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PREFACE 

The data presented in this bulletin are the results of research in 
the field of heat transmission conducted in the Engineering Experiment 
Station and Bureau of Technological Research at the University of 
Minnesota. Various stages of the work have been in progress since 
1920. At first the work was directed to the development of test methods 
and apparatus for determining the thermal conductivity of homogeneous 
materials and built-up wall sections. Later the test methods and 
apparatus were used to study the thermal conductivity of various types 
of materials and combinations of materials as used in building construc
tion; also to analyze the heat flow through built-up wall construction 
and to determine the laws governing such factors as surface conductance, 
air space conductance, and the thermal properties of homogeneous 
materials. From time to time substantial contributions have been 
received from the industries and for several years the American Society 
of Heating and Ventilating Engineers through their research laboratory 
contributed liberally to the advancement of the work. Those manu
facturing companies who in the past have contributed unrestricted 
research funds are the Flaxlinum Insulation Company, St. Paul, (now 
closed) ; the Insulite Company, lV.Iinneapolis; and the Wood Conver
sion Company, Cloquet. 

Two bulletins have been published by the University of Minnesota 
Engine~ring Experiment Station-the first, Bulletin No. 3 in 1923, 
and the second, Bulletin No. 8 in 1932, both covering the results revised 
to date of publication. As the supply of Bulletin No. 8 has been ex
hausted and several parts of the work have been completed since its 
publication, it seems desirable to issue a revised summary of the work. 
In the present bulletin the essential parts of previous publications 
together with the results of new work will be co-ordinated to give a 
complete picture of the heat transmission work which has been con
ducted to date at the University of Minnesota. The publications which 
will be drawn upon and which may be referred to for more complete 
information on various parts of the work are as follows : 

Transmission of Heat through Building Materials, F. B. Rowley. University 
of Minnesota Engineering Experiment Station Bulletin No. 3. 1923. 

/JJ" Heat Transmission through Building Materials, F. B. Rowley and A. B. 
P:! Algren. University of Minnesota Engineering Experiment Station Bulletin No. 8. 
~ 1932. 
~ Heat Transmission Research, F. B. Rowley, F. A. Morris, and A. B. Algren. 

;) :Ius~aJi.A~n~· f.·£:d/oi. ~4. ~~~· f3~-~~· ~,9~§.· 517-41. July, 1928; Transactions, 

;:!!t Thermal Resistance of Air Spaces, F. B. Rowley and A. B. Algren. Journal, 
A. S. H. and V. E., Vol. 35, No. 1, pp. 17-26. January, 1929; Transactions, A. S. 

~ H. and V. E., Vol. 35, pp. 165-81. 1929. 
Over-all Heat Transmission Coefficients Obtained by Tests and by Calcula-

0 tion, F. B. Rowley, A. B. Algren, and J. L. Blackshaw. Journal, A. S. H. and 
GIO V. E., Vol. 35, No. 5, pp. 49-54. May, 1929; Transactions, A. S. H. and V. E., 
~ Vol. 35, pp. 443-56. 1929. 
(;; Effects of Air Velocities on Surface Coefficients, F. B. Rowley, A. B. Algren, 
a: and r L. Blackshaw. Journal, A. S. H. and V. E., Vol. 1, No. 8, pp. 673-76. 
ii December, 1929. . 
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Surface Conductances As Affected by Air Velocity, Temperature, and Charac
ter of Surface, F. B. Rowley, A. B. Algren, and J. L. Blackshaw. Journal, A. S. 
H. and V. E., Vol. 2, No. 6, pp. 501-508. June, 1930. 

Surface Coefficients As Affected by Direction of Wind, F. B. Rowley and 
W. A. Eckley. Journal, A. S. H. and V. E., Vol. 3, No. 10, pp. 870-74. October, 
1931. 

Thermal Properties of Building Materials, F. B. Rowley and A. B. Algren. 
H. P. and A. C., A. S. H. and V. E. Section, Vol. 4, No. 5, p. 363-69. May, 1932. 

Heat Conductivity of Wood at Climatic Temperature Differences, F. B. Row
ley. Journal, A. S. H. and V. E., Vol. 1, No. 1, pp. 313-23. June, 1933; Trans-
actions, A. S. H. and V. E., Vol. 39, pp. 329-55. 1933. . 

Insulating Value of Bright Metallic Surfaces, Frank B. Rowley. Journal, 
A. S. H. and V. E., Vol. 40, No.6, pp. 263-66. June, 1934; Transactions, A. S. 
H. and V. E., Vol. 40, pp. 413-26. 1934. 

Thermal Properties of Concrete Construction, Part I, F. B. Rowley, A. B. 
Algren, and C. Carlson. Journal, A. S. H. and V. E., Vol. 42, No. 1, pp. 53-64. 
January, 1936. 

Thermal Properties of Concrete Construction, Part II, F. B. Rowley, A. B. 
Algren, and R. Lander. Journal, A. S. H. and V. E., Vol. 8, No. 11, pp. 621-
31. November, 1936. 

The authors wish to acknowledge the assistance of the various co
authors of papers mentioned as well as the director of the American 
Society of Heating and Ventilating Engineers Research Laboratory and 
the director of the Engineering Experiment Station for their valuable 
assistance and co-operation in making the different phases of research 
work possible. 
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THERMAL CONDUCTIVITY OF 
BUILDING MATERIALS 

INTRODUCTION 

It is difficult to find in engineering practice a process which has a 
more general application than that of the flow of heat through materials 
or combinations of materials. In many cases, such as boilers, con
densers, heat exchangers, and refrigerating machinery the object is to 
get a rapid transfer of heat with as little resistance as possible. In 
other cases, such as cold storage houses, refrigerator cars, and many 
types of building construction the object is to obstruct the flow of heat, 
or to build into the structure definite heat resistance. In general, the 
laws governing the heat flow are fairly well known and apply in the 
same manner to either of the above problems. Often, however, the 
structure of the materials or the combination of the materials when 
assembled on a job is such that it is difficult to apply the simple laws 
and obtain reliable calculated results. For instance, the flow of heat 
across an air space, common to many types of wall construction, may 
be reduced to a simple calculation if suitable coefficients are available. 
These coefficients, however, depend upon several factors, such as the 
area> and width of the air space, the surface finish, and the mean tem
perature. Since the transfer is by the combined methods of conduction, 
convection, and radiation, an analysis of the problem to determine the 
coefficients is complicated. The method of calculating the flow in such 
cases is simple, but the selection of the proper coefficient requires an 
extended knowledge of the thermal properties of the materials and 
surfaces, and their arrangement. Likewise in tile and concrete walls in 
which various cored out air spaces are provided, the heat flow through 
the wall is a combi_nation of that transferred through solid material and 
across the air spaces, and the construction is usually such that calcu
lated results are not reliable. Even homogeneous materials possess such 
a wide range of characteristics in so far as their heat transfer is con
cerned that a wide knowledge of their thermal properties is necessary 
for reliable calculated results. In the final analysis the problem has 
become long and complicated and as the work has progressed some 
changes in methods and apparatus have been made. However, the gen
eral test methods for homogeneous materials and built-up wall sections 
have been maintained throughout the work. 

Various phases of the work have been carried out as specific research 
projects. Thus, the thermal conductance of surfaces for various types 
of materials and wind velocities was a separate project. The thermal 
conductance of air spaces was separated into two parts-first, that for 
average materials, and second, that for bright metallic surfaces. The 
thermal conductance of various types of wood was a specific project, 
and, as will be noted, the over-all thermal conductivity of built-up wall 
sections is reported in two parts, the first including frame wall con
struction and a part of tile and masonary walls, and the second includ
ing a more complete program on different types of concrete construction. 
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Part of the material is taken directly from Bulletin No. 8 of the 
Engineering Experiment Station (now out of print) and part of it is 
additional material in the same field completed since the publication of 
the bulletin. The reason for this procedure is that in order to present 
a complete and intelligent picture of the work as a whole it is necessary 
to combine the principal features of the work given in Bulletin No. 8 
with later research results. :Many details of individual parts have been 
omitted due to lack of space, but in most cases they may be found in 
the publications listed in the Preface. 

In general the objects of the researches were: 

1. To develop test methods and build reliable apparatus for determining the 
thermal conductivity of insulating materials and the over-all heat transmission 
coefficients for built-up wall construction. 

2. To determine reliable thermal coefficients for the surfaces of materials, 
for air spaces of various construction, and for homogeneous materials, in order 
that these coefficients may be used in the accepted methods of calculation to 
obtain reliable over-all heat transmission coefficients for built-up wall sections. 

3. To compare the results obtained by tests and by calculations for over-all 
heat transmission coefficients, and to determine the accuracy of calculated results 
when using corrected coefficients. 

4. To determine the practicability of different types of construction and the 
effect of mean temperature, density, and moisture on the thermal conductivity of 
materials. 

NOMENCLATURE AND DEFINITIONS 

The symbols used in this bulletin are those recommended by the 
Committee on Heat Transmission of the National Research Council, 
and will, therefore, be different from those used in some of the earlier 
papers referred to in the Preface. The following are the most important 
symbols and definitions used : 

U = thermal transmittance or the over-all coefficient of heat transmission for 
a complete wall. It represents the number of British thermal units transmitted 
through one square foot of wall area per hour per degree difference in temperature, 
Fahrenheit, between the air on the inside and the air on the outside of the wall. 

k = the thermal conductivity. It represents the amount of heat, expressed 
in British thermal units, transmitted per hour through one square foot surface 
area of homogeneous material one inch thick per degree temperature difference 
between the two surfaces of the material. 

C = the thermal conductance. It represents the amount of heat expressed 
in British thermal units, transmitted through one square · foot of material per 
hour per degree difference in temperature between the two surfaces. (It will be 
noted that C is different from k in that it represents the flow of heat through 
the material as built and not per one inch thick.) 

f = film or surface conductance. It represents the amount of heat expressed 
in British thermal units, transmitted between the air and the surface of the 
material per square foot of surface area per hour per degree difference in tem
perature between the air and the surface. To differentiate between the two sur
faces, f1 is used for the inside surface and fo for the outside surface conductance. 

a = the thermal conductance of an air space. It represents the amount of 
heat expressed in British thermal units transmitted from surface to surface of an 
air space per hour per square foot of surface area per degree Fahrenheit difference 
in temperature between the two surfaces. 

The resistance to the heat flow through any path equals the reciprocal 
of its conductivity over the same path. Numerically the resistance is 
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equal to the temperature drop in degrees required to force one British 
thermal unit through the given path. 

1 
Thus - = over-all resistance from air to air 

u 
1 

- = the internal resistance per inch of material 
k 
1 

- = the internal resistance of the material in thickness as constructed 
c 
1 

- = the surface or film resistance 
f 
1 - = air space resistance 
a 

HEAT FLO\V DISCUSSION 

An extended discussion of the formulae which are commonly used 
in heat transmission calculations is not necessary. However, since this 
bulletin deals with the various coefficients, the relation between them will 
be briefly considered. The fundamental formula by which the over-all 
heat transmission coefficient U is generally calculated is as follows : 

(1) u = -------- This represents a wall with air space 
as shown in Figure 1. 

In the above formula, x 1 and x 2 are the thicknesses and k1 and k2 

are the conductivities of the two materials making up the wall structure. 
While the foregoing formula represents the relation between the 

over-all heat transmission coefficient of the wall and the coefficients of 
the component parts, it is less confusing to consider the relation between 
the resistances. The over-all thermal resistance of a wall is equal to the 
sum of the resistances of the component parts, and this holds true 
regardless of the structure. Thus Equation 1 might be rewritten as 
follows: 

(2) 
a 

x2 1 + - + - in which 
k 2 fo + u 

1 - = the thermal resistance of the complete structure 
u 
1 - = the inside surface resistance 
fl 
x1 - = the resistance of the inside lining, etc. 
kl 

In the above the reciprocals of the conductivities represent numeri
cally the number of degrees of temperature drop required to force one 
British thermal unit through a given path one square foot in area. 
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Thus, if we consider one British thermal unit as traveling through one 
square foot of wall area from air on one side to air on the other side, 

1 
then - is equal to the number of degrees temperature drop or heat 

u 
head required to force this heat from air on the inside to air on the out-

1 
side of the wall, - is the number of degrees required to force the same 

fl 
amount of heat from air on the inside to the inside surface of the wall, 
xl 
- is the number of degrees required to carry it through the inside sur-
kl 
face material, etc. throughout the wall construction. The sum of the 

1 x 1 1 
individual temperature drop, - + - + . . . etc. = -. This con-

~ ~ u 
ception of the heat flow process is convenient and gives a ready method 
of calculating the temperature at any point in a wall if the character
istics of the materials and other parts of the wall are known. 

T 
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5 

Figures 1 and 2 show graphically the temperature drop throughout 
various sections of two walls as determined experimentally. Referring 
specifically to Figure 1, this represents a sectional view of a wall which 
was built up with 2 X 4-inch studs covered on each side with aninsulat
ing board Vz inch thick. This wall was maintained under constant 
conditions between air temperatures of 80.5 o F. on the high side and 
0° F. on the low side. Under this condition temperatures were taken 
at points throughout the wall as indicated by the points T 1 , T 2 , T 3 , etc. 
as shown in the top part of Figure 1. The heavy curved line passing 
from left to right downward through the wall represents graphically 
to vertical scale the temperature drop throughout the wall taken at the 
various points. The temperature drop from point to point represents 
the heat head required for the passage of ·heat through the particular 
section of the wall and is, therefore, a direct measure of the heat resist
ance of that section of the wall. If the total heat flow per square foot 
area is known, the coefficient of conduction may be calculated. In this 
case the temperatures were determined experimentally. If, however, 
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the coefficients were known throughout the wall, the temperatures at 
any point within the wall could be calculated providing the initial tem
peratures T and T 0 were established. Thus if the resistance of the 

1 1 
inner surface, - was .1 of the total resistance -, then the drop in 

f1 u 
temperature T - T 1 would be one tenth of the drop from T to T 0 , and 
likewise the drop for other points in the wall could be calculated. The 
lines joining T to T H T 2 to T 4 ; and T 5 to T 0 are curved lines as the 
resistance is not uniform throughout these sections. The lines T 1 to T 2 

and T 4 to T 5 are straight lines as the materials used for these sections 
are homogeneous insulating materials of uniform resistance. In Figure 
2 additional inside and outside surface finishes have been applied to the 
wall, and since these finished materials have different thermal resistances 
the slopes of the line through them are different. The total drop in tem
perature, however, from T to T 0 is divided up between the various parts 
proportional to the heat resistance of these parts. 

TYPES OF TEST APPARATUS 

Two general types of apparatus are used for determining the thermal 
conductivity of materials. The first is most commonly used for de
termining the thermal conductivity from surface to surface of the 
material and is often referred to as the hot plate apparatus. This is 
more specifically adapted to homogeneous materials, the surfaces of 
which are smooth enough to give reasonably good contact between the 
test plates and the material. The second type is that employed for 
determining the over-all heat transmission coefficient from air on one 
side to air on the other side of the material and is particularly adapted 
to testing built-up wall sections or structures whose surfaces are too 
rough for good contact with the plate as used in the hot plate method 
of tests. Several individual designs of the second type have been used. 
A common method has been that of building a box either completely 
of the material to be tested or with one side constructed of the material 
and the remainder of the box accurately calibrated. Another method 
has been to use a thermal conductivity meter placed in contact with one 
side of the wall to be tested. The Nicholls heat meter is undoubtedly 
the best known apparatus of this type. The apparatus devised and used 
in these tests consists of a double or guarded box arrangement which 
will be described later. 

The fundamental difference between the two types of apparatus is 
that, in the hot plate method, the conductance is determined from sur
face to surface of the material under test, thus eliminating the surface 
resistances, while in the hot box method, the conductance is determined 
from air to air, which includes the surface resistances. The conductance 
f~om surface to surface may be obtained by the hot box method, pro
vided that thermocouples are properly placed on the surfaces of the 
material under test, or the over-all heat transmission coefficient may be 
calculated from the results obtained from the hot plate test, if the sur
face coefficients are known. The main objection to using the hot plate 
method for large wall sections is the difficulty experienced in getting 
contact between the plate and the surface of the wall. At present, the 
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hot plate method is generally accepted for determining the thermal con
ductivity coefficients of homogeneous materials. A single method, how
ever, of determining over-all coefficients has not been so generally ac
cepted. In any type of apparatus, the principal object is to get accurate 
results. This can only be done by giving special attention to temperature 
measurements and to the path of heat flow through the material. Special 
precautions must be taken to prevent heat losses from the test section 
and to insure that the lines of heat flow are perpendicular to the test 
surfaces. 

HOT PLATE APPARATUS 

The general design of the hot plate apparatus used in this series of 
tests is shown in Figures 3 to 6, inclusive. This design conforms to 
the generally accepted standard for this type of apparatus and differs 
from those previously used at Minnesota in that special precautions 
were taken to eliminate all paths for heat flow between heating plate 
and guard ring, and, also, to reduce condensation on the outside of the 
cooling plate. 

Figure 3 shows two views, part in section, of the complete appa
ratus. Referring to the right-hand view, the construction of the plate 
is as follows: The central or heating portion is 12 inches square, Ys 
inch thick, and lined on each side with a copper plate ~ inch thick. 
The copper plates are divided into two parts-an inner section 9 inches 
square and a band or guard ring 1 Yz inches wide surrounding this 
section. These two sections are completely separated by a Y8-inch air 
gap which completely eliminates any metallic connection between the 
inner and outer portions of the heating plate. The . inner or 9-inch sec
tion is the test section proper and the outer portion is the guard ring 
provided to eliminate heat losses through the edges of the material. 

Heat is supplied to the plate by electric heating elements wound on 
~-inch transite board and placed between the two ~-inch copper plates. 
The arrangements for these windings are shown in Figure 4. The 
heating element supplying the inner test section is completely separated 
from that supplying the guard ring section by a l-inch air gap. The 
inner or test section of the plate is kept in line with the outer or guard 
section by the four insulating blocks designated by A. These constitute 
the only positive connection between the inner and outer portions of the 
heating plate. The only other paths for heat flow between these two 
sections are along the wires which are necessary to connect the heating 
elements and thermocouples to the apparatus outside of the plate. 

The test specimens are placed one on each side of the heating plate 
and each covered by a cooling plate which is clamped sufficiently tight 
to hold the specimen in close contact with the surface of the heating 
and cooling plates. The assembled apparatus is surrounded by an in
sulating guard which serves as an additional precaution against heat 
losses from the edges of the test specimen. 

The plates are provided with copper constantan thermocouples· for 
measuring the surface temperatures of the copper plates which are 
taken as the surface temperatures of the materials under test. Two of 
these couples are provided in each face of the test section and two in 
each face of the cooling plates. A differential couple is provided across 
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the air gap between the inner and outer portions of the hot plate in 
order to determine when a b,alanced temperature has been reached. 

Hot" Plerl"e 
R«~r V,'ew 

FIGURE 5. WIRING DIAGRAM FOR HOT PLATE 

Lin~ 

The heating plate is supported in a frame, the top and front por
tions of which are removable. All of the thermocouple and electric 
wires are brought out through the stationary portion of the frame 
(Figs. 3 and 6). 

FIGURE 6. PLATES AS SET UP FOR USE 
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The cooling plates are provided with water-circulating channels and 
are protected on the outside by an air gap to prevent condensation on 
the outer surfaces which are in contact with the air. 

HOT BOX APPARATUS 

The apparatus used for determining the over-all heat transmission 
coefficients of built-up wall sections was designed at the beginning of 
the test program and consists of a double box construction built into 
one of the side walls of the cold storage room. This construction, to
gether with heating elements, thermocouples, and instruments, is shown 
by Figures 7 to 13, inclusive. Figure 7 shows a vertical cross-sectional 
view of the double walled test box placed in the wall of the cold storage 
room with a test wall in place. Figure 8 shows a vertical cross section 
of the cold storage room, looking into the open end of the test boxes with 
the wall section removed. As shown by these two figures, both the 
inner and outer test boxes have one side omitted, and the boxes are so 
arranged that these two open faces will be in the same plane, parallel, 
and slightly inside of the inner surface of one of the walls of the cold 
room. The wall under test is placed over the open side of the two 
boxes and thus completely cuts off the passage of air between the inner 
and outer test boxes. The air temperatures of both boxes are maintained 
equal and at a higher level than that of the cold room. Since the air 
temperatures on both sides of the walls of the inner box are equal, heat 
supplied to this box can only pass out through the test wall into the 
cold room. Heat must flow in lines perpendicular to the test surface, 
as the area of the wall outside of the inner box is in contact with air 
equal in temperature to that of the inner box. Thus if the amount of 
heat supplied to the inner box is definitely measured and the tempera
tures of the air on the two sides of the test wall are measured, complete 
data are available for calculating the over-all heat transmission coefficient 
for the test section. The apparatus is so designed that all air tempera
tures are automatically controlled and those in the test boxes may be 
maintained at any range up to 150° F., while those in the cold room 
may run as low as -35 o F. All heat to the inner and outer test boxes 
is supplied by electric heating elements and that to the inner box· is ac
curately metered. Since the only purpose of the outer box is to balance 
the inner box temperatures and prevent heat losses other than through 
the test section, it is not necessary to meter the current supplying the 
heat for this air. The distribution of the heating elements is shown 
in Figures 7, 8, and 13. There are eight each for the inner and the 
outer boxes and the greater number of them are placed near the bottom 
of the boxes to give better temperature distribution. Each element is 
wound with resistance wire so that four different heating rates may be 
obtained by externally operated switches. 

