by
Williem A, Barr

Thesis submitted to the Graduate Faculty of the
Virginia Polytechnie Institute
in candidacy for the degree of
MASTER OF SCIENCE
in

Mfechanical Engineering

APPROVEDs
Director of Oraduete Studies Weed of Department
Dearot Engitesring Vajor Holessor

May 15, 1951

Blacksburg, Virginia



I,
11,
III,

X,
XTI,
XII1,

IABLE CF CONIENTS
mwwwmnonoiooiiibilbttob

REVIEW OF LITERATURE & o « « ¢ o o « o s & « &
OBJECT OF INVESTIGATION o« o o o ¢« & o o » » &
PROCEDURE & 4 o o« 5 o ¢ » o s a 6 o 6 8 s s &
Casting of Cylinders « « « o o « & & o &
Heat Soure@ « « « v ¢ ¢ « ¢ ¢ ¢ ¢« & ¢ s &
Measurement of Surface Temperatures . . .
Mounting of Cylinders . o« « « o o » o o
Cylinders Tested o+ « « « ¢ ¢ ¢« v & o o &
RESULTS & o ¢ o ¢ s & » ... YR LR
DISCUSSION OF RESULTS . 4 o o o o & o & o & »
CONCLUSIONS & & o o o o # ¢ 4 o 6 ¢ s « o 5 o
RECOMMENDATIONS o o « o o o o o s ¢ ¢ & o » &
APPENDIX - DETERMI&ATIOH OF CONDUCTIVITY OF

GMUMMMQOVOQOOOOO.

Introduction . ¢« o ¢ ¢ ¢ ¢ s s ¢ o o o &
APPAPBRUUR & 4 4 ¢ ¢ 4 5 4 0 8 s b e a4k
Procedur® 4 s » ¢ o ¢ o o ¢ o 0 4 o 5 4 s
Preparation of Specimens , + « + «

Mounting of Specinmens .+ « o o « o« »
Measurerent of Surface Temperatures
Densities of Specimens « « « « « + o

Rosulls o ¢ o ¢ ¢ 4 6 6 0 0 6 68 6 004
Discussion of Resul®s + « 4 « s ¢ o ¢ o &
ACKNOWLEDGMENTS & 4 o o ¢ o o o o 5 ¢ ¢ o & »
BIBLIOGRAPHY o o o o ¢ % o o o ¢ s 0 ¢ 5 « o &

m‘......'.."...ittl.lﬂ



ILLUSTRATIONS AND TABLES

Fig. 1. tmusedmc“tcylmuo . s o‘o & 8 0 s 8

Fige 2 Outline of Plaster Cylinders Showing the Dis-
position of the Thermocouples on the Inside and
OQutside Surfaces .+ « « « o « ¢ » ¢ ¢ s s ¢ o s &

Pig. 3 Method of Mmt’.ﬂg the Gylindera R T

Fig. 4  Curves for Celeulation of Heat Transfer through
Insulation Apprlied to Cylindrical Enclosures . .

Table I Test of Hollow Cylinder 3/4" Thick end Having a
R'Internallaength...............

Table II  Test of Hollow Cylinder 3/4" Thick and Having a
].2’!ntem11»ength..........~.....

Table IIT Test of Hollow Cylinder 1-1/2" Thick and Having
- am'hmw\gﬁh..-oobi.ootccbt

Table IV  Test of Hollow Cylinder 1=1/2" Thick and Having
alZ"IntemlLangth...........-..

Table V Test of Hollow Cylinder 3/4" Thick end Having a
ﬁ'htﬁmxﬁnﬁm I RO b R I RN T

Table VI = Test of Hollow Cylinder 1-1/2% Thick and Having
a6'Intorna1Le!lgth.............o

Table VII Test of Hollow Cylinder 3/4" Thick and Having a
B“Internallﬁngth.,-.‘-.......aq

Table VIIT Test of Hollow Cylinder 1-1/2" Thick and Having
a3"1ntamllﬁng‘hh.....-.......-

Pig. 5 B PIORD & o ¢ 4. % 6 v s s o W 8 % 0 s 08 08
Fig. 6 OILEng PINUE & o & ¢ 5 « » 8 4 0 6 6 5 0w ¥ 8 0 &
Fige 7 Cross Section of Apparatus Assembled for Testing.
Fig. 8 Cross Section of Test Specimen Showing the
Pogition of Thermocouples « « « « o & « « « s o o
Plg. 9 Curve Showing Variation of Conductivity with

anityotmrmmiooo-aoaooﬁi

16
17



Table 1
Table 2
Table 3
Table 4
Table 5

Test of 3/4" Specimen .,
Test of 37/64" Specimen
Test of 3/4* Specinmen .
Test of 46/64" Specimen

o
-

 Test of 37/64" Speeimen . .

.

.

.

59
61
63
65



The determination of the heat transfer through a flat wall
of which one surface is isothermal at a temperature of t, and the
other surface is isothermal at a temperature %, is the simple prob-
lem of heat transfer, The equation:

o n(% = %)
permite an easy solution of the problem vhere Q is the heat transfer,
k is the thermal conductivity, A is the ares through which the heat
is transferred, and L is the distance between the two surfaces. The
equation is only aiaplieahli where the area A is constant, This equa=
tion may be uud without appreciasble error for insulated enclosures
such as furnaces where the imsulation thickness is very small in
comparison with the dimensions of the enclosure.

Shape factors have been applied to this basic equation so the
equation may be used in the determination of heat transfer where the
area A is not constant and the effect of corners cen not be neglected.
The equation then becomes '

ik Sl
PECELY
vhere f is the shape fector.

In 1947, T. 8. Nickerson for a Master's thesis at V, P, I,
determined the values of the shape factor vhere the ebove equation
1s applied %o eylindricel enclosures having flat ends and relativel y



thick walls of uniform thickness, Mr, Nickerson solved this problem
analyticelly by the relaxation method, His solution depended upon
the inside and outside surfaces of the insulation sbout the enclosure
being isothermal surfaces, The values were calculated for combina-
tions of ratios of insulation thickness to length of enclosure and
length of enclosure to diameter of enclosure.

This investigation is an experimental determination of these
values using gypsum plaster eylinders of different combinations of
ratios of length to diameter. However, before tests could be con-
ducted on the eylindricel enclosures, the conductivity of gypsum
plaster, the insulation about the cylindrieal enclosure, hed to be
found, The method of determination of the conductivity and the values

are given in Appendix A,



II, REVIEW OF LITERATURE

The first reported attempt to evaluate the heat transferred
through the insulation surrounding a heated eylinder was made by
Cerl Hering® in 1908, Mr, Hering converted formulae for the electri=
eal resistance to resistance to heat flow through insulation around a
rectangular enclosure, a spherical enclosure, and a segment of an
infinitely long eylindrical enclosure, Then the heat transferred
from a eyclindrical enclosure was the sum of the heat flowing redially
through the cylindrical segment and the heat flowing radially through
semispherical ends, Mr, Hering admitted that this sum wes only ap~
proximate.

These formlae developed by Mr, Hering as well as all others
in this discussion were for insulation of uniform thickness having
isothermal interior end exterior surface and under steady flow con=
dition,

A few years later Langmm, Adams and Mickle? derived "shape®
factors which could be applied to find the heat flow through the
insulation of an electrically heated furnace, These shape factors
were found by assuming a set of isotherms which gave less than the
actual heat flow and then a set of isotherms which gave more than
the actual heat flow, The factors so obtained proved to be within
five per cent of the factors found by experiment for insulated rec-

tangular furnaces,>



In 1940 R, B, Southwell published a book explaining the re-
laxation method and showing its epplication to the engineering
sciences, Three years later Mr, H, W, Emmons applied the relaxation
method to two dimensional heatflow problems and Mr, Frank Lockhard
applied the method to three dimensional pro‘blm.5 These results
were within four per cent of the experimental resulte for rectan=
gular insulated enclosures.

Several graphical methods for selving complex heat problems
have been presmted.é s The methods were tedious trial and error,
One of these metheds was to assume the loeation of isotherms and con=
struet heet flow lines. The flow lines must cross the isotherms at
right angles and an equal gquantivy of heat must flow through the
path between any two adjecent flow lines, Also in order to obtain
equal temperature difference between adjacent isotherms, the n&;; of
the length to the width of the curvilinear rectangles bound by two
adjacent isotherms and by two sdjaecnt. flow lines must be a constant
for all rectangles. The total heat flow mey be computed when these
conditions are realized,

In 1945 G, M, Dusinberre gave briefly the numericel solution
to heat flow problems for two and three dimenaiom.s This wes fol=
lowed by a book explaining fully the application of the relaxation
method to heat flow problm.g This was the method employed by Mr.
T, 8. Nickerson in computing the heat flow through the insulation

gbout a ecylinder. This was & two dimensional problem because of the



symetry of the insulation in any plane passed through the longi=
tudinal axis of the eylinder,

The heat transfer Q was computed for ratios of outside dia-
meter of insulation to length of insulation and for ratios of insulation
thickness to outside diameter of insulations The factor f wes cal-
culated from the equaticnﬂﬁﬂk‘.i(w where Q is heat transfer,
A 1s inside area of insulation, k is thermal conductivity of insula~
tion, A% is temperature difference between inner and outer surfaces
of insulation and T is thicknese of insulation, The factor f wes
plotted against the ratio of inside diameter to inside length of
insulation for ratios of insuletion thickness to inside dismeter of
insulation, |

This investigation will be an experimental determination of
the factor £ and the results will be presented in the form of graph.



