have:to carry subscripts |

1 for the upper and 2 for the 'Iov;er-pfart of the specimen.

“-

Experiments performed for 0, 1, 3 and 5 per cent moisture content,

~ yielded two base lines f'or.'eaéh, one for the upper rand'one“for the lower

~pert of the specimen. The equations of these eight base Tines are

tabulated in Table 1. These Hhes were fitted between experimental poihtéb
7 . ’ . .

- by the least square method (see Appendix D, Section _2). '

Gradient tests perfonned on the samp]e, gave the temperature d'it— -

ferences ATq and ATq for the upper and the Tower part-of the specimen.

- - 98 -
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" These were obtained, as were AT 1: and 4T, 52? for the tartous-moisture :
contents and w1th1n the temperature range of our in erest The- tempera-
ture differences, ATa to be used in the ca1cu1at1ons of the conduct1v1t1es, '

were obtained by subtract1ng AT from ATq at the same mean temperature.

With fixed va]ues of the area of cross-section of the specimen of |
8.107 (107%) m2 “and the separat1on of the sensors of 8.763. (1073 m.

| (same for both the ‘upper and the 1ower parts of the spec1men), as .

. mentioned on page 18,ahd w1th the va]ues of“the heat f1ows as obtained
'from the grad1ent tests the therma1 conductivity of the spec1men was

calculated for each test. A step by-step procedure of ‘these ca1cu1at1ons

in form of & typ1ca1 example,. 15 given, in' Appendnx o, Sect1on 3.
J
l

The resu]ts of calcu1at1ons of thermal conductivity are presented in

Tab]es 2 3, 4. and § in Append1x D+for overall moisture contents of 0, 1,
3, and 5 per cent, respectjve]y. The thermal conduct1v1t1es of the_
"specimen, only those with 0 per ceqt moieture content are p]ptted here in
Fig. 1. Thelfiguhe shqys-a-variatipn of tl, and "1, versus temperature
for the dry specimen in a'temperatufefrange from -15 to 40 deg.“C. The
results show that the conductivity within this range varies Tinear1y with

temperature, the slope being about 14 mW/m-K2.

The conductivities of the specimen with 1, é;and 5 per-cent
moisture contents cpuld npt be p1dtted in a-simiTar manner since.the Tocal
unistuheicpntents to which these conductivities correspond had not been’
-known at this stage. Equation (17) on page ‘33 was used to calculate these

14
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{unknown Ioca'i rrmsture contents The unknowns b, d, and n, appear1ng
in that equat1 on had to be evaluated before puttmg the equat1 0 this

use. The 'Foﬂowmg section deals with tne eva]_uat1 - ?ﬁese cnnsta_nts. i

—dod : I ' : derisotherial . N -

3

CTABLE 1 4

1 Equations of the base lines
‘Moisture content, _<M> Equations of* the base lines
o © | a7, =-0.0883% - 0.0019 T N
o 4Ty, T - 0-12667 - 0.00143 T
}, ' P S .
4 ! --AT ~=~-0. 02674 - 0. 00037 T
ATOz - -:_.0.09640 - 0.00035 T
3 | aTo,=-0.03167 - 0.60024 T )
(4T, = - 0.12046 - 0.00116 T
5 _ AT & -.0.04022 - 0.007120 T _
] - . 01 ‘ . b
- AT = - 0.12673 - 0.00121 T
' 02 .
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2{/{MOISTURE CALIBRATION;&Q&LYSIS

<
From'the §e1f-heat1ng reSponses of the copper wires under 15e$hermal'

condltlnns at"xanlousecomblnatlons of temperature and overall moisture

- __"‘—-_—-——-.. ————

“-—~——~—-~_h_“_____ﬁ‘q .
‘content, the values of C which as exp1a1ned on page 24 is one .of the T

parameters descr1b1ng a self-heat1ng response of a copper wire, were
"obta1ned. Three plots, similar to Fig. 5_1p Chapter II, were obtained
for the threeicopper wires. The experimental points along with the best
straight lines dréwn through them are.shown in Figs._2,>3, and 4, for the

-'top, middle, and bottom quper wires, respectively.
- ' pl e : |

"ﬁs-mentioned‘iﬁ Chapter‘II-'page 29 originally it was thought that

at every 1sotherma1 temperature of the spec1men a uniform condition of

ff mo1sture in the specimen would prevalc//'But 1ater,kfrom the study of_ 
' F1gs. 2, 3, and-4, 1t-was concluded that this was not the case. This

conclusion followed from the f?ct that for 1dent1ca1 copper wires under

1dent1ca1 cond1txon of the surround1ng mater1a1, it 1s reasonab]e to-

expect a very s1m11ar. if not identical, behavior of the coppe/}y1res on

their self heating. Var1ation of C from'w1re to. wire by order of magnitude ;

+

suggested that the w1res were not subaected to 1dent1ca1 surrounding _
.'.. : . . - X . \

conditions.

\: . . . . 3

-

%f"; The actual distribution of moisture was evaluated with the help of

Eq (17) deve]oped‘\n Chapter 1I and repeated here for conven1ence, >
u A )

‘Ao - |2 R A" 7 e
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'%of <M> (Eq (24), c ter II) at! vanJous temperatures and comparing them -

;ﬂ,’"\ I - ]06 -

A

For this evaluat1on the va]ues of the parameters C{x) and CD(x), to '
be used in the above equation gere obta1ned from ths 2 3, and 4, and

are shown 1n Tab1e 2. By the, procedure exp1a1ned 1n the ana]ysxs 1n

Chapter 1% on page 34, the va1ues of the constants b, d and N were

determ1ned N1th these the va}ues ‘of M(x) for the three. 1eve1s in the :

' spec1men were ca1cu1ated Th\\anelys1s was. tested by comput1ng the values

-

nnth the known value$ of the overa11 moasture contents. The m]ntmum error,

5, defined by Eq.(25), on page.34.was alsd caTculated;

K v ° -

The resu]ts of the above computation are presented.nn Tab1e 3 The
max1mum value of the error 5, in Qost cases is less thap 0. 008 and in

two cases 1t 15 about 0.03. As can be seen from the resuits of thTS

. analys1s the overa11 mo1sture ‘content was pred1cted w1th an accuracy of )

better than 0.1 per cent of mo1sture 1n maaor1ty of'the cases

¥

' The values of b, d and n in Tabte 3 were expressed as a funct1on.

‘_.4

of tempenature in the fo]Tow1ng manner:
e

For T. below 0 deg C:

© f =0.065 + o 0015 T . LM
. _d=0.0009 - 0. L @
P N ,., S - 'A3£"; ‘(3);1a
' For 'Tslabove 0 deg eis T L e | RS fn_
b =0. 074 +0.0060 T, T e (f’)—"”'»\/':
‘ d =o. ooss - 0. ooos T, o N e -‘ & -
m=0.90 7 - O

rI
[

-
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Parameters 9&) and 'CD'(x)

'J .

-107.- 7

-TABLE

. ‘2‘ .

under ‘isothermal conditions

Isothermal |Known | *° . . Location .of ‘the coppér.wires|
Temperature | <M> | Parameter C Top Midc% .Bottom .
(deg. C). - L A x=l | ¥\ 4 x= -1
15 05" cngx)‘:- . 21401 1820 | 860
SRS Cix):  "|-2660 | "1700 - | 1760
w3 =T, T0] 1960 |20 | 1300 .
5 1850 |. 1550 | - - 780 .
""_‘ ) - > g ’ - ’ -
-10 0 CD(x): 2150 | 183071~ 1870 .
- T C(x):~ . |- 2060-| 1700 | 1750
.3 A 1960 | 1620 * 1260
o 5 ~ . 1850 | 1540 680
- 5- .0 |- “en(x) 2160 Ru1840 - 1890
-1 C(x) 2060 | 11700 1740
S o 1970 | " 1600 1230 ..
el 5 1850 |\ 1520 - '600 '
-1 7 0 CD(x): 2180 | 1860 | 1300 -
SN R T C{x): s | 2060 7| ‘1700 1740
3 - 1970..|..1600 1200
J S5 - 1850 | 1510~ 550
NG R B eD(x) 2180 ¢ 1860° | 1910
9 “c(x) 2060 | 7680 | " 1670
3 ) 1970 | 1580 1100
© 5 ~| 183 | 1460 . 510
5';' 0~ cD{x) . 2200 | 1870. | 1920
‘1 C(x) & 2050 |. 1660 1620 .
3 1940 | 1520 4 .980
5 . 11~ 1790 }.1380 . | 370
BT cB(xy= - | 2220 | 1880 | 1930
1. . Cix): - 1 2040 1640 . 1570
3" | 1910 | 1460 | 850
i S5 1740-| 1300 |3 200
15 o] o) 2260 - 1900 |4 1940
' 1\ €(x) 2020 |- 1620 1510*
> 3Ny 1880 | 1400 . 720
g5 | N e TeS0- | 1220 | 60 ¢
J'L—- * o ’ Toesl ) - - e E ° .
K :)”.‘ r q o -

.U
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Nt

. -..,. '." - ]08 -;- -b l . : a ' ’ . .
SUTABLE P | |

Resuitg‘of analys?éffor moi;tﬁﬁe:distkibution'under:iSotherma1*conditions

: T
Isothermal | - b | d . n | '8 .| KnownjCalculated] Calculated M(x)
{qoperaturel. - o | R e O O O e
15 - 10.0425{0.0024| 1.2 /0.0335[° 1 | 0.89 {0.86 | 1.15 |1.35
| . | © o] ¥ &5 f1.63 | 139 a0
- | 5.00 [2.33 | 2.49 |6.41
w \ . . ' - - _
-10° ] 0.0500|0.0019{ 1.2-/0.0213| 17| 0.92 |0.84 | 1.19 [1.29
. T : |3 332 |1.53| 1.87 |4.08 -
S K 5 | 4.9 [2.18 [ 2.40 |6.46
| -s" . |o.0575|0.0014] 1.2 |0.0013 ) 0.99% Jo.82 | 1.23 1,{;~
A -1 Sy e b3 3.00 1.38 | 1.90 |4.06
S L I | B | 497 |2.05 | 2.38 |6.60
-1~ . |0.0635|0.0010| 172 {0.0009 { 1 | -0.95 |o.B8 | 1.24 [1.27
' e ‘ 3| 3.00 |1.39| 1.88[4.05
| . 5 | 4.97. |2.00 | 2.38 |6.65
1 190800 | 0.0089 | 0.570.0046 { -F. |%0.99 . [0.617] 1.09 |1.41 |-
: | 1] . 3} 305 " |1.081.684.33
y | _ . 'S5 | 4.9 [1.79 | 2.36 |6.83
5 - . |'0.1040|0.0065] 0.9 [0.0081 | 1+ | 1.02 = |0.60 | 1.02°1.43
| _ 3 |.3.08/ -1.07 | 1.72 | 4.9
| | . 5 | #97 - |1.72 | 2.42 6. 931 1 -
10 "1 0.1340 0.0035 | 0.9 {0.0029 | 1 0.99 0256 | 0.92 11:39 | 1
| | 1 3 | 3.05 [1.02| 1.69 4.4
T e | 5 | 5.00 [1.63|2.38(7.06
' . \\ .-, . : ) . . - .
15" [0.1640|0.0005{ 0.9 {0.0023 | -1 |, 1.01  |0.56 | 0.89|1.39
R S T L 3. | 3.02- |0.97 | 1.68|4:40
/// R Dot IR IS K1 1.56 |-2.36}7.06 f{-
4 . T . . . ) = : ' ’ B ot
P R _
- - ‘\ N
. A i ‘_\\
‘ o
0 ‘ I -
¢
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3. CONDUCTIVITY AS A-FUNCTION OF TEﬁPéﬁATURE AND MOISTURE

) From the seTf-heating respenses of the three copper wires under
grad1ent cond1t1pns the values of the parameter C, described in Chapter II,
page 24 were calculated at various combinations of temperature and overall
mo1sture contents The tests on. the dry speC1men gave the va1ues of Ch(x)
for x -1 x =0, and x=-1 as a function of temperature. S1m1'|ar]y,
the tests on the wet specimen ‘gave values of C(x) for X=1, x=0,
and x = -] ~as a function of temperature at each of the known values- of .-

.“;MS. H1th these values, the correspondwng local moisture contents, M(x)l

were calcu]ated us1ng Eq. (17), as discussed in Chapter II, page 30

- Results of these calculations appear in Tables 6, 7, and 8 in Append1x D

These tables also show the values of temperatures T; and T3 and
| moisture contents Ml and M., which were obtained simply by taking

' ar1tbmat1c means of the adjacent T(x) and M(x), respectively.

temperature, and moisture content as a function of te

t\' ’ The results of the caTcuiations of conduct{vity“ a function of
::lrature were

comb1ned together and are presented in Table 4, Subst\apt 1 refers to
the va1ues for the upper part of the spec1men and 2 to the Iower, as \\\
a]ready ment1oned ear11er. The values of T and M in this tabie are

‘rounded up to.one digit after the decima1 point.

-~

i Formu1at1on 8*”‘% emp1r1ca1 relation correTat1ng by w1th T and
M was attempted by plott1ng these va1ues and f1tt1ng appropr1ate curves

“through them. Such p1ots are shown in Figs. 5 and 6 for the upper and

L+

ﬁﬁgii
_adld
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B the lower part of the specimen, respectively It was observed in these

,ﬁgures that the var1at1on of A with T for any particular M could
be approxmated by a stra1ght line. Such straight lines appeared to
have d1fferent slopes and d1fferent intercepts on ordmate at T=0
for-various values of M., The differences of slopes and 1ntercepts of
theze Tines w1th respect to the correspondmg va]ues for -the dry Spemmen
wer

obtamed and expressed as 'Funct'lons of M. Thus, a.simple empirical

, relat'ion aimed at, was of the form

. , \. d '
Ao L+ A(M)] + [(__) A(M)] (8)
moi st _ [dry.. at T =0 T Jdry T _
Two expresswns of the form similar to Eq (89 were obta1 ned; one for the

- ternperatures below O deg. C and the other above zerg. They are

Y d
-.mo1st I:drg,rat T -0 461’{! [( T )dry + 0.25 M}T , T< 0 (9

.)L .- - : s ) V dA ’ L .
moigt [dryat T =0 + 40M] +'.[(3T')dr_y. + arctan M]T, -T:.- 0 (10}

" There is a discontinuity in the values of '-"‘mmst at T=0. This could

be due to a.discontinuity in the therma'l conductnnty values of-water at

, the freezmg point. ' ' ,
, . ) : &
‘As shown in Fig. 1, we have a stight d1fference in.the magmtudes
between the therma] conductivities for the upper and the ’lower part of the
. dry specimen. This could be dué to the error in the distances between

the copper wires. Th'e two values of X at- T=0 thus o_ptained were

idry
Adry - 332 .iiM/p-K, for the upper part, | (1)
° - 344 mW/m-X, for the lower part, . (2)

Jtdrj,r-



In order to imiﬁqi:e thi§ d]‘screpancy Dand to be able ﬁo present the
- results for the speciﬁen as a_ﬁho1e, an- arithmatic average/pf the two.
. values of Mry -was used in Eqs.(é) ;nd (10). The value of da/dT
for the dry specimen, for both, the Tower and"t_rie upper partg_‘) is

1..3{1 m’!-:/n’a-l(z.. With these,” Eqs.(gj:- and (10} ‘were rewritten.as

Aoist -“(338 + 46.M)‘ fs'(j.34 +_0._25M)T_ . T<0 o (w3)
Angict ™ (334 + 40M) + (1.34 + arctan M) T, T>0 (14). _
— where A is in./‘_rhwlm-l(, 'lf." is in.degree Celsius, and -M -is the per-
\ centage of mg’i.s.tuf‘e by \'veight.l '
i
,



" Chapter VI E !

s o

v ~
v .

. o 1. DRY SPECIMEN -

The dvera11 average‘thermaI conduétivity of our dry specimen, as a

fUnct1on of the meak overall temperature is shown in F1g 1. Tnese :

W
=
Tay r

results, besnde being gomparablentc those ava1lab1e in the 11terature, '
indicated an improved prec1s1on of ‘the variation of the thermal conduc-
.t1v1ty with the average temperature of the spec h.' The variation of
temperature here is from.-lslto 40 deg. C. The!::erma1 conductivity in//e
this range-varies linearly‘with the temperature.‘ The slope is about

14 mN/m-Kz, wh1ch “agrees w1th the slope of the line shown beside the
exper1menta1 line and obta1ned by subst1tut1ng appropriate values in

De Vr1es equat1on. De Vr1es had found that when dry so11 therma1 N
conduct1v1t1es ca]culatbd from an equat1an der1ved originally by Maxwell \'_;>
| and Rayleigh were mu1t1p11ed by a correct1on factor of 1.2, they agreed o

fairly well with the experimental data on dry soils. The magnitude of

our resu]ts is also in agreement w1th De Vr1es (1952b).
Tne.th:rgalﬂfpngggtawffg'values obtained exper1menla11y by
Noodsine an 11ffe.(1959), Moench (1969), -and N1111ad§ (1973) on dry
< : » : & ;
J ' | F . "-—- {

v N § - IO ‘ .
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' w1th at least foﬁ? digits of accuracy, nor due to any poss1b1e 1nexact1tu

on1y poss1b1e cause of the dascrepancy that could be thoughtof is the

'fact t;aﬂgthe theoret1ca11y equa1 d1stances between the wires couid not

oy
=17 -
/-

specimens of 20—30 Ottawa sand até also plotted in-Fig 1. Taking

<into account the var1at10n in the dry density of the specimen, these

~

values compare fairly well with our findings.

L

a .
As ghown. in Fig. 1 of the previous chapter, two different lines

were originally obtained, one.for the upper part and the other for the '

: Tower part of the dry spec1men._ This was contrary to the expectation.

‘The two lines should rea11y have co1nc1ded with each other since they

represent the conduct1v1ty of exactly the sa@e\pater1al Departure of

two values of the conduct1v1ty from each other d1d not appear to -

T

jth the “temperature of the spec1men Th1s constant error could

Fd

have been ne1ther due to the va1ues of AT or q, which were measured

of the value of A which-would affect both conductivities equa]Ty ‘The i

p1jcated in pract1ce.

Even in an empty spec1men conta1ner and even with the supports

- ment1oned on page 17, the theoret1ca1 distance ax -sz’- 8..763{10° ) m

‘ cou}d not be maintained throughout. Dur1ng the filling and later when

J

the supports were being removed every precaution was taken to avoid

d1sturb1ng the wires.. This notwithstanding, some ﬁﬁnor d1sturbances

have in all p‘bbab111ty occurred.



'showe-the degree of‘'scatter of the engriﬁenta1 points about the best

-8 -
.

