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'S8 UMMA RY

In-place test studies on glass wool lnsulated
six 1.nches thick wall of g cold storage, conducted at
University of Roorkee during summer consoon in 1963 ,
revealed remarkable variations of apparent conductivity
*k’ with packing ddnsity. s The heat transfer across the
wall was measured by means of heat- flow-moeters put at
exterior and interior faCes and temperature distribut-
ion was measured by means of several thexymo couples
placed at the faces and in the body of the ;nsulation.
The temperature distribution curves were plotted and by
draving tangents at the inter-faces dt/dL values
were obtained. Fourier’s Law of steady state heat con-
duction was applied to obtain thgrmal condue tivity by
dividing beat flow rate by dt/dL. Three days’ time
was glven before recording the dgta to ensure that the
insulation was nearly in thermal equilibyrium ., The
temperature distribution curves in all the cases were
convex upward (when T as ordinate L as abscissa),
thereby giving a steeper temperature gradient on cold
side. For a prgCtically constant rate of heat flow this

meant a decreased 'k’ value at low temperature, _ AL _

any packing density the conductivity was found higher
abt_bigher temperatire,



The effect of packing density on °k* vélue
was also observed. Densities weroc changed by remo-
ving or adding the insulation layers. MNoisture con-
tents in the insulatlon vwere obtained for every sot
of packing density by taking insulation samples from
both the cold and hot sldes in alr tight glass welgh-
ing bottles and calculating the percentage loss in
velght after drying at 105 desg. C in the oven. It
was observed that as the density 1increased conducti-
vity decreased till a density of 4.125 lbs/cubic feet
‘was reached when 1t wvas minimum 0.336 BI'U inch/sq. t.
hr, deg., ¥ at 85 deg. _F s and 0.241 at 42 deg. F.
T_he average molsture content at 85 deg. F mean tempa-
rature wasA(‘)a‘S% while that at 42 deg. F mean tempera-
ture was 7,0_%, 7 Any.further'inc rease in denslty resul-
ted in increase of conductivity. When the density
was reduced to 2. 25@?cu. ft., the conductivity
increased to 0.580 that is 75.6% at 85 deg. I’ and
to 0.336 that 1s 39.4 percent at 42 deg. F. A greater
rise at 85 deg. F being att ributed to radiation effect
being greater at higher mean temperatures. The above
results were obtained from innbtion slabs without
using any vapour barler and where 85 deg. F indicated
the hot gace temperature while 42 deg. F indicated
the colvg.i face temperature. Three densities wore
tried with the use of vapour barrier on the hot side
‘while the cold side was kKopt exposed to the refri- |
gerated space., For ehanging the packing density ths



vapour barrier was removéd and again put every titﬁe.
Bec ause of partial removal of molsture the conducti-
vity decreased from_ those _at the sgme packing density
and wit.hout vapour barrier, At the _density of 4,125
ibs/cu. ft. the conductivity decreases from b.336

to 6.334 that 1s 6.63 at 81 deg. F for a decrease

of 0.11 % in moisture and from b.zg:; to 0.225,

that 1s 6.6% at 42 deg. F for a decrease of 1.4 *
in moisture content , . temperature dependency of x’

beling neglected between 81 deg. F and 85 deg. F,



I NTRODUCTION

There are many factors and conditions which
effect the thermal conductivity of insulating mater-
tals. Some of these are within the mgterials them-
selves, some are result of conditions under which
heat transfer takes place and other s are within
the mechaxiisr_n by which heat is transferred through
the material, Some of the factors inherent in the
material are structure, density and molsture cc'mte_'nt';
‘Some of those which may be attributed to conditions
under which heat is transferred are mean temperature
arid in some cases ‘_origntatj.qn e_if test sample. l‘bst
¢ hanges yhic_;h effect the ovarall rate of heat ft;rans-;
fer, <through the sample w:t.ll alsc disturb the :ela;-
tionship between the amounts given off by radiation,
convection or conduction. An ghalysis of the
effect on thermal conductivity of a given material
c aus;d by changing any one of the foregoirg factors
may thus become very complicated. For instance,
inc reasing the density of a material may either ‘
increase or decrease 1ts thermal conductivity dep~-
ending upon the structure of the material and the
range over which the density 1s changed, The mois-
ture content will have a greater effect on the
thermal conductivity of some materlals than on

others . Iikewise the orientation of a sample,



that 1s, the direction of heast flow through
the sample may have a majoxr effcct on some
samples w_hile on others there may be no effect

what-sgso-ocver,

-- As 1s well known, heat is transforred
through most insulating matarials by a combina-
tion of conduction, convection and radiation.
Any change ‘4in the st ructure, density or moisture
content of the sample or Variation of test cond-
itions will usually affect differently the rate -
of heat transfer by various methods, The over-
all effect may be one of increasing or deerea:sing
the conductivity, | | | |

) The purpoée of the work described here
was to .set up test conditions and to provide
apparatus by wh.i.ch in-place test studles Be con-
ducted on glass wool insulated six inches thick
cold storage wall, No attempt wag made to cover a.
long 1list of factors affecting the t_he:mal ¢ oNnd=
uctivity so as to furnish a complete analysis
of the conductivity as affected by thoese factors.
However, the variation of thermal conductivity with
density of packing with and without vapour barrier so
as to include the effect of moisture was thoroughly
studied, '



The use of laboratory thermal conduc-
Eivities was questioned due to the effect of
molsture distribution within the insulating
walls. Moreover the thermal conductivity
tests made in the laboratory will not tell
the true story of the performance of the in-
sulating materials under actual conditions of
usage because of difficulty rather impossibi- |
lity of duplicating field condltions 1n the |
ivlébéraih:orly._ . N | -
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METHOD US BE D.

