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S UMMAR 

In-place test studies on glass wool insulated 
six inches thick wall of a cold storage, conducted at 
University of Roorkee during summer monsoon In 1963 ,, 
revealed remarkable variations of apparent conductivity 
•k with pacld.ng ddnsityy i The heat transfer across the 
wall was measured by means of heat- flow-meters put at 
exterior and interior faces and temperature distribut- 
i on was measured by means of several thermos couples 
placed at the faces and in the body of the insulation. 
The temperature distribution curves were plotted and by 
drawing tangents at the inter., faces dt/dL values 
were obtained. Fourier'' s Law of steady state heat con. 
duc ti on was applied to obtain thermal conductivity by 
dividing beat flow rate by dt/dL. Three days* time 
was given before recording the data to ensure that the 
insulation was nearly in thermal equilibrium . The 
temperature distribution curves in all the cases were 
Convex upward (when T as ordinate L as abscissa) i 
thereby giving a steeper temperature gradient on cold 
side. Fbr a practically constant rate of heat flow this 
meanta decreased •k' value at low temperature. 
anY packingdensity the conductivityy was found higher 
at t~Ite tc~~nne3~atre 



The effect of packing density on ''lc° value 
was also observed. Densities wero changed by reao-
ving or adding the insulation layers. Moisture con-
tents in the insulation were obtained' fbr every set 
of packing density by taking insulation samples from 
both the cold and hot sides in air tight glass weigh-
ing bottles and calculating the percentage loss in 
weight after drying at 305 deg, C in the oven, it 
was observed that as the density Increased condueti-
vity decreased till a density of 4.1.25 lbs/cubic feet 
was reached when it was minimum 0.336 BTU inch/sq. ft. 
hr. deg. F at 85 dog. F q and 0.241 at 42 deg. F. 
The average moisturecontent at .85 deg. F mean tempe-
rature was 0.3% while that at 42 deg. F mean tempera-
ture was i.o%« Any further Increase in density resul-
ted in increase of conductivity. When the density 
was reduced to 2.25 onsfcu. ft., the conductivity 
i no reased to 0.590 that ~i is 75.6% at 35 deg. I` and 
to 0.336 that Is 39.4 percent at 42 dog. F. A greater 
rise at 85 dog. F being attributed to radiation affect 
being greater at higher mean temperatures. The above 
results were obtained from innbtion 	slabs without 
using any vapour barter and where 85 deg, F indicated 
the hot gate temperature while 42 dog. F indicated 
the cold face temperature. Three densities were 
tried with the use of vapour barrier on the hot side 
while the cold side was kept exposed to the refri-
gerated space. For changing the packing density the 



vapour barrier was removed end again put every time. 
Because of partial. removal of moisture the conducti. 
vi ty decreased from thosee at the same packing density 

and without vapour barrier. At the density of 4.125 

lbs/cu. ft. the conductivity decreases from 0.336 

to 0.334 that is 0.6% at 81 deg. P fbr a decrease 
of 0.11 S in moisture and from 0.241 to 0.225, 

that is 6.6% at 42 deg. F fbr a decrease of 1.4 5 
in moisture content 	temperature dependency of 'k' 
being neglected between 81. deg. F and 85 deg. F. 

3. 



INTRODUCTION 

There are many factors and conditions which 
effect the thermal conductivity of insulating mater-
tale. Some Of these are within the materials them-
selves, some are result of conditions under which 
heat transfer takes place and other s are within 
the mechanism by which heat is transferred through 
the material. " Some of the factors inherent in the 
material are struacture, density and moisture content. 
Some of those which may be attributed to conditions 
under which heat is transferred are mean temperature 
and in some cases orientation of test sample. Mat 
C hanges which effect the overall rate of heat t rans-
fer, through the sample will also disturb the rela-
tionship between the amounts given off by radiation, 
convection or conduction. An analysis of the 
effect on thermal conductivity of a given material 
caused by changing any one of the fore going factors 
may thus become very complicated. Pr instance,, 
increasing the density of a material may either 
increase or decrease its thermal conductivity dep-
ending upon the structure of the material and the 
range over which the density is changed. The mots-
ture content will have a greater effect on the 
thermal conductivity of some materials than on 
others . Likewise the orientation o f a sample,, 

as 



that is, the direction of heat flow through 
the sample may have a major, e f foc t on some 
samples while on others there, may be no effect 
tr hat- so-over. 

As is well knaiqn, heat is transforred 
through most insulating materials by a c+ mbina-
tion of conduction, convection and radiation. 
Any change in the structure,, 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 Inc reasing or decreasing 
the conductivity. 