‘ These are thought to be the reasons—for the constant error of.about

4 per cent 1@ he computat1on of the conduct1v1t1es._ N

. LR T,
)

3

It wad thought that this error could be partially eliminated if .
for each temperature an arithmetic average between the caTcuTated con- .
duct1vmty va1ues for the upper and the 1ower parts of the spec1men was
taken to-represent the true conduct1v1ty. These average va]yes were
used 1n p1ott1ng the line represent1ng conduct1v1ty changes w1th temperature

for the dry:;pec1men (F1g. T). The Tine-itself is a stra1ght segment
obtained by the least square method

5 -

The dev1at1on of our exper1menta1 points from the line,in F1g 1-s

wei] Within + 1%. Standard error, given by

Y -

e = -%\/21 (v - y;)2
= : :

fitted curve passing through these pointsf The standard error in our

case was only 1.7 mW/m-K, which correspondé-to about 0.5%. f

. [
e

1
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- * " 2. MOISTURE UNDER ISOTHERMAL CONDITIONS

. Contrary toQour origineT éeeunption that the moisture becomes uni-
- form]y d1str1huted 1n ‘the' spec1men under 1sotherma1 cond1t1ons the ‘
‘mo1sture distribution was found to”’ vary aTong the th1ckness of the specimen.
The Tlocal mo1sture content increased. towards the bottom of the spec1men , :

7 .
for any given overaTT mo1sture content. ’ '

o . . : .
\\ It, therefore, became necessary*to find a way to determ1ne ‘the. ok o~
variation of the 1ocal moisture content. An ana1yt1ca1 approadh was”
. 7 'developed to express the local n;o1sture content as a function of the - - \
'pos1t1on along the th1ckness of the spec1men the 1sotherma1 tempecatute,
and the overall; mo1sture content of the spec1men Figures 2 and 3 show.
the moTstUre d1str1but10ns obta1ned by the said analys1s for the overaTl
moisture conteots of 1, 3 and. & per cents at var1ous 1sothermal tempera-
tures. As can be seen from these figures, at a Tow overaTl mo1sture
content of 1 per. cent the mo1sture is d:str1buted fa1r1y un1fonn1y in the
-spec1men. But at overa11 mo1sture contents of 3 and 5 per cents .the
*distr{but1on curves- appear. to have a hyperbo11c shape. ngratvon of
.mo1sture from the upper end of the spec1men to ‘the ]ower appears to Fﬁ‘“‘\-/

s]1ght1y more in case of h1gher temperatures than in case of lower. ... . -
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to be a fa1r agreement~except in the reg1on from -1 deg C to+"1 deg. C.
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3. THERMAL""EONDUCTIVITY OF MOIST SPECIMEN -

THe therma1 conductivity of our specimen 1s p1otted in 'Fig. 4 as a

ffunct1oh of temperature and moisture content. The cateulated values,
»obta1ned from Egs. (13) and (14) on pagell4, are shown‘by solid lines; _. ~
whereas the experimental vaTues are shown by so]1d c1rc1es There.seem/”””’l”fi

- i

"~

- - ,._J

The prediction of the- conduct1v1ty of moist granu]ar mater1a1 was

attempted in three d1f§_£ent ways, as descr1bed’?n detail in Appendix E.

These three approaches to a s1mp11f1ed odel are: T

" (1) approximate ana;l_yS'ls, (2) 1mproved ana1y51s and (3) nonana1yt1ca'l ) ‘
‘,approach The results of the approx1mate ana1y51s are presented in

' Tab1e 14 Appendix E.’ Compar1son of these resu]ts w1th our exper1menta1

~

.f1nd1ngs show that the predicted- va]ues of conduct1v1ty g1ve ‘a p051t1ve

=T s1ope and indicate an abrupt change in magnitude at the freezing
poant of water, as do the experimental values. But‘there is a wide d1f-”

?ereQCe in the magnitudes of the predicted and the observed values.” The

assumptions of Tooser-paching arrangement-of the particies and of the

concentrat1on of the mo1sture around the contact po1nts of the spheresl
in the approximate ana{ys1s were thought to be the main causes of this )
d1screpancy gevera1 appropriate suggest1ons are made in the 1mproved
ana]ys1s for obtaining better resu]ts The, ca1cu1ations performed in’

the manner. suggested 1n the nonana1yt1ca1 approach were found to y1e1d

"'suTzs closer to the observed va]ues than those obta1ned by the ap- _

T
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-proximate analysis.

The thed#hal conductivities of our \gpecimen were also obtained by-a
./

transient method, as discussed in detail in Appendix F. These values -

were about 20 per cent Tower than those obtained from the steady-state
method, for the dry specimen. The scatter 0 the tran51ent values wa#

much larger than that of steady-state va1ue /' These discrepancies were’

re

Woodside and Cliffe's results (1959) on a specimen of 20-30 Ottawa

found to be largér in case of moist'!specimen.

~

sand are shown in Fig. 5. Though their specimen materia1 is of the same
description as ours, the density of - their material.is somewhat Tower than
ours, 1.6 as opposed to 1 74 g/cm3 Hoodside and Ciiffe performed their
experiments only at- one particuiar value of the overa11 mean temperature,

that is, 24 deg. C. ' Even though our resu]ts are avaiiabie only up to

© 20 deg.- C., we can attempt to compare them with’ Nood51de and Cliffe by

extrapo]ating them to 24 deg C

Woodside and Ciiffe's values turn out-to be quite different from

ours. This difference could be attributed ‘to vdrious reasons. The main

ones seem to be: (1) Different specimens were used by Woodside and
Cl¥ffe for tests at each moisture content, (2)‘ the overa11 thermai

conductivity — and not the local thermal conductivity — Was measured

by these authors at each overail moisture content as a function of the

temperature difference across-the-spec1men, and then the'iimiting value

“of the conductivity'for'zero temperature difference was obtained by

. S . Tg

o \
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e;;rapo1ation. moisture, in th1s 1imiting case, was assumed to be

unifornﬂy distributed in the spec1men Hence, the extrapolated vaTue of

the conduct1v1ty was assumed to represent the conduct1v1ty of the spec1men

at that partucu]ar moisture content.

Be Eﬂat as it may, their'experdmental points rather than the solid

Tine drawn in Figure 5, are closer to our results.

N . o . .
The 1imited number of sensors used in our specimen to measure local

moisture and Tocal conductivity is sufficient to indicate the existence

and perhaps the trgkh of the variation of the moisture with the specimen-

thickness, but may not be sufficient to give a precise measure of this
variation.

R
toa
. -

}F1na11y, a few suggestnons that could be made here for achxevwng
better results from the use of th1s technique are: (1) construct1on of
a b1gger cell to acconmodate more sensors cou1d help determ1ne the 1,
T, and ‘M distributions more accurate]y, and.hence,_cou1d,further 1mpro¥e

the precision of the correlation.of i, T, and M, and (2) ;prolonged'

. heating of the cell above IOO'deg. C, after the moisture is injected into -

the specimen materiai, could help the moisture spread uniform1y in the———
spec1men under isothermal cond1taons keep1ng in m1nd however, that only

a 11m1ted amount of moisture can be suspended in the 1nterst1ces between

gra1ns through cap111ary action. The grav1ty will drain the surplus to-

the bottom of the sample.
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Appendix A

BASIC EXPERIMENTAL UNIT

—
. . \ -~ .
. T e

s L

1 "

The basic unit available for the experimentation'was a sféﬁdérd
research unit for measur1ng the thenma] conductivity of Tow conduct1ng

mater1a1s bu11t by the Dynatech Corporatwon of Cambr1dge Massachusetts

- This unit, des1gned eccord1ng to the ASTM spec1f1catmons (1963), employs
a guahded hoi—pzate Zechnique for measuring thenma1 condué%ivify of
meter%a]s‘avaiTable in‘fofm of a flat circular slab and having conductivity-
"sohewhere in the range from‘zb to 2000 mW/m-K. As the name indicates, a
‘guarded hot-p]ate apparatus conists of a flat main heater (hot p1ate)

cwh1ch is surrounded by a guard heater Both heaters are 1ndepend§ht1y’

ma1nta1ned at the same tenperature so that ideally no heat Teakage occurs

o+

from the edges of.the main heater. The specimen to be examined is made

. 1erge enough to extend over the jdﬁnt surfaces of the main and the guard_

heater. It could ﬁe viewed as consisfﬁng of two portions. The centra1

7

portlon under the main heater forms the actual sample with riiziﬁt to
g portion

which-the measurements are taken, while the surseund1ng remai
of the specimen under the guard heater acts as a thermal guard.. The ASTM
v ) \

specifications allow for either square or circular main and guard-Féater

-
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assembly. The Dynatech unif‘hasra ¢ircular one. .
\-\J ' l

The principle of operétion of this unit is bhown‘by a schematic
diagram in Fig. 1. TWo identical samp1es of the test material are p1aced

on e1ther slde’of a f1at c1rcu1ar guarded hot’ plate. Tﬁe main heater

-

* produces a heat f]ux necessary to ma1nta1n a des1red temperature gradient

across the ma1n test section of the samp1e within wh1ch the measurements

2

take p1ace . The function of the guard heeter-1s to eliminate radial heat

L‘/)'Iosses, thus, forcing the heat generated in the main heater to flow uni-

‘directionally through thé twO'teet samples. The assembly is held.under o q!
" moderate pressure between two 1iquid-cooled heat:sinks.‘”?he temperature

- t

d1fference across the sample resu1t1ng from a un1form heat flow through .

it 1s directly proport1ona1 0 the thickness and 1nverse]y proport1ona1

to the coefficient of thermal conduct1v1ty -of the material. The heat
'.transfer process may include the varlous modes of heat transfer depend1ng

od(type of material -and test temperature. For h1gher temperatu " operat1on? }Q

aux111ary.heaters ;re.1nserted'betweep the samples and the heet/sinks:{'lﬁ
Ithis way, the sample teﬁperature.canrbe-rafsed to any value merely by'
-edjusting the power jﬁbut-to the auxiTi?ry heaters.” The entire test

assemb1yfis surroUnded_by'a Tiquid—ceefed shroud, and the space between

the shroud and the test stack is filled with insulating material.

~;?-’7The'guarded Hot-plate method for measurement of thermal conductivity
is based on the assumption that isotherms in the central area of the test
spec1mens are pTanes parallel to the hot and co1d-p1ates that is, that

the heat f]ow-1s perpend1cu1ar to the faces of the samp]e. This assumptaon i
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of unidjreetiohai‘heat flow works well for thin specimens where the end
effects are reiative1y small. Otherwise the edge of the sample would
somehow have to be maintained at a temperature prof11e s1m11ar to the
one deve10p1ng in the central: port1on of the sampTe. On the other hand
1f a spec1men is very th1n contact resistances may become dominant. In
case of porous or granu]ar mater1als, very,éh1n spec1men may not even
accurate]y represent the or1g1na1 material because the open pores on its
exposed surface may influence heat transfer d1fferent1y from similar, but
closed, dores ex1stﬁng elsewhere. Such qpen;peres.w1]1, of course, ex1st
also on the outer face of a th1cker.sample, hut their,reiative effect will’
Be-smaller when tompared with the total sample resiStance.“ Errors due
to radial heat ldsses are minimized in gdarded hot;pTate aeparatus, butj
they are not‘compIetely eliminated due to.unha]anee betheen the main ahd
the guard heaters. These are discussed by Woodside and Wilson {1957},
Woodside (1957a), Woodside (1957b), and Orr (1967). |

“ - The above faetors have Timited the thﬁckness of Spetimens that may be

tested by the guarded hot-plate apparatus to appr0x1mate1y one third of

. the d1ameter of -the. centra] sect1on of the heat1ng unit. The centra1

section of the hot plate of the ava1labye un1t is 4 in. (10 16 cm) in
d1ameter. with 2 in. (5. 08 cm)-w1de annu1ar guard ring surrounding. it.
Thns limits the allowable specimen thickness tq,1-1/3¢1n. (= 3.4.cm).

Figure 2 shows the actual view of'the'test—stack asSembfj of this unit.
. ‘ .

Fi
A
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FIG. 2 TEST-STACK ASSEMBLY OF THE DYNATECH -

UNIT




e T
The idea of hav1ng two samp]es two heat s1nks etc., one on each
s1de of the heat source stems from the neceSS1ty of proper]y accounting

for the heat generated—un the main heater. It is reasonable, everything :

. else being equal, that this rate of heat generat1on divides equally

o between the two samp1es. Had on1y éne samp1e been used we QQ<;d have
)
to’ accaunt for any heat loss wh1ch may oceur from the other side of 1 the

" heater. .

The flow is produced by potent1ometr1ca1]y measured d. c powe! be1ng
'diss1pated in the main ﬁeater The guard heater, separated from the'ma1n R
heater by a narrow gap, is operated at the same temperatu e as the mai

1:
heater to eliminate radial heat flow to or 'Frorn the main heg’ er. ‘

s e - .
- . - - L e d -
~ ‘e A N -

The 1nstruments nesessary for the funct1on1ng of the Dynatech unit
o . . "y e

are dealt with in AppendiX-C. , ' IR
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Appendlx B :

ANALYTICAL DERIVATION ’ | .‘
‘OFA SM-HMING RESPONSE

1

-

- -

. - . - - . -
i} i ] : - -t -

1. TEMPERATURE REséonss OF‘Aﬁ‘--IuE-At LINE HEAT SOURCE

e - -;;::_,

|.The idea of an 1nstantaneous po1nt source, that is, of a ﬁmteb \Q‘ .
qua t1ty of heat instan usly 1iberated at.a given po1nt and t1me in

——— \Y . - ‘
an 1nf1n1te region forms a base for_;he deve1opment of an expre551on for

4

T e— temperature d1str1but1on in an _infinite region due to a cont1nuous 1ine
St -

heat—source‘“‘TﬁEEEBlutron’fbr temperature d1str1but1on due to an 1nstan-
————

-_~_dd‘~,,,,
— taneous point source, considered to be a fundamental solut1on (Carslaw

and Jaeger, 1959), is 1ntegrated w1th regard to an appropr1ate space

¢ -

wed

variable to™ g1ve a solut1on for temperature d1str1but1on due to an
1nstantaneous I1ne heat source.,/Further 1ntegrat1ng th1s so1ut1on w1th
respect to time y1elds’the so]ut1on for temperature dastrrbut1on due to

‘a eggtlnuoﬁ§’T;;e heat source.

e N

- :”“-Let a'quantity»oﬁ heat Q be generated 1nftagtaneous1y at t1me _

: t-to at a po1nt A(x > y's z Y, shown in-Fig. 1, 1n an 1nf1n1te

.

“

E reg1on 1n1t1a11y at temperature/’T The temperature of the p01nt

source at A at the/anstant t-t will be infinite. Let. P be any

w et ' =133 - ' o ..
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'j‘wh1ch 15 satwsf1ed by the soTut'

pomnt”“n the reg1on hav1ng var1ab1e space coord1natesﬁ”x ¥s and z-r f'\\\

T

N . a

Do. 2%, %, aZT 1 T -

axz A ay2 . az.’. C‘L a_t ’ _ T . : (1)‘

O R -[(X-x 2+ (y-y )2 + (22! )2]/4°(t -t). (2)
T sacfralt-t )] EOE | SN

where o -A/pc, is thermal d1ffus1v1ty of the reg1on,

p is,the dens1ty and ¢ ‘is the specific heat

__So]ut1on (2). sat1sf1es the following initial and boundary cond1t1ons

at- =, T=T. (except at point A) B . o (3) .
;and'-v |
at t=t 5. T=.e at point A. : - S O

A . ' - o

" Uniformly d1str1buted 1nstantaneous po1nt heat sources along a 11ne
const1tute an 1nstantaneous 11ne heat source Let a quant1ty of heat per
un1t length, Q . be-generated 1nstantaneou51y at t1me t-t ~by a 11ne--
heat source para11e1 to z-ax1s passing through a point A(x , y 'Y in an
1nf1n1te region 1n1t1a11y at temperature T (F1g 2}. The heat generated

by a portion . dz of the T1ne source 15 dQ - Q 'zt 7The temperatUre'?

distribution due to this 11ne heat SOUrce 1s obta1ned by repIac1ng Q

by dQ in Eq (2) and 1ntegratang it over the ent1re length z', from

 J

-* t0 = Thus, : e ]
f Q' dz' -[(x x' )2+ (y-y* )2 +"(z-z )2]/4u(t -t )
2 c['ra(t t )] /2 ]
= N
. ! %
ELCN ,l_. _J .

e
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3

'
1

-Let (x%x )2 + (y-y' )2 - d2, then

. ' ' ST . o . —
"In Eq.(6) E "is replaced by a,yariable-e1ne/~% -which is npw/tﬁe

- 136 -

.—- - Q! - . e-[(x-x' )2 * (y-y' )2] )4.;(t._tb)_ J'e-(z-—z"')zjq'a‘(_t—_t_q).gz,
secfm(tt )12 B T T L -
N . -[(X -x4)2 % (y-y )2]/4ujt -t) - :; ; o (5?}.

= 4ﬂ'C[_:m(t -t T_f

- ~d2/4 tt) T o
T - a—L(—yﬂpcGtt el GRS

- Now, %n,order to obtain a sb1ution temperature Hﬁstribution'dee

to a cont1nuous Tine heat sour » let a quant1ty of heat~per un1t time and .- 7

/

per unit length q(r) be l1berated cont1nuous1y’by the Tine source of.

F1g 2. f? the supply of heat starts-at twme t-t when the reg1on is = .

__at temperature T » the temperature at any time t 1s_bbtained by let- -

ting dQ‘ - q(r)dr in Eq.(8) and.1ntegrat1ng,1taafter appropriate substi-
tutions. Thus, - : —

T - t)dt”  ~d¥/4a(t-1)
T~T'i f 4npca{t~t e : i
t ' .

R . R T

starting time for the supply of d1fferent1al heat dQ — q(rlgghé-f T
—_—_— . T .

Rewritiﬁg the abe

I f q(z) - d’-f4a(t-r)d
t I

\L\\ 4mpca - t-T

equat1on we have

- . e

If the heat is Tiberated at a constant;rate:?then q(r)’-q, and - .

) 4 ) i | // . -
R A ki et e T ey
. T_Ti _41rpCc: f t-1 - T o ;€‘ . T
. - : t° ’/" . st
- e . _t':/‘
\ . - ~
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- In order to s1mpl1fy the express1on, 1et the starting time t be . .
1 equal to zero, and let d2/4c(t Y N . Sl B
. Then’ ) o . .
‘ ’ -u. - . .. .
) —L-i. J' £ . : i L.
Y T- T'I 4ra . u du, R o (9)
- i d2/4c:t_ S :

~—

D.

where' X -1p;§ and ‘U i3 an arbitranj‘variab1e; thation (9) rebresents.
a solution for a temperature distribution in an infiﬁite regioh‘due to a
continuouS'Iine heat source. This equat1on conta1ns a dé¥1n1te 1ntegra1
wh1ch does not seem to have a c]osed form so1ut1on. In terms of an

. “'exponent1al,1ntggraT, Eq.(9) is r@W”’tte" s .

. “dz\ - - ’ . ' .
T- T m 51( Gt) - SR ) (10) ‘
‘/”,"' In th1s, E ( X) --:y-—-—-du is known as an exponant¢a£ Lntegnaz This A

integral is expressable in terms of an infinite ser1es (Jahnke 1960) as
oS

- follows: _ . | 7
R = - ' ! mi n xn N -' N ... . . o
‘. ‘ 'E.i(—X) =y +fn X "'Z (-1) m—: - | n______:- ,
.o n=l . , .- . ‘ . -
B e . 1 . R
R Ty Rl X - X XE - ﬁ*a."_ )

_where ¥ -O 5?7215665, is Euﬂen 3 conézanz ‘Substituting Edl(11) into

(10), we get‘»-

- T-T.---—‘L(y+£nx-x+%x2'}—8x3_+-...)' ST e
. where, )
X o S
" __Thus, Eq.(12) represents a temperifureqdiggzjbution in an jnfinite . .
. regiqn due to'én“?deal“llggkﬁgiF source. .
fu T : e

P ‘5‘""‘““*-JLH_‘5:_5§H .o T -
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2, PARAMETEﬁS?DESCRIBING A NON-IDEAL

3

' ;HEATING RESPONSE

A temperature _ris® in any mater1a1 due to a flow of an e]ectr1c

- current in a th1n'w1re of f1n1te diameter can be approx1mated by~an

1 - ) -
equation ' ' - ‘ T‘\;,

-

. - d . . Y .
T-Ti',- - Egr-f (Y + £n E?f) N o (3 . -

' provided that 4et s much 1&rger:than'\d2. This equation islobtained,

from Eq.(12) by neglecting the series of X for small value of X. As ’_,/f

explained in the previous sect1on T in Eq“(13) ﬁs-fhe initial tempera-

_ture of the-mater1a1 T is the temperature measured at a distance d

from the w1re as a funct1on of t1me t, vy is the Euler's constant and . q

is equa1-to 0.57723,q is the constant rateﬂof heat 11berated by the

- =
wire, A 1is the conductivity and o s the d1ffu51v1ty of the mater1a1

~ As such, this equation does .not take into account either-the’ error,due to

finite dimensions of the wire and the surrqundfhg'méterial or the error

due. to the Congact resistante between the wire and the material.