Glass wool is a fibrous material with
a large amount of alr in a continuous air_type
of arrangement. Heat 1s transferred mrjoss'the
alr spaces by radiation, conduction, and (or)
convection., If the open spactes are small, as
would occur when tightly packed, the trans fer
of heat is by radliation across the space, by
conduction of alr in the a}r space, and by
solid conduction of fibres, With relatively »
small temperature drops across the alr spaces,
the heat transfer through the whole mass may
be taken as by conduction, But in case of loos-
ely packed wool the radiation becomes an imp-
ortant factor with a greater temperature difference
across the alr spaces, Furthermore, convection
currents are also set up. In such a cases, a
coe fficient of conductivity cannot correctly represent
its apparent conductivity, S8ince it has been a
common practice among engineers to employ a
*k* valye for all sorts of materials, the total
heat transmitted by all the modes will be taken
as conducted through the insulation and Fourier’s

egquation of heat flow would be applicable. The



'Kk®* value will in a true sense be kapparant

The method will be to determine rate of heat
transfered by heat-meter and the tempe rature
g:adient in.the wall by thermo - couples
placed at dalfferent depths into the
insulation,
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DESCRIPTION OF APPARATUS s

The cold storage on which tests were
conducted was of eight tons capacity, This was
a walk-in-type cooler and housed inside the
laboratory room, The dimens;ons of the colad
room were 12 x 12 x 6% cu, ft, and of 1ts door
were 6 x 24 x % cu, ft. The upper half poOT~
tion of the door was used as the test pannel,
The metallic sheets from both sides of the
door were replaced by 4" thick plywood boards.
The insulation was held in position in the
panel by these two plywood boards which were .
secured to the fra.me' o_f_ _the qpor_ ,by _wood screws.
The inner board was screwed permanently while
the hot side one was removable for the purpose
of adding or removing insulation from the test
pannel to vary the packing density. Heat flow
t hrough the :Lnsulad_:ion was measuread by the

use of heat-meters,

A heat-metercl) is composed of multi-

Junction thermopile arranged in a bakelite

slab, <he thermopile consists of a series of
thermo couples so positioned that one set of
Junctions (hot Junctions) 1s in a plane adjacent
and parallel to one face of the bgkelite slabg
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the other set 0f Junctions ("Cold Junctions™)

13 1in a plane adjacent and parallel to thebther
face of the slab, H2at flow through thae slab
genorates an electromotive force 4due to d4di ffere-
nce in temperature between the hot and cold jJunct-
ions of the thermopile., BEach heat-meter is calibr-
ated by means of guarded-hoplate arrangement and
the callbration constant in B.T.U. per hour sq. ft
mv 1s determined for a given value of heat-meter -
temperature which 1s obtained from t hermocouple
embedded in the heat-meter. The change in tiermo-
pile electromotive force dus to temperaturs occurs
in a consistant manner; correction from the base
calibration i:enlperature may be represented by

the help of a curve. Two heat moters were used one
at the exterior interface and one at interior
interface to mesasure the heat entering and lsav-
ing the wall, A proper thermal contact between
the heat- meter and the board surface was obtalned
by using a very thin soft cloth under the meter
plates, and by pressing the heat meter firmly agai-
nst the board. The cloth also facilitatediheat -
me ter removal, after completing the work, without
any damage to its contact surfizCe with the board.

A mild adhesive like quickfixXx was used and a
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definite precawtion was taken not to allow any

alr film getting entrappod between the meter and
the board., If this be not prevented, the alr
film would cause the heat-meters readings to be

incorrect. )

The hot side meter had a constant of 23.2
BrU/ hr. sq.ft. mv, at 85 deg, F and the cold
side meter had a constant of 11,77 BrU/ hr. sq. ft.
mv, at a temperature of 42 deg. F, as corrected
for the temperatures mentioned with the help of
tenperature correction curves. _These values were
SQpplieci by the heat‘transfer section of Central
Bullding Research Institute Roorkee, through
the cou_rg:esy of which these heat meters were

obtalned.