The object of this investigation is to obtain experimentally
the curves which will facillitate the calculation of heat transfer
under steady flow conditions through insulation uniformly applied to
¢ylindrical enclosures with flat ends or hollow cylinders of insulation

as these crclosures will be called.
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IV. LIROCEDURE

Cagling of Cylinders

The hollow cylinders tested in this investigation were cast
of gypsum plaster., It wes necessary to cast these eylinders in two
‘halves so the hollow inside would be eccessible, A division of the
eylinder in the plane normel to the longitudinal axis at the midpoint
of that axis would interfere less with the heat transfer than any
other division., This is because the heat flow at this plane of
division is parasllel to that plane vhereas any other plane would ecut
the heat flow lines,

The eylinder halves were cast in molds as shown in Fig. 1b,
This mold consiste of a wooden center piece shown in Fig, la cut from
e single piece of wood in a lathe, The surfece of the wooden form
which is in contact with the plaster was varnished to mske a smooth
surface from which the plaster casting would essily separate., Around
this wooden form was fitted 16 B,W.G. gauge sheet metel rolled to
the same diameter as the larger cylinder of the wooden form, This
sheet metal wes held securely to the wooden formu by two lengths of
vire wrapped around the metal where it covers the larger wooden
eylinder, The ecircumference of the rolled metal was about 1/16 ineh
less than that of the wooden cylinder. The ends of the metal did not
gquite butt so that the metal would fit very smugly to the form., This
1/16~inch gap was sealed with scoteh tape on the outside of the metal.
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Fig. 1. TForm Used to Cast Plaster Cylinders,




The resulting slight ridge on the casting was easily removed by
scraping and sending.

The metal and wooden surfaces which came in contact with the
plaster~water mixture were covered with a very thick nixture of soap
and water from which the water evaporated leaving a soap film which
prevented the plaster from adhering to the wood or metal surfaces.

The mixture used in all castings was 70 parts water to 100
parts plaster by weight, The water and plaster were mixed until all
plaster lumps had dissolved, The mixture was then poured into the
form to a predetermined depth 1/16 inch more than the depth to give
the required thickness to the closed end of the cylinder,

After the cylinder halves were removed from the molds, the
ends were planed down with a straight edge so that the closed end
had the required uniform thickmess and the required length was ob-
tained,

Heat Source

The heat source placed inside the cylinder was a nichrome
resistance wire wound on a two~ineh hollow refractory eylinder
cover with one layer of asbestos paper to protect the inside eylinder
wall from radiant energy., The elements were heated by D, C. power,
The resistance of the element used in the hollow cylinders having a
12«inech internal length wes 11.5 ohms, For the hollow eylinders
having six inches internal length the resistance was 5.5 ohms, and
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3.5 ohms for eylinders of three inches internal length., These
heating elements were masde one inch shorter than the internal length
of the plaster cylinder in which they were placed, This allowed air
to cireulate freely around the ends of and through the element, The
uninsulated copper leads to these elements were brought out through
the opening between the eylinder halves, The heating element cylinder
was placed coaxially with the plaster cylinder and supported by two
3/8-inch x 3/8~inch x 1-inch wooden blocks placed 90° apart on the
circunference of the element at each end of the element, The one-
inch length was placed parallel to the longitudinal exis of the ele-
ment and in the same plane with the corresponding support on the other
end., These wooden supports were necesssry to prevent contact between
the element and plaster and to center the element.

Measurement of Surface Temperature

The surface temperatures were measured in all cases by copper-
constantan thermocouples (Leeds and Northrup, No, 22 BWG, #38 cali~
bration). The hot junction of the thermocouples were glued into the
surfaces whose temperatures they were measuring and the cold junctions
were kept in a erushed ice bath at 32° F. In order to permit the use
of one potentiometer to measure the e.m.f. generated in each thermo-
couple the copper leads from the hot junctions were connected to a
common copper lead, This common copper lead was conneceted to the
center tap of several single-pole, double-~throw switches, The copper
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leads from the cold junction of the thermocouples were commected to
the outside taps of these switches so that by closing one switeh at
a time each thermocouple circuit could be completed. The potentio-
neter was comnected in this common lead and measured the e.m.fs of
each circuit separately.

The hot junction of the thermocouples were glued in short
grooves in the inside and outside surfeces, These grooves were just
deep enough to allow the metal junetion to be buried completely 501«
the surface, The junction was then covered with 2 thin film of glue
to prevent the junction being in contact with the air film on the
surfaces, This contact would result in the thermocouple generating
an e.n.f, partially due to the plaster surface temperature and par-
tially due to the air film temperature which changes considerably in the
few thousandths of an inch of thicknese of film, The preliminary ex~
periments to determine the conductivity of gypsum plaster demonsirated
very clearly this effeet of allowing air film and hot thermocouple
Jjunetion contact by not setting the thermocouple below the surface.
(See pege 52)

The thermocouple leads from the inside surface were brought
out through the opening between the halves. The thermocouples on
the inside surface could be more easily and accurately glued in place
before the eylinder was mounted for testing., This meant that the
thermocouple leads had to be cut to get them out of the test chamber.
When the cut leads were connected again, the ends were twisted
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together and clamped between two washers on small bolits which were
tightened to insure electrical contact between the severed ends,

Six thermocouples were glued to the ingide and five to the
cutside surface, The six thermocouples inside were glued to the sur-
face within 1/2 inch of the six positionms, 1 through 6, of Fig. 2.

The five thermocouples on the cutside were attached to the surface
 within 1/2 inch of the positions, 9, 10, 11, 12, and N shown in Fig,
2, Preliminary tests showed the greatest variation on the inside
gurface so more thermocouples were used on the inside than the out~
side surface to obtain a better average.

The cylinder halves were mounted on six short wooden contact
lines as shown in Fig. 3. Short contact lines were employed to ob-
tain minimm interference with heat flow and air flow sgbout the
eylinder,

4 1/16~inch cotton felt gasket was placed between the two
halves of the eylinders to minimize the air flow into and out of the
hollow inside of the cylinders.

The eylinders were mounted in a 26-inch x 26~inch x 20-inch
wooden box to obtain steady flow conditions. The heat transferred
through the eylinder was removed from the box by two copper cooling
plates nine inech in diameter (for deseription of these plates see
page 45 of Appendix A and Fig. 6). One of the two plates was
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Fige 3.

Method of Mounting Cylinders for Testing.




suspended horigzentelly two inches below the center of the top of the
test chamber, The other plate: was placed in a vertical position
two inches from the back wall of the test chamber, Both plates were
shielded from radiant energy from the heated g¢ylinder,

Cylinders Tested

Three pairs of cylinder halves were cast for testing, The
internal diemeter end internal length of the three hollow cylinders
were three inches and 12 inches, respectively. The plaster thickness
of each cylinder was varied, the three thicknesses being 3/4 inch,
1-1/2 inches, and 2-1/4 inches.

The eylinder of 2-1/4-inch thickness cracked due to thermal
stresses set up by an 80° P, temperature difference between inside
and outside surface temperatures., DPecause the walls cracked, the
data of this test is not ineluded in this thesis,

The 3/4~inch and 1=-1/2-inch thick cylinders were tested.
Then three inches was sawed off the open ends of the two halves to
meke eylinders having internal lengths of six inches, The cut ends
were made smooth by seraping with a straight edge.

After the cylinders having an internal length of six inches
were tested, 1-~1/2 inches was cut from the open end of each half to
meke cylinders having internsl lengths of three inehes which were
also tested,
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411 eylinders before testing were dried beside a hot radistor
until three successive daily wighipgc were constant, The dry
densities of the cylinders were determined from these dry weights
and the ecalculated volumes of the eylinder,
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V. RESULIS

Tables I through VIII inclusive are the data results of the

tests.
| The conduetivity k of the plaster for each test was found from

the cquation k =k, [ 14,0015 (t - 8) , vhere k, is the con=
ductivity of plaster at a mean temperature of 148° F, found from Fig.
9y and ¢ is the mean temperature of the plaster of the cylinder during
the test., The determination of the graph of Fig, 9 and the derivation
of the preceding formuls for conduetivity is given in Appendix A,

Figs 4 is a reproduction of the analytieal results of Mr., S, :
T. Hickerson's investigation of this problem, The experimental results
have been plotted on the same graph for comparison, The results of
the two tests on each cylinder at an L/D ratio of 4 were plotted to
show the possible experimental error in testing these cylinders.

The L/D and T/D ratios are the ratios of internal length to
internal lergth and thicknegs to intermal diameter respectively.