~In odr experimental situation a self-heating response of a copper

wire was obtained by measuring change in voitage, aV, across the two -

e

L [ "
measu 6ints on the wire, as a~% nction of time t, as exp1a1ned in”

Chapter 1II, Section 3.6. wegn oV and ST(=T-T, )
= | :
was obtained as.shown by Eq.(10) in Chapter III.

6T = T-T; = (250 Mca‘l/-‘"'.""‘\‘rcal)"'\‘V )
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-Comparing Egs.(13) and (14), and fearranging, we get

(area1/8Veq }AY - (_qr/103wx)£nt * .qr{zn(4‘a/d‘2‘) - ¥¥103m, . (15)

N _ . ' - A e
.\ y=Bint+C, - | : ' - (18)
wﬁ,ére s
LY -{(Arcallavca1)av, . e : | (17)
B.=qr/10%m, ‘ ' (18)
- C =gri&n(4a/d2) - y}/103m. , | . {19)
. ’ | : 4. ’ } ' Tl
- A sglj:heat_i-qg response, obtained experimentally, was, thus expres-‘ '
.‘siblelgy' an equétion of 2 Tine of the form in Eq.(16), when plotted on |

.y - &nt coordinates.
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\ -A-pp;e'ndixl C “
INSTRUMENTATION =~

-

Various types of inetruments aﬁd”eircui%s_emp1oyed in this investi- T
gatich can be considered under two separate headings;'on the one hand;'
\; what was available to us as an 1ntegra1 part of the Dynatech unit, and
on the other what had to be des1gned and manufaetured to complete the

- experimental setfup for;sﬁmq}taneou; temperature and moisture measurement.
_ ] T . . i .
The functions of the jnstruments covered under the first heading are:

o (a) ito'proyiﬂe a *known amount of heat flowing through the main test-

. section of the specimen, . {;

(b) to'maintain the -temperatures ef'the guard and'ehe- p auxiliary

" heaters closely &t the_]evel'of tﬁelhain-heater temperature,

(c;- to provide temperature 1imit.contro1 for the system,
Ed}frtomprovide cooling for the system, |

(e) to monitor temperature at'different locations in the system.

In-some cases an 1nstrument was des1gned to perform a spec1f1c

function, in others — the stipulated funct1on was performed jointly by

-

) —
— - -

. ) . . ’ . 1‘\:5
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two or more instruments.

N

The main features of.all these instruments are described below.

-
ey
[}

A . 1. HEATER A |
« | SSEMBLY

The dimensions of the main and guard heater are given in Appendix A.
. __{ . .

'The surface plates of these heaters are made of anodized aluminum, and

the assembly is suitable for use between -180 to 2305deg C The main

Jheater supplied a measurable heat fTow, which was produced by the d.c.

'.l'-.
power being dwss1pated 1n the main heater hav1ng res1stance of about 8 qa.

2. POWER SUPPLY ¢

“ The d. cl_powen to the main heaters was supp]ied by Lambda Regulated
Power Supp]y, model LK-342 A manufactured by Lambda Electronics ngu s

_ MeTv1TTe L I., N.Y. The input.to th1s power suppTy is 105 132 V a.c.

at 57-63 qycTes and 340 H. The d. c output of this suppTy is adJustabTe
from 0 to 36V and from 0 to 5 2 A, The 1nput voltage to this
supply is regulated to 0. 015 per cent or 1.0 mV, whichever is greater for
1nput variations between 105 and 132 ¥ a.c., ‘and the 1nput current is
requlated to 0.1 per cent or TQ'mA, whichaver is greater for"input i
variations between 105 and. 132 V a.c.~ The output voltage Ts reguiated
to 0.015 per cent dr 1.0 mv, whichevér is greater for load variations

from zero to full load, and the output current is regulated to 0.1 per

cent or; 10 mA whichever is greater for Toad vo]tage changes between
u‘

zero and.the.rated d.c. voTtage. This power ‘supply is equpped w1th

" external overlcad- protection in form of an adjustablé, automatic,-electronic

\
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R - o _
current331m1t1ng circuit, settable to 105 per cent of rated current.
Its object is to'prevent outout current from exceeding.a'preset Timit
for protection ofﬂ1oad and oower‘suopTy when ekterna1 overloads and
short cjrcntts occur. |

. ’ . . \
The output voltage has a dual contro1 consisting of a coarse adjust-

ment pote 1ometer, which varies the d.c. voltage over a range 0- 35 Vs
and a fine adaustment potent1ometer, wh1ch varies the d c. voltage oyér
2 -one-volt range. Similarly, the current Timiter has a dual ceniro{
consisting of a coarse adjustment potentiometer, whvch varies the d.c.
current over 90 per cent of the,;;ted current range and a fine adjust-
ment potentiometer, wh1ch varies the d.c. current over 10_per cent of
the rated ourrent range. This power supp1y.functionslae a constant
voltage source ao lTong as the Toad current %oes not equal the current -

- value set by:the current Timiter contro1,’ As soon as the load current

- . R , . & -
\~\/gkceeds this Timit, the supply crosses over autdmatically and operates

as a constant current-Source. Further decrease in the Toad resistance
decreases the to1tage across the load while cuyrent remains regulatedsp
_to the.limiting va]ue. The output voltage and current were monitored
by d ¢. voltmeter and d.c. ampmeter, respect1ve1y Since the vo]tage‘
and current at the output terminals of the power supply. may not’ be

the same as the vo1tage and current at 1nput to the load, the precise

values of the load voltage and current were obtained from the measure-’

ments ‘of the signals coming out of the voltage and. current leads.

L]

«
.-'JJ\A
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'3, " HEATER POWER MEASUREMENT

‘

" The ve1tage and current Teads coming out. of the heater:are connected
. to a precision’ resistor network, and f1na11y to a se1ector switch. The,
s1gna1s from the switch were taken to a potent1ometer for a prec1se
determ1nat1on of their magn1tudes. The reswstors are’ such that T mv on
\the ggtentiqmeter'correSponds to 1 V across the main heater for vo]tage;
measurenent;Jand TV on therpotentiometer corresponds to 0.1 A through
the main heater for current measurement The res1stor network is shown
' in Fig. T. The potent1ometer emp1oyed for measur1ng these signals is
manufactured by M1nneap011s-Honeywe11 Reg1stered Co., Rubicon Instruments,
Philadelphia, model 2732, and it has a resolution of ] uV. The‘prodqct
of the voltage and current readinge'thus obtained ‘gave the totailpower..

.1_.

dissipated through the main heater.

4. GUARD HEATER‘TEMPERATURE CONTROL ¢

The guard heater, separatedafrom the ma1n heater by a narrow gap of
1/16 in., was operated at the same .temperature as the main heater to
. eliminate the radial heat flow to and from the main heater ;he thermal
- . ba]ance was ma1nta1ned by the use of a d1fferentna1 thermocoup]e shown
in F1g. 2. The Junct1ons of this thermocoup]e alternate between the
main and guard heater surfaces so as to produce opposing e1ectromot1ve
force outputs from each junction. Thus, when the guard and'main tenpeza-

L] . : 2
tures coincide, a net balance between the guard and main heater produce

2

a null or zero signal frem the thermocouple. A temperature unbalance .

. betweerr the main and guard produces a positive or a negative signal,

-

-

—

-

X
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depend1ng on the d1rect1on of unba1ance The s1gna1 from the thermocoup]e
-y e
¢E: was fed 1nto the zero- d1fferent1a1 proport1ona1 contro11er for the’guard '
. —

‘ heater ' "'

- R

The zero- d1fferent1ST‘broport1onalhcoutrgllgrz API mode1 225, is a

——

——-—._____

'prec151on thermocoupTe actuated temperature controller. w1tﬁ_§EtEmat1c
reset, temperature stays at setwoint even if the thermal 1oad,chehges.

- This controller is also capable of maintaining a biased balance, which

"wes'particu1ar1y'usefu1 since the true zero may sometimes be different Je =

~ from the zero set on the controller. Iemperit;;e/;:i::ience between thé//, o
guerd and the main heaters;ge measured se;;retely by means of thermo- E ‘

- couples efter the zero-dtfferentia1 proportiona1~contro11er had prodeEed‘
a éteady-stete balance ar unba]ance betﬁeen.ﬁhe guard and tﬁe Eéjnfﬁégter.
If the temperatures of the éuard and the main heaters differed by ﬁore |

. than_0.0ZS deg. C from each other, then the controller was biased so as

to bring the temﬁerature difference within acceptable limits. ;//;,,/””/iﬁ

5. TOP AUXILIARY HEATER TEMPERATURE CONTROL T

The top auxiliary heater—Surface facing the-main heater'was accurately -
matched in temperature to the main heater by means of an,automat1c heatep/
/
- control. This instrument, API model 226, 1s/a’prec1s1on thermocouple-

roT/Er with soTuLeﬂete c1rcu1try and

actuated, two-mode temperature

-

automatic reset. 'contro11er cﬁﬁ’ge set” to g1ve a desired temperature

anywhere—from —180.to 240 deg. C by adjusting.a d1g1ta1 1nd1cator set- —

’/////,//”/t;;;/en qt. Appropr1ate digital 1nd1cator’,ett7n§'?6r a des1red tempera--

e L
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ture is obta1ned from the graph prov1ded wath the control for th1s purpose

_The controller has an 1nd1cat1ng ﬁeter wh1ch d15p1ays the number of

7 .
degrees deV1at1on of the top aux11ﬂary heater from the 'set point. The

-

:1nd1cator pointer stays at nul] point when the t0p aux111ary heater

: atta1ns the set temperature. . L
\ ) - .
Y :

‘\ In case the top auxiliary automat1c heater control shou]d fa1l for

any reason, an adJustable autotransformer was connected in para11e1

- -

.
‘with it to provrde a manual caortrol for the heater. The-autotransformer
chosen is known.by its proprietory name of Variac, model W19, manu-od
factured by the General Radio Company of West Concord, Massachusetts

Dfcourielfthg,manﬁéffcontroi takes much longer time than the automat1c
g

control~to bring the heater to the desired.level of temperature and was

only provided as stand by equipment.

6. TEMﬁERATURE LIMIT CONTROL - C

A thermocoupTe Junct1on was attached c1ose to\the hottest po1nt An the;-‘
exper1menta1 unit, and the 51gna1 was fed toa tehoerature 11m1t control |
This controi protects the experimental unit from ap accldenta] over heat1ng.ﬂ-

. It has a?bui1t-ih thermocouple break protection, ahd'it switches off all
the hea ‘of the unit as soon as the'temperature of the thermocouple'

Junctwon overshoots the set cut-off po1nt on the control d1a1

v o L

7. COOLING SYSTEM

l I

As exp1aJned ear11er in Append1x A in the operat1on of the guarded

hot-plate apparatus, the heat generated. in the ma1n heater flows lTinearly



_c1rcuﬂat1ng in the heat s1nk whereas the heat from the\ma1n heater

-produces a de51 red temperature grad1ent across the sPecirhen, the

' establishes a mean temperature of the ecimen at which the) tests are

) to be performed

o

-

"

L

I the tEmperature-range from -}3 to 20 deg. C the desired‘test '

temperature wasfachieved by controlling the;temperature of the curcu-

heater This unit; manufactured by Co]ora Messtechn1k GmbH of Nest

Germany, is capable of ma1nta1n1ng the temperature of 1ts bath to an -

——

.. wi\“tafing coolant‘in'the heat‘s1nk'by'means of-e'refrigerattng unit, COEOhA
. Ultra- Kryostat, model KT 90S, e11m1nat1ng the use of the bottom aux111ary

fT

accuracy of £ 0 05 deg. .C anywhere hetween its limits from 40 to -90 deg.

-

[ Coo]tng rate and net refr1gerat1ng capacity of this model- are shown

‘ 1n F1gs 3 and 4. The coo]1ng t1me of this unit s quite short and the

i net refr1gerat1ng capac1ty is adequate w1th1n the temperature 1nterva1

of jnterest to us. B - g o -

. ' A mixturé of Penma-ﬁizz 2 commercta]ly available anti-freeze.

_‘ norma]ly used in. automob11es dur1ng w1nter, and water was used as a.

" as Tow as;-SO deg. C. -

coolant. In proper proport1on th1s mixture can- be used for temperatures

a

¥

+

At various temperatures two sets: of‘experiments were performed; a

unit was used to set the co1d-side temperature of the. spec1meng while

. grad1ent test, and an isothermal test For gradient test the Colora"
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heat input'ththeihot Side ﬁas provided by the>hgater. On the other ~

hand, for isothermal test, the Colora unit alone was used to provide

Lt - <. N N ¢ .
a uniform temperature in t'?igh jmen. - C e e a "
' ' ) "“‘\‘. ‘o —iima :7--_“""- —~ - -
.“ o 8. INSULATION- / I

heat to or from the obJec cons1derat1on On other ocE‘STons,\

judicTous dxstr1but1on of insulating materia ta1n outer surfaces ‘ \\M:::

//,,///’ of the obJeet s used to govern the d1rect1on of heat row through th1s
l i : - L . TR -
object. . - "1_ S , s | o=

S
.

-

- L Two types of 1nsu1at¢gg mater1a1s were used in th1:\;;Eéwqmenta1 get‘f

up. t0‘ach1eve the desired de‘““E‘of_ Szyﬁﬁﬁoam, g celly

- ‘-'-\'__i . ) .
- insula ater1a1 was\used~to PN £ he. ma1n heater,
- = ""\ \\\;‘ - = '
H“iffﬁﬁ“‘ﬁnﬂgﬁ y‘ffbw of heat in this regionT

rotect1on

‘-s...,_ —_‘:‘:'*““*——_._

This" assemb]y was thEEEEBVEred~b. a pyrex be11 Jar,

—

temperatures the be11 Jar was t1ghf1y covered by Anmé¢nong Anmaﬁﬁexp\\g\\

’foamef/glast1c 1nsu1at1ng mater1a1 Bags ful of act1ve'5141ca Gel |_were NN .

ff“p1aced 1n51de the bell Jar in_order to preye nt the condensat1on of water

apor on’ the tést-stack assemb1y S L ,



- At Tower temperatures;‘théraaﬁaensation-of the atmOSpherfc water-
‘T‘*\_._N_‘_ ) R ) . . - L : R -!
\*\\\ vapar on the electrical conrections—also-causes Severe problems, leading

o - Tre———

om to the failure of the'experimént. Heavy insu1é£§3§‘ﬁés also

" needs therefore, far™ e of: the exper1menta1 unﬁéﬁuhzch conta#ns :

faTl the thenmocoup]e 1eads and the electr1 - nnect1ons. Bags fuli -

Lo

\\h,‘hﬁ5‘_ Iength of the tubes, and alg;g‘
\\ T ‘"“‘*— - e
SN t}on on\them- =lower Lempg

_ —— :

_ - e
' oL : ' .
\ e )
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Let us now have a look at the instruments and the circuits that

were des1gned to compIete.the exper1menta1 set up. The major circuit

des1gned to measure temperature and mo1sture at three IeveIs in the.
specimen ms'shewn in Fig. 4 of Chapter III. The c¢ircuit had to suit

) the‘reeuirements~pf-both-10w and_h{éh'eurrent intepsft&, always keeping
in mihd thelfollowing criteﬁia.neceesery for“any:precisibn electrical
measurements: | ) | y h - o
(a} negligible thermaI eIéctromotiﬁe force In‘the etrcuit,

(b) stable zero on. ‘the null detector, —

' (c) Iow and nearIy constant reswstance in the electromot1ve force

\\ . c1rcu1t3

....

(d} lgma. c.-pick up, .

(e) negligible thermaI eIectromotlve force and res1stance changes in

.--___

switches and res1stors, - I = TS

(f) a h1gh degree of 11near1ty of the res1stance box,

" (g) stap]e ca11brat1on;~—7_“,_7_ S

[ -4

F1gure 7 1n Chapter III shows the detaw]s pf the electrical’ c1rcu1t

a

which accommodates the above-ment1oned criteria with ‘the help of the

“instruments and the accessories described below:

<

9. CURRENT SOURCE ,;_.

The two IeveIS of current requ1rements,-that is, 0 03 A for. reswstance
At
- measurement and 2 A for se]f heat1ng of copper wires, were met by DC

&



. LT _ ' ; | ""',/f”////k_.ﬁ' R
Power Supp]y, serijes MP§-3, mode 6281A,.manufacture§/py Hewlett
Packard. There are coarse and fine uo1tage contro]s andecoarse and
fine current controls to set des1red output vo]tage or current This
power supply can be operatéﬁ on- either constant vo]tage or constant- -
curgent mode, and it has a-grov1s1on for an automat1c Cross-over.
Load regulation for constant voltage mode is less than 5mV for a full

load to no load change in output current,‘and load regulation for . N

constaniﬂturrent mode is Tess than 0.01 per cent plus 250 pA° for a

. zero to maximum change in output voltage. ‘ : ™
\ ' . » . y "' ' . '
'10.  REVERSING SWITCH _ s
.‘Therma1 electromotive_forces of the order ofifew microvolts are

usuaITy preeent in any circuit no matter how well it is deSigned.
ﬁeasonab1y stapTe_eﬂectromotiye.forces in the measuring 1oop'are_reduced
quite easily-by the use of a neutral reversing switch. The reversihg i“
switch shown in Fig. 7 in, Chapter IIIreverses the f1ow of ourrent through
the two res1stances, one- standard and the .other unknown.’ ?% thereby,

not on]y e11m1nates the effect of-. therma1 e]ectromotwve forces in the

- resistors and the ga1vanometer at balance, but 1t also doub1es the

-~

‘sensitivity of, the detector_c1rcu1t.

. 1. STANDARD RESISTORS

—

A resistance of~0 1 Q'wae éonhected permanent1y in seriestﬁﬁth the
. copper wires so that the same current f1ows through both of them -The ~
resistance of the copper wires was determined. by comparing. the voltage

e
‘¢
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— . 3 5 - . -

. developed across thE'copper‘wiresewith"that developed acroés the

"measuring current of 4.0 A was used.

2

standard/res1stance The standard resistance of 0.1 o was. prov1ded

by a res1stor modeT 9222 of Guildline Instruments, to an accuracy of

0 00001 Q over its comp]ete ‘rated current range of 0-22 A. The case

of the res1stor is filled with white m1nera1 O{Tﬂfaed1c1na1 paraff1n)

ﬁ-.

des1gned to ma1nta1n it at a constant and uniform temperature. This

res1stor was reca11brated before use at- the Division of. Phys1cs.
<

-

Nat10na1 Research Counc11 of Canada Dttawa and.accordang to the

calibration report, its value was found to be 0.1000103 when a d.c. °

%

Another standard reeietance of 0.01 n was used in place of the
copper wires, in series with the standard resistance of 0.1 0 at the
time of ca11brat1on df the potent1ometer.. A standard reSTstor, ﬁodel
1659 of Gu1]d11ne Instruments was used having nominal va1ue of 0 01 a
and rated current of -30 A. Its.caTnbrated value before use was found

to be 0,009997449.