In addition to distributing the greater part of the heating elements 
in the bottom portion of the test boxes, a uniform temperature of the 
air from top to bottom of the test section required a slight amount of 
agitation. For this purpose, two 8-inch fans were installed in each box, 
as shown. Those for the inner box were mounted on ball bearings and 
driven by an external motor at 240 revolutions per minute, which was 



A--l 

A--

SE.CT!ON BB 
ShowintJ Construcrion and Position or 
Test Bo,l( and Test Wall. 

FIGURE 7. SECTIONAL VIEW OF DOUBLE 
BOX AND WALL SECTION IN PLACE 

rB 
I 

0 0 0 0 0 

0 0 0 0 0 

~~~=l~~~~~~~~ 
0 

0 

0 

0 

0 

0 

0 

~0 
COo 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

LB 
SECTION AA 

Showin9 Wall Section Removed 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

FIGURE 8. SECTIONAL VIEW OF COLD ROOM LOOKING INTO OPEN 
END OF TEST BOX 

::q 
0 
t-3 

b:l 
0 
~ 

> 
'"0 
'"0 
> 
:;>;:1 

> 
t-3 c 
IJl 



12 THERMAL CONDUCTIVITY OF BUILDING MATERIALS 

1/0Y L._//7-<_ 

W~trr.r"t~r<_e 

~I 
~~ -~ hOT,<YING :sur //YN.(IP ZJox ,...,~lfru·ttf / ~ 

SwmH~ f~~ 
C'O/.(§ OI"Y .i,!'l'fD S/D-e_ OF" M<{_T.(_At> v 

ru~e) -I'--

!(! 1a 
.SW'/TC!-1 ,... 
-,... -r;eS'r",(..'"'M"' 

7'<$"T;Jri'?P 

~~ e //7/'t.Q I> Box H,(iH H.1~H 

0vr~:PZ5ox 

L£' ~r / /// 17/ 1/ 1 ~ / 
'--

/ #,.,;,..,. #NiH 

!/I? V/ 1// / 1/[/ 
.~1? v tkJ [l 

...-h / ~~ N. 

~W( / / 

/ //YN-€R .BOX TH.e_.{f'/'"1 
.:STt'TT 1"7/YD H<f'?T//Yq 

/? 

~ 
C'Ohl.S: ? __ 
Ovr~~ Box T;<.I<._PM 

? .STI"'T 1"7/Y.O H<I"7T"/. 

[7 I/ CO/./,§. 

FIGURE 9. DIAGRAM OF ELECTRICAL WIRING FOR HEATING ELEMENT 



HOT BOX APPARATUS 

Test- Wall 7 

Jvncrion 

Manual 
Poren-t-ion1erer Recorclinfj 

Porenriol'11erer 

XE.Y 
=====0 Cold ~oorn t-hermocouple -locarecl or cenrer 

on re.s-1- .svrrace. 
====@ Cold I"''Orn .series T-hermocouple -locat-ed 6" 

rro;n t-e.s r .svr race. 
Ovr~r ilo.K rhern70COVple.s -locored .,z" rrorn 

our.sicle ;vq// or inner OO,J(. 
====• Inner .box t-~er;nocou;Oie.s-locored 2" 

rron? /n.side pya// or inner .box . 
.... =-=.-:..-:.-.() /nner DO.K 7-hern?OCOu~/e.s- locaT-ed 6 .. rrom 

t-esT- svrrqce. 
====0 Inner box rhermocouple-locared of cent-er 

on 7-e.s-t-- svrrace. 
FIGURE 10. DIAGRAM SHOWING ARRANGEMENT OF THERMOCOUPLES 

IN HOT BOX 



14 THERMAL CONDUCTIVITY OF BUILDING MATERIALS 

found sufficient to maintain uniform temperature over the test surface 
and yet have practically a still air condition. Calibrations were made to 
determine the heat generated by the friction of the bearings and belt of 
that part of the fan installation which was inside of the inner box. This 
amount of heat was added to that indicated by the electric meters for 
each test. The fans for the outer box were driven by direct connected 
motors placed in the outer box space. The air temperatures to both 
the inner and outer boxes were controlled by thermostats (Figs. 8 
and 13). 

FIGURE 11. WALL SECTION IN PLACE FOR TEST 

The air temperature on the cold side of the test specimen was main
tained by a 7Vz-ton ammonia compression refrigerating machine and 
1,500 feet of 1 ~-inch direct expansion pipe placed in the ceiling and 
side wall of the cold room. To get more accurate temperature control 
than was possible by the expansion valve alone, a small, thermostatically 
controlled heat unit was installed. The refrigerating machine was set 
to give air temperatures slightly lower than required for the test, and 
the heating unit was relied upon for accurate control of the air tem
perature. 

The wall under test is held in place by four locking screws which 
are carried by vertical bars placed at the outside edges of the test speci
men. A rubber tube is used as a gasket to form a complete seal between 
the test wall and the inner box, and the space between the outer box 
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and the wall section is carefully calked to make it airtight after a wall is 
in position for test. The locking screws are outside of the test· section 
proper, and therefore do not interfere with air circulation over the test 
surface. Figure 11 shows a view in the cold room of a wall clamped 
in place and ready for test. 

FIGURE 12. INSTRUMENT BOARD FOR HOT BOX TEST APPARATUS 

A diagrammatic drawing of the electric wiring for the heating ele
ments is shown in Figure 9. The heating current is brought to the 
control switch and fuse block, from which point it is taken through 
relays to the inner and outer box heating element. These relays are 
placed on a switchboard outside of the test apparatus and are controlled 
by thermostats placed in the inner and outer boxes. Only that portion 
of the current used to heat the inner box is passed through the electric 
meter. 

All temperatures arc measured by 28-gage copper constantan ther
mocouples. A recording instrument is used during the preliminary 
period, while the apparatus and test specimens are brought up to con
stant temperature conditions, and a Leeds-Northrup Type K potentiom
eter is used for the test data. A diagram of the principal thermocouples 
in the hot box proper is shown by Figure 10. These couples are ar
ranged as follows : 

1. A group of five thermocouples used to measure the air temperature of the 
inner box. These couples are arranged with one for each of the five sides of the 
inner box, and are centrally located 2 inches from the inner surface. 
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2. A group of five thermocouples used to measure the air temperature between 
the innet and outer box. This group is arranged with one couple for each of the 
five outer surfaces of the inner box, each couple is placed centrally with the 
side 2 inches from the outer surface. · 

3. A group of five thermocouples used to measure the air temperature for the 
inner side of the test section. These couples are uniformly distributed over the 
area and are placed 6 inches inside of the test surface. 

4. A group of four thermocouples used to determine the air temperatures 
over the outer surface of the test section. These are placed in the cold room, 
distributed uniformly over the central or test section of the wall, and are 6 inches 
from the outer surface. 

FIGURE 13. OPEN END VIEW OF HOT BOX FROM COLD ROOM 

All of the above groups of couples are so arranged that temperatures 
may be taken for each couple individually, or the average of any group 
may be taken by one reading. In addition to the couples shown, there 
were individual couples to measure surface temperatures and the tem
peratures throughout various sections of the wall, depending upon the 
requirements of the test. 

All thermocouple wires and electric connections are carried out of 
the box to an instrument board (Fig. 12). The relays and electric con
trols as well as the selective switches for the majority of the thermo
couples are mounted on this board. The recording potentiometer is 
shown at the right of the switchboard, with the Type K potentiometer 
and galvanometer on the table beneath. 

Special test apparatus was constructed for the purpose of determin
ing surface coefficients as described later. 
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SURFACE CONDUCTANCE 

The transfer of heat between air and the surface of a material is 
affected by several factors. Those which appear to be the most im
portant are: 

1. Air velocity. 
2. Direction of air movement with reference to the surface of the material. 
3. Mean temperature between the air and the surface of the material. 
4. Character of the surface. 

To determine the effects of these factors on the transfer of heat 
between air and surfaces, two series of experiments were conducted. 
In the first, the apparatus was arranged to give air velocities parallel 
to the test surface, ranging from 0 to 35 miles per hour, and with a 
mean temperature variation between the test surface and the air from 
10° to 100° F. In this series, seven different surfaces were tested, 

FIGURE 14. GENERAL VIEW OF SURFACE CONDUCTANCE TEST APPARATUS 

ranging from plate glass to a rough stucco surface. In the second 
series of tests, the apparatus was arranged so that the angle between 
the wind velocity and the test surface could be varied from 0 to 90 
degrees. In this series, only two surfaces were tested at a mean tem
perature of approximately 80° F. 

In those tests made to determine the coefficients with air· passing 
parallel to the surface, it was necessary to construct apparatus to pro
vide the following conditions: 

1. Air moving over a test surface parallel to the surface at various constant 
velocities. 

2. Accurately controlled air temperatures. 
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3. Test surfaces which could be supplied with a measured amount of heat. 
4. Instruments for measuring the air velocity, the temperature of the air over 

the test surface, and the amount of heat flowing through the test surface. 

In order to obtain these conditions, the apparatus was set up as 
shown in the photograph of Figure 14 and the line drawings in Figures 
15 and 16. Air of the required temperature taken from the cold ro_om 
by a 12-inch multi-blade fan driven by a Yz-horsepower variable speed 
direct current motor, was supplied from the cold room used in connec
tion with the hot box apparatus. The air from the fan was delivered 
to a straight 6 X 12-inch rectangular duct 17 feet to the test surface. 
After passing the test surface, the air was brought by a return bend 
back to the cold room. The arrangement of the test surface, together 
with the method of measuring the air flow and air temperatures, can 
best be described by referring to Figure 16, which is an enlarged section 
from Figure 15. As shown in this drawing, the test material was placed 
with the test surface flush with the inside surface of the air duct. The 
test material was 12 inches square and varied in thickness from 0i to ~/z 
inch, depending upon the type of the surface. Heat for the test surface 
was applied by a hot plate, the quantity being measured by passing it 
through a heat meter. The hot plate was electrically heated with 110-
volt direct current, controlled by a rheostat. 

SECTION A-A 

FIGURE 15. PLAN AND ELEVATION OF TEST APPARATUS FOR 
DETERMINING SURFACE CONDUCTANCES 

The meter plate constructed of yg-inch bakelite was substantially the 
same as the Nicholls heat flow meter. Two parallel series of 28 pairs 
of 28-gage copper constantan thermocouples differentially wound on the 
plate were used. Of these, one series of 56 couples served to check the 
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other series. Surface temperatures of the meter plate were also taken 
with three 28-gage copper constantan thermocouples on each side. The · 
meter plate was calibrated by a standard hot plate apparatus, and read
ings for the transmission through the plate were taken directly from the 
calibration curve. 

The air velocities at various distances from the test surface were 
measured by means of a Pitot tube and draft gage. For the lower 
velocities, the Wahlen gage was used, but for higher velocities, the in
clined draft gage was found satisfactory. 

TO ORAF'T GAGE 

PLAT 

THERMO 
110 VOLT O.C. 

FIGURE 16. PLAN VIEW SHOWING ARRANGEMENT OF METER PLATE, TEST 
SPECIMEN, THERMOCOUPLE, AND PITOT TUBE IN RELATION TO AIR DUCT 

The temperatures of the air passing over the test surface were 
measured with a 24-gage copper constantan thermocouple so arranged 
that it could be moved in and out from the test surface or held at any 
predetermined distance. Tests made both with and without a shield 
between the thermocouple and the test surface showed that, at the low 
temperatures used, radiation had no effect on the temperatures indicated 
by the couple; therefore, most of the tests were made without this shield. 
All thermocouple readings were read with a potentiometer, the cold 
junction in all cases being an ice bath. 
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In order to obtain average radiation conditions, the inside surface 
of the test duct was painted a dull gray, and all of the air pipes outside 
of the refrigerator room were covered with one inch of blanket insulat
ing material. With this arrangement, the surfaces immediately around 
the test surface were at substantially the same temperature as the sur
rounding air, which is a practical condition for the average wall. 

Two different methods were tried for determining surface tem
perature: 

1. The couple was imbedded in the material to bring the junction flush with 
the test surface. 

2. The couple was rigidly attached to the surface and covered with a thin 
vellum paper. 

When the thermocouple was imbedded in the material, the difference 
between the air temperature and that of the indicated surface was 
greater than when it was placed on the surface, and, therefore, the 
calculated surface coefficients were somewhat lower. This difference, 
however, was very small and in all of the test results reported, the 
thermocouple was fastened to the surface and covered with vellum 
paper. The surface couples were made of 28-gage copper constantan 
wire flattened out at the junction, thus giving a very thin couple at the 
point of contact. 

In the assembly of the test apparatus, the test surface, together 
with the heat meter and the hot plate, was placed in the side of the air 
duct and clamped in place with specially designed clamping screws. The 
conditions, such as air velocity, air temperature, and surface tempera
ture, were then selected and the apparatus was operated under these 
conditions for a sufficient length of time to insure uniform results. The 
air velocity for the test was measured at the center of the duct, because 
this would be the maximum air velocity over the test surface. The air 
temperature was measured by placing the thermocouple one inch from 
the test surface. Preliminary tests had shown that when the thermo
couple was placed in contact with the test surface and gradually moved 
away from it, the temperature steadily dropped until the couple was 
about one-half inch from the surface, after which this temperature 
remained uniform and equal to that of the air regardless of distance. 
One inch was therefore taken as a reasonable distance and was main
tained throughout all tests. Data for tests were not recorded until pre
liminary observations taken at 15-minute intervals showed that the heat 
flow, room, surface, air temperatures, and air velocities were constant. 

As all temperatures were taken at, or near, the center of the meter 
plate and test surface, and, as the meter plate and test surface were 
very thin, no allowance was made for end loss of heat from these 
plates. As an additional precaution, however, the edges of these plates 
were insulated with heavy layers of felt. Mean temperatures for a test 
were taken as the average between the air temperature and the surface 
temperature of the test specimen. Values of the surface conductance 
for a test were obtained by dividing the total heat leaving the test sur
face per square foot per hour by the temperature difference between 
the test surface and the air one inch away from the surface. 
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FIGURE 23. CONSTANT VELOCITY CURVES FOR SMOOTH 
PLASTER SURFACE 
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FIGURE 29. CONSTANT VELOCITY CURVES FOR ROUGH PLASTER SURFACE 
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The value of the surface conductance for any particular surface 
varies with the mean temperature and the air velocity. Keeping one 
of these two variables constant, a series of tests was made to determine 
the effect of the other, and the results were plotted in the form of a 
curve. Several different air velocities were selected and runs were made 
at different mean temperatures for each air velocity. 

The surfaces considered the most typical of building construction 
and used in the tests were glass, brick, white paint on pine, smooth 
plaster, clear white pine, concrete, rough plaster, and stucco. Very 
complete tests were made on the first three of these surfaces, four or 
more points being taken for each respective air velocity at different 
mean temperatures ranging from oo to 100° F. It was found that these 
points lay practically in a straight line and when they were plotted on 
a large scale graph and the lines were extended, they crossed the line 
of zero surface conductance at absolute zero mean temperature, or, in 
other words, with total absence of heat, the surface conductance was 
zero. This was found true for all surfaces tested. · 

COEFFICIENTS 

SURFACE 
MATERIAL 

Smooth plaster 

Rough plaster 

Concrete 

Stucco 

Glass 

Brick 

Clear white pine 

White paint on pine 

TABLE I 
OF SURFACE CONDUCTANCE, AIR FLOWING 

PARALLEL TO SURFACE 

MEAN AIR VELOCITY IN M.P.H. 
TEMP. 

oF. 10 15 20 25 

20 2.96 4.2(1 5.45 6.65 7.90 
40 4.40 5.70 6.95 8.21 
60 4.60 5.94 7.22 8.58 
80 3.40 4.75 5.15 7.50 8.90 

20 3.55 5.40 7.20 8.96 10.80 
40 5.60 7.50 9.34 11.20 
60 5.82 7.80 9.70 11.82 
80 4.05 6.02 8.06 10.10 12.14 

20 3.55 5.20 6.80 8.41 10.04 
40 5.42 7.10 8.80 10.45 
60 5.61 7.40 9.10 10.85 
80 4.02 5.82 7.62 9.45 11.30 

20 4.18 6.50 8.80 11.16 13.42 
40 6.76 9.10 11.52 13.92 
60 .. 4j7'5 7.05 9.50 12.01 14.60 
80 7.37 9.86 12.55 15.16 

20 2.70 3.90 5.10 6.20 7.25 
40 4.15 5.30 6.45 7.57 
60 4.30 5.50 6.70 7.82 
80 3.10 4.45 5.70 6.95 8.10 

20 2.70 5.35 7.10 8.85 10.65 
40 5.60 7.42 9.25 11.15 
60 5.80 7.70 9.60 11.60 
80 3.10 6.05 8.01 10.00 12.00 

20 2.83 4.21 5.55 6.80 8.00 
40 4.45 5.80 7.10 8.30 
60 4.60 6.03 7.39 8.62 
80 3.25 4.80 6.30 7.62 9.00 

20 2.90 4.20 5.35 6.40 7.35 
40 4.35 5.55 6.62 7.63 
60 4.50 5.75 6.90 7.98 
80 3.30 4.65 6.00 7.20 8.30 

30 

9.15 
9.50 
9.90 

10.26 

12.60 
13.10 
13.60 
14.20 

11.65 
12.15 • 
12.60 
13.10 

8.20 
8.55 
8.83 
9.20 

12.40 
13.00 
13.50 
14.00 

9.05 
9.43 
9.81 

10.22 

8.22 
8.60 
8.96 
9.40 

The results of the tests on the various surfaces are shown graphically 
in the curves of Figures 17 to 33, inclusive, and in Table I. Referring 
specifically to the curves of Figures 17 and 18, these results were ob-
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tained for a plate glass surface and are typical of all of the surfaces 
tested. In Figure 17, the points are plotted as determined from test 
data. The constant mean temperature lines of Figure 18 were taken 
directly from the group of curves on Figure 17. Other ranges of mean 
temperatures might have been plotted in the same manner. 

The curves shown by Figures 19 to 32, inclusive, need no specific 
explanation, as they are similar to the curves of Figures 17 and 18 
and were obtained from materials as indicated. The curves of Figure 
33 were taken from the corresponding curve sheet for each of the ma
terials at a mean temperature of 20° F. This group of curves shows 
the manner in which the surface characteristics of the material affect 
the heat transmission coefficients. 

16 

14 

w 
~ 6 
a: 
::> 
(/) 

4 

2 ~ r 

/ -\<.;q._ 

/ lvt-' 
~ >~-)T)T 

~-~u, ""'" 
~~ ~~/ 

v t-~V L v 
CONCRETE 1/ ~ v ~ P"" v I-"' 

~" 
/ ~v l/ lo'" v I-""" ..,. 

/ ~I' A ~v 

/ ~ ~ p 
"'- SMOOTH PLASTER-v ~"~ ~ ~ ~ 

/AI ~ ~ K I _I_ I I 
"""'GLASS AND WHITE 

~ ~ ~ PAINT ON PINE 

~ 

5 10 15 20 25 30 35 
AIR VELOCITY - M.P. H. 

FIGURE 33. CURVES SHOWING RELATION BETWEEN 
SURFACE CONDUCTANCES FOR DIFFERENT SUR