The average outside tmparumomwmnut&avamgont
the temperatures measured on the cylindrical outside surfece which
is equidistent from the inside surface. The outside temperature de-
creases 20 or 30° from psint a t» point b in Fig, 2 as indicated by
the difference of the average of the temperatures measured by thermo-
couples 9, 10, 11, and 12, and that neasured by thermocouple N at the
outside corner, This average was used because the ¢ so obtained
corresponded to the eylinder wall thicknoss used in caleculating the
factor f. The horizontal broken line across esch table is drawn in
ebove the date used to calculate the results,
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TABLE I

Test of Hollow Cylinder 3/4" Thick and Having a 12" Internal Length

Time Power Thermocouples-mv
Inside Surface Outside Surface
Amps, | Volte : 3 2 3 A 5 6 9 10 11 12 b}

7230 | 3.0 29.0 3,62 | 4.22 | 4,00 | 4405 | 3.55 | 4.18 2,10 | 1.80 | 1,80 | 1,92 | 1.42
7340 | 2.6 27,0 3.92 | 4442 | 412 | 412 | 3.72 | 438 2.42 | 2.10 | 2,10 | 2,22 | 1.60
7250 | 2.4 26,0 402 | 452 | 430 | 4.30 | 3.92 | 4.50 2.65 | 2,30 | 2,28 | 2,42 | 1..72
8:00 | 2,3 25,0 4o02 | 4460 | 4,38 | 438 | 3.90 | 4.5C 2:70 | 2.3 +30 | 2.48- | 1.75
8310 | 2.3 25,0 4e06 | 4460 | 4,32 | 437 | 400 | 448 2.7T1 | 2,23 | 2:.33 | 2,50 | 1.83
8320 | 2.3 25,0 4e10 | 4e62 | 4.38 | 440 | 4.01 | 4e48 2,70 | 2.40 | 2.40 | 2.50 | 1.85
8240 | 2.3 25,0 | 2430 | 4oL | Ladd | Aedd | 4402 | 4452 | 2,72 | 2,40 | 2.40 | 2,53 | 1.84
8:50 | 2.3 25.0 4oll | 4Bl | 4ol | hed 4a04 | 451 2.72 | 2,42 | 2,40 | 2,50 | 1.86
9:00 | 2.3 25,0 4e I3 | 465 | Lahd | Aadd | 4a04 | 4a51 2.73 | 2,41 | 2.41 | 2,50 | 1.86
Ave=

rage | 2.3 25.0 4000 | 4462 | 4ed0 | 4ed) | 4400 | 4450 2.71 | 2,38 | 2,37 | 2.50 | 1,83




RESULTS OF DATA OF TABLE I

Internal diameter of cylinder

2 P ¥ ¥ -0 9 % 5 ¥ B SO ?
Thlokoons of 4300000 o o 4 s s s s s e s v s e snu P
Inglde Jongth of ¢F1inder . « s o« v+ s 2 o 5 ¢« s o 5 5 s » » 2w
%mt&'i‘waf@lmerOlto.-QQQOQ-'00 mmgml
UOightOf'B'wefcﬂm # & & & & = = % & ¥ 5 & 2 S 1,115@-
Difference of densitics of "A" and "B , , v « 4 « o o ¢« s o 158 -

Average density = 73 ﬁzzmaﬁxwznlaxz 233“ = 65,0 #/¢83
1728

Average inside tenperature ., .

WGfideWm..¢.c-..no...-.. 201°F.t9225°!'o
Average outside temperatile . « « o s o ¢ 5 « o & s s 5 & » 141° 7,
Range of outaide temperatires . o « o o « « o « « » » s o & 136° F, to 150° F,
thmmd‘pluter................’;178°F.
Outeide surface temperature at end of cylinder . « « « «.« «» 112°F,

K =1,90 14 0015 (178 = 148) = 1,98 BT-in./heeri-oF,
Corrected BHEIDCTESE & o » o + ¢« & = 5 5 5 3 5 s = & * 2 & s @ 22 ambde
Gmt‘d. vclm & 5 & & * & & = % % % o 2 & - » s = s » 26'0 volw

> e 288 X 2600 X 32413 X 75 - 1,95
W+qu(m 141)

L= 122 = =4
?/D' ‘%.5-"25




TABLE II
Test of Hollow Cylinder 3/4" Thick and Having a 12" Internal Length

Tine Power Thermocouple-mv

Inside Surface Outside Surface

Amps.| Volts | 1 2 3 4 5 6 9 10 3] 12 N

2155 | 2.6 2944 | 5¢31 | 4a90 | 5.30 | 5.28 | 4,92 | 5042 | 2,99 | 2.62 | 2.65 | 2,80 | 2.10
3105 | 2,6 20,0 | 5040 | 4490 | 5433 | 5.30 | 491 | 5443 | 2,98 | 2.66 | 2,70 | 2,81 | 2,10
3815 | 245 | 27.7 | 5442 | 4490 | 5436 | 5.35 | 4496 | 5.50 | 2.99 | 2.62 | 2.72 | 2,78 | 2.10
3325 | 2.5 2748 | 5428 | 4e66 | 5.30 | 5,30 | 4.76 | 5.30 | 2,90 | 2.60 | 2,66 | 2,73 | 2.10
3135 | 2,5 2749 | 5430 | 467 | 5.24 | 5.21 | 4.80 | 5,38 | 2,88 | 2.60 | 2,67 | 2.72 | 2.04
3845 | 2.5 27.9 | 5438 | 4eOh | 5424 | 526 | 4.80 | 5.42 | 2.89 | 2.61 | 2,61 | 2,70 | 2.10
3155 | 2.5 2749 | 5042 | 4eOh | 5.28 | 5,28 | 480 | 5.44 | 2.88 | 2,56 | 2,61 | 2,70 | 2.04
4305 | 2.5 279 | 5.40 | 463 | 5.28 | 5.27 | 485 | 5.43 | 2.88 | 2.55 | 2.62 | 2.73 | 2.04
4215 | 2,5 279 | 5442 | Lebh | 5.30 | 5.27 | 4.85 | 5.44 | 2.88 | 2.55 | 2.64 | 2.73 | 2.06
4325 | 2.5 27.9 | 543 | 466 | 5.32 | 5429 | 4.86 | 5.44 | 2.89 | 2.57 | 2.64 | 2.72 | 2.06
4235 | 2.5 279 | Bl | 4465 | 5.31 | 5.30 | 486 | 5.46 | 2,91 | 2.56 | 2,63 | 2,70 | 2.05

Ave~
rage 25 27.9 5.40 4065 5.29 527 4083 543 2.89 2056 2067 zqn 2o%




RESULTS OF DATA (F TABLE II

Same cylinder as used in Test of Table I
Density = 65,0 #/1%°

Average inpide temperature « « « « o » s o 2 5 s+ 4 & ¢ » = wri

Range of Inside tomperatures « « « o » =« & o s & + s o & « « 22&01’.%0256°F.
Average outside temperature . o « o « « v s s s ¢ ¢ + &+ 5 ® 150° F,
Mg‘@mt«:m‘mmm...‘...¢.-c.-..c 1“0?.”15’?0,.
HMean temperature of plaster N T P T T 197°F.
mtaiéem’mtmpenmatenddsylm.....‘. 124° T,

K=190 1+ ,0005 (197 ~ 148) = 2,0/ PTU=in/lr=ft--°F,

Gmm mm - % 2 = - . » = - - - - .- & - L d L 3 - . - 2‘4’ w‘
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TABLE III

Test of Hollow Cylinder 1-1/2" Thick and Having a 12" Internal Length

Time Power Thermocouple-nv
Inside Surface Outside Surfece
Anps, | Volts 1 2 3 4 5 6 9 10 11 12 N

2250 | 2.4 26,7 4eB0 | 4272 | 4eB0 | 4463 | 471 | 4e28 264 | 2445 | 2.40 | 2.40 | 2,10
3:00 | 2.3 26,0 4e70 | 4e98 | 4aB0 | 4490 | 502 | 4453 264 | 2,49 | 2.42 | 2.2 | 2.10
3:20 | 2,1 23.3 LTT | 499 | 4.85 4~95 5612 | 467 2.78 | 2,58 | 2,52 | 2,52 | 2.12
3345 | 1.56 16.0 3.85 | 3,98 | 3.84 | 4.01 | 4.8 | 3.85 2.70 | 2,58 | 2,50 | 2,50 | 2,15
3255 | 1.54 1644 3.83 | 3.92 | 3.84 | 3.94 | 422 | 3.80 2.79 | 2.53 | 2.42 | 2.42 | 2,16
4205 | 1.57 16,7 3.80 | 3.90 | 3.83 | 3,90 | 4,10 | 3.75 2,62 | 2,52 | 2,40 | 2,40 | 2,10
4215 | 1.57 16,7 3.78 | 3,89 | 3.79 | 3,90 | 4.08 | 3,70 2,62 | 2,48 | 2,40 | 2,38 | 2,10
4325 | 1,58 16,.& 3,76 | 3.88 | 3.78 | 3.88 | 4.06 | 3,70 2,60 | 447 | 2.28 | 2,28 | 2,10
4235 | 1,58 16,8 3.77 | 2.88 | 3.79 | 3.88 | 4,04 | 3.70 2,60 | 2,48 | 2,36 | 2.37 | 2.10
4345 | 1.58 | 16,8 | 3,78 | 3,86 | 3.78 | 3.88 | 4.05 | 3.68 | 2,59 | 2.48 | 2.36 | 2.37 | 2.10
43155 | 1.58 16,8 3.78 | 3.87 | 3.78 | 3.87 | 4.04 | 3.69 2:59 | 247 | 237 | 2,37 | 2.10
Ave~

rage | 1.58 16.8 3.78 | 3.88 | 3.79 | 3.88 | 4.06 | 3,70 2,60 | 2,47 | 2.38 | 2.38 | 2,10




RESULTS OF DATA OF TABLE III

Internal diameter of WM ® ¢ % » 8 8 s v st v e e e 3=
mm. of cy'lmer * 5 8 8 5 * 8 & e s 8 s s e = & s 1"‘m‘
Imide lmm Qf mr * ¥ % " W ¥ 98 & ® 4 & % & & 5 = ]2‘
%mb‘bd.&' halfﬁfcym&r- * % 2 8 2 8 8 s v e & 8w 2926m
Hsightd'B‘Mf&fcylin&w. S T T S T 2963@3
Difference of densities of A" and "B" , , « ¢ o o« = ¢ » « 103’

Average density = ié%%i%ﬁ W = 66,0 #/et°

Aversge inside tempersture .