. . . / . | | | ‘“' . - ( j
NG - . ’ ) - ’ . d

_12. POTENTIOMETER -

"""’\.. ,

Precision Vernier Potentiometer, model 9180 of Gui]dline Instru-f

ments was used in the circuit on1y to function as a yoltage d1v1der£

—

The, vo]tage across the standard res1stance of O 1 Q was d1v1ded b means _;:;s<

of measur1ngﬁd1a1s on the potent1ometer in- such a way that it wds equal

to the voltage across the copper w1res wath1n s1x s1gn1f1cant 1gures

o
-

38
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- The,potentiometqr has thrge measurjng dials giving voltage incre-

~ ments up to 2.10100 with smallest step being-0.0000l V. 1t also has °’

a range dial by which the range of %pe voltage on the potentiometer -

»

could be reduced by factors of 10 or 100. The thermal électrumqtive

force in the potentiometer is Tess than 0.1 uV and thel.components are \
- well protected from external electrical signals. The Eomponeats are

" enclosed in a copper box, which functions as a heat distributor and as

an electrostétic shieid All switch contacts in the poféntiometer are
of copper construct1on with spec1a1 emphas1s on good reproducibility
of contact res1sﬁance and on the reduction of thermal eTectromot1ve
forces to a minimum. The_potent1ometer has four‘sens1t1v1ty Keys to

provide increasing galvanometer sensitivity.

h‘
-

S 13, CHOPPER T

Low thermal chopper, mode] 9745 manufactured by Gu11d11ne Instru-

7.

ments, hav1ng three sect1ons and doubTe poles was used. It has contact

arms magg of gold-silver a1loy and the contacts of solid gold blocks, - -
-which reduce thegmal electromot1ve forces to ‘a minimum of 0. } ' under

: norma] operat1ng cond1t1ons Tanta]um condensars were used rather than

5

paper or po]ystyrene ones because they have a much better performance

With these-condensers the two voltages couid-be compared to au.accuracy

1
A

of 1wV, ' S

il
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" motive forces which may appear tend to be self cancelling.

";( |
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14. LOW THERMAL SWITCH

L,
s

,Therna1 eleﬁtromotive‘fonees arise.principa11y‘at tﬁreei1ocationsi
(1) acnass'resistance eiements, if“tne end points are not mairtained
at the same‘temperetdre,:(aé within swittnes, as 2 result of tempera-
tuﬁe grad%ents across contect interfaces. and alonq switch brusnes and
(3) at and around the terminals, as a result of ° emperatnre d1fferences ‘
between 1ns1de and outside of the term:na1 base. Normally, the switches

in various parts of a circuit generate heat and consequent1y electro-

4not1ve forces as ‘well as trans1ents at contacts

"* X

-
-
-

\ Low Thermaf Se1ector Sw1tch mode 9145 A of Gu11d11ne Instruments
was emp]oyed in the circuit to keep these unde51rab}£ e]ectromotwve -
forces to an absolute m1n1mum. "The sw1tch generates no more than 0. 01 aV

therma1‘e1ectre@otive forces. The switch has gold-silver alloy contacts .

- _'\‘

and. is mounted in a solid block of aluminum to minimize temperature
£ , € - ! -

o

gradients. Junctions of dissimilar metals are arranged to occur in pairs

- N . . -
and excellent thermal contacts are achieved so that small thermal electro-

L]

15.  GALVANOMETER | | . o

Detectors‘used-with potentiometers are either, electronic or galva-
:Enetric._ Each type'has‘its own tdvantages and disadvantages, .and the
choice usua]ly depends on the particular application. Electronic
detectors are insensitive to mechan1ca1 disturbance, but are usual]y

sens1t1ve tQ a.c. pickup, circuit no1se and ground‘%onn troub1es.
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E]ectron1c detectors are not usual]y reverswbte and for Tow Tevel
measurements’ such revers1b111ty is essential. Galyanometers.may be"
either. simple 1ight beam_instrumentsior may be preceded by a photdceTT
- galuanometer amp]ifier-fon{extreme1y hdgn sensitivity “Such detectors
are sens1t1ve to mechan1ca1 d1sturbance but are almost comp]et3Qy

immune to a.c. pickup and ground loop d1ff1cu1t1es and are extreme1y

\s1mp1e in operation. They use only direct current and’ are’ ‘usually

reversible. SR

.f"

Ga]vanometer type 9461A and photccell ga]vanometer amp11f1er,-
type 9460 both manufactured by Gu11d11ne Instruments were used jointly

-

" as a nh1l detector in our potentiometer c1rcu1t

Fl

The amp11f1er is an extremely sensitive T1ght.beam-coup1ed 1nstru-
ment wh1ch 1s capab]e of ampl1fy1ng d.c. signals of nanovo]t and.
nanoampere levels, Because of 1ts hwgh current sens1t1v1ty this set
is 1dea11y su1ted for use as'a null detector. The ampa1f1er was
adjusted to have paraliel feedback configuration sc that it could.be v

used as a current ampiifier. The series feedback configuration is

s

'-(, meant for voltage amp]1f1cat1on. Witha 6V and 15 w lamp, typical
. curren sens1t1v1ty of th1s amp11f1er is 13 mm/nA that 1s 7 % 10
nAfﬂﬁﬁfw1th 1nput resistance of 0.25 q. The ampiifier is-mounted in
such a pos1t1on that 1t 1s not subjected to v1brat1on and is connected
to a source capabie of supp1y1ng up to 3A at 6 V Ihe amp11f1er out-

put is J1near, and *its input s1gna1 polar1ty may be reversed without

2

H’\,
P -



,‘1ntroduc1ng errors due' to hysteresis or 1nput offset currents This
reversal capab111ty is usefu1 to ba1ance out paras1t1c or therma]
e1ectromot1ve forces in the measured-circuit. The 1nput and outpuf‘
'term1na1s are made from h1gb,pur1ty copper- and are electrically insu-

lated from the front 'ane]. Thermal electromotige forces are reduced by

the front pane

; which acts as a heat sink to equalize the terminal.

- temperatures, and by the removable cover which eliminates drafts. °

To give a visible 1nd1cat1on of the ampTifier output current, a-
Gu11d11ne ga]vanometerl type 9461A was used.” -It s referred to as a
-secondary ga]vanometer since 1t is designed pr1mari1y.fer USe;with a
-photoCel]-ga1vanometer-amp1ifier. ~The galvanometer has a ewiteh which
provides four sca]es'of sensitifftyiincfeasiﬁb from 1/]000 to 1)1‘

for use in 1n1t1a] ba1anc1ng operat1ons At the most sensitive posi-

" tion (1/1) sens1t1v1ty is 0 5 mm/nA ‘that 15 2 nA/mm _The nomina]l

galvanometer resistance is 500 q. The galvanometer has two mechaniea]

" zero contro]s, a coarse control mounted atop the'gaivanometer eﬁspeq-, '
sion requiring adjustmenf at the'tjme'of insta11a§%on, and a fine
"control on the front panei for adjustment at thef%ihe_of experimen;etion.f

-
-t

16. RECORDER

. ) ol 7 )
Speedomax recorder, type G, and stabilized d.c. microvolt amplifier,

typef9835-B- both manufactured'by Leeds & Northrup Company were used to.
.record the time change in voltage across the copper wires when they were

heated by. pass1ng a current of 2 A through them.

-~
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_ -Twe amplifier, which itself is a comp1etg1y“self—contaiﬁed‘nu11_
ba1§neé type instrument, is used as a preamplifier for the r;cordef.

.It has six ranges, from 50 wV t& 2000 v, to.work”W1th. It has three- -
position qperaf%on switch; the first positioh'for'noﬁ-]inear ﬁeter
response for.the indicator, the secdﬁd position for Tine;r meter -
reéponse; and the third pasition for output to reéorder connector.

-

The- recorder is.an e]ectronic'nuIl;ba]énédng instrument. It has

an adjustable zero and adjustable range“gwitbhes. It is a st:jz:fffffzz/,f"’//
" recorder with the'qyarf speeds ranging from 1/4 in, per hégz/;_ in,

per second.. C ‘ - T
T S ‘
. / . . ’
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" was adoptedk1n accordance with the normal pract1ce

R ICE-POINT RESISTANCE ‘OF THE SENSORS

: Resistance measureggnrfof any wire by Ohm's Taw involves passing

a small current through it and- measur1ng a voltage drop across it. A. ' {;
current f]ow1ng through a wire generates heat’, which -is. proport1ona1 - 2 #
to the square of the magn1tude of thevcurrent. The heat generated in
the wﬁge increases the temperature of the wire,-and'in genera1 the

resistivity is a function of temperature. Keeping a wire in an ice-

w7ce+ bath does not, therefore guarantee that the resistance measured

corrésponds to the ice point. For this reason the fol1ow1ng procedure

n order to ca1cu1ate the 1ce po1nt res1stance of the—three copper

< Wires, potent1ometer read1ngs r for var1ous magn1tudes of current were )

-~ taken. These values are g1ven in Table 1.

o
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TABLE 1 ° L

Y — -

Potentiometer peQQing,rr”¥;r ice-point resistance of the copper wires.

=" "Current (I) | o

S — amps. | 0.1 | 0.2 0.3 | 0.4 | :;-'
Top . |-163189 | 163192 | 163198 | 163202 B
Middle . ' | 159042 | 159043 | 159051 | 159059 |
Eéttom © . .| 1ises23 | 158833 | 158843 | 18853 o

o L , ' . ;/;,,;—ff”’#’if//-

| W
These values are p]o?tgd iq,?ig. lon r versus 12 —scaTe.: - -
“Straight iines were drawngghrough these values using a least square
cufye fitting method;v;fhe results obtained on éxtrapoiati@g,for"IZ- 0
Care v .- ’ L | . 1"1iﬁ -

Copper wires |° r

Top - 163189
Middle - | 159040

o

T« | - Bottom | 158824

could be dgduted'fhat the current inténsity of 0:1‘A causes negligibie

o

hgating’of the wires. Hence, any current_intensity up to this.1eve1f
" could be safely used to obtain the resistances of the wires under other

. conditions as well.

-ty ‘.‘f\‘

' . A I : e — .
~Comparing these values of r with the first'co]umq’ig,Iab%e’T:’1t

LR R
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the reS1stance by’ a letter R and us1ng subscr1pt T M. é\b B+ for

C -

¥,

~ - o
» A
- * ’ ) ~
- - -~
- 183~ .
. o . p

“.C’. w : - R
w1th the above va]ues the 1ce-po1nt,fe51stance of the thréj( -

copper w1res was calcu]ated using £q.(2), Chapter III Des1gnat1ng

™
\ - . -

. top, m1dd1e and bottom copper w1res, nespect1ve]y, the resistances'are:

2 R =0.0311586 o, LT
Ry, =0.0383664 2, - e )
| “Rgy —0.0303252 2, e )

-

' where subscript o is used to indicate that these are_ice-point re-

sistances. .
a

-
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t1on of. the therma] conduct1v1ty of the spec1men [Eq (5), page 21}

7/,-;A$'exp~ 1 ed 1n Chapter II on page\ZJ two Kirids of “tests uere ff‘%;Af

.' — / ) . .
~performed on the spec1men at varrous mean- temperatures ‘for. ‘Eh/motsture o
content; name]y, Q gradﬁent test and an is test we wi11 : P,

recol1ect;~that in 1sotherma1 tests™ temperature d:fference aT wiis

=4

measured when onTy.Jnc1deﬁt ﬁéat f]owed thrqugh the spec:men and 1n T .

grad1ent tests tﬁ//,emperature d1fference aTq was measured when/the

k]

st1]1 pr t 1nc1denta1 heat as weT] as. the heat fromfthe main heater . ., ¢

e
/ t‘:" / L

\
f]owed through the spec1men The d1ffere e”aT -eTq - aT ' gave the

’ correct vaTue of the temperature’difference to be used for the ca1cu]a- .

_Since AT varies w1th temperature, the process of
A

AT& from th Jis- mean1ngfu1 ‘onl when both of these have been‘ bta1ned PR

"at the same mean temperature of the spec1men In practxce 1t 1'

d1ff1cu1t to obta1n 1dent1ca1 mean temperatures for any two separate ’{“ Pt

tests under d1fferent cond1t10ns ‘Hence, what was done here was, f1rst

a correTat1on‘between, ATO and the mean temperature for each mo1sture

‘contEnt uas obtained and then this correlat1on was sed to-est1mate~ aT

-

)

at the requ1red mean temperature of grad1ent tests. It is now in order,

'to empha51ze the dszerence between the overa11 mean temperature oj,thé’___ !

specwmen from the sect1on means for the upper and the 1ower parts ~The -
[

'overall mean . temperature of the spec1men is the ar1thmet1c mean of the -

x temperatures measured by the three copper wvres whereas the upper and

the lower sect1on mean temperatures are the averages of’ the top -and the -

L - ' . v : : ’ -
—_ 4 ot . : . . r ! L] . !
. . . v . . i
v . B
.
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'"“midd1e and %he bottom'cbpper'wires, reSpectfbely.

h..“h,

@\::j"

~fo1]ow1ng example.

‘ w k-3 a T - - ’ . . '.

Ca]cu1at1ons of~ hT o ‘section ‘mean temperatureg;'and overall mean

temperature for a- typ1ca1 set(pf read1n§§\i/e 111u5ﬁ§i§ed here By the

: o | :t'gp_ Middle Bottbm
Potent1ometer read1ng-(r) .' 169945 i65696 ’ 165567 :
Resistance (R-'I 9105(?@ "Yra)” ©70.0324684 0. 0315567 0.0316320.
(Resistance ratio (R/R))- [ 1.08206  1.04250  1.04317

B Temperature (deg_ Q. . 981607 ;9.91758 10,05995° © . _

aT, (deg ©) R Joa0st -0.14238" l't"-_
Sect1on mean temperature Faeg C) _;' " é.s&bs. :-9.9888 . -
Overa]1 mean temperature (deg. C) - _§.9312-L | | N

- the same samp1e there has always been a d1fference between AT for

A ]

: Figures.Z to 5 show the Variation of AT - with temberatpre for -

e.mo{sture contents of 0, ] 3 and 5 per cent, respect1ve1y. Straight

-

11nes were drawn throdgh the exper1mehta1 po1nts us1ng 1east 1

curve f1tt1ng method X ' . ' v . SN

o,

It shou]d be observedishat in a11 the exper1ments performed w1th :

£

the 1ower and.the upper port1ons of the sample. In fact AT dﬂwas- :

' always greater between the m1dd1e and the bottom wire han between hhe

. top w1re ‘and the m1dd1e. This may be due to-a s]1ght

1stort1on in the’

d1stance separat1ng-the wires wh1ch may have occurred dur1ng the prepara-'
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ﬁRADiENT TESTS FOR CONDUCTIVITY

| Grad1ent tests descmbed in Chapter II page 21, —y1e1ded the _;}' /

/ -
- values of AT% Tq . and q for the vamous mo1~stt.re contents and_
: 2L e

w1th1n the temperatune range\ from —15 to 20 deg C. The thermal conduc-

/
tivities for fthe upper and the 'Iower part of the specimen were ca]cu1ated .
accordmg to the procedure d1scussed 1n Chapter II Sectwn 3.
.o s &
= \ L e N \ ;

':-;, A typ1ca'i therrnal conduct1v1ty ca1cu1at1on 15 \shown in the fo]lowmg

\
-:‘-"D1stance’between the sensors, Ax = Axl v axz - 8 763 (]0'3) m

examp]e\:i\T - : e . _—
e Area ‘of cr"oss—section' A =8.107 (10'3)' m2 ,

| : . V,oH.:agR drop across the main heater = 3.001V b
~ > Current thmt‘]gh the main heater = 44_,9.0 mA™ » .
“o'-7 . The flow of heat through-the '

A specmen q——3 001(449 0). -7, 3474 (10 ) LU ’ ‘
A R L T " Middle m_g_nl oy
{- : Potentiometer read'ing (r) ' - 17260 165000 . 162080 ’

'~ Resistance’ _(R-l..91hs (1077)r 2) 0. 0328916 0.0315237" 0.0309658 -

. Resistahce ratio (R/R_ ) P ¢ 0555428 1.0381173 1.‘021:13_79 |
Lo Temperature (deg. C) o _'12.983. ’ 8.‘896 By 4.9351_ _ .
'-Sectwn mean ‘temperature (deg C) | " la.9s2 .6.9106 '

Overall mean temperature (deg. ) R "8.938_- '_ .

'A*r (deg. C) . . R 4087 o 3.962 a

| AT o(from the, base hnes,page 01 - -0a10 - 0.135, |
N .AT-ATq - AT (deg. C) -~ | 4'19-7 '. 47095
| ,;Therma'l conduct1v1ty (A—ﬁi%mwll_m-K) 347 | 356

K e
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-

The results of th15“and other s1m11ar ca1cu1a¢1ons are presented

L

in Tables 2, 3 4, and 5, for the overa11 mo1sture contents of 0 (dry '
‘specxmen) s 3, and 5 per cent reSpect1ve1y. The - resu]ts are 11sted.
_in “the tab]es in the order in whlch the: tests were performed
o mmBLE 2
) Conductivity as a function of iémperatuEe for the dfy speciren |
" Noot T (deg. C) - A (mW/m-K).
k ) .hﬁ.'Tl,- 1, n T Ao .
N 10| 37.378 | 36.218 385 | | 392 .
e - -'}§1.878 .| 40.775 391 .. 401
3 (;e.Sag | 32.342 373 | 385
4 8:102 | 44.659 393 | 407 “|.
.5 1 £10.942 6.976 - 347 | 356 -
6.  »- 1.258 | - 2.984 332 | 340 |-
7| -ames - 7087 7 |0 a7 | s
8 b -13:406 ;15.371. N5 ;@@ | L
5 9 | T17.880 -| 16.228 36| 365 |
10 25.522 | 23.919 366 | 371
| ¢ v
’ . _ ) ‘r. '\ '.1
ey . r N o
P <




L
. . . - : _' K e : .\!
: =72 - L T
. ImLE 3

' anductivify as a funcfion of temperature for the'specimeﬁ‘w{th <M> =1

‘No. | T (deg. C) =1 & (mW/m-K)
Tl_ T2 . Al ?‘\2 ‘
17.027 | 15.422 | 360 | 379
12.626 | ~r0:878 | 354 | 369 |
6.800 5.046 | 384 | 3N
- 2.410 | <4.138 354 | 377
- 8547 | -10.387. 342 | 364
-12.422 | -187282° | 354 | 387
2.496 | 03678 | 364 | 375
17.756 15,934 |- 363 | 372
- 2.350 .0.542 .| 358 | 368
% — . . - '> - N
A . TABLE_ 4 o '
4 . L R~

. Conductivity as a function of teﬁperaturé'fpr the sﬁecjmen with <M> =3

o

v

No. -;f'- T (deg. £f ’ E~ x (mW/m=K)
T | | Tl '_F'; T2 ]i s -__Az
Iy e | issea | s | a3 o
oot 2. | -9.792 | s11.451 | 382 | 431 e
1.3 | -s5923 4 -7a3st 0377 | sz LT
‘ 4 7 '0.180 |-1.553 | 361 | 433 L. .
5 5.605 |  3.963 | | 357" | 443 T
16 10.403 | - 8.756 | 350. | 437
7| 15,970 | 14.398 362 .|. 455
8 | 20.879 | '19.293 | 364 | 451
£ N ‘,/f.
< \. A
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TﬂBLE 5

1 No.

Tdeg. O 2 T x (mimek) |

~

T

T

-—d

 -13.075

Jr- N - SR S T T O A S =

22.520
' 13.154
8.562
" 4.065
- 0.353_

e

7
20.155 =

- 36735
6.083

- 1.485_\)
- 3.0‘0 |

:_fxggaés’ffjf

) - 8722 s | 367 | 00
o /,/ ,..' i -_'.'
|-<%.880 | -7.575 | 377 .| 516
| 18.038 | .15:527. | 381 | 489
i oo N .
.’/'f
Ny _ .,l///' .
‘ ’ ,,/,-ﬁ/ - 2
- wE L ‘ e \ ’
SO T
" e

L <Y

3t

i

. - Conductivity as a function_é:f .temhefmpecimén with <M;.i 5
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4. GRADIENT ‘TESTS -FOR MOISTURE -

Tables.6, 7, and 8'present_the'resu1ts of calculations for Tocal
"-moigtﬁre'contents under témperature gradient cohditions for over;I1f
' moisture‘contents of T 3 and 5 per cent resPect1ve]y These tables
also list the va1ues of Ty, T2, Ml, and Mz, which are simply the .
averages of the correspond1ng adjacent va]ues of T(x) and M( ). The
order in wh1ch the data are 11sted in the tab1es correspond to the |

sequence 1n wh1ch the tests-weFE’Eerformed.