FACES AT A MEAN TEMPERATURE OF 20° F. 

SURFACE CONDUCTANCE AS AFFECTED BY DIRECTION OF WIND 

In practice, the wind may blow at any angle to the exposed surface 
of the wall, and the question arises as to the relation of the surface 
coefficients for the different angles of incidence between the wind and 
the surface. To determine this relation, test apparatus as shown in 
Figures 34 and 35 was set up, and a series of tests were made with wind 
velocities varying from 0 to 30 miles per hour and at angles to the test 
surface varying from 0 to 90 degrees. The apparatus consisted essen
tially of a 30-inch air duct, 25 feet long, supplied with air by a variable 
speed fan. The air duct was provided with a Pitot tube and draft gage 
at a point 75 inches from the outlet end for measuring the air velocity. 
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The test surfaces were 15 inches square and were placed with the vertical 
center line 12 inches in front of the outlet end of the duct. Each sur
face was placed on a pedestal and arranged so that it could be rotated 
around the vertical axis to give any desired angle of incidence between 
the air and the test surface. A 12-inch wing or extension wall was 
placed on the leading edge of the test surface to direct the wind over 
the surface and prevent, as much as possible, disturbing eddy currents 
from interfering with the test plate proper. 

FIGURE 34. VIEW AT OUTLET END OF 30-INCH DUCT, SHOWING TEST 
SURFACE AND APPARATUS 

The test· surface was placed against a meter plate that was 12 
inches square and was supplied by heat with an electrically heated plate 
with rheostat control. Figure .34 shows the open end of the 30-inch 
duct, together with the test specimen plate and the rheostat for con
trolling the temperatures of the test surface. Figure 35 shows a plan 
view of the outlet end of the air duct, together with a partial sectional 
view of the test surface and heat meter. 

The differential temperatures of the heat meter, the surface tem
peratures of the test specimen, and the air temperatures were taken with 
copper constantan thermocouples and a Leeds-Northrup Type K po
tentiometer. The surface temperatures were taken by 28-gage copper 
constantan thermocouples flattened out and cemented to the surface of 
the test specimen and covered with thin vellum paper. The air tem
peratures were taken by the thermocouples placed 1 yZ inches in front of, 
and at the center of, the test surface. The air velocities in the duct were 
taken with a Pitot tube 75 inches from the outlet end and again by a 
Pitot tube placed close to the test surface in order to determine the 
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velocities parallel to the test surface, and, also, the static pressures of 
the air at the surface. 

In the set-up as made, it was impossible to vary the air temperatures 
through any wide range of temperature. Since the object of the test 
was to find the relation between the coefficients at different wind ve
locities and at different angles of the wind to the test surface, a mean 
temperature was selected which was within the range of the apparatus, 
and this temperature was approximated throughout all of the tests. A 
temperature of 83° F. was maintained throughout most of the tests, 
altho, in some cases, there was a variation in either direction of as much 
as 5 degrees in mean temperature. This variation, however, was not 
sufficient to make any particular difference in the final results. The 
mean temperature was taken as the average temperature between the 
test surface and the surrounding air, it being assumed that the sur
rounding objects were of the same temperature as the air. 

i 
I 

FIGURE 35. PLAN VIEW SHOWING RELATIVE POSITION OF TEST SECTION 
TO OUTLET END OF· AIR DUCT 

In making the tests, plate glass and smooth pine surfaces were used. 
The tests were made at angles of incidence varying from 0 to 90 degrees 
at 15-degree intervals. For each test, the velocity of the air in the 
duct was varied from 0 to nearly 30 miles per hour. 

The results of the tests for a glass surface are shown graphically in 
Figure 36, and those for pine are shown in Figure 37. By comparing 
the curves for parallel air flow with those for the corresponding sur
faces at 80° F. mean temperature as shown on the curves of Figures 18 
and 36, it will be noted that for glass the two curves are practically 
identical up to 20 miles per hour. Above this, the curve on Figure 18 
drops off, while that from Figure 36 continues as a straight line. For 
the pine surface, the coefficients of the second set of tests (Fig. 37) 
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are slightly greater than those of the first set (Fig. 26). This may be 
owing to a slight difference in the smoothness of the two surfaces. The 
fact that the glass surfaces show coefficients which are practically the 
same for the two different series of tests would indicate that the co
efficients by either method are substantially the same so long as the 
mean temperatures and air velocities agree. 

Figures 36 and 37 show that, as the angle between the direction of 
the wind and the test surface is changed, the surface coefficients are 
slightly changed. The reduction for all angles is reasonably the same 
up to a wind velocity of 15 miles per hour. Above this velocity the 
reduction increases with the angle. 

The reduction, however, at any point is not as great as might be 
expected. For a 15-mile wind, the average reduction in coefficients for 
both the glass and pine surface is 16 per cent. It seems reasonable, 
therefore, to assume a reduction of 15 per ~ent in surface coefficients 
as obtained by test methods with parallel air flow when applying these 
to practical walls. 

To show the action of the air near the test surface, readings were 
taken to determine the velocity parallel to the surface and the static 
pressure of the air for the different angles of incidence between the air 
stream and the surface. The results of these readings are shown in 
Table II. From these data, it will be observed that, as the angle of 
incidence is increased, the static pressure is gradually increased at the 
surface until, at 60 degrees, the static pressure practically equals the 
velocity pressure in the main duct. At 75 and 90 degrees, the static 
pressure slightly exceeds the velocity pressure. Further, as the angle 
of incidence is increased, the velocity pressure on the surface, and, 
therefore, the surface velocities, are substantially the same as the ve
locity of the air in the duct until an angle of 45 degrees is reached, after 
which the surface velocity is gradually reduced until it reaches a min
imum at an angle of 90 degrees. As the surface velocity is greatly 
reduced for the high angles of incidence, it might be assumed that the 
surface coefficients for these conditions should also be greatly reduced. 
The fact that they are not is probably owing to the corresponding in
crease in air pressure at the surface, which makes the contact between 
the air and surface more effective in removing the surface heat. 

As a further study to determine the action of the air on the test 
surface for the various angles of incidence between the air and the sur
face, sheet metal plates 12 X 18 inches were placed perpendicular to 
the test wall and in the plane of the air flow. In this position, the plate 
did not disturb the air flow but merely separated the air as it approached 
the wall. A light coating of lampblack and kerosene was placed on 
the surface of the metal sheet and the air was blown onto the test 
surface for a sufficient length of time to impress or mark the direction 
lines of the air on the surface coating of the plate. Six of the typical 
plates as obtained from this test are shown in Figures 38 and 39. The 
lines on these plates showed very clearly the change in surface velocity 
conditions which took place after passing the 45-degree angle. It is 
very evident that, at the higher angles, the surface velocity is retarded 
and that the surface pressure is built up, as was indicated by the 
pressure gage. 
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FIGURE 38. LINES SHOWING DIRECTION OF AIR CURRENT FOR A DIS
TANCE OF 12 INCHES FROM TEST SURFACE IN A PLANE PARALLEL TO 
WIND DIRECTION, ANGLE OF WIND TO TEST SURFACE, 30 DEGREES 
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FIGURE 39. LINES SHOWING DIRECTION OF AIR CURRENT FOR A DIS
TANCE OF 12 INCHES FROM SURFACE IN A PLANE PARALLEL TO WIND 

DIRECTION, ANGLE OF WIND TO TEST SURFACE, 75 DEGREES 
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TABLE II 
AIR VELOCITY AND STATIC PRESSURE AT SURFACE FOR VARIOUS ANGLES 

OF INCIDENCE OF WIND TO SURFACE 

VELOCITY VELOCITY WIND STATIC 
WIND PRESSURE PRESSURE VELOCITY PRESSURE 

VELOCITY, IN DucT PARALLEL PARALLEL AT SURFACE 
MILES INCHES, TO TO INCHES, 
PER HR. WATER SURFACE SURFACE WATER 

Angle of incidence 0 degree 

10 .0465 .0420 9.50 0.000 
15 .1045 .072 12.46 .004 
20 .185 .170 19.12 .010 
25 .290 .310 25.85 .019 

Angle of incidence 15 degrees 

10 .0465 .052 10.59 .004 
15 .1045 .089 13.83 .007 
20 .185 .192 20.35 .011 
25 .290 .320 26.25 .016 

Angle of incidence 30 degrees 

10 .0465 .055 10.85 .016 
15 .1045 .1045 15.0 .032 
20 .185 .190 20.22 .054 
25 .290 .308 25.75 .085 

Angle of incidence = 45 degrees 

10 .0465 .0465 10.0 .030 
15 .1045 .1045 15.0 .068 
20 .185 .185 20.0. .120 
25 .290 .306 25.67 .179 

Angle of incidence 60 degrees 

10 .0465 .032 8.3 .042 
15 .1045 .064 11.74 .096 
20 .185 .112 15.5 .182 
25 .290 .192 20.3 .267 

Angle of incidence 75 degrees 

10 .0465 .013 5.29 .050 
15 .1045 .024 7.19 .115 
20 .185 .042 9.51 .195 
25 .290 .076 12.8 .309 

Angle of incidence 90 degrees 

10 .0465 .002 2.07 .053 
15 .1045 .004 2.94 .125 
20 .185 .009 4.4 .230 
25 .290 .020 6.57 .360 

While tests were made on only two surfaces, it is probable that the 
sam~ characteristics would prevail for other types of surfaces. For all 
practical purposes the surface coefficient as obtained for air flow parallel 
to the surface may be used when calculating heat flow through built-up 
wall sections or at most a reduction of 15 per cent may be made. 

CONDUCTANCE OF AIR SPACES 

The thermal conductance of an air space will be affected by several 
factors ; among these are width of air space, temperatures of surfaces, 
character of surfaces, the ratio of the area of the confined space to its 
thickness, and the position of the air space with respect to direction of 
heat flow. The effects due to width of space and mean temperature 
between surfaces should be the same for all surfaces. The surface 
effect will be different for different classes of material, altho, in many 
cases, it should be possible to group materials having similar character
istics. The effect of ratio of surface area to thickness of air space 
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should be more pronounced for small ratios, and it is probable that for 
average building construction it may be neglected. In the following 
experiments, the air space coefficients were determined for different 
widths of air spaces and different mean temperatures. Such surfaces 
were used as Insulite, Masonite, Flaxlinurn, Celotex, Cornpo-board, and 
Gypsum Board, the last two being paper covered. The limited area of 
the air spaces was 9 inches square for the tests made by the hot plate 
method, and 36 inches square for those made by the hot box method. 

In performing the tests, sheets of homogeneous material of uniform 
thickness were selected. Their conductances were first obtained by the 
hot plate method, after which two sheets of the material were separated 
by skeleton separators to a given distance, and the conductance of the 
combined sheets with the enclosed air space determined. These tests 
were repeated, using various mean temperatures and different widths 
of air spaces. As the only difference in the construction of the several 
test specimens was the separation of the material forming different 
widths of air spaces, the air space resistance was readily calculated. 
By this method, air space coefficients were obtained for spaces varying 
from .05 up to .71 inch by the hot plate method, and from .50 inch to 
1.50 inches by the hot box method. The separators were built of pine 
strips Y8 inch wide for the hot plate tests, and ~ inch wide for the hot 
box tests. Thus the area occupied by the strips was very small as corn
pared with the air space area. For those thicknesses of air space be
tween Yz and ~ inch that were tested both by the hot plate and the 
hot box methods, the conductances were found to check, even tho the 
confined area for the hot plate test was only 9 inches square as corn
pared with a 3-foot square area for the hot box test. It is therefore 
probable that, for all practical building construction, the area of the 
confined air space is not a factor so long as there is no direct leakage 
of air into or out of the air space. 

Heat is transmitted through an air space by radiation, conduction, 
and convection. Radiation depends upon the nature of the surfaces and 
their temperatures. It is independent of the width of the air gap. For 
air without motion, the heat transmitted by conduction is inversely pro
portional to the thickness of the air space. The amount transmitted 
by convection is dependent upon the temperature difference between the 
two sides of the air space and the freedom of the air to circulate. Thus 
for two surfaces, at constant temperature difference, as the air space is 
increased from zero, the amount of heat transmitted by radiation will 
remain constant, the amount transmitted by conquction will be decreased, 
and the percentage transmitted by convection, increased. 

As a very thin air space is increased in thickness, the gradual de
crease in the heat transmitted by conduction is at first greater than the 
increase in the amount transmitted by convection. This ratio, however, 
changes until the greater part of the heat is transmitted by convection, 
and that transmitted by conduction becomes a negligible factor. This 
reasoning applies only to vertical air spaces. 

The results of the tests are shown in the curves of Figures 40 to 
43, inclusive, and in Table III which was taken directly from the curves 
of Figures 42 and 43. The points on the curves of Figure 40 were 

_ _j 



CONDUCTANCE OF AIR SPACES 39 

plotted directly from experimental data. The conductance curve of 
Figure 41 for the air spaces was calculated from the results shown in 
Figure 40. Thus Curve No. 1 of Figure 41 was calculated from data 
taken from Curves 1 and 2 of Figure 40, etc. The curves of Figure 
42 were determined for the various mean temperatures from Figure 41. 
For instance, vertical lines on Figure 41 representing constant mean 
temperatures were drawn and the points where these lines crossed 
Curves 1 to 6, respectively, were plotted as the constant mean tem
perature curve for Figure 42. These vertical lines were taken from 
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zoo to 150° F. mean temperature at 10-degree intervals. The curves of 
Figure 43 represent the resistance of the air spaces and are the re
ciprocals of the values taken from Figure 42. In this set of curves, it 
was assumed that the thermal resistance of a zero air space would be 
zero, and all of the lines were thus drawn through the zero point, as it 
was impossible to get these data from Figure 42. One point, however, 
was determined at approximately .05-inch air space for 60° F. mean 
temperature and found to fall on the line passing through the zero point. 

From the results of these tests, it is evident that the thermal re
sistance of an air space gradually increases as the thickness of the air 
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space is increased, until a thickness of approximately .8 inch is reached. 
After this, the resistance of the air space remains practically constant, 
regardless of its thickness. While these curves show thicknesses of 
only 1 Y2 inches as a maximum, other tests were conducted with air 
spaces 3Y2 inches thick and found to bear out the conclusion of uniform 
resistance after a thickness of approximately .8 inch . 
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TABLE III 
CONDUCTANCES OF AIR SPACES FOR VARIOUS WIDTHS 

OF AIR SPACES IN INCHES 

MEAN TEMP. 
DEG. FAHR. .125 .250 .375 .500 .625 .750 1.000 1.250 1.500 

20 2.300 1.370 1.172 1.095 1.058 1.040 1.030 1.026 1.022 
30 2.381 1.425 1.223 1.141 1.100 1.080 1.070 1.067 1.065 40 2.469 1.480 1.275 1.186 1.142 1.120 1.112 1.108 1.105 50 2.564 1.535 1.330 1.235 1.188 1.162 1.152 1.150 1.149 
60 2.667 1.590 1.380 1.288 1.228 1.201 1.195 1.191 1.188 70 2.747 1.648 1.427 1.332 1.275 1.248 1.240 1.234 1.228 
80 2.833 1.702 1.482 1.375 1.315 1.288 1.280 1.275 1.270 90 2.915 1.757 1.532 1.427 1.365 1.339 1.320 1.315 1.310 100 3.003 1.813 1.585 1.478 1.408 1.378 1.362 1.356 1.350 110 3.086 1.870 1.638 1.528 1.454 1.420 1.402 1.397 1.392 120 3.175 1.928 1.688 1.572 1.501 1.460 1.445 1.440 1.435 130 3.268 1.980 1.740 1.622 1.545 1.500 1.485 1.480 1.475 140 3.356 2.035 1.796 1.675 1.590 1.540 1.530 1.525 1.519 150 3.448 2.090 1.840 1.71H 1.633 1.586 1.569 1.564 1.559 
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TRANSMISSION BY BRIGHT METALLIC SURF ACES 

Heat conduction across an air space or the transmission to or from 
an exposed surface takes place by radiation, conduction, and convection. 
The amount which is transmitted by radiation depends largely upon the 
character of the surface, and for those materials which have a high 
radiation or emissivity coefficient this may become an important factor 
in governing the total transmission. The well-known Stefan and Boltz
mann Law gives the heat transmission by radiation as follows : 

(3) H = 0.172(A) [ T
1 

]

4 

[ T
2

]

4

] - - - (Fa) (Fe) 
100 100 

In this formula 

H = the total amount of heat transmitted by radiation per hour 
A = area of the surface in squart feet 
T1, T2 = the absolute temperatures Fahrenheit of the boundary surfaces 
Fa = an angle factor 
Fe = an emissivity factor depending upon the materials 

For practical purposes of air spaces bounded by parallel planes, Fa 
1 

may be taken as 1 and the emissivity factor, Fe == ------( 4) 
1 

+ - 1 
pl p2 

in which P 1 and P 2 are the emissivity coefficients for the materials on 
the corresponding sides of the air space. The emissivity coefficients 
have a wide variation for different materials, but it so happens that for 
such materials as wood, paper, brick, stone, concrete, plaster, etc., com
monly used in buildings the emissivity factors are of substantially the 
same value and the heat transfer by radiation across an air space sur
rounded by these materials is substantially uniform. Thus the air space 
coefficients as shown in Figure 42 may be used for average building 
construction with reasonable accuracy. If, however, the surfaces of the 
air spaces are to be bounded by materials of low emissivity coefficients 
the amount of heat transmitted by radiation will be materially reduced 
and new coefficients must be selected. 

In order to obtain practical coefficients which may be used for those 
materials having low emissivity coefficients, test samples were con
structed with air spaces bounded by such materials and tests made by 
both the hot plate and hot box methods. The results for some of these 