Pﬁnge of inside m&mm e 9 4 B 8 % & % 8 F " e 8 e 1930 F. to 2&0 F,
mm.ge outeide Conperatir® o o« 5 2 o v 2 % o s v % e b 1390 F.
R&nge “ m%iﬂ‘ mmm s & & & @ & & & 5 F % & & s s 1366 Fl to 1460 ?'
Mean temperature of Plaster o+ o o « s s s ¢ o 2 s v & o & 167° F,
Outeide surface temperature at exd of CYIinder « « s 5 o o 125° ¥,

=2,00 1+ ,0005 (167 = 148) = 2,07 BTU=in/hr=ft-°F,

cmtﬂdw;co.oacot--.--.ccat. 1.56813118'
cmmmm % B 9 % % ¥F . 5 & & S B 8B P OGS e 18’0”1“

1055 X 1800 X 30413 X 15
a2 2l LI 507 (106 - 139) 40
/b= 1% -y

/0 = 1 = 150




TABLE IV

Test of Hollow Cylinder 1-1/2" Thick snd Haeving a 12" Internal ILength

Tine Power Thermocouple-mv
Inside Surface OQutside Surface
Amps. | Volts | 1 2 3 4 5 6 9 10 11 12 N

9:25 | 2.5 27 el 4400 | 4438 | 4422 | 4012 | 4.18 | 3,20 2,30 | 2,28 | 2.17 | 2.12 | 1,90
9335 | 2.4 2645 4425 | La62 | 4e50 | 4eh2 | 4e52 | hall 240 | 2,32 | 2423 | 2.20 | 1,90
9:45 | 2.0 23.0 4e22 | LeB52 | 440 | LedO | 4458 | 4011 2,46 | 2,43 | 2.32 | 2,24 | 1,91
9155 | 2.0 23.0 4e28 | 4eB5 | AehO | 4ed2 | 4460 | 4,16 255 | 2,51 | 2.38 | 2,30 | 1.97
10:05 | 2.0 22+5 4e30 | 4e55 | 4D | 4edd | 468 | 4420 2,60 | 2,52 | 2,40 | 2,32 | 1.97
10:15 | 2.0 2245 4e30 | 4e56 | 4440 | 4450 | 4468 | 4420 2,60 | 2,60 | 2.42 | 2,32 | 2,00
10:25 | 1.95 22,0 he32 | 4e58 | Ledd | 4455 | 470 | 4422 R.62 | 2,60 | 2.47 | 2,35 | 2.01
10:45 .95 21.7 4e37 | 4e58 | Aed2 | Le53 | 470 | 428 2,70 | 2,62 | 2,48 | 2,39 | 2.2
10:55 | 1.95 21.7 4e35 | 4e59 | 4eh2 | 4453 | 4aTO | 4o23 2,70 | 2,63 | 2.48 | 2,39 | 2.02
11:05 | 1.95 21,7 4e35 | 4eB0 | 4ed2 | 454 | 44TO | 4427 2,70 | 2,63 | 2.47 | 2.40 | 2,02
11:15 | 1.95 21.2 4e35 | 4eD9 | 4eh2 | 4455 | L.T0 | 4427 2,69 | 2,63 | 2.47 | 2.40 | 2.03
11:25 | 1.95 21.8 4e38 | 4eB) | 4ed3 | 4e55 | 4470 | 428 2,69 | 2,64 | 2,47 | 2,39 | 2,03
Ave~ ' .

rage 1.95 21,8 La35 | 4e59 | 4ed3 | 454 | 4470 | 4427 2.68 | 2,62 | 2.47 | 2,39 | 2.02




RESULTS OF DATA OF TABLE IV

Same cylinder as used in Test of Table III
Density = 66,0 #/¢¢°

hmmié‘mmootolco'tootiocp moro
Range of inside temperature « « « o « ¢ o ¢ 5 v s o s = » 212° F, to 228° F,
Average outeide temperature .« « « « = + o ¢ ¢ 4 o 5 s 5 ® 143° F,
khgsofwtsidﬁt@mm.........-..... WF.‘&O]ASOI'.
Fhantempemmefplaster............... 1820 r,
Outside surface temperature et end of ¢ylinder « « « « o « 1220 F,

K =20 1+ ,0015 (182 ~ 148) = 2,11 BTU=in/te-£4R-OF

Gm’bedmpenge...;-....‘.......... ll%mi
Comcteévolta@...........‘........ &6701“

>
S R

144
/=35 =4

'!/ngtgs




Test of Hollow Cylinder 3/4" mumnmasnmmxsngth

TABIE V

Time Power Thermosouple-nv
Inside Surface Outside Surface
Amps,| Volts 1 2 > 4 5 € 9 10 11 12 N

2125 | 2.6 14,0 4420 | 3,90 | 5,00 | 4.00 | 4430 | 4436 2.50 | 2,78 | 2,76 | 2.48 | 2.29
2135 | 2.6 14e0 | 4050 | 4.18 | 5.28 | 4.30 | 4.61 4.64 2,60 | 2,90 | 2.7 | 2,56 | 240
2355 | 2.4 12.2 Le/B | 4,10 | 5.08 | 4,28 | 4.51 4. 53 2,62 | 2,99 | 295 | 2.62 | 2.42
3:05 | 2.4 12,3 Lol | £a18 | 5.10 | 4429 | 4460 | 4,56 2,66 | 3.02 | 2,98 | 2,60 | 2.48
3:25 | 244 12,3 4e53 | La20 | 5.12 | 4.36 | 4.063 | 4.80 2.62 | 3,06 | 2,88 | 2,62 J~3
3:35 | 2.4 12,3 Le53 | 419 | 5.14 | 4437 | 4.64 | 482 2.62 | 3.08 | 2,80 | 2.63 | 2.46
3185 | 2.4 12,3 | 4e52 | 4e20 | 5.16 | 4e37 | 470 | 4e62 | 2,62 | 3.08 2.90 8.62 | 2.49
4215 | 2.4 12.3 4eB6 | £e24 | 5421 | 4438 | 412 | 464 2,62 | 3,08 | 2,93 | 264 | 2.50
Ave- . .

rage | 2.4 12.3 4eBh | 4e21 | 5.16 | 437 | 4,78 | 4462 2,62 | 3.07 | 2,92 | 2.63 | 2.49

0t



RESULTS OF DATA OF TABLE V

Internal Diameter of cylinder

Thickness of CYIINAOr & o 3 o 5 5 &« 6 s o 5 8 5 a8 K &
Imm lmm d leindar - . - = - . - . . L - s . > - L
'ﬁeight ﬂf ‘&‘ half Ot eym & W NBE NSRS EE e
Weight d ’B. hm of eym 2 # & * 5 & ® s &£ 8 & s s
Percent difference of densities of "A" and "B" , , . « «

Avmmzw=ww =

Average inside temperature .

m&mmm@”"..i'....l.."
Average outside temperature « « + ¢« ¢« o« ¢ ¢ o ¢ s ¢ & o o
Range of cutside temperatur® + « =« o 2 o« o o 2 s ¢ o = & #
mmm&mﬁr..oo' 5 & & & &= 9 "
mtsideaurfmtenpem‘hmatendefeylindar......

K=1,8 1+ .0015 (186 « 148) = 1,94 BTU-in/hr-ft3-°F.

Correctod anperage % .o « ¢ # ¢ s s s s s s s o 5 s 5 o »
cm'MVO1h§e.t.ot‘vo.qnd.ouooc.c

, , _ 75

ma%nz ‘

/D= ;12 = ,25

3n
3/40
6’

222 gms
s

Ghold /0%

221° ¥,
210° F to 231°F,
151° F,
141° F o 164° 7.
186° 7,
142° F.

2.3 amps,
12.7 volis



TABLE VI

Test of Hollow Cylinder 1-1/2" Thick and Having a 6" Internal Iength

Tine Power Thermocouples-mv
Inside Surface Outside Surface
Amps, | Volts 1 2 3 4 5 6 9 10 11 12 B

20215 T j 7 &068 3.90 4040 30@ 4117 3&?6 2.08 2.11 Re22 214 1.98
10:25 | 2.4 13.9 468 | 3,99 | 4442 | 3.75 | 4.22 | 3.88 2,10 | 2,18 | 2,30 | 2,20 | 2,00
10:35 | 2.2 11,8 Le52 | 3490 | 4430 | 3,70 | 4.20 | 3.82 2.12 | 2,21 | 2,42 | 2,25 | 2.2
10145 | 2.3 12,0 | 4456 | 3.93 | 438 | 3.75 | 4.20 | 3.88 2.13 1 2,21 | 2,41 | 2.27 | 2.05
10255 | 2.3 12,0 | 4.62 | 4400 | 4ed2 | 3.86 | 4.28 | 3.92 220 | 2,30 | Rabh | 2,32 | 2,10
11:05 2.2 11.9 LeO8 | 405 | 4.52 390 | 4432 | 4,00 2,20 | 2,30 | 2.42 2.32 | 2,08
11:15 | 2.2 11.8 470 | 4408 | 4,51 | 3.98 | 4.35 | 4.00 2.20 | 2,30 | 2,50 | 2.32 | 2,10
11325 | 2.2 | 11.8 LeTL | 4Lell | 4453 | 3491 | 4ed2 | 4,04 223 | 2,32 | 2,50 | 2,32 | 2.10
11235 | 2.2 11.9 4e68 | 4,10 | 4451 | 3,94 | 4438 | 4.02 224 | 2.32 | 2,54 | 2,32 | 2,10
11&45 202 11.9 &7° 6(10 4-052 3&92 4039 4‘& 2.2‘} 2;34 2&% 2!31 2011
11:55 | 2.2 11.9 4T0 | 412 | 4.54 | 3.95 | 4edd | 4,04 2:.27 | 2,33 | 2:33 | 2,33 | 2.11
12:05 | 2.2 11.9 LeTL | 4e12 | 4454 | 3495 | 4ed2 | 4,06 227 | 2,34 | 2,33 | 2,33 | 2.13
12115 | 2.2 1109 | Ae72 | 4el3 | 4456 | 3497 | 4ed2 | 4:06 | 2428 | 2,36 | 2,53 | 2,35 | 2.13
Ave~

rage | 2.2 1109 | 4eT0 | 4e11 | 4e53 | 3495 | 4e40 | 4,03 | 2,25 | 2.33 | 2.52 | 2,33 | 2.11




RESULTS OF DATA OF TABLE VI

Internal diameter of cylinder

mﬁm@qmer 4 ® 5 8 ® s w2 B = e s 5 s s 8 e 0w 1‘1/2‘
Internal length of ¢yIInder o+ « ¢« « » o v+ o s ¢ s o o & &
Veight of .“ half of Wm R E e A SR R 1839 gms
Veigh’bafmwofeylm,.¢...¢..g-.-. 1875“
Dﬁfm of densities of "A" and "B" . . 4 ¢ « s ¢ ¢ s & 2'%

Bl
PRSP < g vra e 2% < - SR T I

1728 1728
Average inside temperature .