"

- .
‘J‘&:‘&ﬁai -‘

- *,
e
viP

3
R |
LAY
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Local temperature and motsture content- under

o

- 175 -

E 6

‘gradient 'conditi_ons for * <Mp=1. o

No. | Lacation | C{x} | €D(x)}| "T(x) .[M(x) |T; and *T, | M; "and M,
| :) 2190 | 2250 | 17.853 | 0.108 | 37 g 5236 -
/| 1770 { 1900 | 16.189 | 0.363 | 1g 45 0407
R 1790 | 1950 | 14.656 |0.4514 . o
' C N N - . e o
2. ; 2180 | 2230 | 13.527 | 0117 | 5 g o5~ .
g 1790 | 1890 | 11,725 |0.322 | 19 678 | o.373°
- 1810 | 1930- | 10,031} 0.423 o
301 | 2180 | 22101 770310226 g0 | o300 .
g1 0 | 70| 1870 | -5.896 | 0.455 | & 4 ,__ﬁ_\&w -
o] -1 4]1800-| 1920.| 42195 |0.546 - . W
4. | v | 2120 | 2180 |- 1,512 10492 | _ , 4q0 Ceto
] o 177G [ 1850 |- 3.308 | 0.746 | _ 4 139 | g.865.
b 1. {780 1890 |- 4.969 | 0384 : IR
51 1 2100 | 2160 |- 7.594 [ 0.856 | g ca7 * ¢ | 0.677
0 1760 | 1830 |- 9.501 | 0.798 | 45 387 ~ 1 " 0.801
SR 1800-| 1870-|-11.273 [oleoa f T N
§ |1 2050 | 2150 |-11.466 | 0.908 | 15 490" - _’&4- S
.| .0 1710 | 1820 |-13.378 | 1.239 | 114 5gp. " '.~ 1.045\\~—— ¥
/A 1750 | 1860 |-15.185 [1.252 | SRR N
747 1 2000 | 2200) 3.43810.453| , 4o¢ 0610 -
-1 1760 | 1366 [-0.199 |1.114 A
g |7 1. | 2220 | 2250 | 18.697 |0.048 | 17 956 . 080 |\
1 o 7 [ 1800 {71900 | 16.8150.2707 15 935 - | pu B _
S -1 1810 | 1950 | 15.053 |0.383 | "~ « SR B
o [ Lo e asloms| i | esw [Ty
g . |"1750, | 1860.|7 1.415 |0.651} g4y . | 0788, - U7
=1 {1790, | 1900 |- 0.332 |0.917. / T e
r-;‘ “ ' ' » -
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Local temperature. and moisture, content under- gradient cﬁhyitiong for “<>m3 .

';‘126W7

TABLE 7

. s

., -

No.

Location
- x— .

prve

CDQ{l_;/

T(x)

ﬁ(x) ;

Ty and T,

: Mi- 5nd -Mz_'

1

b

-1 . -

o
g

2060

~'ﬂ630
1280

2020
1660
1220

~ | 2020

2140
1820

$ 2150
1830
1870.
2170
1840
1880

| 2190-

1860
1990
2210

.| 1880 |

1910
. e

- 214012220

1880 -

: 2540
1 1900

74" 1940
" 3‘4‘4"‘."
'+ 2260 ¢

‘ﬂSJO.

1860:’

1930 .

-13.123
-15.094.
-16.553
- 8.837
-10.747
-12.154
4.780
"5.655':
. 8,036
1,766
0.805.

- 6:563
4.646
, 3.280

11.353
- 9.454
8.059,
16.873-
15,066

13.730

21.787°
19;97}

2.300

0.818
1.911

1.610
4,369

1.487
5.375
'6.539;
0.501
3.348
0.456
0.574

6.225
0.295

0.370
2.91%

0.242

"4.253|
1027

laer] ..

4,017 | -

3.207 |
0.248 |

d?ésé ‘

. 5.605
" 3.963
8.756

15.970

-

. 20.879

S 1553 .|

10,403,

14.398. 7|

219.293

© 1,365

2382

. 7.388. -
2.389

~

T

. o
e -
.=

i 1960 | '18.616 | 2.064 {...”= - -4~ .-
T 3 N
T " ,)*; P 4
: f - - ‘."' '- -, | .“ i .
.“ E <. _ — . i 3 . ’ -
e - q '\;r’_ — ; : \.
) | T | /
" a X . . PR

BTN S
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' TABLE 8 .
’ . .o % . " s N .
. Local ‘temperafure.and moisture content under gradient conditions for <M>=5.
- * No.| Location .C(xj CD(xg? T{x} | M(x) |T, and Tol My and My - o
‘ ' X= ‘ o . : S L
B 1 2220, | 2270 | 23.912 0.071" 22,520 | 0.4 <
— 0 1600 | 1910 | 21.128 | 0.810.| »q 455 308
- =l | 25C | 1960 4 19.182 | 5.799 o LT
2 1 2200 | 2230 | TATS64--0.072.) 13 yeq 0535
.0 1610 | 1890 [ 11.743 | 1.006 S e ——
N . . . 10.735 - - |. 3.443 -
o] 500 | 1930 | 9.726(5.881.| .
e Iy | 2180 16.002 | 0. L .
T S 2222 ; Q? 0.102) g 862 .| 0.616.
'\\ 9( . ‘:-_:\2\9_‘\'188 - 1 2 ] .] 30 7 . 6 . 083 . - 3 . 4‘87
N - §4071-7920- | . 5.045 | 5.845 SR -
\ . N . B ‘-“-;._""‘-._ . [
0 *1800 |-1870 | 2.56870.337 | “yigge. | /3.353
-1 640 1°1900 | 0.405.(6.370 | gl ol
SENIVE RS B P R
L5 |1 2140° | 2190 _\\l*.éu_;g_ 0.227 | _ga03 /|- q.g33 | F—ilw
0 1670° |-1850 |- 1.931 [1.839 | _3 000/ | al076 ° |
-1 560 | 1890 |- 4.249 | 6.713 7~ 4 4 0
' 2040 | 2150 |-11.530 o?’_%_gyg”\. T 226
| | =660 | 1820 -14_.619_}. 68 | .15 806 | “h.139
‘ 700 | 1860 |-16.992(6:610 | - - " T, g
2100 | 2160 |- 7.757 { 0.562- “% 700" "t -1.086 . |
1670 [.1830 [-10.307 | 1.530 | 33 533 Cg.041 T
g0 [*1870.|-12.763 [ B8535 | . -
. - ~. ‘_. Lo ' . i - 3
|- 2110 | 2170.--3.308 | 0.539 | _ 4 gag 1,011 -
- 0 1670 | 1840 |- 6.371 | 1.484'1_ 7 595 . A.098
. 600 |.1880 |- 8.778 | 6.712 » A
3 2170 1| 2250-| 19,591 | 0.156 | 15 03 \L 0.450
0 1650 | 1900 | 16.48% 7647‘44 15.527 . | N 3.006
. -1 470 | 1940 | 14.568 | 5.447- . T .
v " }-,-' " ) k\‘ ‘ ‘/. =) ) ’ -~
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5.\ ERROR IN ABSOLUTE VALUE OF CONDUCTIVITY,

£ \ ". . -, £a
Desp1te all. precaut1ons and soph1st1cat1onajn the de51gn of an

' apparatus and Jdn the Process of tak1ng read1ngs, it is never poss1b1e

to comp]ete1y suppress alt the sources of errors * it is always good

- \ -

to have somee1dea of the uncerta1nt1es encountered in the measurement
b - H
% due to these sources of errors A method for est1mat1ng such _uncertain- |

t1es SUggested by Kline and Mcc11ntock (1953), 1s Jbased on dec1d1ng

_,how 11ke1y 1t .is for the "maximum uncerta1nty to ocur in any i ven

pr1mary measurement Accord1ng;to this-method, 1f WRA.TS the uncerta1n-
ty to be calcu1ated of the‘resu]t R, where R fis a g1ven funct1on of S e

' the 1ndependent varﬁabTes X1, xz, ‘e xn, and wl, ‘Was ... Wooare the

o known uncerta1nt1es in, the 1ndependent variables, then - o

1

g ’ . . . 1/ . e ’
oo 2R 2. (R 2 LR e R
Wy [( Bowze (wre s (5w s s @)
if the odds are the same for'eﬁ1 measurgments.-

l' -~

P
s |
) . e T (\ j
| e aR a1t g T :
i - x; 989. AbsXx7. s T~ e
‘ L. .. TR ___al e
A A T § A ax .
- .e . aRT _aa. _aaT
. ‘ S~ ' 3 3 'a X A tAXJz’ ™~ o
e A e
Lo TR Laaog AT /.
e AN xy. -3A A x-? e
. R . - e
P , \\= .
‘ - M N \\\. - ’
. . “ o
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Subst1tut1ng these va]ues in Eq (4) and dividing both sides of the

a

equat1on by A, we get‘ . L o o
Wy \z W W Cowo W - : '
Y PSR S i I PR S Y [ ax AN, -
( A.). : ( q) * ( AT)Z_a- ( Ax)z‘ + (-——A-)z N 7 ) (5)
But q = IV where I is'turrenf‘aﬁd V. is vbltage. Therefore; =~ ' 3

*

Eq. (6) may also be wr1tten e

.
wr

W - W w ) w' ) :w '.w-. -
__.&.2— _....I. 27 ___! 2 . AT e AX : A “
(B () () (- () G @
. . _N\ ‘
Cons1der1ng the values of the independent var1ab1e from a. typ1caj set of ~~ .

read1ngs we have

- 1.=0.1988 = 0.0001 A

.- . / . . . S sk
\\-.kov - 1. 331 +'0.001. ' : | S
AT - o 6856 0"0005 deg. C NEETE o (
o ax = 8.763(10° *) .£.0.0004 m Tl - A

A=8.107(10"%) m ‘ . T e

4..? These values, when substituéed'in Eq.(7), give C L

<

“ A .

W <
r. Sy
= 0.085.

- The eFrpr in ax is dominant in the cdlculations of the overall, - -
error in the value of X. It s obvisus that this procedure of error-

est1mat1on is meaningful on]y if the_ percentage error br.uncertainty

) is of the same order,of magn1tude fqr all the 1ndepenij2; variables.



©1: REPRESENTATEON QF THE SYSTEM

Appendlx °E

SIMPLIFI ED MODEL

. {_ 1.. APPROXIMATE ANALYSIS

. . / '

in principle the pgob1em of - expresswng the therma] conductivity of

-2 granuTar mater1a1 as a funetion of: the. uctivities and volume 'f
fract1ons of its const1tuents gan b soTved if the shape of the granules

\
. and their mode of pack1ng are known But in practice,. th1s cannot be

achieved because of the innumerable. dtff1cu1t1es that come* in ‘the way.

One of the -major d1ff1cu1t1es is that the exact geometry of the pore -

system in sequence ﬁ]ong the flow path should be known.1n detail, wh1ch

normal]y is not the case. 1he 1rregu]ar1ty of the shape and distribu-

tion of the. granuTes makes it v1rtua11y impossible to produce a r1gorous

analys1s of the problem. Appropriate s1mp11f3cat1ons must therefore be

made to be able to formulate an approxmmate “solution of this problem.

The foT]owfﬁ%’was af ttempt atfdo1ng prec1se1y th1s

—

Certein-as-

sumptions were made'regard1ng the sxze shape, and d1str1but1on of the

granules,jthe 1ocat10n of the moisture present 1n it, and the mode-of
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- six ne1ghbors only. This ary
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heat transfer. - .o : - Tl

7

.t

——

'The granular material was assUmed to be composed‘of;identica] and : J>

-

uniform solid spher1ca1 part1c1es of rad1us R,_though in reality the ':{%Q
granu1es are more 11ke1y to be oblate sphero1ds rather than spheres o

k)

The arrangement of the sphereiﬁgas assumed suqh that each sphere touches
rangement, known as a cubic lattice of un1form'
spheres, gives a porosity of 47 64 per cent, though in reality the spheres‘ i

would be packed_at1ghter than that. The moisture present, owing to cap11-.

-
1ar1ty, was assumed to be 1ocated only around the contact points of the

spheres, occupylng a wedge -shaped r1ng. " The’ curvature}of the meniscus was

taken as zero. - ' . T

A}

For the ga1cu1ation of the thermal\conductivjt} of a composite -
system of so]1d 1+qu1d and gas,.it is suff1c1ent to cons1der a flow

of heat through a representat1ve portion of "this compos1te system " Such

-

- a representat1ve port'on may cons1st of a cube in which is enc1osed 2 Qﬁ?
e sa11d sphere ef. rad1us R . Six wedge- shaped r1ngs of water are located

"7 at the contact points of the sphere and the’ cbbe wa11, and the rest of

the cube is filled w1th st111 air. For sake of swmp11c1ty, 1t is suf-

ficient to consider one half of our cube, as shown 1n F1g | . ‘The base

,/
; of the hem1sphere is perpendicu1ar to the d1rect1on of the Flow of heat

The value of R was taken as unity.

1

‘The cross—seetidn of the wedge-shaped ring of water Tocated around

point: N in Fig. 7 is -shown by the é{oss-hatched area PON. .The volume

N p
. \/’.
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‘{{ Ve . ’ ‘- " : i 'l ) 3 . ) ' - : ’
.- -‘. \ . ' L ' L '
e'Of this ring fncreases with the increasing moisture content of the
R - .‘. - . - . B . N )
.- system. . If the.moisture content by volume, ‘that is, the ratio of water

volume to the total vo]ume of the s'.yste]n,,is. designated by _H,\Ehen B

H - (VoTume of one mng) X (numbe-r"of rings) -
, {volume of the cube) - { .
[ Y N o . . . N

-

ar the ‘olume of the“ring PQN .equals a#/3.

hY

. -
-

With reference to Fig 1, we shall designate by u and v the .-
_coordinates of point P and b_y x and z fhosé of any arbitary
pmnt A '[yirvg on arg NP The dependence of v on H _was obtah'ned
as follows: s ” 3 g . | \‘1,

The vo'll'.mie' of: anlinﬁr:litesima'[ r"in.g—shaped‘.]ayer is w(u*”-‘;'xz)_dz_,

Al

. and the volume of the total t:j‘ng of water is given-by,

] - . p . LW )
-:rS (u2 - xzjdz.‘_ . . “ - (M
- v — - - b
.Substitutipg (z2 - vz) for (u2 - x2)% :since X2+ 22 -'l
- ‘ ) ' ) ’ - ‘. ’ ) . T
we can write® .- : - . . )
' ] . ) D |
) j (z2 - "v2)dz = =( Jg’f-.v?' + %—v?‘).. ~ . (2)
Y
Hences, -
Bmn(L-v2 o5V RN )
or . ) A g . N
CH -%}_(1 _3v2 o+ 2v). - )
. . . o

4-;:;\‘ The minimal value of v is 1//2 (see Fig. 1), since there will be

-

an oveﬂappmg of the neighbourmg ring of water below this value of v.
| : ' :
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P - v .
o o This sets. an upp;er Timit of the va'lué of H to about 0.16 for a valid
{ S use- of this model w\}ch fort'unate]y did not concérn us here’because ‘oqr
val ues of H do not range above about Q. 'I K : ' \_

~ .

“For a give'n value of the moisture content, H,' Eq.(4) is a cubic

=

-

."equation in v., The appropriate value of v was obtained in the fol~

~~ © .lowing manner.

2

-
»

Equation (4) was rewritten as

yP+py2rayrr=0, o -. \i ) (5)
.where : y;v p—-3)2 q-O r'—'[/2-2H/‘1-‘ N -
T Subst1tut1ng X - p,} for _y, Eq (5) was reduced to the form
N X eaxeb 0, ' (6)
Nwhere  a=(9-p3m-34, 0 T T o T
‘" b - (2p3 - 9pq. + 27r)/27 - ('rr - 8H)/4w o )

Three kinds of so'lutmns are ayaﬂab1e for thJs equation depending on the

: va]ue of b2/4 *. 3/27 being greater than equal to or smaller than zero.

' 'r..
- R

In our cas

3 b"zlacause the value of H was a1wéyé 'lés.s than about 0.1. Accor_"d'ingly, :
E'éq.(s) has fhree_rjea‘l and unequal roots, namely: .

X, -é. —a/3 cos(e/3), o | )

x; = 24/=a/3 cos(4/3+ 27/3),

- 7 L Xg -‘-'2\/—a/.3 cos(¢/3+4;w/3)',‘ S F
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wh.ere ' | . }/ ’ -

1

cos ¢ -.-:Jszrl--:- (- a3“/,27), '
nega{:i\fe -s;ign being ap?i'lcab'le 1n.front d'f'"the square root when b is
positi\ie. In our case b is positive, s"'1'nce H <0.1. Therefore, .
cos ¢ = —‘/b2/4 + (- as/27) . |

« "'8H/'(r:-'|, \ "/. ' ] . o
. and : o : . . , |

2 !

: o . 1 N4 . - .
. X, =cos | g arc cos(8H/n -1)] o . (/
X1 = COS -;—arc cos(8H/~r - 1) + 211'/3] . . 7 '.
T %y = cos | -137 arc cos( SH/nC:_ )+ 417/3]. '

nE

[

Recalling that jy = x -'p/3, the three reaTroots of!f'Eq;.(S_) are;

yb -= 0.5+ ‘c‘os [l arc cos(BH/r -1)] \/ o

..y, =0.5+ cos ar'c cos (8H/x -1) + 27/3}

w]—-w—-w

| Yo = 0.5 + €OS* arc cos(8H/-r -‘I) +, 41/3]

chh of these three roots was smtab'le for the problem in question -
,~ had to be decided by ,subst1tut1n*g vamous values of H/~n them and . &

se1ect1ng the one whose va'lue rema'med w1th1n the 'hmts 0 < y < 1.

——r

, "“T_h1s condition was satisfied on1y by ¥ . | bg
: | N .
 ¢_ Hence, .7
' 1 _1) + 4x/3|. | (7)
y =0.5 + cos 3- arc cos(SH/w ) + 4x _

)

In our expemmenta] investi gatwn we have used the ratio of wei ght

’ of water to the weight of dry sand, <M>, rather than the ratwo of the

(-8
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BT 3

..’:_

water volume to the total volume, H. Tﬁe relationship between'

M>  is:

water volume '
H= total vo]umef\\\ .