tests are shown graphically in Figure 44. The values and methods of 
determination for the points, AJ B, CJ etc. of the curve are shown in the 
tabulated results of Table IV. All of the results for the other curves 
were obtained by the hot plate method. 

Examination of the results shown in Figure 44 indicate that the 
heat transmitted across an air space may be materially reduced by the 
use of a surface lining with a low emissivity coefficient. Also, that for 
matetials of the same character there is a variation in conductance which 
is undoubtedly due to a variation in the exact quality of the surface. 

If the average emissivity coefficient, P v for nonreflecting materials 
such as wood, paper, etc. be taken as 0.90 and it is assumed that the 
amount of heat given off by convection is the same for both types of 
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surfaces, the emissivity coefficient for aluminum foil may be calculated 
from the test results of Figures 44 and 42. This method of calculation 
gives an average emissivity coefficient of .08 for aluminum foil, which 
is somewhat larger than that often quoted. It does, however, show a 
reduction in radiant heat of over 90 per cent due to the substitution of 
aluminum foil for an ordinary nonreflective surface. 
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FIGURE 44. RESULTS OF INDIVIDUAL TESTS TO 
DETERMINE AIR SPACE CONDUCTANCE 

If emissivity coefficients of 0.90 and 0.08 are used for wood and 
aluminum surfaces, respectively, and substituted in formula ( 3), the 
emissivity factor Fe may be calculated for an air space with various 
surface linings. In this calculation the values obtained for Fe are as 
follows: 

No foil on either surface Fe = 0.818 
Foil on one surface only Fe = 0.079 
Foil on both surfaces Fe = 0.042 

[ 
.079] 

Thus, 1 - -- X 100 == 90.3 per cent of radiant heat stopped by 
.818 

[ 
.042] 

one surface lined and 1 - -- X 100 = 94.4 per cent stopped by 
.818 

two surfaces lined. 
The small difference gained by lining the second surface is due to 

the fact that the low emissivity coefficient cuts off substantially all of the 
radiant heat when the material is applied to a single surface, and ·there 
is but a small amount left to be reduced by the second surface lining. 
In the case of aluminum bronze in which the emissivity coefficient is 
higher than for aluminum foil, the reduction due to a single surface 
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lining is not as great as when using bright aluminum foil, and there is 
a greater percentage to be saved by lining the second surface of an air 
space. 
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FIGURE 45. AVERAGE AIR SPACE CONDUCTANCE 
FOR 100° MEAN TEMPERATURE 

In order to get average coefficients which may be used for bright 
aluminum foil-lined air spaces the results as shown in Figure 44 and 
Table IV were used to construct the two lower curves of Figure 45. 
As will be noted, these curves have been constructed on the basis of 
100° F. mean temperature and points for air spaces .75 inches in thick
ness have been calculated for mean temperatures of 50o and 150° F. 
These calculations were made on the basis of emissivity coefficients of 
.90 and .08 for wood and aluminum foil, respectively. The upper curve 
of Figure 45 marked plain air space was taken directly from the values 
of Figure 42 in order to give a comparison between the unlined and 
lined air spaces. In using aluminum foil or any bright metallic sur
face one must recognize that the value lies in the low emissivity coeffi
cient of the material, and to maintain this the exposed surface must be 
kept in its original bright polished condition.· If moisture or dust is 
allowed to accumulate on the surface or if the surface is allowed to 
tarnish the emissivity coefficient will be changed and in extreme cases 
the value of the low coefficient will be entirely destroyed. 

The outside surface coefficient of a wall is also affected by radia
tion, but in practice this coefficient is affected by air movement over the 
surface to a much greater extent than the average air space coefficient. 
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Surface radiation, therefore, becomes of less importance in its effect on 
the coefficient as a whole. The radiation coefficient remains the same 
for still air as for high wind velocities; therefore its percentage effect 
is much greater for still air conditions. 

TABLE IV 
TEST VALUES FOR THE CONDUCTANCES OF AIR SPACES 

AS USED IN FIGURE 44 

TEST THICKNESS CoN- DEG. F. 
PoiNT DATE TEST AIR SPACE, SuRFACE SURFACE DUCT- MEAN 

FIG. 44 OF TEST METHOD INCHES HoT SIDE CoLD SmE ANCE C TEMP. 

A 12/6/33 Hot plate 0.75 Aluminum foil Aluminum foil 0.449 75 

B 6/13/32 Hot plate 0.75 Aluminum foil Wood fiber 0.447 90 

c 6/16/32 Hot plate 0.46 Aluminum foil Aluminum foil 0.485 77 

D 5/6/33 Hot plate 0.75 Aluminum foil Dull black 0.50 75 

E 12/6/33 Hot box 3.50 Aluminum foil Wood fiber board 0.393 40 

F 8/4/32 Hot box Aluminum foil Aluminum foil 0.44 40 

G 10/15/30 Hot box Aluminum foil Aluminum foil 0.383 40 

TABLE V 
RESULTS OF TESTS BY HOT BOX METHOD TO DETERMINE SURFACE 

COEFFICIENTS FOR A WALL WHEN COVERED WITH PAPER 
AND WITH ALUMINUM FOIL 

Date of test 
Wall number 
Lining for both surfaces 
Mean temperature of test 
Over-all coefficient, U 
Conductance surface to surface, C 
Average surface coefficient 
Surface radiation 
Surface convection 

10/15/30 
78 

Paper 
40° F. 
0.691 
3.5 
1.72 
0.733 
0.99-

10/20/30 
78B 

Aluminum foil 
40° F. 
0.46 
3.5 
1.06 
0.068 
0.99+ 

Table V shows the amount of heat given off by radiation and con
vection for two types of surfaces under normal still air conditions. 
These results were obtained at 40° F. mean temperature only. Calcu
lated values for the reduction in surface coefficients caused by bright 
aluminum foil at other mean temperatures are shown in Table VI. 
From this table it is evident that the radiation becomes a much more 
important factor at high mean temperatures. 

TABLE VI 
REDUCTION IN AVERAGE SURFACE TRANSMISSION COEFFICIENTS CAUSED 

BY COVERING THE SURFACE WITH BRIGHT ALUMINUM FOIL 

MEAN 
TEMPERATURE 

oF. 

20 
40 
60 
80 

100 
120 
140 

REDUCTION IN 
COEFFICIENT, 

B.T.U, 

0.559 
0.634 
0.711 
0.797 
0.887 
0.99 
1.09 
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THERMAL PROPERTIES OF WOOD 

Altho the thermal properties of wood are of importance m many 
lines of building construction there has been very little available 
information as to these properties. The records of those tests upon 
which practical conductivity values have been based have usually omitted 
much of the important data and have not been sufficiently extensive to 
make them applicable to different species of wood, or to various con
ditions of the same species. 

In 1929 a co-operative research project was started by the Uni
versity of Minnesota, the American Society of Heating and Ventilating 
Engineers, and the National Lumber Manufacturers Association. A 
preliminary study was made to determine the feasibility of a more 
extended research program and to identify the factors which should be 
investigated in regard to the thermal properties of wood. In this pre
liminary investigation over one hundred tests were made on fourteen 
pieces of material, the test panels being selected by the United States 
Forest Products Laboratory as representative in character. The results 
of this investigation lead to the following tentative conclusions: 

1. That conductivity varies approximately in a straight line ratio with density 
in any given species. 

2. That somewhat greater conductivity may be expected for heat flow tangential 
to the grain than for heat flow normal to the grain, in species with strongly marked 
annual rings. 

3. That no consideration need be given to the position of annual rings in 
species of uniform grain. 

4. That small crevices such as occur between boards in ordinary construction 
do not materially affect conductivity over the area tested, tho they may, in the 
absence of suitable precautions, affect air infiltration. 

5. That conductivity varies substantially in a straight line ratio with moisture 
content if the latter is expressed in terms of weight per volume of wood. 

6. That the inherent variability of wood makes a considerable number of 
tests of each species necessary in order to arrive at a fairly representative value 
for each species. 

Pursuant to the above findings the following commercial species 
were selected as representative for further investigation. 

California redwood 
Douglas fir 
Eastern hemlock 
Hard maple 
Longleaf yellow pine 
Northern white pine 
Norway pine 
Ponderosa pine 
Red cypress 
Red oak 
Shortleaf yellow pine 

Sitka spruce 
Soft elm 
Soft maple 
Sugar pine 
West coast hemlock 
Western larch 
Western red cedar 
White ash 
White fir 
White oak 
Yellow birch 

It was decided to select samples of each species covering the range 
of densities normally experienced in that species and to test the samples 
to determine the relation between thermal conductivity, density, and 
moisture content of the species. In order to reduce the amount of test 
work required for a complete determination of the moisture conduc
tivity relation of all species the various materials were divided into six 
groups of similar characteristics, and one species from each group was 
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selected for a complete series of tests to determine the conductivity 
moisture and density moisture relations. The results from the tests on 
each species selected were later used in applying correctio~ factors to 
the other species in the group. The groups and representatives selected 
for tests were as follows : 

SPECIES IN GROUP 

Northern white pine 
Norway pine 
Ponderosa pine 
Sugar pine 

California redwood 
Red cypress 
Western red cedar 

Douglas fir 
Longleaf yellow pine 
Shortleaf yellow pine 
Western larch 

Eastern hemlock 
Sitka spruce 
West coast hemlock 
White fir 

Red oak · 
White ash 
\Vhite oak 

Hard maple 
Soft elm 
Soft maple 
Yellow birch 

REPRESENTATIVE SPECIES TESTED 

Ponderosa pine 

Red cypress 

Shortleaf yellow pine 

West coast hemlock 

Red oak and white oak 

Yellow birch 

TEST METHODS 

The samples for the extended series of tests were selected by the 
National Lumber Manufacturers Association and conditioned to approxi
mately 8 per cent of moisture. These samples were then sent to the 
University of Minnesota where they were selected for uniform test 
panels of different densities. In this selection boards of substantially 
the same density were used to make up a pair of test panels and the 
panels were made up covering as wide a range of densities as possible 
from each species. 

, In preparing the test panels the boards for a complete set were run 
through a planer to give them a smooth surface on both sides and to 
make sure that all of the boards of each sample were of uniform thick
ness. The boards were then weighed and selected for density. A 
sample was selected from each board for moisture determination, the 
average results for all boards of a pair of test panels being taken as the 
average moisture content for the panel. 

The pieces used for moisture determination were wrapped in oil 
paper as soon as cut from the test specimen. They were then taken to 
the laboratory, weighed, and dried to a constant weight at 175 o F. 
The loss of weight divided by the dry weight was taken as the percentage 
of moisture in the sample. 
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In some of the earlier tests the moisture determinations were made 
at 212° F. These species ·were Douglas fir, white fir, and western cedar. 
All others were dried at 175 o F. In the case of red oak the moisture 
content of the samples was dried at both 175° F. and 212° F., which 
resulted in an increase of about one per cent in loss for the higher 
temperatures. 

For some of the samples there was a slight variation in the mois
ture content during the test, which was determined by weighing the 
panels both before and after testing. In these cases, the average mois
ture content was taken as the moisture content for the particular test, 
altho the variation was so slight in most cases that it was not necessary 
to take averages. An investigation was made to determine the effect 
of this moisture change during the test on thermal conductivity as 
obtained by the hot plate. It was shown that even tho all of the heat 
for evaporating the moisture might come from that supplied to the test 
section the error would be less than one per cent and in all cases negli-
gible. · 

When the moisture content of a panel is given as the percentage by 
weight, the test results may be misleading, due to the fact that for the 
same percentage by weight there will be different amounts of mois
ture per unit volume. For this reason, the percentage of moisture by 
weight was converted to pounds of moisture per board foot. In making 
this conversion the volume of the sample was determined by measuring 
the length and width and by taking the thickness as determined in the 
test plate. The formula used for making the conversion was as follows : 

Weight of moisture (Average moisture per cent before and after test, 
per bd. ft. dry basis) X (dry wt. sample) X 144 

(144 cu. in.) (2 X thickness of panel) X length X width 

Since in some cases there might be a slight change in weight during 
the test, the density calculations were all made on the basis of weight 
and thickness taken at the beginning of the test, the change in density 
for a slight change in moisture being negligible. The warping of wood 
which sometimes occurs during a test might give a greater thickness 
reading of the test panel at the end of the test than at the beginning, 
even tho no additional moisture was added. In some cases, there was 
a slight warping of the test boards before the test, making it necessary 
to take the thickness readings of the individual boards and not to use 
the thickness as obtained during the test. When there was any appre
ciable warping, additional samples were selected and tested. In all cases 
of tests upon which the present data have been based, the density has 
been determined by the following formula : 

Density, lb. per cu. ft. 
befo~e test 

1728 X weight before test 

(2 X thickness of 1 panel) X length X width 
(before test) 

All thermal conductivity tests were made with the standard hot plate 
apparatus at 7 5 degrees mean temperature. In each test the samples 
were prepared, placed in the test apparatus, and left at constant tem
perature conditions a sufficient length of time to insure uniform tem
perature gradients throughout the specimens. The temperatures of the 
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test specimens were then taken and the rate of heat flow through the 
test section was calculated from the electric input to the heating element. 
In each case, readings at constant conditions were continued for average 
periods of five hours to insure uniform data. The thickness of the 
samples from which the thermal conductivities were calculated was taken 
as the distance between the test plates during the tests. 

DENSITY-MOISTURE AND CONDUCTIVITY-MOISTURE RELATIONS 

As previously stated all of the species of wood were divided into six 
groups and a representative species from each group was selected for a 
complete series of tests to determine the relation between density and 
moisture and conductivity and moisture. 

For each representative species four or more pairs of test panels were 
selected and the conductivity and density of each pair was determined 
at several moisture contents covering the range from zero moisture to 
approximately the fiber .saturation for the particular sample. The mois
ture content of the samples was changed by placing them in a saturated 
atmosphere for a sufficient length of time to take up the required mois
ture. They were then wrapped in oil paper and left for periods of two 
weeks or longer to give the moisture an opportunity to equalize through
out the sample. 

In the dense woods, such as oak and birch, the higher moisture 
contents were accompanied by excessive warping of the boards. In the 
oak group the condition was so bad that it was necessary to run a large 
number of panels of both white oak and red oak in order to obtain 
satisfactory curves, two curves being taken from each group and 
averaged to give the final correction curve. No particular difficulty was 
experienced in conditioning the lighter species and with these, little 
trouble . was experienced in warping during the test. 

The test results for the moisture conductivity and density moisture 
relations for the six species selected to represent their respective groups 
are shown graphically in Figures 46 to 51, inclusive. 

An examination of the density-moisture curves for each species shows 
that the test points lie substantially on a straight line, and in general 
the lines have the same slope for each species. There are, however, 
exceptions to this general rule. Consider the case of Ponderosa pine 
(Fig. 46). The lines for panels L,L, X,X have a steeper slope than 
the corresponding line for panels H,H and K,K. This indicates that 
for the first two panels the addition of moisture gave a higher rate of 
increase in density than for the second two panels. From this it would 
appear that the action of the moisture is different in the two cases, 
indicating that the rate of swelling or growth due to measured moisture 
content in the specimen is different. An examination of the moisture 
conductivity curve for Ponderosa pine (Fig. 46) shows that the rate of 
increase in conductivity is greater for panel L,L and X,X than it is for 
the other two panels. This general relation might be expected, yet it 
does not explain why there is a difference in the rate of density increase 
for different specimens with the same amount of moisture absorption. 
Considering the curve for yellow birch (Fig. 51) the relation between 
the conductivity-moisture curve does not definitely follow the relation 
between the density-moisture curve, altho in this case the points on the 
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moisture conductivity curves are a little more scattered. For shortleaf 
yellow pine the moisture-density curves (Fig. 48) are fairly uniform in 
slope, but the moisture-conductivity curve for panel JJ has a very much 
greater slope than for the other panels. In the results obtained for west 
coast hemlock (Fig. 49) there is a close agreement between the slopes 
of the curves for both density-moisture and conductivity-moisture test 
results. In general it may be stated that the increase in density for the 
absorption of moisture is not at the same ratio for all specimens of the 
same species and the conductivity-moisture relation is similar to the 
density-moisture relation for different samples of the same species. 

The average slope of the line showing conductivity and density 
variation at different moisture contents for each of the six species was 
selected from Figures 46 to 51, and from them the curves of Figures 
52 and 53 were obtained. The curves of Figure 52 show the increase 
in density, pounds per cubic foot, caused by the increase in moisture, 
pounds per board foot. The curves of Figure 53 show the increase in 
thermal conductivity, k} with the increase in moisture, pounds per board 