The purpose of the work described here 
was to set up test conditions and to provide 
apparatus by which in-placo test studies to con.. 
ducted on glass wool insulated six inches thick 
cold storage walla  No attempt was made to cover a 
long list of factors affecting the thermal c once• 
uctivity so as to furnish a complete .analysis 
of the conductivity as affected by these factors. 
fowevor, the variation of thermal conductivity with 
density of packing with and without vapour barrier so 
as to include the effect of moisture was thoroughly 

5,  

studied. 



The use of laboratory thermal condi .-

tivities was questioned due to the effect of 

moisture 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 inr-

s ul ati ng materials under actual conditions of 
usage because of, di fficulty .r.ather impossibi. 
lity of duplicating field conditions in the 
laboratory. 



METHOD 	U S E D. 

Glass wool is a fibrous material with 
a large amount of air in a continuous air type 
of arrangement. Heat is transferred across the 
air spaces by radiation, conduction, and (or) 
convection. If the open spaces are small, as 
would occur when tightly packed=  the transfer 
of heat is by radiation across the space, by 
conduction of air in the air space, and by 
solid conduction of fibres. With relatively 
small, temperature drops across the air 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 air spaces. Furthermore, convection 
currents are also set up. In such a cases  a 
coefficient of conductivity cannot correctly represent 
its apparent conductivity. Since it has been a 
common practie• 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 
equation of heat flow would be applicable. The 



'k value will in a t rue sense be kapparant 

The method will be to determine rate of heat 

transfered by heat-meter and the temperature 

gradient in the wall by theme - couples 

placed at different depths into the 

insulation. 

u 
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DESCRIPTION OF AP PART US  2 

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 dimensions of the cold 
room were .12 x 12 x 6k Cu. ft. and of its door 
were 6 x 2fr  x k Cu. ft. The upper half por-
tion of the door was used as the test pannel. 
The metallic sheets from both sides of the 
door were replaced by " thick plywood boards. 
The insulation was held in position in the 
panel by these two plywood boards which were 
secured to the frame. of the door 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 
through the insulation was measured by the 
use of heat-peters. 

A heat-meter(1) is composed of multi 
junction thermopile arranged in a bakelite 
slab. Lila  thermopile consists of a series of 
thereto couples so positioned that one set of 
Junctions (hot Junctions) is in a plane adjacent 
and parallel to one face of the bakeli to slab; 

WE 
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the othor set of jur~ctions ("Cold junctions") 
is in a plane adjacent and parallel to thebther 
face of the slab. :iaat flow through the , slab 
generates an electromotive fbrco du to di ffere•-
nc a in temperature between the hot and c OL d junct-
ions of the thermopile. each heat-meter is calibr-
ated by means of guarded-hotplate arrangement and 
the calibration constant in BT. U. per hour sq. ft 
my Is determined for a given value of heat-meter 
temperature which is obtained from thermocouple 
embedded in the heat-meter. The change in ti ermo-
pile electromotive force duo to temperature occurs 
in a consistant manner, correction from the base 
calibration temperature ms.yr be represented by-

the help of a curve„ Two heat meters were used one 
at the exterior Interface and one at interior 
interface to measure the heat entering and leav-
ing the wall. A proper thermal contact between 
the heat. meter and the board surface was obtained 
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 facilitate1heat - 
meter removal, after completing the work, without 
any damage to its contact surface with the board. 
A mild adhesive like quickfix was used and a 
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definite precaution was taken not to allow any 
air film getting entrapped between the meter and 
the board. If this be not prevented, the air 
film would cause the heat-meters readings to be 

inc orrect. 

The hot side meter had a constant of 23.2 
BTU/ hr. sq, ft. my. at 85 deg. F and the cold 
side meter had a constant of 11,77 BTU/ hr. sq. ft. 
mv. at a temperature of 42 deg. F. as corrected 
for the temperatures mentioned with the help of 
temperature correction curves. These values were 
supplied by the heat transfer section of Central 
Building Research Institute Roorkee, through 
the courtesy of which these heat meters were 
obtained. 