Range of inside temperatiul® . « « o « s s » o o« = = s = o 199° F to 228° F,
Average outside temperature . « « « « o s ¢« + + = o s o s 135° F
Range of cutside temperatile « « « « « o « « s s s o o o = 131° F to 142° T,
Mmm“pl‘am o ® & 5 & & = s * w, 8 9 v @ 1W°F
Outside surface temperature of cylinder . « « « = « + « « 126° ¥

K =208 1+ .0015 (179 = 148) = 2,18 BIU~in/hr-£t2-°F,

Cmﬁdmp&'&g‘.........-.......... 2.1 anps.
Gorrec‘bedml‘hgt......'......------.-s 12,3 volts

£=6x3x3 4% 1P X3l 518 (212 - 135) = L7

€€



TABLE VII
Test of Hollow Cylinder 3/4" Thick and Having a 3" Internal Length

Time Power Thermocouple - mv
Inside Surface Outside Surface
Amps. | Volts 1 2 3 4 5 6 9 1C 11 12 N

7345 | 3.9 €.8 5ed2 | 543 | 540 | 460 | 4480 | 4.7C 3.18 | 3.30 | 2.98 | 3,36 | 2.62
7355 | 4.0 9.0 5,60 | 5,62 | 5,56 | 4.90 | 5,10 | 5.06 3.20 | 3440 | 3.04 | 3.42 | 2.75
8:05 3.5 8.0 540 540 5¢43 480 5402 5.02 3420 | 3.40 3.07 3442 2.76
8115 | 3.5 8.0 5e41 | 5438 | 5.45 | 4.8€ | 5,00 | 5,01 320 | 3.40 | 3,08 | 3.42 : 2,76
8125 | 3.5 8.0 541 | 5.40 | 5,50 | 4.9C | 5.00 | 5,01 3420 | 3.32 | 3.08 | 3.42 | 2,78
8:35 | 3.5 8.0 Sedl | 5446 | 5460 | 490 | 5.00 | 5.02 3421 | 3432 | 3.06 | 3.43 | 2.78
8345 | 3.5 8.0 5450 | 5450 | 5.60 | 4.90 | 5,00 | 5.02 3.21 | 3.20 | 3.06 | 332 1| 2.76
8155 | 3.5 8,0 5450 | 5.50 | 5.60 | 4.82 | 5,00 | 5.02 3.23 | 334 | 3.07 | 344 2.T
9:05 | 3.5 8.0 5.51 | 5452 | 5.60 | 4490 | 5.01 | 5.04 3.21 | 3434 | 3.06 | 3.42 | 2.77
9:15 3.5 8,0 5¢50 5452 5.61 4490 5.01 5.04 3.23 3.33 3.07 3.42 | 2,78
9325 | 3.5 8.0 5450 | 5,53 | 5.60 | 4.90 | 5,00 | 5,03 3.23 | 3.33 | 3.07 | 3.44 | 2.78

rage 3.5 8,0 547 549 5:.59 4,90 5.00 5.03 3,22 3.32 3.07 3.43 - My |




RESULTS OF DATA OF TABLE VII

Internal dismeter of eylinder

Tmaefﬁylmr O O T T S T
Internal 1%‘!’:11 of cymar B R R RN R E NSRS
waigﬁto:‘?mrdcymttvucsac.niqtn
Difference of densities of A" and "B" . . . . + « ¢ & + &

Average density = . *;.Liﬁ X 321

Average inside temperature .

Range of Ingide tomperatul™® . « » s o ¢ ¢« & & « « ¢ s 2 »
&ng@mtsiﬂﬂtmam-vﬁg.sv.‘..;..-.
MWW@MW % = & F & * & & $ & ® & *
axwmemstmpmmmauﬁefcﬂinder.t....

K=1,82 1+ .,0015 (216 - 148) = 2,01 BIU=-in/fto-hr-OF,

COrraetold SaDoTORR + « o o o % a5 s 5 4 5 & 2.5 & % &% &

cmvﬂw.tti&-oocto.ttcllo‘t
f=3x3 1,5 =x2.01 (251 =174) =18
144 :

ma % = 3
2/982'3& = 28§

b
3/4t

3#
421 gms

430 gns
2,1%

= 643 #/142

251° F.

237° F to 265° F,

172 F
216° F
153° ¥

3.3 amps.
242 volts

4%



TABLE VIII
Test of Hollow Cylinder 1=~1/2" Thick and Having a 3" Internal Length

Time Pover Thermocouples-mv
Inside Surface Outside Surface
Amps. | Volts| 1 2 3 4 5 6 9 10 11 12 i

7325 | 4.6 10,7 5028 | 6,30 | 6.76 | 5.99 | 5.20 | 6,51 250 | 2,50 | 2.50 | 2,50 | 2,20
7835 | 4.6 10,7 560 | 6,70 | 7450 | 620 | 5.45 | 6.78 2,40 | 2,60 | 2,63 | 2,65 | 2.24
7345 | 345 8.1 5,18 | 6,01 | 6.80 | 5,70 | 4.99 | 6.30 2.43 | 2.63 | 2,70 | 2.62 | 2,30
7155 | 35 8.1 5,00 | 6,00 | 6,78 | 5,60 | 4,89 | 6,29 2.43 | 2,73 | 2,70 | 2,60 | 2.30
8105 | 3.5 8.1 5.06 | 6,01 | 6,79 | 5,60 | 4.88 | 6,30 243 | 2,72 | 2.72 | 2.61 | 2,30
8215 | 3.5 8.1 5406 | 6,01 | 6,79 | 5.60 | 4.88 | 6,30 2,43 | 2.72 | 2,72 | 2,61 | 2.30
8125 | 3.5 8,1 5.05 | 6,02 | 6.79 | 5.62 | 4489 | 6,30 245 | 2,72 | 2,74 | 2,61 | 2.30
8335 | 3.5 g.1 505 | 6,00 | 6,78 | 5,62 | 4.89 | 6,32 246 | 2,74 | 2,73 | 2,63 | 2.31
8145 | 3.5 8.1 5,06 | 6,01 | 6,78 | 5,61 | 4.9 | 6.32 2,46 | 2,75 | 2,7, | 2,63 | 2,31
8355 3.5 8.1 5.05 6,00 | 6.80 5.62 4.91 | 64,33 248 | 2.75 | 2,74 | 2.62 2.31
Ave-

rage 3-6 8,1 50% 6,01 6.79 5'61 40& 6'31 2ohdy 2.73 2.73 2062 2,31




RESULTS OF DATA OF TABLE VIII

Internal diameter of eylinder . . . >

Thickness of oy1Inder . « « » ¢« s + s ¢« o s 6 ¢ 5 5 6 o » 1.5
Inmllmgthefm * & % ¥ &5 & 9 € © & & &5 ¢ » M/Ié’
Ueight of "A" half of eylmar * ® % = &5 6 v 2 e v 8 s e @ 1175 £ms
gwtd‘vw&eym“'...‘....‘... n%m
Difference of densities of "A" and "B" , . ¢ 4 « 4 4 « & o 1.8%

i
o
&

o

S
iy
%

‘Ww inside Wm 4 o 5 9 % 5 8 8 5 2 % A s s E e 2%0 F
mgadimm er‘ - » * e = - ® - - - Ll - L - - 235°Fm3050F‘
hﬁtﬂg‘ outside tmm S & 6 5 5 2 2 s B e vt & ® » u?o F ;
Range of inside tomperatill® o« « « » s o 5 s ¢ ¢ « s o o = 139° ¥ o0 151° F,
M mm@ & pmw - » - . . 2 @ = > s = - - . & 2m° F
Outside surface tempersture at end of cylinder « + « « « 134° F
K =190 1+ ,0015 (207 = 148) = 2,07 BTU~in/hr=£t2-CF,
Corrected OUPETAEC o o ¢ s« ¢ & ¢ s s s 5 & 5 & s 8 & s 8 @ 33 amnps.
cﬁmm mw e & . & 2 - 9 - ‘& = @ &« & & & % . #» » = 8’3 valu
T T TEATES . TATY
f = o 205
2. -
i x 2,07 (266 - 147)

L/ = 2208 = 55
T/B.L;: = ,50



For values of T/D greater than two, the analytical and experi-
mental results differ by not more than eight per cent, Mr. Nickerson
stated in his thesis that he "feels certain that the results (of his
thesis) are accurate to within ten percent for the conditions as~
sumed®l® Where the end effects are not pronounced his opinion is
Justified,

The larpe difference between experirental and analytical re~
sults ocours for velues of T/D less than two. This ie to be expected
gince a larger pert of hest transfer passes through the ends which
are not isothermel es Mr, Nickerson assumed.