foot, for each of the six samples tested. The curves for each species 
as shown in these two figures were used as typical for all of the species 
of the representative group and were used as correction curves for den
sity and conductivity at various moisture contents for all of the samples. 

CONDUCTIVITY-DENSITY RELATIONS FOR MOISTURE CONTENTS 

The conductivity density relations as determined by tests for the 
various species are shown in the curve sheets of Figures 54 to 75, 
inclusive. For each species the conductivities were obtained for the 
different densities at moisture content as received, which varied from 
4.5 to 11 per cent. The thermal conductivity and density values obtained 
in the test were corrected to zero per cent moisture and plotted on the 
curve sheets, Figures 54 to 75, inclusive. The conductivity-density curve 
for zero per cent moisture was then drawn and the values from this 
curve were used to determine the other conductivity values ranging up 
to 16 per cent moisture. In making the corrections in conductivity and 
density for zero per cent moisture the curves for moisture-density and 
moisture-conductivity (Figs. 52 and 53) were taken as determined for 
the species which was used as the representative of the particular material 
under test. From the density-moisture curve, the density at zero per 
cent moisture was determined, and from the conductivity-moisture curve 
the conductivity at zero per cent moisture was determined, thus giving 
the co-ordinates for conductivity-density corresponding to the particular 
sample tested. The points for all tests were corrected in this manner, 
and the zero per cent curve was drawn through these points by the 
method of least squares. 

The points for the curves of higher percentages of moisture for a 
given species were calculated from the zero per cent curve in the follow
ing manner: For a given density in pounds per cubic foot and a given 
moisture content, the weight of moisture in pounds per board foot was 
calculated. From this value, the increase in density in pounds per 
cubic foot was obtained from the representative species (Fig. 52). In 
like manner, the increase in conductivity for the calculated moisture 
content in pounds per board foot was determined from Figure 53. These 
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increases in density and conductivity were added to the density and 
conductivity values for the original selected point, and the new values 
plotted on the curve sheet as a new point on the conductivity-density 
relation for the given percentage of moisture. 

Since these lines were plotted as straight lines, it is evident that the 
calculation of two points for each moisture content was sufficient. As 
has been previously stated, there might be some question about the 
accuracy of correcting the values for a group of materials by a curve 
derived from one of the group as representative. It should be pointed 
out, however, that the tests were made at moisture contents ranging 
from 6 to 10 per cent. Thus, if there was an error in correcting back 
to the zero per cent moisture, this error would be eliminated in cor
recting the given point back to a percentage of moisture corresponding 
to test conditions. 

In the curves (Figs. 54 to 75, inclusive) it should be noted that 
the moisture content in percentage is based on the total weight of the 
sample and not on dry material of the sample. 

RELATION BETWEEN CONDUCTIVITY AND DENSITY FOR ALL 
MATERIALS AT 12 PER CENT MOISTURE 

In order to get a comparison between' the density and conductivity 
for the different species at the same moisture content, the curves of 
Figures 76 and 77 were plotted. The points for Figure 76 represent 
the conductivity at 12 per cent moisture for the average density of each 
species as tested. Those for Figure 77 represent the conductivities as 
taken from the 12 per cent moisture line, but the densities were the 
averages for the species as given in Technical Bulletin No. 158 of the 
United States Department of Agriculture. The densities used in plot
ting the points for Figure 77 were as follows : 

DENSITY, LB. 
SPECIES PER Cu. FT. 

California redwood ................................ . 
Douglas fir ................................................................................................... . 
Eastern hemlock ....... ......................... .. ....................... .. 
Hard maple ............ . 
Longleaf yellow pine ..... .. 
Northern white pine 
Nor way pine ..... .. ..................... .. 
Ponderosa pine ................................................................ . 
Red cypress ..................................................................... . 
Red oak ......................................................................................................... . 
Shortleaf yellow pine .......................... . 
Sitka spruce .................................................................................................... . 
Sugar pine ............................................................... .. ..................... . 
West coast hemlock ............................................................................ .. 
Western red cedar ..................................................................................... . 
Western larch ................................................................................................. .. 
White ash .............................................................................................................. . 
White fir ...................................................................................... .. 
White oak .............................................................................................................. . 
Yell ow birch ........ ' .................................................... .. 

30 
31 
28 
44 
41 
25 
34 
28 
32 
44 
38 
28 
25 
29 
23 
36 
42 
26 
48 
43 

By comparing the densities of the materials tested with the average 
densities taken from Bulletin No. 158, it will be noted that, in a majority 
of cases, the selected values fall within the range of test values; in a few 

(Continued on page 69) 
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cas~s such as California redwood, Norway pine, shortleaf pine, soft elm, 
wh1te ash, and white fir, the densities of the materials tested were of a 
lower average than those given in the bulletin. The final curves of 
density-conductivity relation, however, for the several species as shown 
in Figures 76 and 77 are substantially the same. 

The conductivity values for all species fall sufficiently close to the 
straight line to indicate that for practical purposes the straight line 
relation may be used when the moisture contents are the same. 

For more complete data covering the actual samples selected and 
tested refer to paper, "Heat Conductivity of Wood at Climatic Tem
perature Differences," Journal of the American Society of Heating and 
Ventilating Engineers, Vol. 1, No. 1, pp. 313-23, June, 1933; Transac
tions of the American Society of Heating and Ventilating Engineers, 
Vol. 39, pp. 329-55. 1933. 

RESULTS OF TESTS ON WAl.LS BY HOT BOX METHOD 

Many different types of wall sections have been built up and tested 
by the hot box method to determine the over-all coefficient of thermal 
conductivity. About eighty of these tests were reported in Bulletin 
No. 8, Heat Transmission through Building Materials, and are included 
here in Figures 78 to 93, inclusive. This group includes frame, brick, 
tile, stone, concrete, and conder blocks with several special types of con
struction. A more extensive research was conducted on masonry and 
monolithic concrete construction as a co-operative research project by 
the Portland Cement Association, the American Society of Heating and 
Ventilating Engineers, and the University of Minnesota, the results of 
which are reported as a separate group of walls (see Figs. 94-106). 

In all cases where a wall was builf up with mortar joints or was 
given a plaster finish on the inside surface, sufficient time was allowed 
between the building and testing of the walls to thoroly dry the mois
ture from the mortar. In some cases walls were allowed to stand over 
and were tested at various intervals up to one year after construction 
to determine whether any change was taking place in the conductivity 
coefficient. As a general rule the walls were thoroly dried within a 
period of six weeks after construction. It is likely, however, that con
ditions surrounding many practical jobs are such that a longer period 
is necessary and in setting this time it is assumed that the concrete 
blocks used in the construction of the wall were thoroly dried out at the 
time of construction. Monolithic walls or heavy masonry walls would 
require a longer period before tests. 

In making a test it was found necessary to place the wall in the test 
apparatus, adjust the air temperatures, and make an extended prelim
inary run in order to insure a uniform temperature gradient through the 
wall. The preliminary adjusting period depended on the conductivity 
and heat capacity of the wall under test. In heavy masonry construction 
it was necessary in some cases to run the apparatus under constant con
ditions for as much as 48 hours before test data were taken. After test 
conditions were established all readings were taken at 15-minute intervals 
and the test was continued until uniform results were insured. Various 
walls required from 8 to 16 hours for a complete test after constant 
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conditions were established. Table VII gives test data as taken for Wall 
53F and is typical for all test results. · 

WALL S.5r 
/'11'11CH Z 7, /!129 
/i!VN .SS6 - P196Z2. 

TABLE VII 

TYPICAL LOG OF TEST DATA 

Hor Box ReJ'IDINGs 
1'1 B T ITS ors c 

J?~IIJJ- RIR T~HP. file '1t11P. fllll l"EI1P. T'tMPt:ltiiTUR~ /NIER Tl:HPURTL/IlC COLD 111/l. 7tMPC~IlTLI~£ 

INU 7iM~ MET!~ WflTTJ INNlll Box 0/Jrt~t .80l ~-: lb~~~;::r 'Ttsr .eoo;:;;~~ 7E
5
r CoLD leooM S£1fJC3 

No. Gll.OUP Giri>UP ,-_., W;..". !T.:J·I !T.:J-2. OT.S-1 OTS·Z. 6" ri<OH I<IILL 
55 10,3Z.,Sl 10!19.20 7.75 I.O:SZ. 1.0!11 /.02.6 .7!17 .800 -.400 -.415 -2.574 -.645 7iM~<STMT 6,-f9: /0 
,...,. /0,+5 /.0'!11 1.0!10 /.02.5 .796 .BOO -.410 -.410 -2..601 -.650 END /0:32.:52. 
55 II '00 1.05!1 1.0'!12. 1.02.5 .797 .801 -.405 -.+IS -2..596 -."49 70T.<IL tJ.2..7Z 
56 II '15 1.05!1 1.035 1.022. .796 .80/ -.408 -.416 -1..651 -.658 
57 II '41 '07 1047.5(1 8.10 1.033 /.031 t.OZ.:S .799 .804 -.408 -.416 -2..570 -.{,4(1 

S8 II >fS" !.03!1 1.031 !.02'!1 .799 .804 - .412. - .41.6 -2..545 -.646 M~TcR ~ST11RT 10$9.2.0 

: ;~,'~ ;:~;; ;:~o ;:~~! :;:~ ::~~ =:!~~ =:!~~ ~:!~; =:~ §;'/::.: to~~.~~ 
~ ;~:,+71054.85 755 ::~;~ ;~;~ ;:~~~ :~:~ ::~ :::;: :::~~ =~:~~~ ::::~ iJoxCo~eli<•.Z98x+S•8.1.7Z.x.OI•I.I09 
: ;:~ ;·.~~~ ;.~~~ ;:~~! :~:~ ::! =::;~ =:~ =~:~:: =::: u-~'oo~~z:~;'!"~~~z~]J415-llo9 
65 /C30 1.031 /.033 /.OZ.+ .798 .IJOZ -.401 -.410 -Z.S84 -.646 1/= .2170 /'1.T.• !19.85" 

I '50'11 1062.70 7.85 /.051 !.O:S:S /,02.5 .797 .80'!1 -.405 -.47.5 -2.(,0'!1 -.651 

70 2,+tJ,z5 1069.75 6.95 t.O'!II ro3t roz.4 .798 .802. -.42.6 -.42.7 -2..638 -.659 
71 3'00 1.031 !.OJ/ !.OZZ. .798 .lJOZ. -.42.1 -.428 -Z.6!SZ -.6SB 
72. 3'/S I.O!SI 1.051 1.02.0 797 .BOS -.425 -.41~ -2.62.5 -.h56 f, = 10.1!~87!!"-M • [(,{,I 
73 5'30 /.032. /.OJ$ !.OZ5 .7~9 .(104 - .42~ -.4/8 -Z.hOI -.650 H.T.- 74.1(1" 
74 4'00 1.031 !.O!SZ 1.026 .798 .803 ".4Z6 -.4/6 -2..535 -.654 

=l557 
7S 4'15 1.051 I.OJZ 1.02.4 .798 804 -.4/S -.4-i$ -2..584 -.646 

f-::':;~:+'!"".:=-=~'.:..:.17+'1"-=08c::.Z:..:..:.IO'-f-'-'IZ:.:c.4c::..S+-';"'-:~3::;:3~'-j--"";:~::::~:7~ .f--!,~:.:::·~~==:+-'-::::~~~7'-+--": ~="'0"-~ +-=-""::0'"''~-+=-'-'::""~~C,-f-:'-"~"'-::68'-"76c__:...:.::::c!::;::!:..j f. • /O./f:1::_~(J• S.lJ
7

" 

78 5'00 I.O?IZ I.OSZ /.02.3 .797 .803 -.410 -.415 -2..595 -.649 
79 .5'15 I.O!SI 1.031 /.02.3 .797 .804 -.41$ -.405 -2..552. -.65(1 

/.03/ I.O:JZ 1.025 .79tJ .805 -.595 -.400 -Z.$72. -.645 
1.034 /.034 I.OZ!S . 798 .tl04 - .390 -.406 -2..595 -.649 

tJZ 6 '00 1.033 1.035 I.OZZ .799 - .396 - .402. - Z.SlJ3 -.646 
83 6 :IS 1.032. 1.032 1.02.3 .lJOZ .lJ07 -.395 -.59tl -2..572. -.643 
M 6•30 /.03Z 1.035 1.02!S .lJOI .806 - .39S -.!198 -2.555 -.634 
IJS 6 ,49 '10 1098.20 8.65 1.032. 1.035 /.02.3 .802 . 806 - .395 - .395 -2..556 -.639 

Tor.tt. 8.2 S9.00 Rv~./.052 Av~./.052 Rvl../01.4 Rv£ . .79~ IW~ . . 805 ~.+II live. 415 /lv£1<!A6e .6-1-7 
79.31" 79.30" 79.10" 69.05" 11.35" +40" 

For those walls reported in Bulletin No. 8 the details of construc
tion are given in Tables VIII and IX and in Figures 78 to 93, inclusive. 
Each wall is designated by a number which is followed throughout the 
description and test results. The identifying numbers used for these 
walls are independent and must not be confused with the numbers used 
in the series of concrete walls which follow. The complete details of 
construction of each wall may be obtained by referring to Table VIII 
and the corresponding drawing of the wall. In cases where insulating 
materials were used in the wall construction they are designated by a 
letter. The thickness and location of the insulation material in the wall 
are shown in Table VIII while the description and insulating qualities 
of the material are given in Table IX. Due to the fact that many 
insulating materials of different trade names have similar characteristics 
and will give comparable results when placed in a wall in the same 
manner and also in order to avoid the use of trade names these materials 
were designated by letters, giving in so far as possible, the complete 
properties of the material. In all cases where building paper was used 
in the walls it was known as No. 2 building felt with an average weight 
of 44 to 45 pounds per roll of 324 square feet. 

To get a complete description of any wall it is necessary to refer 
to the figure showing that wall, together with Table VIII. If insulating 
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material has been used in its construction it is then necessary to refer to 
Table IX to get the thickness of the insulating material and its insulating 
value. In several cases a single figure represents more than one wall 
number. In case the walls are of identical construction the average value 
of U is given. If, however, the walls are of different construction such 
as having different thickness of insulating material, the heat transmis
sion coefficients are given for each wall number. 

A summary of test results for all walls is given in Table X. In 
this table, two values for the over-all coefficients U are given: 

1. That obtained by test. 
2. A coefficient corrected for a 15-mile wind velocity over the outside surface 

of the wall. In making this correction, an average outside surface coefficient of 
1.65 was taken as that obtained by test. This was the average for all tests which 
were made under the same conditions of air velocity over cold surfaces. The 
average was used on account of the difficulty in obtaining accurate surface coeffi
cients on such surfaces as stucco, lap siding, etc. The corrected coefficient for a 
15-mile wind was taken from the curves of Figure 33. These values were reduced 
15 per cent to get average conditions for all angles between direction of wind and 
test surface. 

In many cases, several tests were run on the same wall, using 
different mean temperatures of the air on the two sides of the wall. In 
such tests the results at 40° F. mean temperature are reported as the 
value of U, which is given in Table X and with the figure showing the 
construction of the wall. 



TABLE VIII " N 

DESCRIPTION OF WALLS AS TESTED FOR ¥IGURES 78 TO 93 

WALL FIGURE SHOWING 
No. CONSTRUCTION TYPE OF WALL INSIDE CoNsTRUCTION OuTSIDE CoNSTRUCTION ADDITIONAL INSULATION 

7 78 Wood frame ¥8-inch gypsum with paper cov- Fir sheathing None ..., 
ered surfaces Building paper ~ 

4-inch pine lap siding t%1 
!;0 

7-A 78 Wood frame ¥8-inch plaster Fir sheathing None ~ ¥s -inch wood lath Building paper > 4-inch pine lap siding t"' 

8 78 Wood frame %-inch plaster Fir sheathing None (") 
0 ¥s -inch wood lath Building paper z 4-inch pine lap siding tj 

8-A 78 Wood frame ¥s -inch plaster Fir sheathing None 
Q 
(") 

¥s -inch wood lath Building paper ..., 
4-inch pine lap siding H 

< H 
Wood frame ¥s -inch plaster Fir sheathing Two thicknesses of ~-inch corrugated 8-B 82 ..., 

¥s -inch wood lath Building paper paper spaced between studs to divide ~ 
4-inch pine lap siding air space into 3 equal parts b 

80 Wood frame ¥s -inch plaster Fir sheathing Insulation D, flanged midway in air 
~ 

9 
%-inch wood lath Building paper space between studding td 

4-inch pine lap siding Q 
H 

78 Wood frame %-inch plaster Insulation A None 
t"' 

10 tj 
%-inch wood lath Building paper H 

4-inch pine lap siding z 
C') 

11 78 Wood frame %-inch plaster Insulation A None ~ Insulation A Building paper > 4-inch pine lap siding ..., 
Wood frame Fir sheathing Insulation F, % inch thick, flanged mid-

t%1 
12 79 %-inch plaster !;0 

%-inch wood lath Building paper way in air space between studding H 

> 4-inch pine lap siding t"' 
Ul 

15 79 Wood frame %-inch plaster Fir sheathing Insulation G, ~ inch thick, flanged mid-
%-inch wood lath Building paper way in air space between studding 

4-inch pine lap siding 

16 79 Wood frame %-inch plaster Fir sheathing Insulation F, % inch thick, .nailed on 
%-inch wood lath Building paper studding under sheathing 

4-inch pine lap siding 



\VALL FIGURE SHOWING 
No. CONSTRUCTION TYPE OF WALL 

17 83 Wood frame 

18 83 Wood frame 

19 80 Wood frame 

21 87 8-inch 3-cell tile 

22 87 8-inch 3-cell tile 

23 85 Special 

24 87 8-inch 3-cell tile 

25 85 Special 

26 82 Wood frame 

27 85 Wood frame 

28 82 Wood frame 

29 82 Wood frame 

TABLE VIII-Continued 

INSIDE CoNsTRUCTION 

Ys -inch plaster 
Ys-inch wood lath 

Ys -inch plaster 
Ys-inch wood lath 

Ys-inch plaster 
Ys-inch wood lath 

Y2 -inch plaster 
Insulation A 
l-inch furring strips 

Y2 -inch plaster on surface of 
tile 

Insulation C 

Y2 -inch plaster 
Ys-inch wood lath 
l-inch furring strips 

Insulation A 

Ys -inch plaster 
Insulation C 

Insulation A 

Ys -inch plaster 
Ys-inch wood lath 

Ys -inch plaster 
Ys-inch wood lath 

OuTSIDE CoNSTRUcTioN 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Fir sheathing 
Building paper 
Metal lath 
Stucco 

Fir sheathing 
Building paper 
4-inch pine lap siding 

~-inch stucco on surface of tile 

~-inch stucco on surface of tile 

Insulation C 

~-inch stucco on surface of tile 

Insulation A 

Insulation C 
Building paper 
4-inch pine lap siding 

Insulation A 
Building paper 
4-inch pine lap siding 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Fir sheathing 
Building paper 
4-inch pine lap siding 

ADDITIONAL INSULATION 

Insulation K poured between studding, 
3 Y2 inches thick 

Insulation I placed between studding, 
3 Y2 inches thick 

Insulation D placed between studs 
against sheathing 

None 

None 

None 

None 

None 

None 

None 

Two thicknesses waterproofed roofing 
felt spaced between studs to divide 
air space into 3 equal parts 

Two thicknesses waterproofed roofing 
felt nailed to each side of studs bowed 

l:j 
t%j 
Ul 
() 
~ 
H 
'"0 
>-3 
H 
0 z 
0 
~ 

~ 
> 
t-t 
t-t 
Ul 

>-3 
t%j 
Ul 
>-3 
t%j 
l:j 

in at center 1 !4 inches 'l 
w 



'J 
TABLE VIII-Continued ...j:::.. 

WALL FIGURE SHOWING 