Copper..const ant an thermo-couples were 
used for measuring various temperatures. To 
determine the temperature distribution across 
the insulation, thermocouples were put at the 
two interfaces and At one third points of the 
insulation pack. Ambient temp3ratures inside 
and outside were determined by keeping hot junctions 
at five inches distance from the boards into the 
space. Five inc1ies long wooden pegs were fixed 
to the plywood with quickfia and hot junction'  

It- 
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were kept at their projecting end. The termo-
couples fbr 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 quickflg was used to keep the junctions 
in contact with the board. lbwever, care was taken 
against the use o f too mvi h quick fix which would 
otherwise form an insulating coating on the hot 
Junction. To put the body thermo-couples in 
place correctly, presented a problem. The easiest 
war and the one which was adopted was to use thin 
wooden skews of length 6 inches equal to the 
insulation thickness,, which could be inserted into 
the insulation pack. The t hermo-couples were 
fixed at one third points on the skew. Since 
wood with much higher thermal conductivity than 
the insulation, would effect the heat flow meter 
reading, the skew was not placed in the test 
space. Test space is the insulation field space 
enclosed by the heat meters. Instead, three 
skews each with two t hermo-couples at one third 
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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toot surface. Lt? owiso fbr the iatorfacvs 9  
throe thereto-couples were put on each board in 
tho pattern of a triangle with the hot 3unmtierns 
at vortices, For ambient temperatures also throo 
pegs were fixed on each board. In all 20 (twenty) 
thormo-couples were used with relative position as 
shown in Pig, 6 

The thormo- couples leads wore connocted 
through a twenty point selector switch to a man-
ually operated potentiometer. The potentiometer 
had a least count of 0.3. micro volt and was thus 
sufficiently putposo ful to read the em.f. Coo l7lmv) 
generated corresponding to the lowest temperature 
encountered ; 40 deg, F. This is the . temperature 
at which the cold storage was maintained. The ole-
ctrical outputs of the heat-meters were also deliv-
ered to the same potentiometer. 

The Galvanor oter used was moving coil type 
with lamp and scale arrangoment and had a sensi-
tivity of 1 MM.. / 3 micro volt., when scale was 
put at a motor distance frci it, Six volt stox--
ago battery was used fbr the lamp and two volts 
wore tapped from it for the potentior. tor, A 
standard coil was used for the standardization 
of the potentiometer and crushed  1co f31lcd in a 
thermos flask was used as cold junction, 

l3 . 
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DINISI ONS St SP W I FICATI ONS: 

Item Description. Romarks. 

Insulation Glass wool 
T ast panel 

2 Face Area=-2Ix* ft 
- 	 (net) 
Width = 6ineh, Kopt same for all sets. 
Centre ht. abovo 
ground = 5 ft. Kept same for all sets. 

Temperature BA  Copper- Cold junction temp. 32 deg. F (ice) 
measurement Constantan thormo 

couples. 
Heat flow Exterior meter- Fabricated and 
rate By heat-flow- calibrated by C. B, R. I 	Aoo rkeo 
measurement meters. 6 inch dia. 1/16 inch thick. 

Constant 22.2 B.U/hr, sq. ft my 
at 125 deg. F. 
Interior meter - Manufactured by 
Bec hkman and Whitley, N. S. A. 
4?r inch. sq. plate. 1/16" _ thick. 
Constant 11.169 B1tI/hr. sq. f`t. my 
at 80 deg. F. 

E.M.F. By portable . Least count 0.1 micro volt. 
measurement potentiometer, 

Galvanometer Sensitivity 1mm per 3 micro volts. 
(moving coil) 

Time of Late Summor At such time 	variation in minimum 
the year. 1962 {A- ug .- and maxi mum temperatures is not 

Sept..) much. 
Place of 
In.PIace University of 30 deg. N. latitude. 
tests on Roorkee(India) 
cold 
storage. 
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i E S T 	PRMC ED UR,z 

Before starting the pl ant the whole pack 
of insulation was removed from the panel and 
wei ghad accurately. The pack uas then put back 
in the pan3l and three shows each carrying two 
thermo-couples sere inserted at their position. 
Tho outer board was put in placo and screwed to 
the frame of the door, 

The plant was started a It maintained a 
temperature of 42.5 (.±2.5) Deg.° F. After 3 day°  s 
(to bring the insulation in thermal equilibritm) 
the various temperatures and heat floe rates 
were measured. Since there was a variation of 
5 dog. F inside the cold storage, the reading 
wero started just a fractional degree before 40 
dog. F and continued till just a fractional 
dogree after 40 dog. F. In all the true senses 
though the ambient inside temperaturo was not 
ox tly 40 deg. F but the variation was too 
small a fraction of a degree to bo detected on the 
tomporature gauge with naked eyes. To a fair 
dogroe of engineering accuracy it was assuzodq  
t horn Toro g  that all the readings tare taken Yrhon 
the inside temperature was constant at 40 dog. 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. P. It 
was firstly because of such a time (August-September) 
of the year when there was little di fferencein the 
maximum and mini mum temperatures o f the day and 
secondlY due to the storage effect of the laboratory 
in which the plant was loused. Thus giving a stabi-
lizing time of three days for each set and taking 
the readings at times when the internal ambient air 
temperature was close to. 40 deg. F. and with roughly 
c ons tri t outside ambient air temperature, would 
gu antes that the thermal state was more or less 
steady. 