Copper-constantan thermo-couples were
used for measuring various temperatures. To
determine the temperature distribution across
the insulation, thermocouples were put at the
two interfuces and at one third points of the
insulation pack. Ambient temparatures inside
and outside were determined by keeping hot Junctionms
at five inches distance from the boards into the
space, Five incies long wooden pegs were flxed

to the plywood with gquickfix and hot Jjunction
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were kept at thelr projecting end. The ﬁ%rmo—
couples for the interface temperature were placed
on the plywood boards and kept in position by the
adhesive tape, put slightly off the Junction, A
little of quickfix wgs used to keep the jJjunctions
in contact with the board. However, care was taken
against the use of too much quickflix which would
otherwise form an insulating coating on the hot
Junction, Io put the body thermo-couples in
place correctly, presented a problem, The easiest
way and the one thch was adopted was to use thin
wooden ékeﬁs of‘length 6 inches edual tc the
insulation thickness, which could be inserted into
t he inéulation pack, The thermo;eouples were
fixed at qhe’third points on the skew, Since
wood with much higher thermal conductivity than
the insul  tion, would effect the heat flow meter
readihg, the skew wgs ot placed in the test
space, Test spate 1s the insulation fleld space
enclosed by the heate meters. Instead, three
skews each with two thermo—coﬁples at one thirad
points were inserted into the insulation so as

to form the edges of an imaginary symmetrical
triangular prism enclosing the test space, The
mean of the three in-place thermocouple readings
was taken as the temperature in the test space

at the position of that plane parallel to the-
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tost surfaco., Iikowlse for the intorfaCes,

throe thermo-couples were put on eoch board in
tho pattern of a triangle with the hot Junctions
at verticos. For ambient temperatureos also throo
pegs vere fixed on each board. In all 20 (tvonty)
thormo—couplga“s were usaed with rolative position as

shown in Flg,. 6 ,

The thermo-couples leads were connccted
through a twenty point selector switch to a man-
ually Ope"rated potentiometer. The potentiometoer
had a least count of 0.1 micro volt and was thus
suffieiently purposoful to read the emf. (0.171mv)
gencrated corresponding to the Jlowest temperature
encountered ; 40 deg, F. This is the temperature
at whieh the cold storage was maintained. The ele-
ctrical outputs of the heat-meters were also deliv-

ared to the samae potentiometer.

The Galvanomoter used was moving coil type
with lamp and scale arrangoment and hé.d a sensi-
tivity of 1 mm. / 3 micro volt., when scale was
put at a moter distance fyrom it, 8Six volt stor-
age battery was used for the lamp and two volts
wvere tapped from it for the potentiorzter. A
standard cell was used for the standardization
of the potentiomoter and crushed ico fillcd in o

thormos flask was usod as cold junection.

5.
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DI MBNSIONS & SPRCIFICATIONS:

Itom

Dascription,

Romarks.,

Insulation

2
Tost panel Face Area=24x1% £t

Temperature
measurement

Heat flow
rate
measurement

B, H F,
measurement

Time of
the year.

Place of
In-Place
tests on
¢cold
storage.

Glass wool

- (net)
¥idth = 6inch,

Centre ht., above
ground = 5 ft,

Coppe r-
Constantan thormo
couples.

By heate floOw-
meters,

By portable
potenti ometer,
Galvanometer
(moving coll)

Late Summer
1983 (A~ UE o=
Sept,)

University of
Roorkee (India)

Kopt same for all sots,

Kept same for all sets,
Cold junction temp. 32 deg. F (ico)

Exterior meter- Fabricated and
calibrated by C.B R.I Rod rkece
6 inch dia. 1/16 inch thick.
Constant 22,2 BrU/hr,.sq. £t nv

at 126 deg, Fo

Interior meter - Manufactured by
Bechkman and Whitley, U S.A.

4% inch, sq. plate, 1/16" thick,
Congtant 11,169 BIU/nr,sq. ft.mv
at 80 (_leg. F- :

La_ast count 0.1 z_nic ro volt,

Sensitivity lmm per 3 micro volts,

At gueh time variation in minimum
and naximm tomperatures is not
muge h,

30 deg. N, latitude.
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Before starting the plgnt the whole pack
of insulation vas removed from the panel and
wel ghdd accurately, The pztlt wvas then put back
in the pan3l and three skous och carrying two
thermo-couples were insorted at thelr position.
The outer bosrd was put in placoeo and screwed to

the frama of the door,

| The plant was started .‘It_ maintained a
tomperature of 42,5 (}25) Deg., F, After 3 day’s
(to bring the insulation in thermal equilibrium)
the various t(emperatures‘ and heat flow rates
were measured. Since there was a variation of
5 @oeg., F inside the cold ste.!’jagé, thé reading
wero started Just a fractional Adegree before 40
deg. _F and continued till Just a fractional
dogree after 40 dog. F. In all the truc sonsos
though the ambient inside temperaturc was not
oxectly 40 deg. F but the varlation was too
smell a fraction of a degree to bo detected on the
tomporature gauge with naked eyes. To a falr
dogree of onginecering accurecy it was assuod,
thoreforo, that all the readings were takon when

the inside temperature wvas constant at 40 deg.F.