No. CoNsTRUCTION TYPE OF WALL INSIDE CoNSTRUCTION OuTSIDE CoNSTRUcTION ADDITIONAL INSULATION 

30 78 Wood frame Ys -inch plaster Insulation A None 
Insulation A Building paper >-3 

4-inch pine lap siding ~ 

31 85 Wood frame Ys -inch plaster Insulation A, .7 inch thick None 
~ 
!;0 

Insulation A, .7 inch thick 4-inch pine lap siding ~ 

32 80 Wood frame Ys -inch plaster Fir sheathing Insulation D flanged midway in air > 
t"' 

Ys-inch wood lath Building paper space, between studding 
4-inch pine lap siding n 

0 
33 83 Wood frame Ys -inch plaster Fir sheathing Insulation J, 1.11 inches thick back z 

t:::! Ys -inch wood lath Building paper against sheathing, blown in place q 
4-inch pine lap siding n 

34 Wood frame Ys -inch plaster Fir sheathing Insulation A with one surface papered, 
>-3 

81 1-1 

Ys-inch wood lath Building paper flanged midway in air space between < 
1-1 

4-inch pine lap siding studding >-3 
~ 

35 79 Wood frame Ys-inch gypsum with paper cov- Fir sheathing Insulation F, % inch thick, flanged mid- 0 ered surfaces Building paper way in air space between studding l'%j 
4-inch pine lap siding 

t:d 
36 80 Wood frame Ys -inch gypsum with paper cov- Fir sheathing Insulation D papered surfaces, flanged q 

ered surfaces Building paper midway in air space between stud- 1-1 
t"' 

4-inch pine lap siding ding t:::! 
1-1 

37 93 Wood frame Ys -inch plaster Fir sheathing Insulation J. 1.11 inches thick back z 
Ys-inch wood lath Building paper against sheathing, blown in place C) 

Face brick with three 1- ~ inch holes in each brick > 
40-B 79 Wood frame Ys -inch plaster Fir sheathing Insulation F, 1 inch thick, flanged mid- >-3 

~ 
Ys -inch wood lath Building paper way in air space between studding !;0 

4-inch pine lap siding 1-1 

> 
41 81 Wood frame Ys -inch plaster Fir sheathing Insulation H nailed on studding under t"' en 

Ys-inch wood lath Building paper sheathing. 
4-inch pine lap siding 

42 93 Brick Ys -inch plaster 1% X 1 %-inch furring strip Insulation J, .814 inch thick, against 
Ys-inch wood lath Common clay brick common clay brick, blown in place 

}:4 -inch air space 
Face brick 



WALL FIGURE SHOWING 
No. CONSTRUCTION 

47 86 

50 93 

51 92 

52 92 

53-A 78 

53-B 81 

53-C 81 

53-D 81 

53-E 81 

53-F 78 

54 86 

55 93 

TYPE OF WALL 

Special, two Ys-inch 
panels with l-inch 
air space 

Brick 

Brick 

Brick 

Wood frame 

Wood frame 

Wood frame 

Wood frame 

Wood frame 

Wood frame 

Special 

TABLE VIII-Continued 

INSIDE CoNSTRUCTION 

Ys -inch gypsum board, both 
surfaces covered with paper 

OuTSIDE CoNSTRUcTION 

Ys-inch gypsum board, both 
surfaces covered with 
paper 

One tier of common yellow One tier of common yellow 
clay brick clay brick 

One tier of common yellow 
clay brick 

One tier of common yellow 
clay brick 

Ys-inch gypsum with paper cov
ered surfaces 

Ys -inch gypsum with paper cov
ered surfaces 

Ys-inch gypsum with paper cov
ered surfaces 

Ys-inch gypsum with paper cov
ered surfaces 

Ys-inch gypsum with paper cov
ered surfaces 

Ys -inch plaster 
Ys-inch wood lath 

Fir sheathing 
Building paper 
4-inch pine lap siding 

One tier of common yellow 
clay brick 

One tier of red clay pressed brick 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Concrete, 5.95 inches Concrete 
thick 

Concrete 

ADDITIONAL INSULATION 

None 

None 

None 

None 

None 

Insulation D flanged midway in air 
space between studding 

Insulation D flanged midway in air 
space between studding with 1 inch 
of insulation removed from top and 
bottom 

Insulation F flanged midway in air 
space between studding 

Insulation F flanged midway in air 
space between studding with l-inch 
insulation removed from top and bot
tom 

None 

None 

None 

~ 
en 
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~ 
>-t 
1-d 
o-j 
>-t 
0 z 
0 
l'%j 

~ 
> 
t'"i 
t"" en 
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t%j 
en 
o-j 
t%j 
t:! 
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TABLE VIII-Continued 0\ 

WALL FIGURE SHOWING 
No. CONSTRUCTION TYPE OF WALL INSIDE CoNSTRUCTION OuTSIDE CoNSTRUcTION ADDITIONAL INSULATION 

56 86 Special :)i-inch stucco :)i -inch stucco None 
Metal lath Metal lath 1-3 
Building paper Building paper ~ 
Fir sheathing Fir sheathing t-'1 

~ 
57 86 Special Ys -inch plaster Ys -inch plaster None ~ 

Ys-inch wood lath Ys-inch wood lath > 
t"' 

57-B 86 Special Ys -inch plaster Ys -inch plaster None () 
Ys-inch wood lath Ys-inch wood lath 0 

59 87 8-inch clay tile Tile Tile None z 
tj 

60 88 R-inch clay tile Tile Tile Vz -inch flexible insulating strips 3!Ild pads 
~ 
() 

in mortar joints 1-3 
~ 

61 89 8-inch clay tile Ys-inch plaster on surface of Tile Vz-inch flexible insulating strips a.nd pads < 
~ 

tile in mortar joints 1-3 
~ 

61-A 88 8-inch clay tile Tile Tile Vz-inch flexible insulating strips and pads 0 
in mortar joints ~ 

62 89 12-inch clay tile Tile Tile None b:j 

~ 
~ 

8-inch clay tile Tile Tile None 63 88 t"' 
tj 

64 88 8-inch clay tile Tile Tile None ~ 

z 
65 89 8-inch clay tile Ys -inch plaster on surface of %-inch stucco on surface Vz-inch flexible insulating strips 3!Ild pads 

C) 

tile of tile in mortar joints ~ 

66 88 8-inch clay tile Tile (solid mortar joint) Tile (solid mortar joint) None > 
1-3 
t-'1 

67 89 8-inch clay tile Tile (solid mortar joint) Tile (solid mortar joint) None ~ 
~ 

68 93 Concrete 6 inches Concrete Concrete None > 
t"' 

thick r:fl 

69 93 Concrete 6 inches Concrete Concrete None 
thick 

70 91 8-inch cinder block Cinder block Cinder block None 

71 92 8-inch concrete block Concrete block Concrete block None 



WALL FIGURE SHOWING 
No. CONSTRUCTION 

72 92 

73 92 

74 92 

75 91 

76 91 

77 83 

81 90 

82 91 

83 91 

86 84 

87 84 

88 84 

89 84 

90 90 

91 90 

92 90 

TABLE VIII-Continued 

TYPE OF WALL INSIDE CONSTRUCTION 

8-inch concrete-block Concrete block 

12-inch concrete block Concrete block 

12-inch concrete block Concrete block 

Rubble stone, 8.03 Rubble stone 
inches thick 

Rubble stone, 8.22 Rubble stone 
inches thick 

Wood frame Ys -inch plaster 
Ys-inch wood lath 

4-inch 3-cell gypsum Plain gypsum surface 
partition tile 

3-inch 4-cell gypsum Plain gypsum surface 
partition tile 

3-inch solid gypsum Plain gypsum surface 
partition tile 

Wood frame Ys-inch plaster 
Insulation A 

Wood frame Ys-inch plaster 
Insulation C 

Wood frame 

Wood frame 

8-inch clay tile 

8-inch clay tile 

8-inch clay tile 

Ys -inch plaster 
Insulation B 

1,?-inch plaster 
Insulation E 

Tile 

Tile 

Tile 

OuTSIDE CoNSTRUCTION 

Concrete block 

Concrete block 

Concrete block 

Rubble stone 

Rubble stone 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Plain gypsum surface 

Plain gypsum surface 

Plain gypsum surface 

Fir sheathing 
Building paper 
4-in,_ch pine lap siding 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Fir sheathing 
Building paper 
4-inch pine lap siding 

Tile 

Tile 

Tile 

ADDITIONAL INSULATION 

None 

None 

None 

None 

None 

Insulation I, 2.78 inches thick, placed 
back against sheathing, hand-packed 
in place 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 
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TABLE IX 
DESCRIPTION OF INSULATING MATERIALS USED IN WALL CONSTRUCTION WITH CONDUCTIVITIES BY HOT PLATE METHOD 

FOR FIGURES 78 TO 93 

MARK 
DESIGNATING 

l\fATERIAL 

A 
B 
c 
D 

DESCRIPTION OF MATERIAL 

Rigid wood fib~r board 
Rigid wood fiber board 
Rigid cereal fiber board 
Semi-rigid flax fiber board 

E Semi-rigid flax fiber board with heavy 

F 

G 

H 

J 

K 

waterproofed asphalt, paper, and metal 
lath on one side 

Felted wood fiber between 2 layers of 
heavy waterproofed paper 

Hair felted and stitched between 2 layers 
of heavy waterproofed paper 

Ell grass felted and stitched between 2 
layers of heavy waterproofed paper 

Limestone melted and blown into a fibrous 
form 

Shredded paper with bonding solution 
sprayed on wall 

Cellular gypsum material poured into place 

TESTED 

Dry 
Dry 
Dry 
Dry 
Dry 

Dry 
As received 

As received 

As received 

As received 

As received 

Dry 
As received 

AvERAGE THICKNEss 

Inches 

.500 

.486 

.450 

.553 

.500 

.496 

.497 

.269 

.413 

3.50 
2.78 

1.110 
.814 

3.500 
3.500 

AVERAGE DENSITY 

Lb./Cu. Ft. 

16.12. 
16.99 
15.59 
13.17 
12.76 

4.39 
3.65 

9.72 

8.38 

7.6 

5.78 

10.90 
11.05 

M.T 

75.06 
74.9 
74.75 
61.9 
75.6 

77.3 
76.8 

66.9 

75.7 

75.0 

61.6 

69.78 
72.50 

CONDUCTIVITY 

.343 

.373 

.348 

.312 

.317 

.254 

.264 

.250 

.275 

.260 

.283 

.447 

.482 

'-l 
00 
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WALL SECTIONS TESTED 

IIUiu..s No. 8-8A 
7AANP53-r 

AvEHA6£' U = 0.2~() 

~LL No. 10 
(.1=0.14.5 

79 

W4LL No. II 
{fz()./.5'2 

WAu No. 30 
(/=0.155 

FIGURE 78. SECTIONAL VIEWS OF TEST WALLS 



80 THERMAL CONDUCTIVITY OF BUILDING MATERIALS 

~.LL No. /,2 
~"IN.SV~ATION 

U=O.I/5 
lM4LL No. 40-8 
I" /NJVLAT/t>N 

U=0./09 

~L.L No.35 
V=aiZ~ 

~LL No./6 
U= 0. /41 

i~U4LL No. 15 
U=a/~4-

FIGURE 79. SECTIONAL VIEWS OF TEST WALLS 



WALL SECTIONS TESTED 

t~W4LL. No.9 
U=0./4.5 

WALL No. 32 
U•O.IS~ 

~LL No./9 
(/•0.155 

81 

W4.t.L No.36 
(J=0./30 

FIGURE 80. SECTIONAL VIEWS OF TEST WALLS 



82 THERMAL CONDUCTIVITY OF BUILDING MATERIALS 

lttt1LL No. 53-0 
u =0.120 

Vl14.tL No. 53 ·c 
U· 0.1~4 

VU~a ~- 34 
U= 0.1~" 

iM4LL Af,, 53·8 
U=Qif4 

J1.14.t.L 1\0. 53 -c 
IJ;, 0./T? 

~LL No.4/ 
(/- 0./48 

FIGURE 81. SECTIONAL VIEWS OF TEST WALLS 



WALL SECTIONS TESTED 

WAtL No.LtJ 
U= 0.141 

14{qu. No. CJ-B 
1/:Q/3~ 

~LL MJ . .29 
(/= 0./.53 

JIW4.u M> . .26 
(/= Q/68 

FIGURE 82. SECTIONAL VIEWS OF TEST WALLS 

83 



84 THERMAL CONDUCTIVITY OF BUILDING MATERIALS 

~J.L No.IT 
U:::all~ 

~"" Nc.33 
{/•0.11$ 

WALL No./8 
U= O.OTO 

~t.t No. T?' 
(/• 0.09'1' 

FIGURE 83. SECTIONAL VIEWS OF TEST WALLS 



WALL SECTIONS TESTED 

Vl14LL No. 86 
U·0./67 

85 

~LL 1\10. 89 
{./:r 0./6.5 

FIGURE 84. SECTIONAL VIEWS OF TEST WALLS 



86 THERMAL CONDUCTIVITY OF BUILDING MATERIALS 

~LL No.25 
I.Ja()./44 

mu. No. 3'1 
1./=0.14~ 

~LL No.2? 
U= ()./6Z 

W.LL No. 23 
1./=0.212 

FIGURE 85. SECTIONAL VIEWS OF TEST WALLS 



WALL SECTIONS TESTED 

W4LL No. 56 
tJ:::.0.2ZT 

W4u. No.S4 
v~0./69 

87 

WALL No. .ST-8 
U= 0.330 

w,qLL No.5T 
{/-: 0.33~ 

~LL No.47 
1./= 0.365 

FIGURE 86. SECTIONAL VIEWS OF TEST WALLS 



88 THERMAL CONDUCTIVITY OF BUILDING MATE~IALS 

DOD 
DOD 
DOD 
DOD 
DOD 
DOD W..4LL No. 21 

l/=Q/66 

W..4LL No. :2.4-
IJ•O. Z/5 

DOD 
DOD 
DOD 

·ooD 
,DOD 
:DOD W.4LL No. Z2. 

I.I=Q3/6 

WJ9LL No.59 
{}:0.280 

FIGURE 87. SECTIONAL VIEWS OF TEST WALLS 



WALL SECTIONS TESTED 

W4u. N~. 61-A 
IJ·a26~ 

II\14LL. No. 60 
(/#0,~66 

WALL. No. 64 
ll•a265 

89 

~L.L. No. 6 6" 
1J.2a:JIO 

FIGURE 88. SECTIONAL VIEWS OF TEST WALLS 



90 THERMAL CONDUCTIVITY OF BUILDING MATERIALS 

1-tA.t..t. No. 6.5 
IJ=0.2S5 

~LL No. 67 
1/='0.320 

~L.t. No.6/ 
IJ= Q2TIJ 

W4LL No. 62 
U=O.ZPJ 

FIGURE 89. SECTIONAL VIEWS OF TEST WALLS 



WALL SECTIONS TESTED 

£1t.4LL No. (j/ 
U=a.J44 

WA£L No. 92 
U=Q.33T 

~LL No. ~0 
U=0.~4 

~LL No. 91 
U=a354 

FIGURE 90. SECTIONAL VIEWS OF TEST WALLS 

91 



92 THERMAL CONDUCTIVITY OF BUILDING MATERIALS 

VW..t.L No. 70 
1./=0.355 

WALL No. 83 
V=a40T 

WAu M>. 7.$ 
IJ.OJ" ffliCif 

u ... as41) 
W4L.L No. 76 
d&i!"lH«K 

1./·0.553 

~L.L No. lJ2 
t/=0.3T~ 

FIGURE 91. SECTIONAL VIEWS OF TEST WALLS 



WALL SECTIONS TESTED 

WAtL No.5/ 
1/=0.35~ 

V\(IJLL No. 7~ 
U=().4~6 

lllt4LL No. 71 
U:s0.458 

93 

~LL No.74 
1/=0.413 

llli4.£L No. TJ 
1./=0. 408 

FIGURE 92. SECTIONAL VIEWS OF T.EST WALLS 



94 THERMAL CONDUCTIVITY OF BUILDING MATERIALS 

Wf?LL No. 42. 
U=0./56 

W.4LL No.37 
U=OIO+ 

W,qLL No. 50 
U::Q+99 

FIGURE 93. SECTIONAL VIEWS OF TEST WALLS 



TABLE X 
SUMMARY OF RESULTS OF TESTS ON WALL CONSTRUCTION BY THE HOT BOX METHOD 

FOR FIGURES 78 TO 93 

AIR TEMPERATURE, DEG. F. 
COEFFICIENT OF TRANSMISSION U 

DATE OF TEST WALL No. TEsT No. 
SuRFACE CoNSTANTS 

Corrected to 15-Mile r:n High Side Low Side Mean Temp. Inside, f1 Outside, fo By Test Wind Velocity ~ 

12/22/27 7 401 80.7 -0.05 40.35 1.619 2.094 .216 .236 ~ 
12/23/27 7 402 80.8 -0.10 40.35 1.619 2.081 .216 .236 ~ 
1/24/28 7-A 418 80.45 0.1 40.27 1.748 1.803 .211 .231 > 
1/25/28 7-A 419 80.5 0.4 40.45 1.769 1.732 .209 .228 ~ 

12/19/27 8 400 81.2 -0.35 40.4 1.721 2.057 .226 .249 t< 
10/12/28 8-A 496 79.87 0.0 39.93 1.503 1.726 .229 .252 0 
10/16/28 8-A 497 80.39 0.0 40.2 1.826 1.703 .222 .244 '"%j 

10/17/28 8-A 498 80.33 0.02 40.17 1.866 1.802 .228 .251 t-3 
12/7/28 8-B 518 80.28 -0.41 39.93 1.584 1.455 .139 .147 tr:l 
4/10/28 9 452 80.1 0.0 40.05 1.647 1.856 .146 .154 r:n 
4/11/28 9 453 80.1 0.0 40.05 1.629 1.780 .144 .152 t-3 

12/28/27 10 403 80.4 -0.20 40.05 1.671 1.906 .184 .198 ~ 
12/29/27 10 404 80.4 -0.30 40.0 1.665 1.918 .187 .202 tr:l 

1/6/28 . 11 409 80.4 -0.10 40.15 1.736 2.515 .153 .163 r:n 
1/9/28 11 410 80.4 0.0 40.2 1.795 2.442 .152 .162 ~ 

12/30/27 12 405 80.4 0.0 40.2 1.690 1.739 .113 .118 t"' 
12/31/27 12 406 80.35 -0.1 40.2 1.650 1.811 .115 .120 t-3 

r:n 
1/26/28 12 420 80.5 -0.05 40.25 1.745 1.762 .117 .123 
1/12/28 15 413 80.25 -0.15 40.0 1.750 2.595 .134 .141 0 
1/13/28 15 414 80.2 -0.05 40.07 1.784 2.933 .133 .140 z 
1/18/28 16 415 80.5 0.0 40.25 1.776 1.993 .141 .149 :;; 1/19/28 16 416 80.5 -0.05 40.25 1.747 1.943 .141 .149 
1/20/28 16 417 80.5 -0.15 40.15 1.786 1.719 .142 .150 > 
3/14/28 17 442 80.55 -0.20 40.15 1.754 1.490 .116 .121 t"' 
3/16/28 17 443 80.65 0.1 40.3 1.827 1.399 .115 .120 t"' 

1/29/35 18 746 80.70 -0.75 39.97 1.575 1.483 .070 .073 r:n 
2/3/28 19 425 80.55 -0.2 40.15 1.625 1.825 .156 .166 tr:l 
2/8/28 19 426 80.8 0.9 40.9 1.639 1.835 .154 .165 

(j 
t-3 

2/17/28 21 431 80.5 0.0 40.2 1.844 1.403 .167 .181 H 

2/21/28 21 432 80.6 0.0 40.3 1.830 1.629 .166 .180 0 
3/21/28 22 445 80.05 0.05 40.1 2.007 2.188 .318 .375 z 
3/22/28 22 446 80.2 0.0 40.1 1.981 2.168 .314 .369 r:n 
2/28/28 23 434 80.5 0.3 40.35 1.753 1.684 .212 .232 
2/29/28 23 435 80.45 0.05 40.3 1.737 1.637 .213 .233 
3/28/28 24 448 80.2 -0.05 40.1 1.781 1.651 .212 .232 
3/29/28 24 449 80.2 0.0 40.1 1.789 1.847 .214 .234 
3/8/28 25 439 80.5 0.0 40.25 1.803 1.253 .184 .198 
3/9/28 25 440 80.5 0.05 40.28 1.819 1.280 .185 .199 

4/13/28 26 454 80.15 0.0 40.07 1.648 1.476 .168 .180 \0 
tTl 



TABLE X--Continued \0 
0\ 

COEFFICIENT OF TRANSMISSION U 
DATE OF TEST WALL No. TEsT No. AIR TEMPERATURE, DEG. F. SuRFACE CoNSTANTS 

Corrected to 15·Mile 
High Side Low Side Mean Temp. Inside, f1 Outside, fo By Test Wind Velocity 

4/14/28 26 455 80.2 0.0 40.1 1.649 1.470 .169 .181 ~ 
4/3/28 27 450 80.05 -0.05 40.0 1.921 1.387 .162 .173 til 
4/4/28 27 451 80.05 -0.05 40.0 1.887 1.629 .163 .174 tr1 

4/17/28 28 456 80.3 0.0 40.15 1.720 1.419 .141 .149 ~ 

4/18/28 28 457 80.15 0.0 40.07 1.761 1.403 .142 .150 g;: 
4/20/28 29 458 80.2 0.05 40.13 1.758 1.609. .154 .165 > 
4/24/28 29 459 80.2 0.0 40.1 1.773 1.579 .153 .164 t"' 

5/1/28 30 462 80.1 0.0 40.5 1.785 1.542 .154 .165 (i 
5/2/28 30 463 80.1 0.3 40.2 1.803 1.518 .156 .166 0 

4/26/28 31 460 80.15 0.0 40.07 1.649 1.517 .142 .150 z 
4/27/28 31 461 80.05 0.0 40.02 1.684 1.527 .143 .151 t;j 
5/24/28 32 468 81.2 0.6 40.9 1.765 1.715 .153 .164 c 
5/25/28 32 469 81.4 0.35 40.87 1.700 1.643 .151 .161 (i 

11/27/28 32 513 79.85 -0.08 39.89 1.798 1.614 .154 .165 ~ 
~ 6/6/28 33 470 80.25 0.0 40.12 1.867 1.387 .117 .123 < 6/7/28 33 471 80.25 0.0 40.12 1.794 1.307 .114 .119 ~ 

6/8/28 33 472 80.2 0.0 40.1 1.778 1.422 .115 .120 ~ 

6/21/28 34 473 80.25 0.3 40.27 1.664 2.110 .128 .135 ~ 

6/22/28 34 474 80.3 -0.05 40.12 1.645 2.116 .129 .136 0 
6/26/28 35 475 80.25 2.6 42.57 1.794 1.540 .123 .129 '"%j 

7/3/28 36 476 80.25 2.6 41.42 1.815 1.171 .130 .137 t:d 7/6/28 36 477 80.25 0.0 40.12 1.768 1.349 .131 .138 c 9/1/28 37 487 80,3 -0.15 40.07 1.675 .859 .101 .106 ~ 

9/27/28 37 488 80.25 -0.35 39.95 1.819 .914 .107 .113 t"' 
10/2/28 37 490 80.37 -0.23 40.07 1.834 .720 .099 .104 t;j 

~ 

11/23/28 37 512 81.48 -1.0 40.24 1.855 1.291 .106 .111 z 
10/19/28 40-B 499 80.13 -0.02 40.05 1.639 1.583 .109 .114 C) 
10/23/28 40-B 500 80.14 0.02 40.08 1.641 1.599 .109 .114 g;: 3/26/29 40-B 555 79.27 0.24 39.75 1.829 1.379 .109 .114 
12/20/28 41 523 79.86 0.97 40.41 1.931 1.619 .148 .157 > 
12/21/28 41 524 79.89 -0.37 39.76 1.956 1.785 .148 .157 ~ 
10/30/28 42 502 80.37 0.00 40.18 1.658 1.235 .135 .144 tr1 
10/30/28 42 502-A 80.39 0.00 40.19 1.678 1.465 .138 .147 ~ 

12/4/28 47 516 80.26 -0.03 40.11 1.667 1.448 .365 .427 > 12/27/28 so 525 79.81 -0.57 39.62 1.680 1.567 .499 .640 l' 
2/5/29 so 541 80.46 -0.29 40.08 1.662 1.624 .499 .640 Ul 

1/29/29 51 539 80.67 -0.38 40.14 1.690 1.548 .357 .425 
4/23/29 51 566 80.59 -0.37 40.11 1.714 1.591 .354 .422 
2/1/29 52 540 80.39 -0.32 40.03 1.808 1.571 .412 .504 

4/18/29 52 565 80.66 -0.57 40.04 1.841 1.619 .401 .487 
1/2/29 53-A 527 79.57 0.69 40.13 1.685 1.671 .223 .245 
1/7/29 53-A 530 80.47 -0.63 39.92 1.561 1.588 .217 .238 



TABLE X-Continued 

COEFFICIENT OF TRANSMISSION U 
DATE OF TEST WALL No. TEsT No. AIR TEMPERATURE, DEG. F. SuRFACE CoNSTANTS 

Corrected to 15-Mile 
High Side Low Side Mean Temp. Inside, £1 Outside, fo By Test Wind Velocity 

1/8/29 53-A 531 80.50 -0.82 39.84 1.553 1.644 .219 .240 
(fl 1/12/29 53-B 533 80.31 -0.69 39.81 1.781 1.574 .155 .166 d 1/15/29 53-B 534 80.15 0.05 40.10 1.761 1.579 .153 .164 

1/18/29 53-C 535 80.25 -0.04 40.10 1.586 1.528 .177 .190 ~ 
1/21/29 53-D 536 80.10 -0.03 40.03 1.650 1.525 .120 .126 ~ 
1/23/29 53-E 537 79.60 -0.17 39.72 1.646 1.580 .184 .198 > 3/27/29 53-F 556 79.31 0.40 39.85 1.669 1.564 .217 .235 ~ 
1/10/29 54 532 80.33 -0.51 39.91 1.625 1.524 .171 .183 ~ 
4/30/29 54 568 80.79 -0.98 39.90 1.716 1.526 ·.168 .180 0 1/25/29 55 538 80.81 -0.48 40.17 1.646 1.668 .588 .792 ~ 4/26/29 55 567 80.90 -1.07 39.91 1.646 1.625 .572 .762 
11/5/29 55 583 80.27 -0.02 40.12 1.665 1.605 .579 .776 ...:j 

9/23/30 55 597 79.5 0.40 39.95 2.615 1.721 .582 .780 M 
(fl 

2/7/29 56 542 79.79 -0.04 39.88 1.768 1.486 .227 .254 ...:j 
2/8/29 56 543 79.81 0.0 39.90 1.777 1.493 .227 .254 

!;d 2/14/29 57 544 79.73 -0.16 39.78 1.700 1.585 .331 .381 
2/15/29 57 545 79.74 0.05 39.89 1.716 1.677 .335 .387 M 

(fl 
5/10/29 57-B 573 79.47 -0.33 39.57 1.649 1.511 .330 .380 d 6/18/29 59 575 80.94 -0.90 40.02 1.747 1.505 .280 .319 t"' 
6/20/29 60 576 81.24 -1.08 40.08 1.831 1.474 .266 .301 ...:j 
6/22/29 61 577 79.93 0.02 39.98 1.602 1.561 .270 .306 (fl 

7/9/29 61-A 582 79.98 0.13 40.05 1.777 1.480 .265 .300 0 
6/27/29 62 579 79.92 0.01 39.96 1.815 1.884 .205 .226 z 7/2/29 63 580 79.93 0.22 40.07 1.726 1.800 .343 .403 
6/25/29 64 578 79.94 0.14 40.04 1.708 1.318 .265 .299 ~ 7/6/29 65 581 79.99 0.13 40.06 1.733 1.528 .255 .290 > 5/24/30 66 589 80.30 -0.05 40.12 1.711 1.627 .310 .360 t"' 
5/27/30 67 590 80.40 -0.15 40.12 1.732 1.654 .320 .372 t"' 
10/2/30 68 599 79.81 0.05 39.93 1.803 2.247 .590 .795 (fl 
9/26/30 69 598 79.89 0.09 39.99 1.924 1.655 .585 .785 M 
6/10/30 70 594 80.09 0.10 40.09 1.544 1.981 .358 .425 (') 

10/9/30 70 601 79.80 0.20 40.00 1.618 '1.618 .353 .418 ...:j 

6/13/30 71 595 80.10 0.15 40.12 1.594 1.605 .460 .576 
~ 

0 
10/7/30 71 600 79.85 0.10 39.97 1.622 1.559 .457 .571 z 6/6/30 72 593 80.07 e.o 40.04 1.571 1.575 .436 .540 (fl 

6/3/30 73 592 79.85 . 0.35 40.10 1.632 1.648 .408 .497 6/18/3() . 74 596 130~08 . 0.33 40.20 1.604 1.895 .413 .504 
1/20/31 75 627 79.98 0.13 40.05 1.623 1.477 .540 .707 
1/14/31 76 626 79.90 0.04 39.97 1.622 1.529 .553 .729 
5/29/30 77 591 79.90 0.10 40.00 1.428 1.789 .097 .101 