_ weight of water 1
density of water total vo]ume

_ M (we1ght of sand) 1. . t

density of water total volume
In our case, weight of sand = 1971‘9,,
total volume — 1135 em?,
density of wéter =1 g/cm3,
Thus, o ) J
H=1.736 <M>. |
We now have v as’a function of <M$:

1

v =0.5 A cos [ 3

! e

arc cos(13 888 <M>/z} + 4ﬁ/§] .

'ﬁ and }

m

(9)
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1. 2 COMPUTATION OF THERMAL RESIST\NGt AVD THERMAL COVDUCTIVITX' -

——
—

Because of a large d1fference betwegn the conduct1v1t1es»of the
constfiuent phases. of the system shown 1n‘F1g 1, the heat flow 11nes :
are not para]Tel to each other‘""But for~s1mp11c1ty, in th1s approx1mate

/

analysms”the heat flow 11nes are assumed to be para11e1

./

\-'
%, -

In the first Itage ot our.ca]cu1ations we_shaTl disregaro the four

" water rings Tocated around the four points on the equator of our sphere.

‘An appropriate correction wi]] be introduced subsequent1y."s

-

\\ Thus, in that fwrst approx1mat1on the system in Fag T is d1v1deo
- in three sect1ons, as' shown in Fig. 2. Sect1on 1 is a n1ght circular N
- ‘ \
cylinder of rad1us u , composed of water and so11d Sect1on 2 is a §J§

hollow cy11nder of outer radius of unxty and composed of air and soiid.

S
‘Section 3 cons1sts’e£-£our corners of the mede1 conta1n1ng air on1y

-

The Fourier equation of un1-directiona1 heat conduction with_ . \\‘Egé i

onstant cross sectmoh/~'area, A, is

- -‘;“ . ' ) - , (10)
%T';W—é" , B oo

where q is the heat- -flow. rate, aT is the'temperatureldjf?erence;:and

£. and_ A. are respect1ve1y the thickness and the conductivities of .. -7
i Ai ST g

-
.

Y
diffeﬁugz'Tayers of mater1a1s \A\\ ' . o _;/:,%~’

Consider an elemental cy11nder o;\ﬂn1t ‘height, radius r, and th1ck-

ness dr/%Fig. 2. The va1db of dq/AT for this cy13hder is. . 7

T

- _%_' 2nrdr. . . A?\UT)\\

£ /A + i_f/Af
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" -wheré‘ 2, and 3  refer to the solid and Kf anq A" tO the fluid.
., For sect1on 1 ‘we~shal) wr1te £ and .A (w s1gn1fy1ng water) and for

‘sect1qn-2 — £, and A, (a s1gg§fy1ng a1r)

ff.. Let q; and q3 ;bg the_heat-f]ow,rates in sections 1 and 2 respect-
ively. Then, - - - , T |
N N . . . .. i . 4 ay ) - — 2
- .\‘__\“ ) . .
u _ - N T \
o

E_S;.Zw’rdr R 2
AT : £s{l £w/A . N S S

o

R . - . . 1 _ Vk . )‘ 1 . 3 - )V PR N ) _i
‘ . N N, ’ = 277}\ ) -+ \‘ S - - :E.n ( W S S .‘," (12) .
: SXN lw .-._AS '-' —(_A\ - AS) S lw | e
B ‘\' . B - |
EE__‘ T 2wr dr T \\\ ' LN
AT 2 7}\ + L /A =N ' R R : R ' P
8778 a’ "a. - o - .
. - . u R ‘ ‘ . SR . )
. ;\ 7 W ; A ’ . ‘ ‘.
v > °s .
.k . . _-‘ “\\ ) . _
| _where v = 1 -2 / SN -
i o éectiqn 3, cdnsisfing of the four corﬁers{;pagfhftgtal'crOSS- o
. » ) '.7. ) o ——""“...'. - \ . "
sectional area L . e
F ] . A3 - 4 - :'T' L e TTm—
’ - L. ‘ e
Thus, B o . e S \
.. gy M (4 - "r) "“——"-———'—-,__\; . 4
. ‘ .. Y —T _——T——' _‘ . | ) ; :,‘A\\"~—..‘ _“
The total rate of heat f1ow in this first approx1mat1on s '
(T ’
. ~ ? . A4
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In order to correct Yor the four water rings at the equator,Awe

mudt concern ourse1ves onTy with areas” m  and n

Eight identical pa1rs of such areas.

in Fig. 3. There are "

The cexrect1on cons1sts of sub-

-tract1ng the heat fTow ca1cu1ated with respect to these areas with the

__sﬁgwn in Fig.

0

the presence of the equator1a1 water r1ngs
~ . -

O

Cons1der an enlarged quarter of Fig. 3.

c$$umns perpend1cu1ar to the p1ane of .the figure..

and m, respectively. .

. \

) Area. m was previouély considered to include ajr only.

| S ’ :
N %T.M]:Y)-(

~.

The previous}y{ca]cu1ated heat flow through this area.1s

) " = =
N AT

1
- arc tan ;—-— 7 uv ).

: prev1ous assumpt1ons and subst1tute for it the heat row ex1st1ng in.

The heat flowis through

o-
*Let dA and -dA-,

ffﬂ, be gener1c cross- sect1ons’of such coTumns in areas m

g

Its area is

re

ST
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“_ For it we must now substitute : . o )
u

@ — | | - ' |

E%"J dXJ ,r"—‘- ,,_(—— , A7)

. : . '.Y)/l»’“'- u“'y /‘\ et --*‘."
v J__2 "y " L

e

Thus, the correctwn for the area m is - e
t ] | u )
q . q - . -
m m - dy .
ET“.ET'Sd" R e T e PGS
V 1_x2 (] - u? - yZ?/%a + uz - yZ/lw 4a-m
. ’ | f/'f,
e

- ' .- dy ) .
_\Ju—z——yr?)/la - (\[u? _fyzéﬁz_yzj/.;\wq.mn

. . . (-I
1 ) 1-)(2 . ( - ’ ., '
. ' /-__

- dx « . (19)
' (1- \J -xz—yz)/v+ -x?--y N -
v 0 .
For half a cube S o | )

. . - . - - -1

- 9% - 4 ‘moist - :

T L )
where Anoist {s ‘the required conducti vxty of moist matemaT and q /AT

{s the corrected rate of heat flow through the mode element cons1st1ng

w .

of half a cube: - ;
o . . ) ’ " . .
9 9. 9 m [ 9 qn]' . RN 21
. 1‘??'-3T+8[—AT‘-‘IT‘ w83 ) b - e

P Lol



Hence,

o

E}qu

- 1oy A (A=A VAL
A A\ + 3 2 ("w s s. ]
moist 2 [ Z n :
oo S ¥ XW - (}‘w '\s).z ‘ A L

W
' AL . A
V'] s S /
-2- }« b\ [ ;\ — i £n - :I A ‘-. :
| AL Wa AS) (?\a )\S)V*'AS ~ -
e _ . o : |
N "’ E(4 - 'rr) la E ! . ; _
‘ ’ 1 U . .
+ 2 - dx
: ;- mz)/x VuZ-y2/
V. 1} W

.- -2 Aa[u_ﬂ-v) - (. arc ten %- %—uv)}

1 -x2,

' i o o d : .
+ 2 dx Y - .
jv j (1 EBR), ety \Tx2-y2)1a  1=x2-y2 3

1 1-x2

- ) - dy‘ . .\ .
-2 dx i (22)
; J. J (1-_\]1-x2-y2)1-a + 4 1-x2=y2/2 '
v 0 |

-~

ation (22). represents the conductivi't_y of the system in'tg‘rms of the an

conductw1t1es of the const1tuent phases " The conductivities of two

spec1a‘l cases are a1so obtamed from the /;me equation by appropri ate

subst1tut1ons. Conduct1v1ty of dry mod 'I is obtained by 1ett‘mg . .

M —Aa. Thus, _ e
: . ;\ ) .
Ao = AX 1 s f.np +('I--—-)A (23)
.0 dry 2 °a’s ﬁ-x RS | :
—_ .\n
- . —



Rep1acing“x‘*-b¥_ Aw. in E%¥:2°ﬂwe get thé conduct1v1ty of the model

: comp1ete1y saturated‘W1th wa ...Thus, R .

Lt - E.-'."-; ~ 1 s T

,1 3 CONDUCTIVITY OF THE CONSTITUENT PHASES

¢ - For the numer1ca1 ca]cu]at1ons of the thermal conduct1v1ty #f -
granuiar mater1a1 of vary1ng moisture content bx,means of Eq.(22), the
‘S:” numerical values of the therma1 conduct1v1ty of so11d liquid, and

- _ gaseous phases 1nvg1ved are requ1red Be51des being able to ca1cu1ate

‘the dependence of the thermal conduct1v1ty of the system on 1ts moisture -

content, the var1at1on of the therma1 conduct1v1ty with average tempera-‘
ture of the system could a]so be obta1ned prov1ded the variation of the
’ fhermaI conduct1v1ty of the const1tuent phases with temperature was also

known.

The const1tuent phases involved in our problem are pure. crysta1a1ne
quartz, water, "and air, and the temperature range of interest to us is
.from -15 to 20'deg.'c. The conductivities in this temperature range
were obtained as follows: |

ﬁ"Conducu vi ty of quartz

The thermal conduct1v1t1es of pure quarfz at various temperatures

A Y

‘were obtained from Touloukian, Powell, Ho, and Klemens (1970).. In this

_ referenice, the values are given for two configurations. Some selected

- -

values are:

&



Therma] conduct1v1ty of 5102 (High- purity ingle qpartz crystaT) . -
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' T
1¢x)

A (N/cm-K)

Heat f]ow para11e1 to C-axis

i lz(w/c‘m"K) ‘.
Heat flow perpend1cu]ar to C-axis| -

300

250
273

0.127
0.116
0.104

N -

-

0.075
0.0684

PR =
0.0621

of crysta1s of random orientation.

4'

.

A body of crysta111ne quartz w111 norma?]yacons1st of & large number

A mean va1ue of A must be wexghted —-

1 fOr'para11E1 and 2 for perpendi&u]ar orientation, giving e
’ | - A1 + ZAZ - “\_'.
3 -

So weighted, the values of i are:.

—
,d_‘
el
-

o ~'1.

) T(deg. C) quartz(w/cm -K)
« .- 23 0.0923 |
j S0 0.0843% - . !
: ii 27 0.0761 " s

The refdtion between A and T seems approximate}y'1inear in this

.range of temperature and ‘may be expressed as :

-—

- -U. W "K » ' ' (25)' |
| kquartz 0.0843 -0 00032 T /cm ) _ _
where T 1is in deg. ““‘H&“‘*ﬁ"“*“~—;‘$&ﬂ5ﬁ\;;-
Conduct1v1ty of water: - o \hf““*~H\\5\H\

\
PR
were

obtained from Tpdloukian, 1ilely, and Saxena (1?70)3

* The selected valuas of therma1 conductivity of saturated water T —
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They are o . ;
©_{T(deg. C) * A(Wyem-K)
-3 0.00555
, -7 .| o.005818
17 0.005918 | .

The relation between » and .T is approximately linear in the =

. given temperature range, expressible as - -

V¥

)

".-::r B

o | Awater

where . T ds in deg. C. B . ]
3 _ .

Conductav1ty of jce: . : \

It is found that the thermal conduct1v1ty of 1ce is rather d1ff1cu1t
-to measure. w1th any accuracy. Accord1ng to Pounder (1965) ‘the best data
for pure ice are probab]y those of Jakob and Erk, as is a]so conf1rmed
byfFietcher (1970) They found the var:at1on of A ’ wqth temperature

to be’ approximately Tinear, and represented it by -
- 5.35(107%) [1 - 4. suo‘sw] Calfem-sec=C " -

where T 'is a cent1grade temperature._ On. chang1ng the un1ts, the

above,equat1on becomes

-

' hyep = 0.0224 -]0.00011 T (W/en-K) C e T

~ where. T is.in deg.'c. his expresston is not valid for ice tempera-

tures below about 100 K, which does not concern us.

- 0.00571 + 0.000015 T (W/cm-K) ; (26)

-
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-

Conductivity df air:

The'conduetjv1ty values for dry a{}‘were adqg;ed"rom Touloukian,

. . . / .
L11e1y, and Saxena (1970).. Some selected-values are
\ . . . L

— — )
T(deg;/c}/’ a.h,(W/crn 591 X
e A ~0.0002226
e -13 0.0002305
S -3 00002385
7 0.0002461 ,
" 4 ‘ i
N o 17 0.0002538

which can be abproximated by a relation

. . . . - \

Agqp = 0.00024 + 0.000001 T (W/cm-K) ' _ . (28) ‘
where T s in deg. C./ o

1:4 COMPARISON OF RESULTS:

e

- P

The va]ues of Amo1st wete_ea]culated using Eq.(22) at var1ous-
temperatures and various overall mo1sture contents. Conduct1v1t1es of
sol1d quartz, water, jce, and dry air were obtained from Eqs. (25), (26),
(27), and (28), respect1ve1y. The values of v, appearing in £q. (22}
were obtaﬂned from £q.49) . for the various values of the overall moisture -

“content <M>. The resu]ts of calculations. aré presented in Tab]e"’]. |
The, table contains.the values ‘of - Apgist for <M> vary1ng from 1 to
5 per cent by weight 1n steps of 1 per cent, and for T vary1ng From
-15 to 20 deg. C 1n steps of 5 deg. The values of the two 11m1t1ng
cases of Eq.(22), that js, the dry system and the saturated system, are

’ - also given in the same table: : ' ' oo
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s o TABL
\ <

Predicted values of therma] conductivity of moist sépd
T (d&g. €)] -15 -0 -5 -1 5 10 15 20

Quartz: | 8910 8750 8590 8462 . 8398 8270 8110 7950 7790
Water: | 2405 2350 2295 2251 572 578 586° 593 601

— . VAir: -923 23 23 . 28 24 24 .25 25 26

Ory Sand: | 182 184 187 189 190 192 194 197 199
Sat. Sand: | 4624 4528 4433 4357 1939 1941 1944 1945 1946
M> = 1:- | 1099 1112 1125 1135 876 . 897 922 946 970
‘M>—2: | 1464 1465 1465 -1464 1036 1052 1072 1092 1110,
| ae =3 |1723 174 1705 1698 1137 1151 1168 1184 1200
M> = 4: | 19271912 1896 1883 1210 1223 1237 1251 1265
| > =5: |2098 2076 2054 2036 1268 .1278 1291 1303 1315

' Comparisoh of the res@ftg of this compUtetion with odr experimental
findings given on page 123helped us to draw the f0110w1ngﬁ§ﬁhgqéisfs;

I predicted va1ué€ g1ve a pos1t1ve A=T s1ope, as do the experwmenta1

l"

-

va1ues _both for the dry specimen as well as for teﬁéro1st Both the
pred1cted and’ the exper1menta1 values, indicate an.-abrupt change in

the1r mag de-at the freez1ng p01nt of water. The pred;;tea*va\pes
—H_"——_

T
Ffor the dry sand are lower e_experimental ones by a factor of
Tem——
about . This couid most probab]y, be due

. 1ooser pack1ng arrange of the particles in this app

of the ‘model. The pred1cted va]ues
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)

" moisture content.- The'assumption;thet all the moisture is concentrated

around the contact points of the spheres exaggerates its-influence on

~

by the mode].

-

conduct1v1ty and is the most 11ke1y cause for-QQi\hwgh va]ues pred1cted o

Another possible reason for the discrepancy in magn1tudes is that
the computatfon of the.thenna] resistance in th1s approx1mate analysis
‘was based on a very: crude assumpt1on of para11e1 heat-f]ow lines. The
next section deals with a way of obtaining the thenma1 res1stance with

a better approximation. It also incorporates- other suggestions tq

improve this analysis.

J'/ by
.
H
. LY _ ®
— -
—— . 4
- -
.D' . ° . -
. ‘ ‘____:_d___—J-——':‘ . -
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2.3 BETTER ASSUMPTIOns,/ y

_There are Sevepa1 probIems in analyzing heat flow in'a moist
gronu1ar material. One of'these:problems,ﬂas already hentioned,
is the constoot movement of“moisture, giving rise to an additional
heat-flow mechanism besides straight conduction. Even 1f,oﬁT}

conduction is <onsidered, 2 number of improvements can bé“mado in

our previously desoribed analysts.” . e

:5°Shape and size of part1c1es

It seems not unreasonab1e to assume that our material is composed
of 1dent1ca] and uniform soTid spherica1 part1c1es, and that the |
surface of these part1c1es {s smooth for all practica1 purposes Tojs N
ggoumpt1on is supported by an examination of an en]arged photograph
of some random1y se1ectedﬁsand particles, shown in Fig 2 in Chapter 1v.
Thuéb we - do not propose\to modify this assumption which has the virtue

of relative 51mp11c1ty.



_ model, a- pack1ng arrangement which has a poros1ty value cToser to. rea]1t¥

“e

e =202 -

Pack1ng arrangement

~

The c1osest possib1e packing arrangement of unifbrm spheres ‘gives.

a2 poros1ty value of 26 per cent Looser systems of packing can be

A

- loosest of the sta51e' acking arrangement g1ve5-a*porosity value of

® 47.6 per cent The P ros1tyuva1ue of unsystemat1c stab packing'of

uniform spheres 11es somewhere between these -two va1ues T orésity
value. of our samp1e Ts about "35.5 per cent, which 15 far from c1ose\to

47.6 per cent’ that has been assumed~£Q_ the model” in the prev1ous -\\\‘

t of spheres 15 .a.“

1dea]1sed pack1ng of the part1c1es Be Vr1es (1 56) a1so conf1rme

gran ar mater1a15 It is reasonab1e to sUggest that s1m11ar dlscrepan—'

cies must arise 1n the case of mo1st granu]ar mater1a1s For a better

should ‘be considered. Severa] pack1ng arrangements of un1form spheres

are shown in Fig 5, and the porosity, density, vo1ume of un1t pr1sm,-

. spacing%of layers, and number of points of contact for each such ar-

. rangement are 11sted iwTable2. . . - T

obta1ned by carefuT]y construct1ng arches wft 1n the pack1ng, but the o

e - \:

‘ sect1on. Thé/assumpt1on of cubic lattice arrang ‘

A
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R | _ CUBIGAL TETRAEDRAL
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 FIG.5
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In the above tab]e, R

these pack1ngs can be- found in Deres1ew3cz {1958).

-

1sAthe rad1us of sphere.

> o208 - { g
| It would appear that caTculations shou1d be performed w1th cubic-
‘ ctetrahedra1 and’ tetragona]-sphero1da1 a(:B:gements and an’ average va]ue "/
of conductﬁvﬁt1es ‘thus. obta1ned may be thought of being more’represen- Q_\
 tative of ograsand. g .
] TABIE 2 e
* Packing arrangements < .
' ™~ Number of . |Spacing of | Volume of o Pordsity
Type of packing Contact po1nts Tayers .| unit prism _Pensity - (per cent)
| simple cubic - 6 LF R 8R3 ' pn/6 . | 47.64
Cubical-tetrahedral 8 \ R 4+[3R3 n/33 |.39.56
Tetragonal-spheroidal-| . 10 } RV - | 6R3 - _|2w/9. |30.19.
Pyramidal g 12 °|  RyZ. [4+/2R3 n/3¥2|25.95 . |
Tetrahedral 12 | ryZ73 LS | w342 @hj
L. 3
} - ‘

The deta1ls of

It shouid be noted

that the density -and porgftty js independent of the common d1ameter of e

-

50 that the boundaty effect 1s negligible. The prob]enhof pack1ng of .

pheres 4n a finite reg1on is oons1derably more difficult.