It was remarkable to note that the outside
temperature was steady all the 24 hours with a very
negligible variation of not more than 1 deg. F, It

was flrstly because of such a time (August-September)

of the year when there was little adsi fferencein the
maximum and minimum temperatures of the day and
secondly due to the storage effect of the laboratory
in which the plant was housed. Thus glving a stabi-
lizing time of three days fOTr each set and taidng
the readings at times when the internal ambient alr
temperature was c¢lose to 40 deg. F and with roughly
consm*n"t'A ou_tside ambient alir temperature, would

gutantee that the thermal state was more or less

steady.

As a matter of fact 1t took slightly more
than 15 mihut_es tec read 20 therﬁb-éouples and two
hqat—metér readings and since the inside tempe rature
went sufficiently off 40on during this time, only
body thermo-couples :(nos.-v 11,12,13,14,15 & 16) and
inter face thermocouples (Nos. 1,2,3,4,5 & 6) and
heat-meter readings were taken. Inside ambient
tempexjature was obtalned from the temperature gauge
provided on the plant and outside temperature from
the thermometer hung outside near the ocuter face of
the panel, These resadlngs were however checked at
times with the thermo-couple readlngs, -Clock
t hermograph was used to find the 24 howr s variations

16 -



]
e N
-t

o = LJIdOR RElLw...G THS QUIER BOARD
SHARGLEG THE PACKIFG DENSITY, AlLu.. .
FOIL U3ZD AS VAPOUR BARRLSR ON THS O
FALE 0. 7T I77TATION PACK IS ALSO

VIsIhL




RSAL"
U\thk
) s
- gg ‘ B ’
£
) ,
[]
; " " 7 -

oD EJAID
- L33,(7.8
THE  BRLCIOT

3 1'00DL




'in the outside conditions and was also placed near

the outerface of the panel.

Fourteen sets of readings were taken in a day
at an interval of nearly one hour for one density
of packing. After completing the set, the outer
board was removed and swung aside as shown in F1g,0.
The glass wool samples from exterlor and interior
interfacesof the pack were taken’in separate alry
tight welghing bottles for moisture content determ-
1nation; The samples were dried at 105 deg. C for
four hours in an electric oven and the loss in welght

due to moisture removal was determined,

The packing density was calculated by dividing

the wéight' of the pack by the volume of the panel
which was nearly 2 cu, ft. (2.04 cu, ft. exactly) .
Several densities of packing below and above the
original one were tested and moisture contents

dotermined for all.

The behaviour of the gkass wool was studied
with vapour barrier also., No vapour dam was used,
A number of holes 3 diameter were drilled in the
inner board to let thevapours move out of the
inglation 1into the cold space, A vapour barrier.
aluminrium foil sheet was put on the outer face of
the pack to check the entry of vapour from outslide
into the insulation,

\7.
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It was observed that an elec‘tro
moti§§ fbréé of 3 micro volts (éorrespcnd-
ing to about 0.2 deg; F pmduééd a deflet;'.--
ﬁion of oné milimat;.é:z'.‘ c;n» the scale and since
th§ aééﬁraf;y in iea.ding the s¢gle was approxi-
-matély one miiimatér thére*‘ore ﬁhe estimated

accuracy o the temperature readings is X 2 Deg. F,

The heat- meter rToadings are estimatead

to be correct to = 2.5 %,

-303~
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RESULTS EVALUATION.

Fourier’s Law for the conduction of heat
states that for steady flow, the rate of heat flow
is equal to the product of three factors : area
of the sectiocn, taken at right angles to the heat
flows; temperature gradient, the change of tempeo ra-
ture per unit length along the path of heat- flow;
and a proportionality factor known as the thermal
conductivity. In the fleld test set up the heat-
meters measured rate of heat flow at the interfaces.
The eé‘uaiiqn for heat flow at the interface may be

written

a/A = x, (4t /DL)

Where ’ ‘ _ v _
q = Rate of heat flow H'U/hr,
A = Interfatial area Of section through

_ which g occursy sq. ft.
dt/4dL = Slope of tangent to the curve of
temperature distribution at
interface, deg. FAnch,
k, = Thermal conductivity at interface
BTU per hour sé. ft. deg. F per inch,

Therefore, the expressicn for conductivity at the

interface is

27.



q/A
at/aL

kiz

With respect to the thermal conductivity of the
insulating material at the interfate, thies equa~

tion may be interpretted as follows 1

The meter-measured heat flow per hr,
per sq.ft, at a given interface divided by the
slope of the tangent to the temperature aAlstri-
bution curve at that interface point is equal
to the thermal conductivity of the insulating
material at the interface.

The curve of t-Qmperature distribution
and the developement of the tangents at the in-
terfaces are 1inportaht considerations in evaluati-
ng the data. The curves of temperature distribu-
tion for eaéh packing density were drawn for the
width of the panel edu&l to the distance between
the inter face surfates of the heat-meters. Since
test conditions were so chosen which ensured
steady conditions the curve of temperature d4ais-
tribution should be practically a stralght line
for a short distance into the insulation, For.
drawing the tangents, the curves were eoexXtrapola~
tzed a 1ittle on both sides and the geometric
property " A tangent 1s a Chord 1in 1ts limiting
case™ was utilized. This method is similar to

28.
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29.

that used by Simons<2). Temperature distribu-

tion curve with tangents located has been shown

for one case in Fig., || . 7The conductivities
reported are those at the interfsces and the tempera-
tures shown are the mean temperatures over the

steady state period of test.