10/15/30 78 602 79.82 0.52 40.17 1.954 1.616 .691 
2/5/31 78-B 631 80.22 -0.43 39.89 1.246 0.923 .460 

10/27 I 30 79 606 78.89 -0.04 39.42 1.761 1.588 .264 ......... \0 
'-.l 



TABLE X-Continued 

DATE OF TEST WALL No. TEsT No. AIR TEMPERATURE, DEG. F. 

High Side Low Side Mean Temp. 

10/30/30 79-A 608 80.16 -0.08 40.04 
11/10/30 79-B 610 80.12 0.06 40.09 
11/18/30 79-B 611 79.97 0.02 39.99 
10/28/30 80 60i 79.87 -0.27 39.80 
5/26/31 80-A 661 81.00 2.08 41.54 

1/6/31 81 624 79.06 -0.20 39.43 
1/8/31 82 625 80.02 0.0 40.01 

11/2S/30 83 613 79.60 0.07 39.83 
3/18/31 8S 641 7S.14 -0.06 37.S4 
4/1/31 86 646 80.73 -0.06 40.34 
4/9/31 87 649 80.80 -0.10 40.35 
4/7/31 88 648 80.86 -0.02 40.42 
4/6/31 89 647 80.74 -0.16 40.29 

4/13/31 90 6SO 80.38 -0.17 40.10 
4/16/31 91 6S1 80.27 -0.01 40.13 
4/20/31 92 652 80.31 0.19 40.25 

NoTE.-Average Surface conductance (fo) for walls as tested = 1.633. 

SuRFACE CoNSTANTS 

Inside, f1 Outside, fo 

1.280 1.164 
1.230 1.467 
1.252 1.291 
1.746 1.407 
0.814 1.757 
1.671 1.542 
1.701 1.429 
1.726 1.623 
l.S12 1.298 
1.519 1.390 
l.S19 1.130 
1.572 1.347 
1.519 1.367 
1.661 l.S33 
1.719 l.S32 
1.760 1.57S 

COEFFICIENT OF TRANSMISSION U 

Corrected to IS-Mile 
By Test Wind Velocity 

.169 

.175 

.171 

.2S7 

.130 

.344 

.379 

.407 

.23S 

.169 

.17S 

.172 

.163 

.344 

.3S4 

.337 

.40S 

.4S4 

.495 

.181 

.188 

.18S 

.174 

.40S 

.418 

.396 

Surface conductance (fo) for pine surface for outside wind exposure of IS miles per hour = 4.7S. 
Surface conductance (fo) for stucco surface for outside wind_ exposure of 1S miles per hour - 7.50. 
Surface conductance (fo) for brick surface for outside wind exposure of 15 miles per hour = 6.10. 
Surface conductance (fo) for concrete, tile, cinder block, and rubble stone surfaces for outside wind exposure of IS miles per hour 
Surface conductance (fo) for plaster surface for outside wind exposure of 15 miles per hour = 4.68. 
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DISCUSSION OF TEST RESULTS 

DISCUSSION OF RESULTS OF WALL TESTS FOR 
FIGURES 78 TO 93 

99 

The walls tested are divided into two series or groups. The first 
group includes Figures 78 to 93, inclusive, and were reported in Bul
letin No. '8 (Figs. 44 to 59). The second group, shown later in this 
bulletin, includes those walls shown by Figures 94 to 106, inclusive. In 
considering the over-all coefficients as given with the figures showing the 
type of wall, particular note should be taken of the fact that still air co
efficients only are shown for the first group, while for the second group 
coefficients are shown for both still air as determined by tests and for a 
15-mile surface wind velocity as determined by calculation. The 15-mile 
wind coefficients for the first group of walls are given in the corres
ponding tables of test data. 

VARIATION IN WALL CONSTRUCTION 

There is some variation in most building materials. In addition 
to this there is also likely to be a difference in the construction of two 
walls even tho they are built ·under careful laboratory supervision. 
Several of the tests reported repre~ent the results on duplicate walls ; 
some of which were constructed from materials of the same lot, and 
others of which were constructed at different times with materials 
selected from different lots. Some examples with the variations found 
are as follows : 

1. Walls 7-A, 8, 8-A, and 53-F (Fig. 78) were all frame walls of the same 
construction but built at different times from different materials. The still air 
coefficients for these walls varied from .209 to .229-a difference of approximately 
9 per cent. This difference might be accounted for by shrinkage of materials, 
differences in conductivity of the wood used in construction, or to a difference in 
actual construction. 

2. Walls 7 and 53-A (Fig. 78) were of identical design built at different 
periods and with different materials. In this case the coefficients varied from .216 
to .218. 

3. Walls 11 and 30 (Fig. 78) were all built of a rather uniform quality of in
sulating board as sheathing and as plaster base. The over-all coefficient ranged 
from .152 to .155. 

4. Walls 57 and 57-B (Fig. 86) were built at the same time and with materials 
taken from the same stock. The coefficients were .330 and .333, respectively. 

5. Walls 75 and 76 (Fig. 91) were constructed of limestone taken from the 
same stock. The over-all coefficients were .540 and .553-a variation of 2.4 per cent. 

In practice, w~lls constructed after the same specifications might 
show variations in conductivity coefficients even greater than those 
noted above. This might be due to poor construction or to using 
materials which have wide variations in thermal properties. In applying 
the conductivity coefficients to practice, one should take note of the fact 
that they represent the amount of heat transmitted by thermal conduc
tivity only and do not include any air leakage that might be caused by 
wind pressure on the building. This must be considered as a separate 
factor in determining heat losses. 

l'RAME WALLS, TEST RESULTS 

All frame walls were built of 2 X 4-inch studs spaced 16 inches 
on center. If 2 X 6-inch studding was substituted for the 2 X 4-inch 
studding the conductivity results should be substantially the same so 
long as the space between the studding was given the same treatment. 
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CLAY TILE WALLS, TEST RESUt-TS 

Figures 87, 88, 89, and 90 show a group of \fifteen clay tile walls. 
Fourteen of these are 8 inches thick, built with, \tile of different cell 
structure, and are treated differently as to joints and surface finish. The 
range in values of the conductivity coefficient U for the unfinished walls 
is from .354 for Wall 91 (Fig. 90) to .265 for 'W;all 64 (Fig. 88). 

Walls 63 (Fig. 88) and 91 (Fig. 90) are built of a common type of 
three-cell tile, the construction being similar altho the tile was obtained 
from different manufacturers. The still air coefficients for these walls 
are .343 and .354, respectively, which may be taken as reasonable aver-
ages for this type of construction. 1 

In Walls 92 (Fig. 90) and 67 (Fig. 89) the air cells have been 
broken up in such a manner as to give substantially four cells for Wall 
92 and five cells for \Vall 67. The coefficients of conductivity are .337 
and .320, respectively, indicating that, as the air cells are broken up 
into greater numbers, the conductivity of the finished wall is decreased. 

In each of the four walls, Nos. 63, 91, 92, and 67, there is a direct 
path for the flow of heat through the top and bottom surfaces of the 
individual tile. In other words, there is a direct line of low heat resist
ing material through which heat may flow from the hot to the cold 
surface of the wall. As a direct contrast to this, consider Wall 64 (Fig. 
88) in which the air spaces are staggered, giving a longer path through 
the material for the flow of heat from surface to surface. For this wall 
the coefficient U is .265-a material reduction over the other type. \Vall 
66 (Fig. 88) was built of the same tile as Wall 64, but the joints were 
filled solid with mortar. The coefficient was increased to .31 as com
pared with .265 when the joints were not filled. Wall 65 (Fig. 89) 
was built of the same tile as Wall 64, but, for Wall 65, insulating strips 
were placed horizontally in the open air spaces at the joints, and insul
ating pads were placed at the end of each tile. These insulating pads 
and strips gave slightly better insulation than the air space and pre
vented any mortar from getting into the joints, and, as shown from the 
results, reduced the coefficient to .255 as compared with .265 without 
the strips. This reduction; however, may have been partly due to the 
surface finish on the wall. 

Walls 59, 60, and 61-A (Figs. 87 and 88) were built of the same 
tile, the difference being that \Valls 60 and 61-A have insulating strips 
placed in the joints, filling the central air space between the tile, and, 
also, insulating pads at the end of the tile. In these walls, the insulating 
strips reduced the coefficient from .28 to .265. Wall 61 (Fig. 89) was 
of the same construction as Walls 60 and 61-A, with the exception that 
Ys-inch plaster was applied to the inner surface of Wall 61. In this 
case, the coefficient was .27 as compared with .265 without the plaster. 
This increase may have been due to some slight difference in surface 
coefficients or to a difference in construction which can always be ex
pected in walls of this type. 

Wall 62 (Fig. 89) was built of the same tile as Wall 59, the differ
ence being that it was built 12 inches wide, using 1 Yz thicknesses of 
the tile. If, for these walls, the surface coefficients are deducted, it is 
found that the conductances are proportional to the thicknesses. 
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In general, the efficiency of a tile wall i? increased by breaking up 
the air spaces and by eliminating any direct paths or tile connections 
between the two surfaces of the wall. The greatest improvement seems 
to be possible by breaking up the direct path for heat flow. 

The effect of different surface finishes on the tile walls is shown by 
Walls 21, 22, and 24 of Figure 87. In these walls the same tile was 
used, the exterior finish in each case being %-inch stucco and the in
terior, Vz-inch plaster applied directly to the tile for Wall No. 22; 
applied to wood lath furred out for Wall No. 24, and to Vz-inch insulat
ing board furred out for \Vall No. 21. Wood lath on l-inch furring 
strips reduces the coefficient from .316 to .213, while Vz-inch insulating 
board A on l-inch furring strips reduces it to .167. 

BRICK WALLS, TEST RESULTS 

In Figures 92 and 93, five brick walls are shown which are con
structed either entirelv of brick or of brick in combination with other 
materials. Walls SO "'and 51 are both constructed of common yellow 
bricks, 2~ X 3% X 8 inches in dimension. Wall SO is a single row 
and Wall 51 a double row of brick. If for these walls the inside and 
outside coefficient of conductivity be taken as 1.65, the thermal con
ductivity is k == 5.0. Wall 52 is an 8-inch wall composed of one layer 
of 4-inch common yellow brick and one layer of pressed face brick. 
The coefficient U in this case is .406 as compared with .355 for the 
same thickness of wall built entirely of common brick, indicating that 
the surface brick has a much higher coefficient of conductivity than the 
common yellow clay brick. Wall 37 shows an insulated frame wall 
with a brick veneer finish and Wall 42 shows an 8-inch brick wall with 
insulating material, furring lath, and plaster on the inside. 

GYPSUM PARTITION TILE WALLS, TEST RESULTS 

Walls No. 81 (Fig. 90) and Nos. 82 and 83 (Fig. 91) were built 
of different thicknesses of gypsum partition tile as shown. By com
paring the results for Walls 82 and 83, it is found that the cylindrical 
openings through the tile reduce the conductivity coefficient for the 3-
inch wall from .407 to .379, or, in other words, these openings introduce 
a heat resistance into the wall equal to .18. If for Wall 83 the average 
inside and outside surface coefficients are taken to be 1.65, the thermal 
conductivity per inch of gypsum is found to be 2.5. 

RUBBLE WALLS, TEST RESULTS 

Walls 75 and 76 (Fig. 91) were built of limestone and were approxi
mately 8 inches thick. The conductivities were .54 and .553, respectively, 
a variation well within experimental limits for walls of this type. If 
the average coefficient is used and the surface coefficients are taken as 
1.65 for both inside and outside surfaces, the thermal conductivity k 
for the wall is found to be 12.5, or slightly higher than that found for 
concrete walls. It is probable, however, that the surface coefficients 
may be somewhat higher than the average of 1.65, due to the uneven 
character of the surfaces. 
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CONCRETE CONSTRUCTION 

It is usually true that materials with high structural strength have 
low heat resistance, making it necessary to give special consideration to 
the methods of using such materials, and often to add special insulation 
where thermal resistance is an important factor. Concrete is such a 
material. It has excellent structural properties but when the ordinary 
aggregates are used without some consideration for insulating values a 
high thermal conductivity results. Since concrete is so extensively used 
in building construction and since thermal resistance is often an im
portant factor, a special investigation has been made covering mono
lithic and masonry wall construction. 

The thermal properties of concrete walls may be improved by such 
methods as changing the nature of the aggregate, constructing the wall 
with different types of air spaces, applying a special surface finish, or 
adding some insulating material to the wall. The investigation has 
covered monolithic and masonry walls, different aggregates, different 
surface finishes, various types of air space construction, and the applica
tion of insulating materials to monolithic and masonry walls. In the 
interests of economy the number of walls built and tested was limited 
to representative types. 

AGGREGATES 

In general, low density aggregates will result in lower thermal 
conductivity than will high density aggregates. This, however, is not 
always the case as low density may be accompanied by an excessive 
porosity which will allow the heat to be transferred through the wall by 
air circulation. Such a condition may be taken care of in part by the 
application of some impervious surface finish. This will exclude the 
surface air, but in extreme cases there may also be circulation of air 
within the wall itself. In this investigation sand and crushed limestone, 
sand and gravel, cinders, Haydite, and air-cooled slag were used as 
aggregates. These were graded a:s indicated by the description of the 
individual walls. 

AIR SPACE CONSTRUCTION USED 

There are two types of air spaces which may be built into a wall. 
First, the continuous air space as may be provided between two parallel 
walls; and second, irregular cored out sections as are usually provided 
in concrete block construction. In the first case all heat conducted from 
surface to surface must pass directly across the air space, and, if there 
are no connecting rods which serve as conductors, the efficiency of the 
air space could be very definitely determined from the known properties 
of such spaces. In the second case only a part of the heat must pass 
through the air spaces, the remainder passing through the solid material 
between the spaces. If the material proper has a high thermal con
ductivity and if the partitions between the cored out spaces are direct 
between the two surfaces and constitute a considerable percentage of 
the wall area, the effectiveness of the air space as an insulator may be 
very materially reduced. It is difficult to make calculations to determine 
the thermal conductivity of walJs containing irregular air spaces, even 
tho the properties of the material are established. An efficient air space 
construction must either provide a continuous space over the full wall 
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area or, if there are paths of solid material between the two surfaces, 
they should be designed as long and restricted in area as possible. In 
this investigation parallel or continuous air spaces were provided by 
constructing walls of parallel monolithic and masonry slabs and by 
furring out the surface for specific insulating finish. The cored air 
spaces were those commonly used in standard concrete block construc
tion. 

SURFACE FINISH 

The effect of surface finish on a wall may be to reduce the normal 
air filtration into and out of the wall and thus improve the internal 
conductivity by eliminating convection currents, or to change the char
acter of the surface and thereby change the surface coefficient of con
ductance. If the surface finish should be of material thickness and of 
an insulating value in itself, it would add to the thermal resistance of 
the wall. The surface finishes used in this investigation were in the 
nature of water cement paints and were primarily for the purpose of 
reducing any interchange of air through the boundary surfaces rather 
than for improving the surface conductance. 

INSULATION 

Ther~ are several methods by which thermal resistance may be built 
into a wall. As discussed previously, air space construction may be 
used for this purpose or specific insulating materials may be applied to 
the walls either in air spaces or on the surface. The effectiveness of 
any application will depend upon the amount of heat which must 
normally flow through the insulation. Thus, if insulating material is 
placed over the surface of the wall in a layer of uniform thickness, all 
heat must presumably pass through the material and it may be con
sidered as an effective application. If the insulating material is placed 
in such manner as not to obstruct all paths for the flow of heat its 
effectiveness may be reduced. In this investigation insulating materials 
have been used in the cells or cores of the concrete blocks and also as 
a uniform sheet parallel to the surfaces of the walls. 

METHOD OF PROCEDURE 

In all cases the aggregate was selected and graded as per specifica
tions. In each case a sieve analysis was made and the different aggre
gates were mixed in the required proportion to give the proper fineness 
modulus. Preliminary tests were made to determine the proper water 
to cement ratio to give the required slump and strength characteristics. 
The blocks for the masonry walls were constructed in a standard block 
machine at a plant in Minneapolis, Minnesota. These were steam cured 
for 24 hours, and then exposed to the air for the remainder of the curing 
period. After being thoroly cured and dried out they were built into 
test walls s_yz feet square with standard Ys-inch mortar joints between 
the blocks. In constructing the walls the mortar was buttered on the 
edges but not on the cross partitions between the air cells, thus follow
ing recommended and standard construction practice for walls of this 
type. After a sufficient curing period to thoroly dry ou't the mortar 
between the joints the walls were tested by the standard hot box method. 
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For the monolithic walls the agg·regates were selected and graded 
in the same manner as for the concrete blocks and the walls were con
structed in the laboratory according to specifications. ·At the time of 
building the walls 6 X 12-inch cylinders were cast which were later 
tested to give the strength of the concrete. After the walls were thoroly 
cured and dried out they were tested by the standard hot box method 
to determine their thermal conductivity. 

Test data and computed results for concrete walls and aggregates 
are given in Figures 94 to 106 with the accompanying tables and in 
Tables XI to XVIII, inclusive. In cases where several different types 
of surface finish or of insulation were used with a given wall, one figure 
has been used to represent all of the different combinations, the differ-: 
ences for each individual wall being shown in the accompanying table. 

In order to get the complete construction and test data for any wall 