As a matter o f fact it took slightly more 
than 15 minutes to read 20 the rma-Couples and two 
heat-meter readings and since the inside temperature 
went sufficiently off 40°y during this time,, only 
body thermo-couples :(nos..  11, 12,13, 14, 15 & 16) and 
interface thermocouples (Nos. 1, 2,3,4,5 & 6) and 
heat-meter readings were taken. Inside ambient 
temperature was obtained from the temperature gauge 
provided on the plant and outside temperature from 
the thermometer hung outside near the outer face of 
the panel. These readings were however checked at 
times with the thermo-couple readings. Clock 
thermograph was used to find the 24 how s variations 

~6_ 
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in the outside conditions and was also placed near 
the outerface of the panel. 

Fourteen sets o f 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 Fl g. 9. 
The glass wool samples from exterior and interior 
interfacesof the pack were taken in separate air 
tight weighing bottles fbr moisture content determ-
ination. The samples were dried at ] )5 deg. C fbr 
four hours in an electric oven and the loss in weight 
due to moisture removal was determined, 

The packing density was calculated by dividing 
the weight 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 
determined for all. 

The behaviour of the glass wool was studied 
with vapour barrier also. No vapour dam was used. 
A number of holes " diameter were drilled in the 
inner board to let thevapours move out of the 
insulation into the cold space. A vapour barrier, 
aluminium foil sheet was put on the outer race o f 
the pack to check the entry of vapour from outside 
into the insulation. 
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it was observed that an elects 

motive forcee of 3 micro wilts (,co rresgond.- 

Ing to about 0.2 deg. F produced .a deflec-- 

ticn of one milimetor on the scale and since 

the as eu racy in reading the scale was approxi.- 

•mttately one sd.limeter therefore the estimated 

accuracy <C the temperature readings gs is .: 2 Deg. F. 

The heat- meter readings are estimated 

to be correct to * 2,5 %. 

s0s-- 

6. 



R ESU L T S 	E VALUAT I ON . 

Fourier's Law for the conduction of heat 
states that for 'steady- flows, the rate of - h.eat flow 
is equal to the product of three factors z area 
of the section, taken at right angles to the heat 
flow; temperature gradient, the change of tempo ra-
ture per unit length along the path of heat-- flow; 
and a proportionality factor known as the thermal 
conductivity. In the field test set up the heat.► 
meters measured rate of heat flow at the intorfaces. 
The eqUation for _heat Plow at the interface may be 
written 

= k Cdt /DL) 

Who re 
q 	= Rate Of heat flow ffiU/hr. 
A. 	= Znterfacj ai area of section through 

which q cc curs; sq. ft. 
dt/dL 	Slope of tangent to the curve of 

temperature distribution at 
Interface, dog. `/inch, 

ki 	Thermal conductivity  at interface 

BTU per hour s%. ft. deg. F per inch. 

Therefore,, the expression for conductivity at the 
interface is 



k"' 
	VA. 

i  dt/dL 

With respect to the thermal. conductivity of the 
insulating material at the interface, this equ— 
tion may be interpretted as follows : 

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

The, curve of temperature distribution 
and the devb pement of the tangents at the in 
terfaces are important Considerations In evaluati-
ng the data. The curves of temperature distribu-
ti.on for each packing density were drawn fbr the 
width of the panel equal to the distance between 
the interface surfaces of the heat-meters. Since 
test conditions were so chosen which ensured 
steady conditions the curve of temperature di s-
tribution should be practically a straight line 
for a short distance into the insulation. For 
drawing the tangents, the curves were extrapola-. 
ted a little on both sides and the geometric 
property " A tangent is a Chord In its - limiting 
case" was utilized. This method is similar to 
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that used by Simons (,) . Temperature distribu-
tion  curve with tangents located has been shown 
for one case in Fig. I I , The conductivities 
reported are those at the interfaces and the tempera-
tures shown are the mean temperatures over the 
steady state period of test. 

The conductance of the insulation pack 
is obtained by dividing the heat flow rate by 
temperature difference across the pack. The 
temper-ture taken are the temperatures at int-
erior and exterior Interfaces. Ezpressing sym-
bolically: 

q/A 
C 

dt. 

Where 

c 	= C and i t anc a Rr.  U/hr. s q. ft. de g. F. 
q/A .- heat flow rate per unit area. 

BTU/sq. ft. hr. 
dt 	temperature difference between exterior 

and interior inter-faces deg. F. 