The conductance of the insulation pack
1is obtained by dividing the heat flow rate by
temperature 4di fference across the pack, The
temper-ture taken are the temperatures at int-

erior and exterior interfaces. Expressing sym-

bolically:
q/A
L] =
dt.
Where
c = Conduwetance BrU/nhr. sq.ft. deg. F.

q/A = heat flow rate per unit area.
BrU/sq. ft. hr,

at temperature d4difference betwean aexterior

and interior inter- faces deg. F.

Calculating for the second set,

2.41 A
c - — = 0.0587 BIU/hr.sq. ft.deg.F.
42.1

The heat entering the cold space is

nearly equal to that entering the wall., The former,



contribut;ing to the heat load is of practical
importance and has been taken ‘for calculations.
The design value of conductivity, Xp

is obtained by multiplying the conductance valus
with the insulation thickness,

KDes:lgn = € x L
Where o _
c = Conductance, BlU/hr.sq. ft.deg.F.
L - o Ins‘ulatian thickness in inches,
Calculating for the seco_ndvse‘tz _K&esig_n is equal
to - 0.0587 x 6 = 0.3522 BIU inch/

ht, 5Qe Tt. dego F.

Over all cofficient of heat ¢€ransfer
*U* 1is obtalned by the formula.
| 2 L

1/0 = 1/0" - ¢ ~-)
K Plywood.

Where _
U = 0ve:.=a.11\ coefficient pf-h.eat
tré.nsfer and 1nc1udes' the effect
or‘insuiatioz;z pack and surfacCe
~ filmy BU/hr, sq.ft, deg. F,
U* = QOverall coefficient of heat
| transfer for the test pannel

embracing the affects of insulation

50.



pack, plywb_od,vmd surface f.;!.lm;.
assuming surfaca ﬂ-.lm c_oefﬁclqnts
being same on the plywood as well
as on insulation pack surface.

q/A

Where t, and tl are
t. - t ' ) ‘ '
1 external and 1lnternal

~embient temperatures.

L = thickness of plywocd board in
~ 4nches. .

K = Conducﬁivity of plywocd in BIU
inch/hr, sq.ft. deg. F.

Caleulating U for the second set,
/U = 46/2,47 - (2% ;’4_
) Oa

from which U = 0.0551 BIU/hr. sq.f%. deg. F.

«30s-
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32.

RESULTS
Av, Conduc- | Moisture| Conducti- | Mpigt ' o B/hr| Av,
packing tivity | g% ity | g :Yuiz Kdesign \ moisture
ensity 'welght., ' . . o by
1bs/cft| £t2nr B in/fe% . B io/hr | £87 OF| Lt.
op hr “p £t “F|' .
WITHOUT _VAPOUR BARRIER
at 420F at 85%p
2,260  0.336  7.19% 0,530 0.268% 0.4428 0.071  3.7%
2,750 0.276  6.93% 0.472 0.283% 0.3522 0.0551 3.6%
3.500  0.260  7.124% 0.361 0.278 % 0.2928 0.0656 3.7%
4.125  O.241  7.26% 0.336 0.311% 0.2850 0.0448 3.74%
4.625 0,252  6.89%F  0.3¢8 = 0.305% 0.2970 0.0476 3.64%
WITH VAPOUR BARRIER ON HOT SIDE AND COLD SIDE EXPOSED
at 42°F . at 81°F
3,800 0.232 5.37% 0.347 ' 0.192% 0.2838 0.0450 2.8%
4,125 0.225 5.88% 0.33%4 0.185 § 0.2700 0.0427 3.0%
4.625 0.244 5.61% 0.344

0.1824 0.2882 0.0445 2,99
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DI SC Us SsI ON:

The results will be discussed under

two sub-headlngss:

A,

A, Justi fication of

Resgultss - to show that the results
are reasonable and in
appreclable agreement
with the work done by others,
and are sufficlently
accurate for engineering
use,

B, Analysis of Resultss

JUSTI FICATION OF RESULTSs:

Glass wool is prepared by issulng molten
glass in a small stream from furnace and
brealing the magss into fine fibres by a
blast of steam. This fibrous material

in the form of wool has a hlgh percentage
of volume occupled by alr in the form of
¢ ontinuous open spaces. A space filled
with locse fibrous materlals, for example
rockwool, glasswool, shredded red wood
bark etc. consis-ts largely of alr, The
welght of the l1ime stone or glass is
roughly 165 1lbs/cu. ft, but i f glass wool
be packed in a space to a density of 3 lbs/
cu, ft. 1t would occupy only 2 percent of

volume, the remainder belng air,



The *k®" value of glass wool would obvious-
1y 1ie 1n between those of glass and alr

and appreclably towvards the latter. The
values of conductivity obtained varied

from 0.241 BIU inch, /sq. ft. hr, Deg. F. mi-
nimum to 0.59 maximum, these values belng

at di fferent temperatures and 4different paclk-

ing densities. The conductivity values of glass

, L 4
. and ailr are approximately 5.5 and O. 169( )

respectively which bracket these values and
Justi £y the reéesults. Also the values obtain-
ed are in appreciable agreement to those
cbtained by other workers in this parti-
cular field. Some laboratory tests, of
course ‘have been condw ted on giéss-