However, there are two pogsible reasons that the experimental
values differ so widely frem the snalytieanl,

One is that Leat leakege through the joint is not negligible
for the short cylinders., This possibility was ﬂmmd for the fol=-
lowing reason, Imnmediately after each test was completed, the front
cover of the test chamber was removed and the joint was examined,

Fo difference tempersture of the plaster on the surface right at the
Joint and the cutside surface tempersture could be felt by hand,
Also, no hot air was flowing out through the joint that eould be
detected by hand,

The other reason is that the average surface temperatures
are not representative., The inside surfece temperatures varied widely,
par‘hiuulnrly for the short eylinders, On the other hand, if the



k)

aversge surface temperatures were not representative then it is un-
likely that the results for the two eylinders (T/D = ,25 and T/D =
«50) would have plotted so symmetrically as they did in Fig. 4.

The variation of conductivity of the plaster in the ends
of the cylinder at a different mean temperature will change less than
0.5% end has beer neglected in the caleulations,

When drawing in the curve the maximum devietion from the meen
was taken ag eight per cent from the results of the two tests on the
eylinder having L/D and T/D ratios of four and 0,50 respectively,

Tests could not be run as hoped on eylinders heving T/D
ratios of 0,75 and 1.0 because thermal stresses csused the relatively
thick walls to erack. However, the position of the experimental curves
relative to the analytical curves cen be assumed because of the
similarity of the two sets of curves,

It should be pointed out that thece curves spplied to any size
eylinder whose T/D and 1/D ratios fall within the vange of those of
Fige 4+ Also these curves can be applied to the situation where the
heat is flowing into hollow eylinders.



1.

2.

3.

40
VII, CONCLUSIONS

The value of the factor f takes into account the variation of
the outside surface temperatures at the ends of the hollow

cylinder.ﬂ .

The correct solution to heat transfer problem by the relaxation
method must be worked under known conditions and not assumptions.

The curves of Fig. 4 offer a convenient method of ealculating
the heat transfer through insulation uniformly applied to ¢ylind-
rieal tanks heving flat ends.
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VITI. RECOMENDATIONS

The obvious recormendation is that tests be condueted to

determine more points of the experimental curves of Fig, 4.

| The interesting question is why the factor for experimental
results for L/D ratios of less then 2 are greater than the analytically
values, The author feels that the explanation of this can be given
after a more thoréugh investigation of the inside and outside sur-
face temperatures particularly at the corners,

More uniform inside surface temperature could be obtained by
casting the plaster eylinders around a metal cylinder in which steam
is condensed as a source of heat, If copper cylinders were used and
constantan leads were soldered to the outside surface of the e¢ylinder,
the thermocouple hot junctions so formed could be used to measure the
temperature of the inside surface of the insulation,






The elundum gusarded ring method was used to determine the
conduetivity of gypsum plaster, This spparatus was asserbled at V,
P, I, as a master's thesis in 1939 and is practicelly identiecal with
that used by the U, S, Duresu of Standards for reny years,"

Essentially the apparatus consists of one hot plate or heat
source and two hollow cooling plates through which cooling water is
cireulated, The test specimens are dises sbout 9-1/2 inches in |
diemeter and 1/2 inch in height, The accuracy of test results depend
upon using two specimens of egual height snd density for each test,
The apparatus and specimens are assembled in the following nanner.
One of the cooling plates is supported or the bottom surface in a
horizontal position. A test specimen is placed on the top surface
of this cooling plate, the hot plate is placed on this specimen, the
gecond specimen ig placed on the hot plate and the second cooling plate
is plsced on the second specimen (see Fig. 7). All plates and speci~
mens are placed concentrically on each other and the weight of the
top eooling plate presses the contact surfaces together to insure
good thermal contact. '

D. €. power is allowed to flow through the three parallel
resistance circuits in the hot plate, One of these cireuits, the main

* Farumumpleudamﬂptimw apmr&tma see The Assemblage

AT TR TUE m B rerain ¥#) “ i:ml m
duetivities Materialg by R. M. Jo!mtm, Ve o I,
Library, 1939.



4d,

heating element, extends over the inside area of the plate and is en-
closed by the other two cireuits which are known as guard rings.
Variable resistors in series with each circuit permits the power input
to each ecircuit to be varied. Thmmpluinthesurfmoftb
eooling plates, which are in contaet with tho test specimen, and in
the surfaces of the hot plate are used to determine the temperature
of those surfaces. By adjusting the varisble resistors, the heat
released in each of the three circuits i1s varied until the surface
temperatures of the hot plate as measured by the thermocouples are
equal, The water in the cooling plates maintains the temperature
unifornm at all points in both cooling surfaces,.

When this equilibrium condition is obtained, the heat flowing
from the main heating element is flowing normal to the hot plate sur-
faces through the two specimens to the cocling surfaces., The heat
leakage ascross the exposed vertical surfaces of the plates and speciw
meng 1s heat relessed by the guard ring. So the measured input to the
main hesting element is the transferred heat which is used to calcu-
late the conductivity of the specimen as will be explained in detall
in the following sections,.
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APTARATUS

The alundum hot plate used in this investigation was purchased
from the Mellon Institute, Pittsburgh, Pennsylvania, The following

is & deseription of the plate by Heilman'® and is illustrated by Fig.

5e

It consists essentially ..., of a circular heating plate,
3/8" thick and 9=1/2 in, in diameter. ssess.. The plate
has & spiral cut in ite face to a depth of slightly
more than 3/16 in, The groove has a width of approxi-
mately 1/16 in, and sterting from the center of the plate
continues to the outer edge at the rate of 10 turms

inch, The heating elements consist of No., 22 (B & S) gage
Nichrome III resistance wire, The center heating element
extends over the ecenter 7 in, of the plate.

Two guard ring heating elements each 1/2 in, wide cover the
remainder of the plate. The heating elements are cemented
into the center of the heating plate with alundum cement.
Enmbedded in one surface of the plate are 4 Chromel-Alumel
thermocouples 1.75 iﬂog 3.25 in., 3.75 in,, and he?5 in,,
respectively, from the center of the plateiicecseses

The three heating elements are comnected in parallel across a
D, C. potential, Variable resistors in series with each heating element
permits the current and therefore the power in each element to be
varied,

The two hollow cooling plates were built in the V, P, I,
machine shop sccording to specifications of Fig, 6, The two holes
tapped for 1/8 inch standard pipe are the ecooling water inlet and out~
let., The four 1/32 ineh x 1/32 inch milled slots accommodate the

copper-constantan used to measure the surface tempersture of the
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eooling plate,

Two specimens of the same thickness or height are placed as
indicated in Fig. 7 between the heating plate and cooling plates,
D, C, power is allowed to flow to the parallel circuits. The surface
temperatures of the heating and cooling plates are measured by the
thermocouples in the gurfaces, Adjustments are made on the three
variable resistors until the temperatures across the hot plate sur-
faces are equal, The temperatures of both the cocling surfaces are
maintained uniferm and equal by the flow of cooling water through the
hollow plates. Where this condition is obtained the heat lost through
thosiduiahntlostfmthetvoguardrﬁgonmdicatodbymvy
heat flow arrows in Fig, 7. The power input to the heating elements
is measured as the current in the main heating element and the voltage
drop ascross the element from the center ocut to a three-inch radius.
The voltage lead at the three-inech radius is so labeled in Fig. 5.
So the area of measured heat transfer is a cirecle six inches in dia-
meter,

If the conductivity of the specimen is less than 1 Btu=in/ft°-
%P-hr, then the surface temperatures of the cooling and heating plates
is taken as the cold and hot surface temperatures of the specimen, If
the conduetivity is greater than 1, then thermocouples must be placed
in the surfaces of the specimen to measure those surface temperatures.

The conductivity K of the two specimens is found from the
equation Q = ﬂi-‘-‘—?, where Q is the electrical power input in Btu to



49

6" Diameter of the

Circle through which
Veasured Heat is
Transferred

S

—— —— — T — W — — — —— — W — — — . — . w—— —‘

A - ——— R, WS We WD k. WS U W WS R WS W . o W --‘/

5}‘}%9}”@?72
s AR, g 0 PO e M

\‘ . WR VR e e WS W W S s . T WS R W Sea e R e TR R e

Figs 7+ Cross Section of Apparatus Ascembled for Testing,



the center sim-inch circle of heating element, A t is the difference
in degrees Farenheit in surface temperatures, L is the thickness in
inches of the samples, and A is the sum of the two 6-inch eircular

areas in square feet through vhich the heat is transferred from the
heating plate to the specimens,
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In order to obtain the same density in each member of the
pairs of specimens, each pair was cast from the same plaster-water
mixture, The specimens were cast in circular molds 9.1 inches in
dismeter and verying in height from 1/2 inch to 3/4 ineh, It was
necessery to plane down the top and bottom surfaces of each specimen
with a straight edge to make smooth surfaces and get uniform thick-
ness in both specimens of each pair,

The plaster used in all tests was "Pottery Plaster" a form of
gypsum plaster sold by the United States Gypsum Company,

The thickness of the specimens were measured with outside
calipers and reported to the nearest 1/64 inch,

Because of warping of the heating and cooling plate surfaces
of the testing apparatus, it was impossible to get complete thermal
contact between the surfaces of the plate and of the specimens, Cotton
felt 1/16 ineh thick was placed between these surfaces to minimize the
effects of air films due to surface irregularities,

Because the conductivity of gypsum plaster is more than 1
Btu-in/ft°-hr-°F and felt had been placed between the surfaces as
explained above, the surface temperatures of the specimens must be
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measured, This was accomplished by making small grooves just large
enough to accomrodate the thermocouple wire across the whole length
of the surfaces of the specimens, laying the thermocouple wire in
the groove and glueing the bimetal junetion to the plaster to insure
thermal contact between the plaster and junction.