Calculating for the second set. 

c 	=_..__ 	-_--_-~~ = 0.0587 BT U/hr.. s q. ft. dog. F. 
42.1 

The heat entering the cold space is 
nearly equal to that entering the wall. The former, 
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c ont ri butt xig to the heat load is of practical 
importance and has been taken °for calculations. 

The design value of conduxtivityi  KD 
is obtained by multiplying the conductance value 
with the insulation thickness. 

KDesign 
	C x L. 

Where 
C 	= Conductance. B tT/hr. sq. 't. deg. F. 
& 	= Insulation thickness in inches.. 

Calculating for the second set 	is equal 

to 	0.0587 x 6 = 0.3522 ] U l ac h/ 
ht. sq. ft, deg. F,. 

Over all cofficient of heat transfer 
1 U' is obtained by the formula. 

K Plywood. 
Whe re 

U 	Overall coefficient of heat 
transfer and Includes the effect 
of insulation pack and surface 
film; EMU/hr. sq. ft. deg. •P. 

U' = Overall coefficient of heat 
transfer for the test pannel 
embracing the affects of insulation 



pack,. plywood,$   and surface film; 
assuming surface film coefficients 
being same on the plywood as well 
as on insulation pack surface. 

q/A _ 	 Where to  and ti  are 
to  - tl  

external and internal 
embient temperatures. 

	

L 	ttii•ckness cf plywood board in 
inches, 

_ ConductiV.ty of plywood In BTU 
inc h/hr, sq. ft. de g. F. 

Calculating  U for the second set. 

	

i/il 	•- 46/2.47  
0.9 

from which U - 0.0551 BW/hr. sq. ft. deg. F. 

3t• 
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RESULTS 

AV. Canduc- Moisture Conducts- Moisture *III B/hr An. 
packing tivity % by vity % by wt design Moist% 
density Bind weight. B iwrt2 B li~/'hr f~t2 	OF % by lbs/cft ft hr br of ft2 0 wt'  

F 

WITHOUT VAPOUR -BARRIER 
at 42°F 	at 

2.250 0.336 7.19% 0.890 0.268% 0.4428 0.071 3.7% 

2.750 0.275 6.93% 0.472 0.283% 0.3622 0.0551 3.6% 

3.500 0.260 7.12% 0.351 0.278 % 0.2928 0.0656 3.7% 

4.125 0.241 7.26% 0.336 0.311% 0.2850 0.0448 3.7% 

4.625 0.252 6.89% 0.348 0.305% 0.2970 0.0476 3.6% 

WITH VAPOUR BARRIER ON HOT SIDE AND COLD SIDE EXPOSED 

at 42°F at 81°F 

3.500 	0.232 5.37% 0.34? 0.192% 	0.2838 0.0450 	2.8% 

4.125 	0.225 5.88% 0.334 0.185 % 	0.2700 0.0427 	3.0% 

4.625 	0.244 5.61% 0.344 0.182% 	0.2892 0.0445 	2.9% 

32. 
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33. 

DI SC US S I © N_ 

The results 'ill be discussed under 
two sub-headings: 

A. J'usti tic ation of 
Results: 	- to show that the results 

are reasonable and in appreciable agreement with the work done by others, 
and are sufficiently 
accurate for engineering use,. 

B. Analysis o f Results; 

A.  JUSTIFICATION OF RSUTS: 

Glass wool is prepared by issding molten 
glass in a small stream from furnace and 
breaking the mass into fine fibres by a 
blast o f steam. This fibrous material 
in the form of wool has a high percent age 
o f volume occupied by air in the form of 
continuous open spaces. A space filled 
with loose fibrous materials,, f'br example 
rackwool , glasswool, shredded red wood 
bark etc. c onsis- is largely of air. The 
weight of the lime stone or glass is 
roughly 165 lbs/c u. ft. but if glass wool 
be packed in a space to a density of 3 lbs/ 
C u. ft. It would occupy only 2 percent of 
volume,, the remainder being air. 
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The 'k' value of glass wool would obvious- 

ly Ile in between those of glass and air 

and appreciably towards the latter. The 

values of conductivity obtained varied 

from 0.241 BU Inc h. /sq. ft. hr. Deg. F. mi-- 

n3.mum to 0.59 maximum, these values being 

at di fferent temperatures and di fferent p- 

ing densities. The conductivity values of glasd 

and air are appro~€i mat el. y 5.5 and ©.x.69 
respectively which bracket these values and 

justify the results. Also the values obtain- 

ed. are in appreciable agreement to those 

obtained by other workers ti this parti- 

cular field. SOme laboratory tests, of 

course have - been condo t-ed ' on glass- 

wool but unfortunately,, comparatively li- 

ttle work seems- to have been done on Its 

ice. place'. testing as the author has not so 

far come across even a single public stion 

on its .inplace data to compare with. 