- wool but unfortunately, comparatively 1i-
ttle work seems to have been done on its
in-place testing as the author has not so
far come across even a single public gtion
on 1ts inplace data to compare with,

A similar work on in-place testing of red
wood bark fibre was however conducted in

U. S. A. by Edward Simons ,(2). Consulting

1 4
Engineer Syn Francisco, on walls of various
cold storages, ~ Rowley, Jordan and Lander 5
tested at ‘University of Mnnesota magy

i_nsula.tingw materials for condue tivity values

34 .



at different low mean temperatures and

found that for a glass wool specimen {(dry)
one inch thick packed to a density of 1.6S5
1bs/cu. ft. the *k* values a:t:_ 42 deg. F and
85deg F were 0.257 BTU inch, /hr.sq. Tt.Deg.F
and 0.298 respactively. The corresponding
in-place values obtalned by the author are
0.336 B'.BU inch/hr. s:;. e deg. F at 42 deg.F &
O. 59 at 85 deg. F at a sligl‘rbly hi gher density
of 2.25 lbs/u, ft. Queer and Hechler ¢©)
found that *k* values (dry specimen) at pae k-
ing densities of 2.49 and 3. 12 .1bs/cu. . &
at mean temp_erature of 65 d_eg. F were 0.25‘7 &

0.251 respec tirvely while the co rresyondﬁ. ng val-

ues abtait;éd_ by aul:ho_r are 0.397 and 0.322 ‘
‘raspecti.vely’. wj.ti: v'apour barrier on hot |
side am@ cold side exposed, the min:l.mum

and maximum values cbt;ained are, for the
range of packing densities tested, 0.225

at 42 deg.F and 0.347 a.’é 81 deg. F which é:.fe
less than thoss wit hout va.pbur barrier, _I_t_J.,s
Seen. t?;g;t the 13_—_21@26. values are highexr than |
the established laboratory values in all the
S ASaS. The q4ifference being because of .
test conditions being widely d4ifferent in

1 aboratory and the field te-sts.

25
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& investigated the

Allcutt and Ewens
question or: convection in certain insula-

tors, using a square vertical plate
apparatus with a heater sixteen inthes

siu_aré and guard foux; inches wlde surround-
ing tne heater, they found; with thickness
#arying»from onae to fbu? inches,that glass

wool (1.5 lbs/cu. ft) showed a remarkable Vazs-v
iation .o:!'_(gqnd‘luctiv:!.ty with thickness. m,th
increase in thickness, :;.ncrease in the conduc-
tivity was observed. It ?.s Que to the convec-
tion currents in the sample being more at
greater widths and also due to the t::hange in J
contact resistance between the plate and the
sample, Th:ickaess_ belng dj.rferent‘ (e" 1n—p1‘acer,
1" laboratory) in the two\Cases is thérefore,
one of thos e factors which explain theb
increased in-place values over those .obt;ai,ned

(5) - Another

by Rowley, Jordan and Lander ‘
important factor which ‘explalns this incre-
ase 1s molisture in insulation. Mol sture 'ha.s
a pro;noumed efféct on t'he thermal conduc-—
tiv:lﬁj of insulating materials. The
conductivity of water is 4.8 BITU,inch/hr.

Sqe rt. Deg.e F which is more than 15 times
that of glass wool at ordinary temperatures &
packing densities, If moisture 1is present



in insulation one would expect the °k® wvalue
€0 be higher than that of ary material.

The effect of molsture on ‘i:he condue ti-
vity is very dlfficult to determine accC-
urateiy, bec ause in makéng a thermal
donéwtivity test, a t.emp_eratnre ai fferonce
between two sides of the speCimen is main-
talned and molsture always tends to

migrate from warmer to colder side.

In interpretting ‘t';he_seq»re»sulﬁs, 1t shouid
be noted that 311 previous works with
which the in-place v‘%.l‘u‘es have been < cine
pared for agreement were made under | | —

1 aboratory c on'ditions; with extreme ca;re

t aken to pr'ev"ent any condensation of moi st
ure éd_.‘bhin the material., The the-rmé.l-
conductivity measurement as made ;Ln'thé |
ary state (A.S.T.M. Speci fications) in

t he J.aboratéry will not tell the t»ruerstory
of the poerformance of insulating material

under actual condltions of usage.
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ANALYSIS OF RESULIS:

The 1line of temperature -dlstributionacross
the wall is convex upward in all the cases.
For a practical constant prate of heat
flow, the decrease in conductivity to over-
come the steeper temperature gradient on ths
cold side 1s quite evident. It is found that
Pk? value at 85 deg, F 1s greater than that
at_42 deg. F, with average moisture content
of 3,6 percent. This is explained by 3 fac-
" tors - the conductivity of glassfibre, the

- - eonductivity of alr in the alr spaces and

. the inner radlation, all of which increase
- with increase of temperature to give a com-
bined greater value of apparant conductivity

at higher temperature,

' Bee ause the conétitaﬁi‘an of glass wool inv-
olves &ir spaces within the paclk, there is
usually an appreciable amount of heat
transfor by convection and rveadiation. The
amoi:nt‘o f'heat trans ferred by radiation
across an alr space between parallel
surfaces 1s proportional to difference of
fourth porar of surface temperatures.