-1,c1rcu1ar cylinder has been .discussed by Supn1k (1949) aﬁﬁ inside a

hollohjsphere by Hadw1ger (1952). When, as*ln our case, the d1ameter of

the part?sﬂes ig -very sma113compared to the overa11 dimensions of the

‘ samp]e, this aspect of the problem }S quite un1mportant.

also discusses prob]egiof pac

\.

king of a. system having part1c1es of d1fferent

o the spheres, prov1ded that the packing 1s?extended over a very Targe reg1on

~ Packing in a

Frdl

Deresiew1cz (1958)

{



consider‘T1 i ' ure to.be concentrated 1n r1ngs around the contact -

points It 15, euerammore ]1551143353 the air in tne‘pqres~ﬁs—w—~_.ssa_

“ water-vapor saturated rather than dry. “The mass © } r shou]d

T be subtracted from\the mass us (in the ca]cu]at1on of r1ng d1mens1ons
ATso;.rather than us1ng the conduct1v1ty of dry air, we cou1d usg/H
eﬂﬁectcue thQAmaﬂ conductivity of saturated fAr (after Krisher, 1941)
Th1s 1atter value 1nc1udes the effects of evaporatwon vapor «diffusion

and condensat1on

- 2.2 PROCEDURE: . T -

’

The assumpt1on of un1d1rect1onal heat fTow and mutua11y para11e1
R | heat fTow 11nes 1s Just1f1ab1e 1n a cassf;he; the conduct1v1t1es of
o «so]ad 11qu1d and gaseous phases of a compos1te system’ da not de part
; f :,q | much from each other. But 1n a case 1ike ours, where the’ conduct1v1t1es
of the,cgnst1tuent phases d1ffer from each other by orders of magn1tude, _
such an’ assumpt1on is’ bound to lead. to sizeable errors, as was- shown by ‘
) .- Fe1ngo'l_d_ (1.966)., N 4 | :
« ' In order to provide a mathemat1ca11y correct so1ut1on consideration
of a three-d1nens1ona1 f1ow of heat is unavoidabfg Because of the
5*-' symmetry in any of "the packing arrangements 1isted in TabTe 2, para11e1

1sotherma1 planes can. be 1dent1f1ed sg that the geometrx d the pattern _
.

' -~
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~ Y

of héat’f]éw be repeated between each pair nf.such consecutive planes.

We need, therefdre, to concern our§e1ves‘onfy with what happens in nne

- -such discrete 1ayer GeneraT1y,'other isathermal surfaces will not be

plane. If the shape of a number of them were known, we could draw heat-
flow lines perpendicuTarly through them, each Tine extend1ng from qne

/
1sotherma1 plane of symmetry to the ngxt. These heatfflow Tines would

identify channels and the heat flux could be calculated for each such

channej.' These, in turn, would be added to-provide the total rate of
heat flow.

To illustrate this.prdncipTé; Tet us consider the simplified repre-
: . s 2. :

sentative. modei of the system shown in Fig. 1 on page‘TBé.~The hemi
phere is redrawn in F1g 6. In this figure, the system™is bounded

between two para11el 1sotherma1 p1anes A A" and B-B'. These ptafies

could be 1dent1f1ed eas11y, because of the symmétry\éﬁ\Phe model about

these p1anes The 1sotherma1 and the heat-f1o¥ lines - are schemat1ca11y
shown in on]y half the portion of the figure.- Q@ese 1ines could be

obta1ned in the fo110w1ng manner.

,
-

'The model could be d1v1ded into a number of sma]] cubei a d the

temperatures 1n the corners of these cubes coqu be obtained by usua1
—4/"

- numerdca} procedures. Isothermal surfaces, such as C- c and D-D*

. in Fig. S’Jaou1d then be 1dent1f1ed by interpolation. Two heat-fiow
1ines perpend1cu1ar to these surfagas are’marked as E-E' and F-F'.

The whole model can be fi11ed up w1th such 1sotherma1 surfaces and as
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many equidistant heat-flow Tines as is found convenient.
—~

_ Considef1ng - ﬁaft1cu1ér heat-flow 1ine, say F-F', fhe thermal
resistance'{n the pa?h of‘bq could be computed.‘ The croég-séction of
such a path is shown by the shaded area in the figure. This thermal
resistance may be'comﬁosed of tﬁe resistances due to solid, 1jquid
and gégpous phases. in'different comb{natibns depehding on wpere'the

/Partipuiar path is located.

-The accuracy of the.numerical method for the dete?mihation of
temperature distribution depends th?oretfha11y on the number of points
used. In practice this ig.not quite so §imp1e because “the Tinear éystem

resulting ?rom 6ur numerical eqdatioqs is not so]vgd with unTiﬁited.
.accuracy and an unlimited computer storage capacity. Thus, @ happy
medium has to be found beyond which further increase_in“thé number_of}
éoinfé w%]] be-cbunte; producing. . .- - |

Interpolation will have to be resorted to at the curved boundaries

between the phases and the ent1re enterprise is very ted1ous but not

impossible.
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3. NONANALYTICAL APPROACH K

A

_As discussed on page1]5 in Chapter VI, the equation proposed by
De Vriesl(1952) was used to-predict the ennductivity-of our dry‘sand.
" The comparison befﬁeen the predicted and the experimental values was .

shown to be good (see_ Fig. 1; page 117). De Vries® equatioﬁ is

T }‘f £ + A Ve F . i ,
A=1.2 Ve ¥V, F > ' | - - (29?
" where. ' y?
] Z SN B - |
Fro s . (30)
3 Fr (A - Tlg; _ 3
. ‘,t-? =l ' ’ ! N .-
., witﬁ ' _ EE: 95 . e _ (31)
K : 1-ﬂ - ' - _

In this, . and rg are the fluid (gas ofv1iquid) aﬁe solid conductﬁ-
vities, respectively. The f1u1d and the so11d volume fractions are repre-
_sented by . Ve and Vs respect1ve1y De Vries se]ecté;\‘gl - 0.125
and gz = 0.75,.which correSponds to particles having the shape of an

e111psoid of. revolution.

Equation (29) is modified here to predict tﬁe.conductivity of moist
sand for low overall moisture contents. We are attempting to replace the,
-conduct1v1ty of dry ajr (A in Eq (29)) by a value which would take info
account the, conduct1v1ty of dry a1r and that of water. This effective -

' conduct1v1ty of a1r could be expressed as a funct1on of volume fract1ons

of air and water. Thus, Eq (29) would read
' )



. v n
-1.2 ea a J\SVSF

(32)

A .
moist va + VSF- s
1
' O 3 . o
- - a1 ¥
. F - Z - ,/"' ) } - 33 .
1 -3 R '(RS/‘Aﬁa"“?}gi o (33) - .
: = - . _
where xea stan?s for «the effective conductﬁvity of air; The expressions
similar to Eqs.(32) and (33) would be used to evaluate. Aeé; such that
AV * . ' _
Aeg = :”;"‘B . ’ | (38)
a W e
D cwiwcn 1l |
 B=3 - . . : (35)
3 : 1?1 + (iw/ka .])gi . |
b ‘ ' :

where subscripts a" and " w "stand for air and water, respectively.
d B . 1 ‘ - -
‘.

There is, of course, no real physical basis for this extension of
~ De Vries' procedure. However, when the calculations were performed in

the manner suggested, they were closer to our experimental results than

those obtained‘from Eq.(22).

A

I



Appendix . F. .
-~

- PROBE TECHNIQU ~
ONDUCTIVITY DETEMINATION

1. DESCRIPTION

-’

" The guardeg hot—plate Trstrument 1§ considered to be a Sxandam&

4

Lab apparatus, ih which the empha51s is on accuracy rather than on re-

ducing the duration i;tests; A1l steady-state methods for that matter

. . 2
demand careful experimentation, and involve rather Jong durations of

time.

v

It is, therefore, natural for sc1entists to try to obtann s1m11ar-
information more rap1d1y by trans1ent m thods One of the nonsteady- -state
methods for the measurement of thermaT,conduct1vity, known as a heated
-pnobe zeehneque, utilizes t1me -temperature re1at10nsh1p of a line htat

- source embedded in the mater1a]“ The temperature rise of such a 11ne

T heat source, as a funct1on of time, as already derived in Append1x B

T- T - gy g dot . y). SO (1"

-

For a time 1nterva1 t2 - t;, the r1se in temperature at a point.in the

-

’

medium is given by * : : ) ¢

)< Ty = -49—£n"t‘-3=’) _ - (z%\

- 211 - .
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,}/;;, - Aplot of'temperafure rise versus the logarithm of time shoule\ give .

; 2 straight T1neiw1th‘e slope of q/4%1. With the knpeqeege of this

:\sjope and of the power applied per unie 1en§fﬁ5 A can be obtained from p
Eq.(2). This simp1e equation doesinot always give the correct indication
of the conductivity when used in this‘technique.' The.feaéon is that.
Eq,(2) 1s applicable on1y in a case when an\infinite]y large medium is
heated by an infin*ter %ﬂﬁn Tine heat source for a suffic}ent1y large

dura;1on of time. The factors that are thoyght to affect the accuracy,_

are: I | _

(1) Finite probe dimensions; o
(2) Ther;é$\properties\of the probe material;

(3) Contact res1stance at the probe~ spec1men interface;

'3

-{4) Locat1on‘of temperature measur1nj/dev1ce,

(5) Finite specimen dimensions;
. . { Do
(6) Conduction heat losses through temperature measuring leads;

(7) Initial temperature ‘di fference ‘between the probe and the specimen.

Improvemente in the design and the theory of probes have taken care -

of'most of the above factors but not all. with modjfications, t

method of detérm1n1ng thermal c0nduct1v1ty of dry granular material

been found reasonab]y sat1sﬁactory (Mann and En:gz}h 19563 De Vr1es and

/\ B

\\\
Peck, 1958; Woodside, 1958; Haupin, 1960; etc.). In most™ oﬁethg\eases' )

the test reeUTts were reproducib1e and were in good agreement with
similar results ined from the tests on éﬁirXed hot-plate apparatus.
In - .'e.of this, it was thought that "thii/jfthod will not supersede

),‘ '/ . S ",..- - ‘(.



Y T

-the‘"stanoard"fmethodsﬂ — Mann and Forsyth. g ] T
. | y L - : ,,;ff”" _
;) L -wh11e this method Works reasonably well on"dry granular materials,
" it encounters severe shortcomings ‘when emp1oyed to ca1culate therma] . £
. conductivity of non-granular mater1a15 Tike wood concrete f1brous o -

~-insulation, etc. .This method is also unsuitable for determ1ning therma1

conducttvfty;of moist granuTarfmateriaTS. Drying ¢f the material near
the line heat source‘caoses a Jowering of thérmal conductivity, and the -

~value of "4 . obtained by the use of Eq.(2) with 2 reasonable degree of " - N

\ ccuracy, represents some kind of an average thermal property of the

mo1st mater1aJ (De Vries and Peck 1958 Noodside 1958 Hoods1de and . ';/ﬁfgi
Pt
Bruyn, 1959; Pratt, 1969;-Moench anq Evans, 19709 - e o

-
e
-

Even w1th the know1edge of the shortcom1ng of theprobe technique,

SR specially‘dn’our e_perxmenta%—set up, an attempt was made to evaluate the
- \

’conduct1v1ty of our specimen us1ng th1s method. The f311ow1ng sect1on
deals with the ca]cu1at of. conduct1v1ty from the temperature rise - -

versus time curves of our-sensors embedded in the spec1men .and also

w1th the compar1son of’ these resuTts with- our steady—state results . )
Te . . :



- three given overall moisture content

e ——
. —

2.  CALCULATION AND COMPARISON

.- The temperature-rise versus time curves, that is, the seTfaqgating .

- ~responses of our copper wires, were used to ca1cu1ate the conductivity of .

our specimen mater1a1 A1l the self-heating responses obta1ned under
var1ous temperature and moisture conditions of our specimen, were p1otted
on a semi-log scale as discussed on page 24 in Chapter I1. The s1ope of

the lines (parameter B in Eq.(6) on page 24, Chapter II) were ca]culated

’WhiEﬁ"represent the value of q/4xx —appearing in' Eq.(2) of this appendix

to a certain'scaTe The-values of the power applied per unit length, g,

. were available to us from our gradient tests The - va1ues nf A. were

Y

calculated for our dry 'specimen as\well as our m01st specwmen for the

, in the temperature range from

"-15 to 20 deg. C.

,/J ‘Fach experimental set gave us three va}ues of thermal- conduct1v1ty

at the three levels in the speq1men. To s e “how these va]ues compare

with 'those obtained using the steady-state method, the conductivities of

the-dry specimen — obtained by the two methoés“—f_are.p1otted in Fig:'ll
The T1ine in the upper part of. the figure is for the éteady-state-method;
and is the same as the one appear1ng in Fig. 1 1n Chapter VL The two '
11nes appear1ng in the lower part of the frgure are those for the bottom
- and top port1ons of the specimen, obtained using nonsteady state “method.
ATl the three Tines were obtained by the méthod of least squares The

actual experimenta] points are also shown in the figure.‘

[

7,‘
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lines is much Jarger in case of transienit method than 'fth'at in
R . Lo

steady-state. These d'is'crepancie:_; were found to be larger in case

moist specimen.
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- Appendlx G

P

A REVIEW OF THEORIES REGARDING

FLOW OF MOISTURE.IN RESPONSE
TO:TEMPERATURE GRADIENT

o

The heat flow through dry granular materials into]vesea rather
comp}ex'combination of'conductfon, eonvection, and radiation with dif-
" ferent deg;Ee of. Tmportance'to be attached to each of these modes
accord1ng to c1rcumstances.. Several hypotheses have been suggested
‘to exp1a1n the mechanisms of heat fTow in dry-granular mater1a1s and
calcu]atﬂpns peyformed ‘in -accordance with these hypotheses.agree fairly
' 1 with measured values. -But.es soon as moisture iS'assoeiated with
f//i:i'dry granular materials, the heat-flow mechanism changes and becomes
ar-more”complicated. A thorough understanding of- the flow of moisture
ecomes a prerequisite to any successful heat transfer theory.
Moisture movement in granu1ar materials, is a comp1ex\phenomenon
-A1thcugh the movement of moisture due to a temperature gradient through
) granuiar mater1als has’/;?n studied by many workers the mechanism by
~ which moisture moves through such materials remains 2 point-of contro-
v/;sy An attempt has been made, therefofe, in th1s append1x, to br1ng

together and study var1ous existing hypotheses.

A A . SRR

AN,
’
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'fIt is observed that moisture moves in granular Matehial ordinarily -

heoauSefof body-forees, such as gravity, cap%llary forces and vapor =~

transfer. Some of these. body forces are. a1tered by thermal 1nf1uences

¢

Cap111ary forces and vapor movements are sens1t1ve to thermaT 1ofTuences,

. whereas grav1ty is not Moisture m1grat1on under the 1nf1uence of

L=

temperature gradient in granular materda1 was {1ret observed,by

. . N . - - . - - - * G .
Bouyoucos (1915, 1915a),'who in his pyoneer paper in-1915 described

experimental work in-which he 1nd1cated that sowﬂ—mo1sture ‘moved from -

a warm and moist soil to a co1d and dry so11 Th1s observat1on was

“later conf1rmed in greater detail by Sm1th (1939 1943) Maclean and

, Gwatkin (1946) Croney and Co]eman (1947), and many others - It was

found in all cases, that in the 11qu1d phase the f1ow 15 be1ng caused
by change of water aff1n1ty of s0il wlth temperature. Bouyoucos conclu-
ded from his exper1nents that the vapor-transfer 1n so11s was negT1g1b1e

-

and cap111ary movement was so1e1y respons1b1e for the process of 11qu1d-

' transfer; Lewis® (1937) and w1nterkorn (1947) supported the hypothes1s

"of Bouyoucos and his exper1menta1 f1nd1ngs..

A J
—~

- . | ) “ . .'. .
The second theory postdlates, that the moisture moveS'trom.warm/to
- B . . m A < .
cold regions in the vapor phase-and, the driving potential is the vapor-

- pressure dtfference which correSponds to the temperature d1fference

Smith (1939) criticized Bouyoucos f1nd1ngs on the basis that on1y a
sma11 portion of the soil co1umn was affected by the temperature grad1ent
in the 1atter s exper1ments and thrs wou1d account for the sma11 water -

movement observed. Based on the arguments that the temperature does not
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,affect the surface tension of water to the, extent wh1ch would cause

the observed water transfer, Smith suggested that transfer took place

by means of vapor convection This mechan1sm was also proposed by a
Maclean and Gwatknn and by Hutchison N1xon and Denbigh_ (1948). But o
the concept,of mo1sture-transfer in vapor phase was.d1sregarded by many .
' norkers.on theAgrounds thet'the.experimenta11y observed_rate:of movement
“is about ten tioes/;s Targe is the ca1cu1ated ra: ased.on vaportdif-
ffusion (e.g. Bouyoucos 1915 winterkorn, 1947) | |

- -

L .- -

'Smjth abanddned‘his‘theory of vapor-movemept in his later paper in -
1943, and,dnstead,'propdsed aﬁhechanism of liquid flow, from the hotter
“to the colder part of the material, %nitiated.by'sma1} amounts of uapor" |
condensation’in capi"llary pore?""ln his ‘modif*ied theo‘r_y, Smi th proposed' ' ‘
. ‘ that there exists another f]ow—mechan1sm in the mater1a1 before equi-~ - o
. 1ibrium has been estab11shed On the app11cat1on of the temperature f\
d1fference across the mater1a] the equ111br1um of?tbe cap111ary bodies
.close to the warmer. side is disturbed The-cap111ary bodies ‘evaporate
and the excess vapor condenses on the adJacent cap111ary bod1es towards

the co1der side. Two such bod1es are shown in F1g 1 at locations A and

B. These. bodies w111 be brought into contact by vapor-condensat1on and | N

[T .

consequentiy they will coa]esce. Th1s disturbs the equilibrium of the B N
resu1t1ng body forcing it to move by ordinary cap111ary towards the next |

-body what 1s Teft behind is a ring of 11qu1d around the contact-point

7 Thus, vapOr-condensatlon serves here as a tr1gger to- start the process

The process would continue “until” a11 the 11qu1d except that left around

s}

t..
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the cortact points, has moved to the cdo1er side of ‘the material. Ac~

cording to Smith if the two dies are too far apart as .are C and D

"

in Fig. 1, the above ment oned process h111 not start and 1nstead the

' cap11Tary bodies around the contact po1nts will mere1y grow. in size and -

then evaporate when the advancing h_at-front reaches them. Th1s latter

process will result in only a s1ight adjustment of the water-distribution

‘_thatzis necessary for equilibrium under the temperat;pe graoient:' Any

large water-distribution will only occur under the:former‘process:

Yet another'hypothesie was proposed- by Krischer and Rohnalter (1940),

who have shown that the vapor moves from the warmer to the colder side in

. an enclosed porous material, wht1e‘the'1iquid‘f10w occurs from the wetter

. to the orier'side,-which is usually from the colder to the warmer. Gurr,

Marshall, ‘and Hutton (1952), 1noependent1v confirmed this theory by a djf-
ferent technaque Accord1ng to this approach to the water-flow mechan1sm,
the 11qu1d flow is in the direction of cold to warm, contrary toﬁthe
ear11er hypothe51s The moisture transfer will, take place, initially in
the vapor phase from the warmer to the -colder end, on, the application of

the temperature gradient across the material. .The condensat1on of water

vapor on,#ﬂf‘“co1der side increases the water pressure and consequently the

11qu13<;10ws ih the dtrect1on oppos1te to that of the vapor flow. The .
conduct1ng f11ms govern the path and the extent of the 11qu1d flow in that

direct1on Thus a circu]atTng system comes into ex1stence in which vapor

moves in the d1rect1on of decreasing temperature and 11qu1d moves 1n the

opposite direct1on. The flow in each direction becomes equal wath1n the

o

Y
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cIOsed'syetem'under equilibrium conditions, and is governed'ﬁy the
temperature and pressure gradients and the penneab111ty for the 1iquid
. and vapor phases; respect1ye1y. The above hypothesis ddes not hold
gdod for either very wet or only slightly wet grahular materials. ' ~
Taylor and Cavazza (1954)\agreed with' this hyﬁdthe;;; and with the
help of their experimentaT‘}nvestigation.confirmed that considerable |
amount of mozsture moves in the mater1a1 by both the processes of a1r e
convect1on and vapor diffusion accompanied by a return f1ow of 11qu1d
Evaporat1on in warmer regions and condensat1on in colder ones p1ay an -
1mportant part in the flow-mechanism. Liqu1d flow is affected by the
temperature Qradjent only in an indirect manner. ‘

e

The phenonenon of moisture transfer under a temperature gradient

1n -an unsaturated porous medium, when the coid region is below freezing,

. was 1nves;1gated by Hoekstra (1?66). D1rksen (1964), as quoted by

' -Hoekstra, had already shown the existence of moisture movement in. frozen
soils. Dirksen dndicated that the presence of ice in porous materia]s
changes the process of moisture mbvement The water in the unfrdEEn

- films was a1so shown by HaeE;tra and Chamber1a1n (1964) to be quite mobile.
In 1966 Hoekstra attempted to show that the presence of an ice phase &n

" granular materials under temperature grad1ent greatly enhances the amount -
of moisture transfer., The m01sture transfer by the f10w‘df Tiquid thrqugh
the films of unfrozen wa}er was also found to beraccompanied by the f1ow'

\
<bf vapor, but not to a‘s1gn1f1cant,degree. Thus, the major part, in the
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transfer of moisture in frozen materials, is p]ayed by the process of
11qu1d flow. The unfrozen-water-f11m-th1ckness decreases with decreasxng

temperature, and hence, the .rate of Tiquid flow a]so decreases rapidiy

with decreasing temperature be]ow 0 deg. -C.