A similar work on ims place testing of red 

wood bark fibre was however conducted In 

U. S. A. by Edward Simons . , Consulting 

Rngineer San Francisco f on walls of various 

c old storages. ' Rowley, Jordan and Lander (5) 

tested at °Universtty of tnnesot a mazy 

insulating materials for conductivity values 
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at different low mean temperatures and 

found that for a glass wool specimen (dry) 

one it h thick packed to a density of 1..65 

1bs/bu. ft. the 'k' values at 42 deg. F and 

85deg F were 0.257 BTU inch„ /hr. sq. ft. Deg.F 

and 0.298 respectively. The corresponding 

in-place values obtained by the author are 

0. 336 BTU Inch/hr. sq.. ft deg. F at 42 deg. F & 

0. 59 at 85 deg. F at a slightly higher density 

o f 2.25 lbsM n.. ft. Qt or and Hechier (6) 
found that "" k' values (dry specime) at pack- 

ing densities of 2.49 and 3. 12 lbs/cu. ft. 

at mean temperature of 65 deg. F were 0.257 & 

0.251 respectively while the corresponding val- 

ues obtained by author are 0.397 and 0.322 

respectively. With vapour barrier on hot 

side and cold side exposed, the minimum 

and maximum values obtained are* fbr the 

range of packing densities tested, &225 

at 42 deg. F and 0.347 at 81 deg. F which are 

less than those without vapour barrier. Imo.j,a 

,en that the i 	e val lies are hi gher t 

the established Laboratory values In all the 

____ The difference being because of 

test conditions being widely different in 

laboratory and the field tests. 



Alicutt and ens (3) investigated the 

question of convection in certain insula-

tors # using a square vertical plate 

apparatus with a heater sixteen inches 

square and guard four inches wide surround- 

I ng the ' heater, they found* with thickness 
varying from one to four inc hes, that glass 
wool (1.5 lbs/cu. ft) showed a remarkable var-

iation of conductIvity with thickness. With _ 	 . 	y  

Increase in thickness, increase in the conduc-

tivity was observed. It is due to the convec-

tion currents in the sample being more at 

greater widths and also due to the change In 
c ontac.t resistance between the plate and the 
sample. Thickness being dI fferent (6!•  in-place, 

1" laboratory) In the two cases is therefore, 

one of t Is a factors which explain the 
increased. in-place values over those obtained 
by Rowley;  . Jordan and Lander.  . Another 

i mpo rt ant fac to r which . expi sins t his Inc re-
ase is moisture in insulation. i+ isture has 
a pronourxaed effect on the thermal conduc-

tiv9.ty of insulating materials. The 

conductivity of water is 4.8 BTt,inch/hr. 

s q. ft. Deg. F which is more than 15 times 

that of glass wool at ordinary temperatures & 

packing densities. If moisture Is present 

36 
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In insulation one would expect the °k'° value 

to be higher than that of dry material. 

The effect of of moisture on the condusti-

vity Is very di ffc`ult to determine a c-
u.rate3.y9  because in making a thermal 

e Ondurtivity test, a temperature di fferex e 

between two sides of the specimen is main-

tained and moisture always tends to 

migrate from warmer to colder side. 

In .interpretting these resuits 4  it should 

be noted that all previous .works ' with 
which the in-.place values have been germ. 

pared for agreement were made under 
laboratory  cand .,tions, with extreme care 

taken to prevent any condensation of moist-
ure within 'the materials The thermal 

conductivity measurement as made in tthe 

dry state (A. S. T. t4. Speoi ft  cations) atlons) .in 

the laboratory will not tell the true story 

of the performance of insulating material 

under actual. conditions of usage. 



B. ANALYSIS OF RESULTS; 

The line of temperature - distributionac rosy 
the wall is convex upward in all the cases. 
For a practical constant rate of heat 
flow,, the decrease in conductivity to over. 
come the steeper temperature gradient on the 
cold side is quite evident.  It is found that 

j' 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 - i he. conductivity of giassfibre, the 
conductivity Of air, in the air spaces and 
the Inner radiation all of which increase 
with. increase .,a f to cperat ure to give a co 
bined  greater value of apparant conductivity 
at higher temperature. 