Thus radiation may be an important faccf:or

in the transmission of s at through a por-

ous material particularly at low packing



density when sufficient temperature

ai fference exlsts across the pore.

Moreover the rate of radiant heat will be
much greater at higher mean temperature
than 1t will be at low even though the
temperature di fference may¥ be same in both
c ases {(because of the fourth power law). Thisg
explains greater change of conduc ti-
vity at lower packing densities for the
same two mean temperatures. A density of
2.25 1bs/cu, Tt. conduetivity Aincreases

from 0.336 BTU inch/hr. sq.ft. deg F.

0 0.59 i.e. 75.6 percent for a temperature
tide from 42 deg. F to 85 deg. F while at
2,75 1lbs/cu, ft. the increase is 611ly 61%

for the same temperature rTise.

It iasa interesting to note that the effect

of moisture 1is much less pronounced than

the effect of conduction radistion and (or)
convection upon conductivity, Therefore,
although at 85 deg. F the moisture is 0.3%
and at 42 deg. F the moisture is '75‘“. the
apparent conductivity at any packing density
was more for the higher temperature i.e.

8% deg. F but for moisture consideration where
1t should have been less.



Since heat is transferred through a material
by conduction, by radiation through open
spaces and by any gas that 1is enclésed
in the material, and sirr e increaseing
the density of a given material changes
1ts charactoristics for heat flow by each
of these three moethods, there is no
simple stralgnht 1ine relation bestween
density and overall conductivitiy, that
will apply to the insulating material.
Two phys icists J.D, Verschoo,z'.and Paul

(7>

Gre_ebler at _,John_ Ha_nville Research

Cent re have derived an expression fot ther-
mal conductivity of gas within insulation,
Expressing symbolically 3

’ L
K = K_ X
cd 2 4 y

: I.f + I.g
Where"

Hcd = Apparent ‘K° due to gas condue-
tion. BIU inch/hr. sq. ft. deg.F,
Lf = Equivalent pore size of fibrous
insulation in microns.
= 0.785 D/f.
D = Fibre diamotor in microns.
i 4 = Fractional wvolume of insulation

occcupliaed by fifbers.

2712
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Lg = Mean free path of gas molecules

4in free gas 4, microns.

Lg 1is a function of temperature and presse—
t:ire. It is 1inversely proportiomal to
pressure and increases with imcrease of

temperature,

Kg = Thermal conduct:l.vity of free

gas BTU 1ne h, /hr. 8q. ﬂ: deg. F :
It is assumed that the :‘[:I.bres lie 1in plénes
pai'allel to mat which they form but that
they are otherwise randomly orianta.ted.
It 15 further assumed that the direction
of heat flow is perpendicular to the
planes in which the fibres lie. This
assumption being coﬁsistent with many prae—
ctical applicatitin Gf:ﬁbrous insulationsg.
Also it 1is assumed that fibres are uniform
in diameter amd that the insulation is free

from any non fibrous solid particles.

At atmospheric pressure the value of L,

1is much less as eompared to Le « As Lg

is dec.reased, 1t has a direct effect on
Keq which decreases with 1t. The dec-

rease in Lg can be effected by increase

in packing density which whieira means that

a1



as the density increases ch decC reases.

Hgat transfer by radiation can be treated
by considering the fibrous insulation as

suc cessivoeo plates of fibres perpendicular
to the direction of heat flow. The éverage
S‘pacing between the plates is Lg, since this
1s the average distance that a pho‘bon of the
radiation fleld can move 1in the direction
of heat flow before encountering a fibre.
‘The expression for the apparant condwtivity
contributed by radiation has been derived by
physicists J.D.Verschoor and ?é.ixl Gre-e.ble.r{'?).

3
. - T L_
K"='2.‘?4x1013 -~ 4
ra
aZ .
Whe re . o
K. = _Apparent *K* due to radiation
BTU inch/hr. sq.ft. deg.F
va = Absolute mean temperature in
Deg. R,
I;f = as beforey, pore size in m cron,
a = Fraction of incident radlant
L energy absorbed by a fibre, di-
mensionless, _

It is evident that -Kfa like c% deCcroases with
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decrease of Leg 4, that is, with increase

in packing density,

Convection rate of heat transfer also has

a direct bearing on Lg. Glass wool consigts
;argeiy of éir and since the alr paés_ages are
continuous they offer little resistance to
Qixr fiow whenv loosely pa?:keci or coOnver-

seiy high resistance to convaection curronts

when c¢losely packed thus decCreasing Ko

with increase of density, that is, with
decrease of L.