-

4 Further attempts.to bring the tieories closer to the observed amounts

P o . /- :
of moisture transferred are conti ously being made. Phjlip and De Vries

(1957) suggested that the ratip«of the temperature graoient in air voids

s

e .
to the o?ﬁ;-a11 temperature/gredient in the system is of the order of two

_to three.~This increased temperature gradient in air voids was thought

to be responsib15,$or the observed increase 'of vapor transfer.

/ : ‘ .
woodside/and Kuzmah (1958). noting .that there was a big discrepanoy .
between the/obsePVeE and the ca]cu]ated moisture flow rates through
porous mater1aJs under temperature grad1ent the observed rates beirg
many t1mes the ca]culated rates based gn vapor d1ffus1on equations,
app11ed a temperature grad1ent across a large scale model of h1gh quartz
_ wet sand and measured the temperature d1str1but1on within the pore Spaces.
They found that the ratio of the temperature grad1ent in the\pore spaces
' to the oVer-aT1 applied gradient was as 1arge as six. They suggested
£$§§ that approx1mate1y the same rat1o ex1sts between the respective vapar o

pressure gradients. According to the hypothesis propose by Noods1de and

Kuzmak, the fTow mechan1sm consists of mu1t1p1e vapor-diffysion and

1iquid-flow steps. The 11qu1d ~flow rate is governed by t pressurea
grad1ents and it encounters very Tittle res1stance in its flow-path.
. ' .ﬂ\\
/ - \K,“ .

L
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Thé\fact that the femberature and consequently the pressure gradienfs are
of fhg order of six times the over-all gradients previously, used to cal- -
- culate the flow rate,ﬁaccording to these investigators, at least, bartia1-

1y explained the discrepancy.

) flc

'f\_
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N Appelidix.' H

A RE!QEW OF THEORIES REGARDING
TRANSFER OF HEAT BY MOISTURE IN -
RESPONSE TO TEMPERATURE GRADIENT

. “ At the time when it waé first established that moisture migrates

to the colder reéion in response to temperature gradient, very few

workers accepted the suggest:on that the. increase Jin the heat transmis-

sion process in moist materials might be part1y, at least, due to the

heat carr1ed by the m1grat1ng vapor. Later on, as 1nvest1gators were

trying to postuiate th; mechanism of mo1sture-m1grat1on in porous

materna1s under temperature grad1ent and were suggesting d1fferent T f :

hypothesis, the fact that the mo1sture—magrat1on contﬂ¥putes to the &
iheatftransmission process in porous mater1a15, gradua}}é became acceptéa.

It was concluded from the eiperiments that the heat-transmission process

.was not only 1nfﬁuenced by the amount of moistyre present, but also by

. the rate of moisture-movement.

4 "

Moisture;inéreases~the thermal conductivity of the'porous.mater1a1s
ma1n1§~1n two ways. F1fst1y, the sens1b1e heat which is transterred by
conduction and which finds water paths more conductive than air -

-~ (Joy, 1957), and secondly, the Jatent heat carr1ed through the porous

material by-héter yapor_moﬁément'under-the inf1uence of differences in ‘

- 225 -.
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. vapor pressure, According to Joy, these'twd processes are essentially

Aindependent of each other, but an 1nterchange from one mechan1sm to. the

-

other 1s poss1b1e along the path The operat1ng temperature the tempera-

: tureagradient, and the vapor penneab111ty of the material govern the

-

-Tatent heat mechanism, whereas the arrangement of thé solid or the 11qu1d;~-‘ R

forms of the moisture present in the mater1a1 govern the,sens1b1e heat

oomponent of the over-all heat transfer_p;ocess. -

T “/’ ’
.-'/,

Cammerer (1964) in/h1s survey of the 1nternat1ona1 11terature up to

/

1957 on theewnf]uence of hum1d1ty on the heat transfer process in porous

/

,fmaterials, has credited Kr1scher and his co-worker (Kr1scher 1934;

" and (5) formation of bridges on the surface of contact between the solid

Kr1scher and Rohna1ter, 1937 Kr1scher and Rohna1ter 1940; Krischer, 19412

5
w1tb c1ar1fy1ng the physical reasons for the increase in the heat conduc-

tivity of porous materials with increasing moisture content. _Kr1scher
has shown that among the various kinds of heat transfer processes occur-
ring 1in a;particu1ar air-fii]ed.pore'in a moist material, the process of |
vapor diffusion p1a}s the most important part. Some of the other heat
transfer processes taking place in air-filled. pores of moist materials,
as suggested by Krischer, are: (1) mpTecu1ar heat conduct1on by the
air, (2} air convect1onl1n the pores, (3) radjet1on between pore walls,
(4) replacement of some of the pore air by water (a better ¢ohduotor),

~

components by the water. . ' £

\



- 227 -

4

Considering the mo1ecq1ar heat conductioﬁ‘and the heat transfer .
due to vapor diffusion, Krischer (1941) calculated the eqdivalent coef-
ficient of thermal conductiyity of the po?é éfr. ~The latent Eeat of -

gvaporation of wateris transferred by the diffusion of the water vapor

hY

in the air in the pore space. This movement of moisture is defined by
Stefan's d%ffusioﬁvlaw o - |

“Hog . dp
W = -3l _P v

' & o
W v RVT .ppv‘dx - _ !

“ ~
v

where W, is the rate of water vapor diffusing per unit of cross-
" sectional area of the pore, [kgm/m?h],' |
uysp s the QFffusion coeffiéient'of=water'vapor in a{r,
[mzlﬁ] ,

;L, is the air pressure, [ka/m?],

p, is the partial pressure of water vapor, [kg/mz],
R, 1s the gas constant for water-vapor, [ kg/kgm-k],
T  is the apsoTute temperature, (K],

-

.and X A’ié the Tength coordinate,’@m}.

An assumpt1on was made at this stage that the vapor pressure is -
eqhaI to the normal saturation vgpor pressure. In rea11ty, this cond1t1on
: ¢

is generally fulfilled to a good approximation if the moisture contentl1s

—_——

not Qery Jow. If the walls of the pores are assumed to be wet so that
saturation pressure "exists, then the saturation'pressure can be expressed -_-

as funct10n of the temperature, and the express1on for w could be

rewritten as . ~ o {/( o
- . dp _ ~
air _p v
Wy = - R.T p-p, dI &x - . , > \

o a
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Krischer experimentally stuﬁied the diffusion between the wetted wa115‘-

.
of‘a‘greatly enlarged model of a pore, under the 1nf1uence of temperature AN

\~

‘gradients. From his experiments the following vaTue of the d1ffu510n \\\\\\
coeff1c1ent resulted, '

2.3, - |
239 f T

Mair T Tp ('57'5) cm?/sec, .0 | (3)
where p is in g/cm?,
or . \ _ . . - i :

‘ ' T 2.3 : | | | '

gy = 0-086 ('27’5) @ m2/h , o (4):

where' p is in -kg/mz. \~‘<:\\

‘) -

[

Denoting the amount of heat.traag¥efreq by diffusion of the water

_vapor in air by st and the latent heat of evaporation of water by L,
. the expression’for heat flux is written ay\\\\\ -

. P _QV ’ (5) |
or
° (6)
Q, |
where ) 4 L
’ N _ Fair 2 t_~9v~j*""““' Y
' -p dT
v, PPy o _
Thus;23, represents,Ihe-equ1valent heat conduct1v1ty of a moist pore —
v o -

due tOftha - transfer of 1atent heat. The overall conduct1v1ty R of the

. he d1ffus1on
m01st pong\iiziggy therefore be expressed as the sum of t

component, Ay and the thermal conduct1v1ty of the a1r, Ay Kr1scher

T




\\\\\ . with water.‘ Th1s part1cu1ar tempe:ature point, accord1ng to Cammerer -4

~229 -, - | v
- p1otted on a A—T scale, the rapid 1ncrease ]n A1 “due to water vapor

1d1ffus1on in’ a1r with rise 1n temperature as is shown in F1g 1. The

correspond1ng va1ues for water and air were also 1nc1uded by Kr1scher in
his p1ot The thermal conductiv1t1es of air and water increase w1th

‘temperature but not as much as the diffusion component At 0 deg C the

e N

diffusion component 1s more or Tess equal to the conduct1v1ty of air: )

" At 59.3 deq. C, AI .equals A ’ that is, the rate of heat transfer
. g
through wetted pores is as- great as 1f these spaces were comp]ete1y f1]1ed 3

g

(op cit ) is found to vaxy somewhat’an the inte natuona1 J1terature,‘

depend1ng on the coefff’/ent of diffusion of the water vapor However,

R

for all pract1ca1\purposes 1t cou]d be said thatat approx1mate1y

Go\oeg C, the coeff1c1ent of thermal conduct1v1ty of a mo1st porous -
mate\ al is 1ndependent\of the magn1tude of the water content and equaI
to t::t\for complete pore saturat1on Above this temperature heat is
transferred at a h1gher rate in the pores of a moist mater1aT f111ed w1th

air than 1f mp]ete]y filled with water.

LN
e o . - \ P . -
The 1ncrease\1n the water content above 60 deg C will cause the

-

conduct1v1ty to fa11 by d1nnn1sh1ng the volume fract1on of air “space, |
“ whereas the increase 1n the water c;\tent be]ow 60 deg. C will cause the
‘ econductivity to r1se toward ca value t ED deg. C. -Figure: 2.shows the
| var1at10n in the coefficiént of therma] oonduct1v1ty\n1th the mo1sture
content below, at, and above\Qg deg. ; The" f1gure shows that at Tow

moisture contents the conductivity changes more rap1d1y with temperatﬁ

' - \.\ /‘./\ n_\
- . T ‘ N
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contents, because of the decrease of vapor pressure with decreas1ng

a moisture content. : S R

s T - -
- o - CON e N
. _ - : s
A .
than at hdgh ao1sture content.‘zAt very 1ow mo1sture contents every

]
pore wa11 s no Tonger coated with a film of water, and the d1ffus1on

component of the heat transfer does not reta1n 1ts full value.. Hence,

.~ for fully dry state the curves 1n Fig 2 must. descend from the 11m1t1ng

m01sture content to the dry state as shown by. the dotted lines. The
1fa1ting moisture content accord1ng to Kr1§cher, is equa] to the

hygroscopic mo1sture content, and 1t is affected by the nature of the

-

4

'7cap111ar1es in the material , S B

De Vries (1952a) also seemed‘to have"arrived at sﬁmi1ar‘conclusions
regardino'the effect'of the moisture-content on the coefficient of
thermal conductivity This was t]lustrated by‘him by-the experimental
va]ues for, sand at different temperatures as reported here 9n Fig. 3

According to De Vries, Krischer's.theory is not valid at Tow mo1sture '

F-

X

In the last few pages, so far, the phenomenon of heat transfer-due

'to diffusion of water vapor in pore spaces on]y has been discussed.
There is yet another ang1e through which theaphenomenon of heat transfer
'due to water vapor d1ffus1on could be studied, and that is, to cons1der

nAthe behavior of the material as a who]e rather than that of on1y a T

partlcu]ar pore in the material. The fo1low1ng few" pages deaT\grec1se1y

o . =

with this-aspect.




o 33 g

T A

_ S

bl

e B rﬁlm....n_..::wo_h.@n.v.,s.

L 0E .Gz . 02 .. . Sl

- ¥nIsIon 8 JHNIVYIINEL NO ALIALONGNOD A0

 NOLLVIMVA god .

_
. )

T I

'

S By b /i -oooz:

—




.- 23¢iF .
The transfer of mo1sture 1s a diffusion process and as such
accord1ng to sone workers (e.g. Babb1tt 1939; Noods1de and Cliffe,

©1959; Sereda and Hutcheon, 1965) obeys the simple form of Fick's law,

which s §1m11ar'to Fourier's equation for the transfér of heat. Therefore,

=]

having found that Fick's law does satisfacto:}ly explain the vapor dif-
fusion prqcess in granular mater1a1s, all the .mathematical analysis .

developed for thermal-applications becomes avoiTable for this'stody as

we]1l

-

- The equat1on used to descr1be the process of water vapor d1ffus1on
_ through mater1a1s, based on a s1mp1e form of F1ck s Law, is

—_.ga ;.‘7' a3
M= _ : | (8)

where“ W, is tholfToﬁ rato per unif aroacighunit time,
~p .1is the vapor présoure, | ‘
,hi is the distance along the flow path,
dp/dx 1s the vapor pfésiure gfadient,
“and u ~ is the vaoor-pefmeability (diffusion coefficient) of . .
' the mater1a1 | - _' |
Th1s u here 15 d1fferent from that appear1ng in Eq.(2). The water-
vapor permeab111ty of the mater1a1, Wy appear1ng here. in Eq (8) may.

be def1ned as the flow rate of vapor per wmit area of the material’ when |

the material is bubjected to a'unit pressure gradient.

“ Assuﬁing that the saturation vapor pressure conditions exist in the

material, the vapor pressure gradient may be.wr1tten as

- @
oogf S

-0

e mmamtrna.
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.‘where dT/dx is the temperature gradient - Each un1t of mass of dif-

fusing vapor absorbs the latent heat L at the warmer end of the

‘_materia] where it evaporates and~re1eases the same at the co1der end .
b -

where it condenses Th1s process acts in paral1e1 to the heat transfer-

mechanism If the amount of” heat transferred by d1ffus1on process is

denoted by Q ’ then

v

,ov-‘- utgg B ' o : o)
Qv =T “L%‘%gl L | _ - -y (1‘1.)
or. . o . . ) _ o
. Q, - Av glJ - o . j. ‘ fﬁﬂ\i-\éjz) L
where ‘A\;'-ul:%% LT S o e

.\

- The coeff1c1ent of d1ffus1on, B can e1ther be found exper1menta11y \

for a mo1st mater1a1 in question, or it coqu be calculated us1ng the -

3

emp1r1ca] re1a?1onsh1ps ava11ab1e in the 11terature Penman's (1940)

emp1r1ca1 relaﬁnonsh1p bgtw vapor permeab111ty and poroS1ty P for

dry or moist soils j L |
. e ™AL 5P-u‘a1-r, : g ‘ - S . . (14)
- where Haip ¥s the diffusion coefficient. for water vapor through air

(same as that appearing in £q.(2)),and P is the air-filled poyegly, -
that is, the tota] poros1t ess the vo]umetriCAwater content Woodside

f

(1959) has d1scussed the use of. certa1n equations for the est1mat1on of

-:tﬁE‘S:ter vapor permeab111ty of porous media. 'The cup or dish method is

gene 1y used for the exper1menta1 determinat1on of the: average va]ue of,
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the pérmeability.
.’/-‘ ‘ |

In reality; the phenomenon of nater vapor transter in porous media

: is much more- comp11cated than a simple d1ffus1on process Hence, the
.use ‘of s1mp1e diffusion equations for the est1mat1on of the heat transfer
due to vapor movement in -porous med1a could in most o; the cases, be
cons1dered to be a somewhat ogest1onab1e procedure But in order to
‘obta1n a work1ng basis for ‘the analysis of this problem, it becomes es-
sential to treat the vapor-transfer as a s1mp1e d1ffus1 henomenon and
to make use of the various equat1ons that have\h\en found to hold for
such phenomena. For all practical purposes, the errors introduced in

the est1mat1on due to this assumpt1on accord1ng to Ba b1tt (1939) may
be much snag}er than those 1ntroduped byrotgerxonaiz1dabj
as variat{ons in materials, paoﬁing arrangement, Ste. B

F\ . Philip and De Vr1es (1957) attempted to exp1a1n in deta11

factors, such

<xmenta1 data on vapor diffusion in terms of the mechanTsms ofrvapor d1f—
fusoon and ]1qu1d movement by cap111ary Later, De Vr1es (1958) presented f\\\;
& genera11zed equatqon of s1mu1taneous transfer of heat and mo1sture 1n |
porous medta; He cons1dered heat transfer by\\\asture movement in

greater detail, and took 1nto account..the-heat of wett1ng and transfer

S

of sensible heat. De Vr1es theory was based on the assumptaon that heat N
sources and sinks arising from evaporation - condensat1on and wett1ng- RS

T - . drying are distributed uniformly in the material, and EEEE_EhEﬂPTOQESS \

P
.
-

\\\\\ of heat transfer takes place uniformly:‘throughout the porous méteria].

’ o ‘ . .
. ) - iy - -
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. However, in rea11ty, De Vries adm1tted that vapor transfer and 11qu1d

porous media under temperature gradient.” N

- 237 <

movement take place only 1n air-f111ed pore spaces and in the water-
filled pore spaces, respect1ve1y, while evaporat1on and condensation take
p]ace ‘at the water-air 1nterfaces A complete ana1yt1ca1 treatment of
these processes would have led‘him to a ‘microscopic study of heat and

moisture transfer in porous media. He found such an ana]ys1s extremely

‘difficult and left it unattempted.

¥

Ana1yt1ca1 as we11 as exper1menta1 work on the heat and mass transfer
in capiliary-porous bod1es has alsosbeen presented by Lu1kov (1964) in an

attempt to enhance the understanding of the heat transfer processes in

—
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