Because the constitution of glass wool Inv-
olves i. r spaces within the pack, there is 
usually an appreciable amount of heat 
transfer by convection and readiation. The 
amount of heat transferred by radiation 
across . an air space between parallel 
surfaces is proportional to difference of 
fourth po ar of surface temperatures. 
Thus radiation may be an important factor 
in the transmission of at through a por- 

Ous material particularly at low packing 

o 
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do nat t y when sufficient temp. rat ure 

difference exists across the pore. 
Moreover the rate of radiant heat will be 

much greater at higher Mean temperature 

than it will be at low even though the 

temperature difference maY be same in both 

cases (because of the fourth power law) . This 

explains greater change of c ondtr ti—

v ity at lower packing densities for the 

s ame two mean temperatures. At density €a f 

2.25 lbs/cu, ft. conductivity increases 

from o.36 BTU i nc h./hr.. s q,. ft. dog F. 

to 0.59 i.e. 75.6 percent for a temperature 

tide frm 42 dog. F to 85 dog. F while at 

2.75 lbs,+rc u. ft. the increase is. only 6 
for the same temperature rise.. 

It Is interesting to note that the effect 

o f mod, st ure is much less  pronounced than 

the effect of conduction rad . tion and (or) 

convection upon conductivity. The refbre, 

although at 85 deg. F the moisture is 0.3% 

and at 42 deg. F the moisture is 7%T the 

apparent conductivity at any packing density 
was more for the higher temperature i.e. 

:8.5-dog. P but lbr moisture consideration where 

It should have been less. 



Since heat is transferred through a material 

by conduction, by radiation through open 
spaces and by any gas that is enclosed 

in the material g  and sirc e inc reaseing 

the density of a given material changes 

its c harat tors stir s for heat flow by each 

of these three methods, there Is no 

simple straight line relation between 

density and overall convRuctivit.g9  that 

will apply to the insulating material. 

Two phps joists 3. D... Verse boor and Paul 
Greebj.er 	at John. Nanvill.e Research 

Centre have derived an expression fot ther•- 
mat conductivity Of gas within. insulation. 

Expressing symbolically a 

L xg 	. 	.r t' 
Lf 9 

Where 

lie d  = Apparent '' KD due to gas condue 

ti on. BF T3 Inc h/hr. s q. ft. dog. F. 
L 	= gqutval ent pore size o f fibrous 

insulation in microns. 
0.785 D/f. 

D 	Ri bre di amoto r in microns. 

f 	_ Fractional volume of insulation 

occupied by fI4berse 
,2712 

i1MARY 	OF RnO 
EbOoRbLEE. 
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Lg  = Mean free path of gas molecules 

in free gas , microns. 

Lg  is a function of temperature and press- 

urea It Is inversely proportiar*al to 

pressure and increases with increase of 

temperature. 

Kg  _ Thermal conductivity of free 

gas BTU inc h. /hr. sq. ft de g. F 

It is assumed that the fibres lie in planes 

pa!all.el to -  mat which they form but that 

they are otherwise randomly orientated. 

it Is further assumed that the direction 

of heat flow is perpendicular to the 

planes In which the fibres Ile. This 

assumption being consistent with many pram. 
ctic.si applic at ion of fibrous insulations. 

Also it is assumed that fibres are uniform. 

in diameter a an! t hat the 'i ns ul at-ion is free 

from any non fibrous solid particles. 

At atmo spbe ric pressure the value o f Lg  

is much less as compared to . f  . As Lf  

is decreased,, It has a direct effect on 

Ked which decreases with It. The dec.. 

cease in L. can be effected by increase 

in packing density which which means that 

4' 



as the density inc reases d dec reases. 

Heat transfer by radiation can be treated 

by considering the fibrous insulation as 

suc cessiVo plates of fibres perpendicular 

to the direction of heat flow. The average 

spacing bet.~reen the plates is Iag,, since this 

is the average distance that a photon of the 

radiation field can move in the direction 

of heat Flow before encountering a fibre. 

The expression for the apparant condttivity 

contributed by radiation has been derived by 

physicists 3.1). Verse hoor and Paul G roe bier (̀79 

...j3 	3 

rFa ° 2.74 x 10 

8 

Who re 

- Apparent 'K' due to radi ate. on 

• BTU I,ncb/hr. sq. ft. de g. F 

Tm = Absolute mean temperature in 
• Deg.. 

L f = as be fbres, pore size in m Cron. 

a 	Fraction of incident radiant 
energy absorbed by a fibre, di-
mensionless. 

It is evident that K. like c doeroases with 
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decrease of Lf , that is, ult h Increase 
in packing density. 

Convection rate of heat transfer also has 

& di rec t bearing on L. - Glass wool c onsi tits 

largely of air and since the air passages are 

continuous they offer lithe resistance to 

Q.ig flow when loosely packed or conver-

sely high resistance to convection curronts 

when closely packed thus decreasing Hev 

with increase of density, that is with 

decrease of L. 