Fig. 12 shows that 1n the curve for 85 deg.F
the "K' valw at bulk density of 2.25
lbs/cu, ft. is 0.59 BIU inch, /hr.sq.ft.deg.F
which falls to 0.336 as dengity 1is increa-
sed to 4,125 lbs/cu. ft. At the low packing
density, f, the fractional volume occupied
by the fibres is much less with the result
that Le , the effective pore size, which
varles inversely with £ has a hligh magnitude.
A8 the denslity 1s increased more fibres come

in to space thereby increasing f and decreso-

sing Le , K_ - K ire
g Lg Ka » Ko and Kra belng d.i_.roctly

dependant upon [ also decrease with dec rease

in Lf. But there is another contributory factor



to ’K* - the series solild conduetion, which

acts otherwlse. Sefrles sold conduction con-
tr:j.bul_'.es a percentage of total thermal con~-
ductivity equal to the volume fraction of the

fipre present_. Tl;ﬁ.s fac.f:or being directly

dependant upon f, increases with decreasé

in Le thus always acting in opposition to

the previous three factorg which decrease with dec-

rése in L, Thus wherecas Koa » K¢ » K., have

decreasing effect on *K* , the solid conduc-
tion calling the corresponding conductivity
by Ks s has an increasing effect, At any
packing density the *K* value i1s the summa-
tion of all thg fou_r values that is Ki;:d ’

Kcv » Kra » ‘Ks- The curve of (K,

cd+

K,, + K, 1f be drawn agalnst packing
density , wlill be a dropping curve while

that of K, will be a rising curve. It will

be seen that a density of 2.25 lbs/u, ft.

the *K*' value is 0.59, HfUinch/hr. sq. ft. deg.F,
As the density is increased the decrease in

-, . ‘
(ch cK.v Kra ) 4is much more than the

increase 1n_Ks with the result that there
is a net decrease in °*K* valug;" Ti1ll the
packing density of 4,125 lbs/cu. ft. is rea~

¢ched whera the increass in ’Ks * nullifies



the decrease in (K, 43 + Koy + K., ) . This

is the value of packing density at which

*K*; the overall conduetivity is minimum.

Any further packing would m=san the increase

in K, over weightng the decrease 1n (Kpog

+ K + K ) with the result of net increase
cv ra

in *K*', the overall apparant conductivity,

Molsture is one of the most 4ifficult prob-
lems to cope with in an insulated low temps-
rature structure, For ccld storages moigture
¢enetration 1s most serious during summer
when the outdoor temperature and absolute
humidity are high while the indoor temperature
and absolute humidity are low. These condi-
rlons cause a differenCe in the vapour
pressure outside and inside of the cold
storage which forces the moisture into the
insulation through the outside surface., Ag
the p wvapour passes through the wall towards
the inner side, 1t soon falls to a temperat-
ure corresponding to the dew point which cg-
uses condensation and moisture accumulation
in the insulation, When a vapour barrier is
Placed on the outside surface of the insula-

tion it gects to reduce tlms vapour flow from



outside into the insulation, If the inside
surface be exposed, the vapour presaureﬁ g:éa—-
dients from the body of the insulation to
t"he; conditions at the surface of the refri-
gerating coil tend to cause vapour €Low into
the refrigerated spate with the result of
net decraase 1n overall moisture, content
in the insulation, As already dilscussed

t he coﬁc'{mtivitj of the insulating material -

;detzre'asgé’ with dacrease in its moisture

¢content, the &ffect of vapour barrier in e aus~

ing a decrsase -1n the condmtivity is evident.

The 'de'c;reas:ie; ‘in,.alveragve moisture content do>
to applying ixra_.po'ur‘__ba,rrier was only from '3.65%
£é. 2. 9% wil;ia thé result the corresponding

deec ra"ase- in conductivity was not much, . One
:_reas'ox.il for a small decrease in average molisture
content n;afy' be attributed to a small period

of time (4 days) given to every set. for attain-
ing stabilized conditions and the other to -
the pértié.l lexpgsure‘ o f the cold surface.

Bec ause vo:‘t heat meter dboing placed on the
waooden board , 1t was not possible to remove

the board sO as to give full exposure to t:ixe

sur face, ‘However sufficient number of 3" holes |

were made in the board to create conditions as
nearly to the full exposure. )
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- E€_O NC L USI ONS =

From the In-place Testing of six

:_I.nc_hes thick glass wool insulated wall of a

cold storgge,the following conclusions are

de riveds

1.

4.

In-place thermal conduc tivity values

are higher than the laboratory values,

Thermal condmtiv;ty is higher at

higher temperature.

All other factors affectingthe c onduc—
tivity remalning constant, there is a 7
:Eirgit_e value of packing density at which
thermal conductivity 1s minimum, |

Vapour barrier affects in decreasing

the thermal conductivity,

-3
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