The conductivity of the acetate glue used at the thermocouple
joints is 1 - 2 Btn-in/ftz-hr-"rlé which is very nearly that of
gypsum plaster, Because the conductivities of the glue and plaster
are practical equal, the isotherms in the glue were agsumed to be
coplanar with those in the plasters, 4 thermocouple measured the
temperature of the isotherm A, Fig. 8, passing through the midplane
of the thermocouple junctions This isotherm was taken as 015 inch
below the surface for reasons given in the following parsgraph.

The thermocouples were carefully placed below the surface
far enough that the exposed side of the thermocouples could be covered
by a thin layer of glue so the air films above the surfaces were not
in ecntast vith the thermosouple jumetion, Prelininary teste in
which the thermocouple junctions were partially embedded in plaster
so that part of the metal was exposed to the air film yielded values
of conductivities of 1 = 1.5 Btu~in/te-ft°~%F, The seme specimen
tested with the thermocouples completely embedded were found to have
conductivities of 2,0 - 2,9 which more nearly egrees with reference
values of 3.1 Several of the thermocouple junctions with the

hardened glue surrounding them were pulled awey from the specimens
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Fig. 2, Cross Section of Test Specimen Showing the Position
of the Thermocouples,
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after the specimens had been tested, The average thickness of the
glue and joint measured with a mierometer was .025 inech, The meas~
ured average thickness of the soldered junction was .02 inch., There-
fore, the average distance from the middle of the junction to the
surface of the glue exposed to the air film is .015 ineh, So the
tadckness L in the formla @ = ¥A-2¥ vas taken as the thickness
of one specimen minus twice .015 inech or .03 inch,

The free molsture was removed from all specimens by heat
from the radiator in the room in which the testing equipment wa.é set
ups The specimens were placed on a table so that they were within
one foot of the hot steam radiator and left for several days. FEach
day the specimens were weighed and when the weight was constant for
three successive days, the specimens were assumed to be dry. The
densities were calculated from these dry weights. ;
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RESULTS

The results of teste conducted as described above are given
in Tables 1 through 5, inelusive, Graphically the results of the
tests are shown in Fig., 9 which gives the variation of conductivity
of the plaster with density where the conductivities are determined
at a mean temperature of 148° F $8°,

In the following tables, the thermocouples B, C, D and E are
those in the hot plate surfaces and thermocouples 2 and 3 and 6 and 7
ere in the top and bottom cooling surfeces, respectively, The hori-
zontal broken line across each table is drawn in sbove the data used
to calculate the results, The data above the line was taken while
the test was coming to equilibrium,

It was hoped that the plaster of the cylinders tested as de-
seribed in the main body of this thesis could be kept at a mean tem=
perature of 148° F plus or mimus several degrees. The mean tempera=
tures of the eylinder walls sctually fell in & range of from 175° F
to 200° F, 8o it became necessary to find some method for finding
the conductivity of gypsum plaster for mean temperatures other than
148° F.

For small temperature ranges and constant density the conducti-
vities of most materiels vary with temperature according to the
straight line relation k, = ke [1+ & (t = t,)] where ky is the con-
duetivity at temperature t, k, is the conductivity at some datum tem-
perature to 12, Time did not permit finding by the hot plate method
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values of the conductivity of gypsum plaster at mean temperatures
other than 148° F, However, two values of conductivity for gypsum
plaster, molded and dry, were obtained from published data and em-
ployed to find a in the sbove equation, These two values aret

k = 1,41 Btu-in/hr-ft?-OF at a mean temperature of 70° F and a den~
sity of 62,8 1b/rt> 22 end k equals 3.0 at a meen temperature of

68° F and a density of 78 1b/£t>,1% Substituting in the equation

ky =Ko [1+ & (t-8)] , ky = 1041 at 70° P and density of 62,8 1b/et 3

1.41 = 1.64 [10 a (70 - mﬂ

where k, = 1,64 from Fig. 9, the conductivity of gypsun plaster at a
mean temperature of 148° F and density of 62.8 1b/ft°.
Solving this equation,

as 00018

Also from Fig. 9, k = 3.3 for a density of 78 "!.I:v/f‘t3 at a mean tempera=-
ture of 148° P and according to published data k = 3,0 at this same
density but for s mean temperature of 68  F, Substituting the values
in the above equation

3.0 = 3.3 [1+a (68 - usﬂ
and solving,

a = ,0012
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The difference between the values is due to experimental in-
accuracies and the diffieulty of reading the graph of Fig., 9 accurately
to the third place., The value of a substituted in the equation is

the average

a= ;m.%_.mz = ,0015
and the equation becomes

ky = k.,,[l + 0005 (t = t,,)]
and using this equation with Fig, ¢

ky =X [1+ .0015 (8~ 148)]

This equation can be used for any density of plaster which
lies between the values 62,8 and 78 nm/ft;3 .
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Tine Power Thermocouples-mv
Controls
Amp, Volts B c D E 2 3 6 , 3
9230 1.52 26,2 499 4490 495 4495 «61 60 | 62 62
9145 1.52 26,1 4496 4490 490 4490 «61 60 | 63 63
10100 lc 51 2601 4091 4' & 4190 ‘090 - 61 * 61 .61 - 61
13:15 1051 2601 4090 4089 4.89 Aogg »060 060 060 060
- e W e e we e - e e o Aol oar e P o o it o W e a ] e e e W
10:30 1.51 26,1 4.89 485 4.85 485 60 60 | 61 61
10245 1.51 26,1 487 4485 485 4e8l 61 61 | 461 61
11:00 1,51 26,1 4e85 4.85 484 485 61 61 | B2 62
11:15 1,51 26,1 4,85 4484 484 483 +61 01 | «61 <61
Average | 1.51 26,1
Weight of specimen = 1,465 1b,
Diameter of specimen = 9,1"

Thickness of specimen = 37/64"

Density =

1728 x 4

12 = 67.5 1b/et°




TABLE 1 (Continued)

Time Thermocouples -mv
Hot Surfaces Cold Surfaces
M _10 11 12 L 13 N 9
9130 3.91 3.80 4,405 4.10 1,80 1.72 1,76 1.71
9:45 3.89 3.80 4,02 407 1.80 1.70 1,78 1.60
10:00 3'88 3‘76 4401 4005 1.78 1.69 1070 1058
10:15 3.82 3.73 3.98 4.02 174 1.67 1.70 1.52
10230 3.82 | 3.72 | 3.98 | 4.02 1.72 | 1.61 | 1.69 | 1.50
11:00 3081 3:72 3.99 4001 1,71 1060 1066 1051
11315 3¢& 3-72 3.98 4’& 1072 1.60 1.66 1 51
‘W 3.81 3.72 3.98 4401 1378 1.60 : 3 067 1.51
Average hot surface temperature = 196,8° F
Average cold surface temperature = 104.8° F
Mean temperature = 150,8° F
Corrected amperage = 1449 amps
Corrected voltage = 27,0 volts

k=

x 27,0
1393 1 8"1%8

Thermocouples on bottom specimen 11, 12, 13 and L
Thermocouples on top specimen

M, 10, N and 9

= 2,10 Btu in/ft°~hr=CF




TAELE II

Thickness of specimen = 3/4"

2408
Gt

= 73.8 b/t

IEST OF 3/A" SPECIMEN
Time Power Thermocouples -m v
Controls
Amp, Volts B c D E 2 3 6 7

10:00 1,50 26,0 4490 4490 4490 4490 .54 54 | <54 54
10:15 1.50 26,0 4..86 4,86 4,490 4490 53 53 | «53 53
10:30 1.50 26,0 4485 4.85 4,280 475 53 53 | 53 53
11:00 1.50 26.0 4.80 4.80 4.78 4.78 054 054 053 -53
11:15 1,50 26,0 4.80 4480 4478 4.78 53 53 | «53 53
11:30 1.50 26,0 4,80 4480 4,50 4,80 53 «53 | «53 53
11345 1.50 26.0 4.80 4.80 4478 4078 053 +53 5 . 53
12:00 1.50 26.0 A.SO 4.80 4.'80 4.80 053 t53 053 053
Average | 1l.50 26,0

Weight of specimen = 2,08 1b.

Diameter of speeimen = 9,1 *®

19



TABLE 2 (Continued)

Hot Surfaces Cold Surfaces
M 10 11 12 . 13 N 9

10:00 3.58 3.50 3.90 3.70 1.62 1.62 1.44 1.30
10:15 3.58 | 3.48 | 3.8 | 3.70 1,60 | 1,60 | 1.42 | 1.25
10230 3455 3.48 3.83 3.65 1.60 1.58 1.4 1.25
10345 3.52 345 3.80 3.62 1,58 1.58 1.40 1.28
1i: 3450 3eddy 3.80 | 3.62 1.57 1.57 1.40 1.25
11:15 3.50 b2 3.80 3.62 1.56 1.56 1.40 1.25
11:30 3.52 3442 3.80 3.62 1.58 1.58 1.40 1.25
11245 3.52 3ed2 3.81 3.62 1.56 1.56 1.40 1.23
12:00 3.52 3642 - 3.80 3.62 1.54 1.54 1.40 | 1.25

&W %2.51 342 3.80 3062 1.56 1.56 1.40 1.25

Lver-age hot surface temperature = 185,2°F
Average cold surface temperature = 96.8%F

Mean temperature = 140.5°F

Corrected amperage = 1.48 amps

Corrected voltage = 26.9 volts

k= = l = 2.82 Bt;«in/&hft%-el"

2393 (185.2 - 96.8

Thermocouples on bottom specimen = 13, L, M and N
Thermocouples on top specimen =9, 10, 11 and 12




TABIE 3.