Fig. 12 shows that in the curve for 85 dog. F 
the '! K valte at bulk density of 2.25 

lbs/au.,ft. is 0.59 .HrU Inch„ /hr. sq. ft. deg. F 

which falls to ©.336 as density is increap-
sed to 4. 325 lbs/cu. ft.. At the low packing 

density, f, the fractional volume occupied 

by the fibres Is much less with the result 

that L f , the effective pore size, which 

varies inversely with f has a. high magnitude. 

As the density is increased more fibres come 

in to space thereby increasing f and decree.. 

sing Li. 	g  9  K 	and Kra  being directly 

dependant upon 	also decrease With decrease 

in L. B3ut there is another contributory factor 



to 'R' - the series solid conduction, which 
acts otherwise. Seiies sold conduction con- 
tributes a percentage of total thermal corr. 
ductivity equal to the volume fraction of the 
fibre present. This factor being direc tly 
dependant upon f, increases with decrease 
in Lf thus always acting in opposition to 
the previous three factorsr which decrease with dee-- 

re a in L. Thus whereas od s cv Kra have 

decreasing effect on 'K' , the solid conduc-
tion call .ng the corresponding conductivity 
by Ks : has an Inc reasing a ffec t. - At any 
packing density the 'K" value is the summ-- 
t i on o f all the four values that is Xc d 
Xcv s Kra s i Ks• . The curve of (Ked + 

K 	# sa) 	if be drawn against packing 
density s will be a dropping curve while 
that of s will be a rising .curve. It will 
be seen that a density Of 2.25 lbs/c u. ft. 
the 'K' value Is 0.59. HCUinch/hr. sq.ft. deg. F. 
As the density is inc reased the decrease in 
(mod + Kcv  

+ ~g ) is much mare than the 

increase in K 	with the result that there 
is a net decrease in ' Kr value. Till the 

packing density of 4.125 lbs/cu. ft. is rea-
ched whera the increase in 'K5 " nullifies 



the decrease in CKc d + Nev + Kra ) • This 

i s the value of packing density at which 

'K; the overall conduativity is minimum. 

Any further packing would mean the it rease 
In Xs over weightng the decrease in CSed 
+ ~Q 4- K 	) with the result of net increase 
in 'K , the overall apparant conductivity. 

I.bisture is one of the most di fficult prob-
lems to cope with In an Insulated low tempe-
rature structure, Pbr cold storages moisture 
9enetration is most serious during summer 
when the outdoor temperature and absolute 
humidity are high while the indoor temperature 
and absolute humidity are low. These condi-
ri ons 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, As 
the p vapour passes through the wall towards 
the inner side, It soon falls to a temperat-
ure corresponding to the dew point which Ca-
Uses  condensation and moisture accumulation 
In the Insulation. When a vapour barrier is 
pled on the outside surface of the insul&-
tion It acts to reduce the vapour flow from 



outside Into the insulation. It the inside 

surface be exposed, the vapour presoure gra-

dients from the body of the insulation to 

the c onditians at the surface of the refrl-

go rating coil tend to cause vapour &'l o, into 

the refrigerated space with the result Of 

not decrease in overall moisture, content 

in the insulation. As already discussed 

the cOnidutiVity of the insulating material 

decreases with decrease In its moisture 

dontent the erfect of vapour barrier in caus-
ing, a decrease in the condu=t .~rity is evident. 

The decrease in , average moisture content da.m 

to applying vapour barrier waa only from 3.65% 

tai. 2v 9 with the result the corresponding 

decrease In Conductivity was not much. - one 

reason for a sma3l decrease in average moisture 

content may be attributed to a small period 

of tine (4 days) given to every set for 'attain-

ing stabilized conditions and the other to 

the partial exposure o f, the cold surface. 

Because of heat meter rboim=, placed on the 
woodon board q it was not possible to remove 
the board so as to give full exposure to the 

surface. ' However st~.fficI ent number of &t holes 

were made in the board to create conditions as 
nearly to the full exposure. 

M 
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C 0 N C L U S T 0 N 8: 

From the In-place Testing of six 

inches thick glass wool insulated wall of a 

cold - storage, the following conclusions are 

de rived: 

1. 	In-place thermal c ondvc tivity values 

are higher than the laboratory values. 

2s Thermal c ond€ tivity Is higher at 

higher temperature. 

3. All other rac t o rs ,a f fec ti ngt h.e c andua- 

tivity remaining constant, there 3.s a 

finite value of packing density at which 

thermal conduct1vity is minimum. 

4. Vapour barrier affects in decreasing 

the thermal conductivity, 
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