IEST OF 37/64" SPECTMEN
Time Power Thermocouples-mv
' Controls
Amps, | Volts B c D E 2 3 6 7

93120 1.51 26,0 4..86 4.86 486 L«89 60 60 | .60 .60

9:35 1.51 | 26,0 | 4.85 | 4.82 | 4.80 | 4.88 £H0 | 60 | 60 <60

9:50 1.51 26,0 L.80 4480 4480 4.82 .60 56 | 460 60
10:05 1.50 26,0 4+80 480 480 4482 «60 55 | 60 60
10:20 1.50 26,0 4,80 4.80 4480 4.81 &0 «56 | 460 60
10235 1.50 26,0 4+80 4.80 483 | 4.81 +60 54 | 60 .60
10:50 1.50 | 26,0 | 4480 | 4,78 | 4.80 | 4.80 0 | 455 | <60 60
11:05 1.50 26,0 4.20 478 L+80 4+80 +60 «56 | 60 60
Average| 1.50 | 26,0

Weight of specimen
Diameter of specimen = G,1"

= 1,51 1be

Thickness of specimen = 37/64"

Ladl

Density =

1728 x 4

2 = 68,6 1b/ft

€9



TABLE 3 (Continued)

Time Thermocouples-mv
Hot Surfaces Cold Surfaces
M 10 11 12 L 13 N 9

9:20 3.78 3.70 3.82 3.75 1.81 1,78 1,78 1,80

9335 3.70 3.65 3.78 3.74 1.78 1.78 1.78 1.80

9:50 3.70 3.64 3.72 3,70 .71 1,72 1.72 1.78
10:05 3.68 | 3.60 | 3.70 | 3.69 1.68 | 1,72 | 1.72 | 1.7%
10:20 3.65 3.56 3.69 3.67 1.67 .71 1,70 1.72
10:35 3.61 3455 3.69 3.67 1.61 1.68 1.70 1,72
10:50 3.60 3. 55 3168 3.67 1.60 1.70 1.70 1.72
n3ﬁ5 3060 3056 3068 3066 1060 1069 1069 1.70
Aversge | 3.62 3.55 3.69 3.67 1,62 | 1.69 1.70 .71

Average hot surface temperature =186.8°?
Average cold surface temperature = 107.0 F

Mean temperature = 146.9° F

Corrected amperage = 1,48 amps

Corrected voltage = 26,9 volts

k= — = 2,36 Btu-in/hr-ft2-OF

0393 1 08“10?'0

Thermocouples on bottom speeimen = 10, 11, 13, end L
Thermocouples on top specimen =0, 12, Mand N



TABIE 4

TEST OF 3/4" SPECTMEN
Time Power Thermocouples- mv
Controls
Amps, | Volts B c D B 2 3 6 7

11:10 1.51 26,0 530 5.22 5.28 5430 64 b | J64 NA
11:25 1.50 25.9 527 5.21 5.21 5426 65 65 | 65 «65
11240 1.50 25.9 5.22 5.16 5420 5420 66 6 | 66 .66
11:55 149 25,8 S5.11 5«11 5«13 5.18 .66 66 | 66 66
- e e g e e e - e e e e we s e ome v e fes e e s e e e e - e an| em e e e e - -
12:10 1«49 25&9 5013 5;10 5&13 5:]6 068 ¢68 068 068
12:25 149 25.9 5.10 5410 5.10 504 .68 68 | .68 68
12340 1.49 25,9 5.10 5.10 5.11 5¢13 67 T | 67 67
12255 1.49 25,9 5420 5.10 5,12 5.12 +67 67 | 67 .67
Average | 1.49 25_.9

‘Weight of specimen = 1,99 1b.

Diameter of specimen = 9,1 %
Thickness of specimen = 3/4".

129

Density =

1728 = 4

12 = 70,5 1b/et’

<9



TABLE 4 (Continued)

Tine Thermocouples~-nv
Hot Surfaces Cold Surfaces
M 10 11 12 L 13 N °

11’3 10 4.16 Lozﬁ 4..29 4.29 1.80 lo 57 lg 80 1.82
11:25 41l 4e20 4428 4,420 1.73 1.52 | 1.78 1.80
11240 4410 4e17 420 4420 1.70 1.45 1,70 1.75
11255 4,02 4e11 4el8 %k 1 1.67 1.42 1.68 1.73
- s ww e “ e o e am oae w R e M e ke e e o W . e B Y
12:10 4,00 4403 4el2 4e1l 1.61 1.42 1.60 1.68
12:25 3.9 4,404 4410 4410 1.60 1.42 1.58 1.62
12:40 3,96 | 4404 | 4410 | 4.03 1.60 | 1.40 | 1.48 | 1.62
12355 3.98 402 4410 4403 1.59 1.40 1.48 1,62
Average | 3,98 | 4.03 | 4.11 | 4.07 1.60 | 1.41%| 1,56 | 1.64

Average hot surface temperature = 203,2°F
Aversge cold surface temperature = 103,2° F

Mean temperature = 153,2° F
Corrected amperage = 1.46 anps
Corrected voltage = 26,9 volts

Thermocouples on bottom specimen = 9, 10, 11, and 12
Thermocouples on top specimen =13, L, ¥, and N

% After the test this thermocouple was found to be exposed to
air film on surface of specimen, Results were neglected.




Time Povwer
Amps, | Volts | B c D _E 2 3 6 y 4

10:05 1.51 26,0 510 504 5«11 531 62 68 | .58 62
10:20 1.51 26,0 5.10 5.10 5.10 5.10 62 67 | 68 +58
10:35 1.51 26,0 5.10 510 5,10 5.10 +68 B ‘1 6T &7
10:50 1.51 26,0 5.10 5.10 5410 5.10 A7 b4 | 64 A
11:05 1.51 26.0 5.04 5.04 5.10 5,10 O7 $6 | 64 | 64
11:20 1.5 | 26,0 | 5,08 | 5,08 wil | 530 | AR | 55 | 56 | 66
11:35 1.5 2640 5.10 5.10 54,10 5,10 +66 H6 | 265 .05
11:50 151 26,0 5.08 5.08 S5eil} 5,10 +65 65 | .65 05
12:05 1.51 26,0 5.10 5.08 5.10 5.10 ._65 65 | 65 05
Averasge | 1.51 26,0

Weight of speeimen = 1.94 1b.

Dismeter of specimen = 9,17

Thickness of specimen = 47/64"

Density =

Le%4

1728 x 4

< = 70,3 1b/ft°
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TABIE 5 (Continued)

Time Thermocouples-mv
Hot Surfaces Cold Swrfaces
M 10 11 12 L 13 H 9

10105 4e20 4,08 3.82 420 1.62 1,80 1.80 1.80
10:20 4420 Lel5 3.78 42D 1,70 1.80 1.79 1,79
10135 4420 4ell 3.72 Leil 1.65 1.78 1.78 1.78
10250 4e20 e l0 3.73 4410 1.65 1,77 1,70 1.70
11:05 | 4420 | 4410 | 3.75 | 4.0 | 1.60 | 178 | 1.70 | 170
11320 Le20 410 ST £4.10 1.60 1.78 1.70 1,70
11:35 4,420 £a10 375 410 1.60 1,78 1.69 1.70
11:50 4420 4210 275 410 1.60 1,78 1.69 1,68
12305 420 4,10 3.75 4410 1.60 1.60 1.70 1.72
Average| 4.20 4410 3.75% | 4.10 1.60 1.78 1.70 1.70

Average hot surface temperature = 206.4° F

Average cold surface temperature = 108,0° F

Mean tenperature = 157.,2° F

Corrected amperage = 149 amps

Corrected voltage = 26,9 volts

k= = = 2.57 Btu in/hr-£t?-OF

«393

Thermocouples on bottom specimen

Thermocouples on top specimen

* Thermocouple was embedded too deeply in plaster.
Results neglected,

=9, 10, 11, and 12

=13, L, ¥, and N




69

DISCUSSION OF RESULTS

A comparison of results with published data is impossible
beceuse adequate data is not available other than the two references
given in the section RESULTS,

There being no indiecation to the contrary, gypsum plaster was
agsumed to be one of the materials whose conductivity varies directly
with temperature, The finsl eriterion, of course, is an experimental
determination of this relation, However, the conductivity of abestos
varies 1.3 per cent as the mean temperature changes from 100° F to
200° F, that of loose infusorial earth varies 1.1 per cent for the
same temperature difference, and for pulverized cork the variation is
2.2 per cent, The conduetivity of gypsum plester changes 1,5 per cent
in 100° temperature difference which is within the limits of the three
materials listed sbove,

Compared to the published date cited in the section RESULYS,
the results plotted in Fig, 9 are reasonable, The crucial neasurements
employed in ealeulating the conductivity are thickness of specimen
and the temperature difference between surfaces of the specimens,

The only available check on surface temperature measurements
is to plot the results as in Fig., 9. lLarge deviations of the measured
average temperature difference from the actual average temperature dif-
ference would result in wide spread points, The results plotted on
Fig. 9 are within three per cent of the mean,



"The caleulation of the temperature gradients sesee must be
left to the judgnment of the operator" in the case in which the thermo=
couplee are attached to the surface of the apecim.u The method used
by the operator in conducting these tests is that described under

The effect of using an erronecus method of determining this
gradient is an error in one direction only and results in moving the
mean curve of Fig, 9 either up or down on the ordinate depending on

the error,
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