it is necessary to refer to both the figure and the accompanying table 
representing the wall, and the table giving construction data for the wall. 
Thus the construction data for all masonry walls is given in Table XI, 
and that for all monolithic 'valls is given in Table XII. For each figure 
a reference is made to the tables giving construction data, and for each 
wall in a table the wall number is followed by the figure number show
ing wall details. For all built-up walls the over-all coefficient U was 
determined for air temperatures of 80° F. on the high side, oo F. on 
the low side, or a mean temperature of 40° F. for the wall. In all hot 
plate tests the thermal conductivity k was determined for a mean tem
perature of 75 o F., the temperatures of high and low side of material 
being regulated to meet this mean temperature requirement. 

In taking test data on certain walls it was difficult to get consistent 
surface temperatures from which to calculate surface conductance co
efficients. This was due partly to the fact that the surfaces of some of 
the walls were rough, making it impossible to get precision measure
ments of surface temperatures, and partly to the fact that the masonry 
walls contained irregular cored out spaces which gave different heat 
resistances for different sections of the wall. For example, the surface 
temperatures of hollow concrete block walls would be different . when 
taken at a point opposite an air space than when taken at a point 
opposite the partition between the air spaces. In such cases it would be 
impossible to get a consistent surface coefficient without taking the 
average of a large number of surface temperatures. Since the over
all transmission coefficients U were calculated on the basis of air tem
peratures on the two sides of the wall, they were not affected by the 
irregularities of surface temperatures and were, therefore, taken as a 
basis for computing the results and making comparisons between the 
different types of walls. In order to take care of the irregularities in 
surface temperatures as mentioned and the resulting differences in sur
face coefficients, averages were taken of all the outside surface coefficients 
and of all the inside surface coefficients, and these averages taken as the 
true value for each test. The surface temperatures were corrected by 
using these coefficients. The average of all outside surface coefficients 
was 1.55 and of all inside surface coefficients 1.60. All of the tests 
by the hot box method were made at still air conditions and the co
efficients for a 15-mile wind were calculated by correcting for the 
difference between the surface coefficients for a 0- and a 15-mile wind. 
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CONCRETE MASONRY WALLS TESTED 
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FIGURE 94. 8·INCH CINDER BLOCK WALL 

CINDER BLOCK WALLS 

For additional construction data see Table XI 

INSULATION CoEFFICIENTS OF 
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SURFACE FINISH IN CORE SPACES HEAT TRANSMISSION 

u 
Density Lbs. Sq. Corrected 

Inside Outside Kind Lbs. Cu. Ft. of c u to 15 
Ft. Wall M.P.H. 

Area Wind Vel. 

As laid As laid None 0.577 0.333 0.396 

As laid Two coats water-
proofed white Port-
land cement paint None 0.522 0.314 0.370 

As laid Two coats water- Granu-
proofed white Port- Ia ted 
land cement paint cork 5.12 1.34 0.238 0.189 0.201 

As laid Two coats water-
proofed white Port- Dry 
land cement paint cinders 69.7 18.29 0.364 0.249 0.283 

As laid Two coats water-
proofed white Port- Rock 
land cement paint wool 14.21 3.72 0.254 0.192 0.211 

0 -inch plaster Two coats water-
on metal lath proofed white Port- Rock 
furred 1 inch land cement paint wool 14.21 3.72 0.198 0.158 0.171 

0 -inch plaster Two coats water-
applied direct proofed white Port- Rock 

land cement paint wool 14.21 3.72 0.251 0.190 0.209 

{;!,-inch insu- 0 -inch plaster ap-
ation board plied direct 

furred l-inch 
strips on cen- Rock 
ter wool 14.21 3.72 0.164 0.136 0.147 
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FIGURE 95. 8-INCH HA YDITE BLOCK WALT 

HAYDITE BLOCK WALLS 

For additional construction data see Table XI 

INSULATION COEFFICIENTS OF 
SURFACE FINISH IN CORE SPACES HEAT TRANSMISSION 

u 
Density Lbs. Sq. Corrected 

WALL Inside Outside Kind Lbs. Cu. Ft. of c u to 15 
No. Ft. Wall M.P.H. 

Area Wind Vel. 

2a As laid As laid None 0.495 0.304 0.355 

2b As laid Two coats water-
proofed white Port-
land cement paint None 0.454 0.289 0.334 

2c As laid Two coats water- Granu-
proofed white Port- lated 
land cement paint cork 5.06 1.33 0.199 0.159 0.172 
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/000(/000/ 5and and Oravel block wall 
6x 8" x 16''- 3 ova I core 

/ 

/ 

v ,. 
Draft 4 per ft 

FIGURE 96. 8-INCH SAND AND GRAVEL BLOCK WALL 

WALL Inside 
No. 

3a As laid 

3b As laid 

3c As laid. 

SAND AND GRAVEL BLOCK WALLS 

For additional construction data see Table XI 

INSULATION COEFFICIENTS OF 
SURFACE FINISH IN CoRE SPACES HEAT TRANSMISSION 

u 
Density Lbs. Sq. Corrected 

Outside Kind Lbs. Cu. Ft. of c u to 15 
Ft. Wall M.P.H. 

Area Wind Vel. 

As laid None 0.898 0.419 0.524 

Two coats water-
roofed white Port-
and cement paint None 0.851 0.409 0.509 

Two coats water- Granu-
roofed white Port- lated 
and cement paint cork 5.14 1.35 0.542 0.321 0.379 
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/OOO{JOOO/ Ma5onry walls 
o·x 6 ){/6"- 3 oval core 

WALL 
No. 

1a 

2a 

3a 

4a 

lla 

l/ 

v 

v T 
FIGURE 97. 8·INCH MASONRY WALL 

MASONARY WALLS, FIVE DIFFERENT AGGREGATES 

No Surface Finish or Additional Insulation 
For additional construction data see Table XI 

CoEFFICIENTS OF HEAT TRANSMISSION 

DESCRIPTION u 
OF WALL Corrected 

c u to 15 M.P.H. 
Wind Vel. 

Cinder block 0.577 0.333 0.396 

Haydite block 0.495 0.304 0.355 

Sand and gravel block 0.898 0.419 0.524 

Limestone block 0.856 0.410 0.510 

Air cooled slag block 0.677 0.364 0.441 



MATERIAL 
WALL USED IN 

No. BLOCKS 

Sa Cinders 

Sb Cinders 

6a Sand and 
gravel 

15a Haydite 

15b Haydite 

CONCRETE MASONRY WALLS TESTED 109 

Mo~Dnry wali.s 
e/xli.x 16u- .3 oval core 

No Addlfionttll surface. ftni$17 

·~iB-G·~ (li 
1· ~~~~ 

:I:·:.·,·T 
! J ! ! I I '10 

01"t:.f1 {~,. ft. " ... "".a......u.·.-!L...I..! ___,_i....~!_.J..!....!l...Jj_ 
FIGURE 98. 12-INCH MASONRY WALL 

MASONRY WALLS 

For additional construction data see Table XI 

INSULATION CoEFFICIENTS OF 
IN CORES HEAT TRANSMISSION 

u 
Density ~~\~a1i Corrected 

Kind Lbs. Cu. c u to 15 M.P.H. 
Ft. Area Wind Vel. 

None 0.531 0.318 0.374 

Granulated cork 5.24 2.10 0.237 0.182 0.199 

None 0.777 0.391 0.481 

None 0.468 0.294 0.342 

Granulated cork 5.60 2.38 0.168 0.139 0.148 
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/t~.:=,,' l.:.=-:,; ,:~::.' /t~~./J ~~=;l,':..=:.. .. ~;/ 
//·=._.; /·:::._,; /·-::::.j /,~·-·./ t::..-.::.../L -=-// 

Partition file walls 
O)c4'x 16" -J core cinder file 
No additional surface finish 

v 
L.._ _______ .JL... _______ _,V Draft r,..r ft 

FIGURE 99. DOUBLE PARTITION TILE WALL 

PARTITION TILE WALLS 

The two walls were tied together with galvanized iron strips spaced 12 inches horizontally 
on top of each course of blocks and extending approximately 3 inches into each wall. 

For additional construction data see Table XI 

COEFFICIENTS OF HEAT TRANSMISSION 

WALL DESCRIPTION u 
No. OF WALL Corrected c u to 15 M.P.H. 

Wind Vel. 

7a Single, 4-inches thick 1.003 0.441 0.559 

Sa Two 4-inch walls, l-inch air space 0.358 0.247 0.279 

8b Two 4-inch walls, l-inch rock wool 
between 9.97 lbs./cu. ft. 0.204 0.162 0.176 



/ 
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/_000{/000/ 6'x 6'.x. 16" Ha':Jdite block walls 
furred with split 4x 8x 16 

partition ttle 

WALL 
No. 

13a 

14a 

WALL 
No. 

.9a 

9b 

, 

v 

,v~ 
[/ 

ll 
D raft { ,..r ft. 

I I I : ! I 
I I : I I 

:I I :! 
/~l 

1 I I I 
I I 

~ : I: 11 
II 

II I I II 

FIGURE 100. HAYDITE BLOCK WALL WITH FURRING UNIT 

HAYDITE BLOCK WALLS FURRED WITH SPLIT 4X8X16-INCH 
PARTITION TILE 

INSIDE 
SURFACE 
FINISH 

As laid 

As laid 

For additional construction data see Table XI 

OUTSIDE 
SURFACE 
FINISH 

Furred with cinder tile 

Furred with Haydite tile 

COEFFICIENTS OF HEAT TRANSMISSION 

u 
Corrected 

c u to 15 M.P.H. 
Wind Vel. 

0.343 0.239 0.270 

0.362 0.248 0.281 

Sana ancJ gravel wall 
5"x8x!i:."- Z. core ttle 

Draft 1~ "per ff 

FIGURE 101. 8-INCH SAND AND GRAVEL TILE WALL 

MASONRY WALLS 

For additional construction data see Table XI 

CoEFFICIENTS OF HEAT TRANSMISSION 

INSIDE OUTSIDE u 
SuRFACE SURFACE Corrected 

FINISH FINISH c u to 15 M.P.H. 
Wind Vel. 

As laid As laid 0.947 0.430 0.541 

As laid 2 coats waterproofed white Port· 
lanrl cement paint 0.899 0.420 0.525 
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FIGURE 102. 8-INCH BLYESTONE TILE, SAND, AND GRAVEL 

WALL 
No. 

BLYSTONE TILE 

For additional construction data see Table XI 

c 

COEFFICIENT OF HEAT TRANSMISSION 

u 
u 

Corrected to 15 
M.P.H. Wind Vel. 

12a ..................................................... . 0.735 0.380 0.465 

JOOOOOOOr 

~ 

v 

v 

Cinder block wall 
d'~ 6x !6"- 3 oval core 

No addtflona/ svrface. fini8h 

:l ,, ,; 
II ,, ,, 
II ,, 

II 

~·· 
,, ,, II 

: ~ \I 
,, 

/ ,, ,, ,, 
I: II I' II 

CINDER BLOCK WALL 

For additional construction data see Table XI 

WALL 
No. 

lOa ............................... . 

c 

0.638 

COEFFICIENT OF HEAT TRANSMISSION 

u 

0.353 

u 
Corrected to 15 

M.P.H. Wind Vel. 

0.424 



WALL 
No. 

30a 

31a 

32a 

33a 

34a 

36a 

CONCRETE MONOLITHIC WALLS TESTED 

Monolithic wall~ 
4" thic.k 

113 

No aac:litional svrface finish 

FIGURE 104. 4-INCH MONOLITHIC WALL 

MONOLITHIC WALLS 

For additional construction data see Table XII 

CoEFFICIENTS oF HEAT TRANSMISSION 

DESCRIPTION u 
OF WALL Corrected 

c u to 15 M.P.H. 
Wind Vel. 

4-inch sand and limestone concrete, 
plastic mix 2.810 0.615 0.871 

4-inch sand and coarse gravel con-
crete, plastic mix 2.947 0.621 0.884 

4-inch sand and coarse gravel con· 
crete, dry tamp mix 3.230 0.632 0.906 

4-inch cinder concrete, plastic mix 1.472 0.513 0.679 

4-inch Haydite concrete, plastic mix 0.943 0.429 0.540 

4-inch sand and coarse cinder con· 
crete, dry tamp mix 2.160 0.577 0.797 
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Double Monolithic Walls 
Two 4" dry tan:p mix slobs 

Spaced Z i a par f 
No acldiflone~l surface finish 

FIGURE 105. DOUBLE 4-INCH MONOLITHIC WALL 

DOUBLE MONOLITHIC WALLS 

Walls tied together with y.f-inch tie rods spaced 12 inches horizontally and 9 inches 
vertically and extending about 3 inches into each wall. 

For additional construction data see Table XII 

SPACE DENSITY OF WEIGHT OF COEFFICIENTS OF HEAT TRANSMISSION BETWEEN INSULATING INSULATION 
WALL SLABS MATERIAL PER SQ. u No. FILLED LBS. FT. OF c u Corrected to 1 5 WITH Cu. FT. WALL AREA M.P.H. Wind Vel. 
3Sa No fill 0.660 0.359 0.433 
3Sb Dry cinders 

2. 52 inches thick 75.4 15.87 0.509 0.320 0.378 
3Sc Rock wool 2.52 

inches thick 14.3 2.99 0.170 0.140 0.150 



Double 1\/!onolifhic Walls 
Poured with Insulation between 
Z.·fand 4" sand ana tjravel slab~ 

FIGURE 106. MONOLITHIC WALL WITH INSULATION BETWEEN SLABS 

DOUBLE MONOLITHIC WALLS 
Walls tied together with ;4-inch tie rods spaced to give the equivalent of one rod for 

each 4;1 square feet of area. 

WALL 
No. 

38a 

38b 

38c 

39a 

39b 

40a 

4la 

42a 

42b 

43a 

WALL 
No. 

38a 

39a 

40a 

4la 

42a 

43a 

Poured with Insulation between Slabs 

WATER 
ABSORBED, 

PER CENT OF 
DRY WALL 
WEIGHT 

COEFFICIENTS OF HEAT TRANSMISSION 

INSULATION 
BETWEEN 

SLABS 

TREATMENT 
GIVEN 

OUTSIDE 
SURFACE 

l-inch rigid in- None 
sulation board 

l-inch rigid in- Treated with fog 
sulation board spray 1 hour 

l-inch rigid in- Treated with fog 
sulation board spray 19 hours 

l-inch vapor- None 
proof rigid in
sulation board 

l-inch vapor- Treated with fog 
proof rigid in- spray 19 hours 
sulation board 

l-inch corkboard None 

l-inch water- None 
proof corru-
gated paper 

2-inch thermax None 
insulation 

2-inch thermax Treated with fog 
insulation spray 19 hours 

l-inch vermi- None 
culite and ce-
ment binder 

.5 

1.16 

1.24 

1.00 

c 

0.325 

0.325 

0.321 

0.335 

0.331 

0.360 

0.360 

0.377 

0.366 

1.083 

Properties of Insulation Used 

u 
U Corrected to 15 

0.230 

0.230 

0.228 

0.235 

0.233 

O.Z47 

0.247 

0.255 

0.250 

0.456 

M.P.H. Wind Vel. 

0.258 

0.258 

0.256 

0.265 

0.262 

0.280 

0.280 

0.290 

0.284 

0.583 

THICKNEss DENSITY WT. SQ. FT. CoNDUCT- CoND. PER 
INSULATION 

Rigid insulation board 

Vapor-proof rigid in
sulation board 

Corkboard 

Water-proof corrugated 
paper 

Thermax insulation 

Vermiculite and ce
ment binder 

INCHEs LBs. Cu. FT. WALL AREA ANCE C INCH k 

0.995 

1.034 

0.993 

1.046 

2.001 

0.997 

13.2 

22.3 

8.7 

10.0 

29.8 

46.6 

1.09 

1.92 

.72 

.87 

4.96 

3.87 

0.344 

0.388 

0.289 

0.366 

0.385 

1.186 

0.343 

0.401 

0.287 

0.383 

0.770 

1.182 



WALL FIG. 
No. 

la-lh 94,97 

2a-Zc 95,97 

3a-3c 96,97 

4a 97 

Sa-Sb 98 

6a 98 

7a 99 

8a-8b 99 

9a-9b 101 

lOa 103 

lla 97 

12a 102 

1Sa-1Sb 98 

13a 100 

14a 100 

DENSITY OF PER· 
MATERIAL IN CENTAGE 
Bt.ocxs, LBs. oF CoaE 
PER Cu. FT. VoLUME 

862 39.8 

67.7 39.6 

126.4 39.8 

134.3 40.2 

86.2 40.2 

124.9 40.4 

99.9 

99.9 

133.9 

74.1 

126.3 

l33.7 

76.7 

67.7 

67.7 

33.9 

33.9 

49.3 

40.0 

42.4 

45.3 

43.1 

39.6 

39.6 

0vU.·ALL 
THICKNESS 

OPWALL 
IN INCHES 

7.88 

7.91 

7.88 

7.83 

11.88 

11.84 

AGGREGATE USED IN wALL 
PER CENT BY WEIGHT 

100% cinders 
V! in. to 0 

64% Size A Haydite 
36% Size B Haydite, by wt. 

73% sand 
27% pea gravel, by wt. 

78% limestone screenings 
22% pea size limestone 

100% cinders 
V! in. to 0 

73% sand 
27% pea gravel, by wt. 

100% cinders 
4.17 V! in. to 0 

9.33 

7.78 

6.00 

7.8S 

7.78 

11.7S 

9.69 

9.69 

100% cinders 
V! in. to 0 

72.3% sand, 27.7% gravel 
til in. to 0 

100% cinders 
til in. to 0 

100% slag, V! in. to 0 
56.S% fine, 43.5% coarse 

72.3% sand, 27.7% gravel 
til in. toO 

64% fine Haydite 
36% coarse Haydite 

64% fine Haydite 
36% coarse Haydite 

64% fine flaydite 
36% coarse Haydite 

Fine 

4.11 

2.76 

3.22 

3.33 

4.05 

3.22 

4.11 

4.11 

3.1S 

2.29 

3.1S 

2.76 

2.76 

2.76 

TABLE XI 
MASONRY WALLS CONSTRUCTION DATA 

FINENEss MoouLus 
OF AGGREGATE 

Dav RoooED WT. WATER 
OF .AGG•EGATE Mrx CEMENT 

Las. PER Cu. FT. PaoPORTION RATIO 
- Dav RoooED W /C 

"28-DAv CoxPRESSIVE STRENGTH Au DatED 

Area S~.S~imen Breaking Load 
Lbs. per Sq. In. 

Coarse Combined Fine Coarse VoLUME GALs. PER SACK Gross Net 

Total 
Breaking 

Load 
Lbs. Gross Net 

4.11 65 I :8 8.75 124.9 75.13 99,263 79S 1.321 

5.94 3.92 58 43 1 :8V! 10.82 125.5 75.75 97,780 779 1,289 

S.68 3.91 108 105 I :10 8.92 124.9 75.18 137,440 1,100 1,829 

S.89 4.00 lll 94 I :9 9.92 123.6 73.88 198.050 1,602 2,683 

4.0S 63 I :8 12 . .'!0 188.5 112.8 154,557 820 1,369 

S.68 3.91 108 105 I :10 6.82 187.6 111.9 169,340 903 1,512 

4.11 6S 1:8 7.72 66.3 43.8 S5,600 838 1,268 

4.11 6S 1:8 7.72 66.3 43.8 S5,600 838 1,268 

5.74 3.88 113 lOS 1:7 7.50 91.2 46.3 11,800 1,29S 2,550 

3.78 63 1:8 12.00 94.S S6.7 21,900 232 386 

S.92 3.92 lOS 79 1:8 7.:!0 124.1 71.5 113,400 914 1,588 

S.74 3.88 113 lOS 1:7 7.50 91.5 50.0 124,900 1,367 2,500 

5.94 3.92 58 43 I :8V! 7.80 18S.9 10S.9 136,750 736 1,294 

5.94 3.92 58 43 1 :8V! 10.82 125.S 75.7S 97,780 779 1,289 

S.94 3.92 58 43 I :8V! 10.82 12S.S 75.7S 97,780 779 1,289 

PER CENT 
ABSORPTION 
AT 28 DAYS -----

By Wt. By Vol. 

14.2 19.7 

24.4 25.S 

8.3 16.7 

7.9 17.0 

14.4 19.9 

7.32 14.7 

11.9S 19.1 

11.95 19.1 

5.7 12.2 

28.7 33.2 

8.8 17.9 

S.7 122 

16.0 19.6 

24.4 25.5 

24.4 25.5 
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WALL 
No. 

30a 

31a 

32a 

33a 

34a 

J5a-35c 

36a 

38a-38c 

39a-39b 

40a 

41a 

42a-42b 

43a 

DENSITY OF 
FIG. CoNcaEn: 

IN WALL 
Las. PER Cu. FT. 

104 140.3 

104 143.3 

104 148.8 

104 94.4 

104 77.7 

105 148.25 

104 118.7 

106 146.0 

106 146.0 

106 146.0 

106 146.0 

106 146.0 

106 146.0 

OvER-ALL 
THICKNESS 

OF WALL 
JN INCHES 

4.32 

4.19 

4.05 

3.90 

3.% 

10.66 

3.96 

7.60 

7.98 

7.59 

7.56 

8.53 

7.22 

TABLE XII 
MONOLITHIC WALLS CONSTRUCTION DATA 

FINENESS MODULUS 
AGGREGATE USED JN WALL QF AGGREGATE 

PER CENT BY WEIGHT 
Fine Coarse Combined 

39.3% sand 
60.7% crushed limestone 3.00 6.80 5.33 

36.5% sand 
63.5% gravel 3.00 6.71 5.36 

36.5% sand 
63.5% gravel 3.00 6.71 5.36 

39.8% fine cinders 
60.2% coarse cinders 3.24 6.77 5.37 

42.6% fine Haydite 
57.4% coarse Haydite 2.76 6.67 5.00 

36.5% sand 
63.5% gravel 3.00 6.71 5.36 

52.6% sand 
47.4% cinders 3.00 6.77 5.21 

39% sand 
61% gravel 2.% 6.15 4.91 

39% sand 
61% gravel 2.% 6.15 4.91 

39% sand 
61% gravel 2.% 6.15 4.91 

39% sand 
61% gravel 2.96 6.15 4.91 

39% sand 
6l'7o gravel 2.96 6.15 4.91 

39% sand 
61% gravel 2.96 6.15 4.91 

DRY RODDED WEIGHT 
OF AGGREGATE 
L••· PER Cu. Fr. 

Fine Coarse 

109.9 97.53 

109.9 107.6 

109.9 107.6 

65.5 55.64 

58.6 44.41 

109.9 107.6 

109.9 55.64 

98.2 98.9 

98.2 98.9 

98.2 98.9 

98.2 98.9 

98.2 98.9 

98.2 98.9 

MIX 
PROPORTION 
Dav Rooow 

VoLUME 

1:2~:4 

1:2~:4 

1:2~:4 

1:2~:4 

1:2~:4 

1:2~:4 

1:2~:4 

1:2~:3~ 

1:2~:3~ 

1:2~:3~ 

1:2~:3~ 

1:2~:3~ 

1:2~:3~ 

WATER 
CEKENT 

R"ATIO 
W/CGAL. 
PERS&Cit 

8.0 

8.0 

6.0 

11.2 

10.5 

6.0 

6.75 

7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

AVERAGE 
SLUIIP 
INcHES 

5.50 

5.90 

·o.50 

3.94 

4.87 

0.30 

0.30 

7.38 

7.25 

7.25 

7.25 

7.38 

7.25 

28·DAY COKPRESSIVE STRENGTH WET 

Area of 
Cylinder 
SQ. IN. 

Total Breaking 
Breaking Load Lbs. 

Load Lbs. per Sq. In. 

28.84 111,253 3.853 

28.59 107,867 3,772 

28.25 152,173 5,385 

28.06 28,312 1,009 

28.80 64,992 2,252 

28.21 133,366 4,728 

28.20 90,850 3,218 

28.27 121,000 4,280 

28.27 123,200 4,360 

28.14 119,100 4,230 

27.76 96,480 3,480 

28.13 97,510 3,470 

28.55 98,480 3,440 

PERCENT 
ABSORPTION 
AT 28 DAYS 

ByWL ByVol. 

6.02 13.51 

5.24 12.03 

4.17 9.95 

16.55 24.98 

23.07 28.80 

4.~4 10.31 

8.35 15.67 

4.85 11.3 

4.85 11.3 

4.85 11.3 

4.85 11.3 

4.85 11.3 

4.85 11.3 
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WALL 
No. 

30a 

31a 

32a 

33a 

34a 

36a 

THERMAL CONDUCTIVITY OF BUILDING MATERIALS 

TABLE XIII 
THERMAL CONDUCTIVITY OF MONOLITHIC WALLS 

DESCRIPTION 

4-inch .sand. and limestone concrete, 
plastic mtx ..................................................... .. 

4-inch sand ~nd cparse gravel con-
crete, plastic mtx ........................................ . 

4-inch sand and coarse gravel con-
crete, dry tamp mix ............................... . 

4-inch _100 :per cent cinder concrete, 
plastic mtx ........................................................ . 

4-inch 100 per cent Haydite plastic 
mix ......... . 

4-inch sand and coarse ... ~.f~·d·~·~ .... d~:·y. 
tamp mix 

CoNDUCT
ANCE C 

2.810 

2.976 

3.230 

1.472 

0.943 

2.160 

THICKNESS 
INCHES 

4.318 

4.168 

4.050 

3.902 

3.960 

3.958 

THERMAL 
CoNDucTIVITY, k 

12.14 

12.40 

13.10 

5.75 

3.73 

8.54 



TABLE XIV. HOT PLATE TESTS OF 24X24X2-INCH CONCRETE SPECIMENS 

(All tests made at 75° mean temperature) 

Mix PROPORTIONs BY VoLUME 
-- PER CENT COEFFICIENTS OF 

TYPE OF Fine Coarse Ag. DENSITY OF ABSORPTION PER CENT DENSITY As HEAT TRANSMISSION 
AGGREGATE Cement Aggregate No.4 to !,-1 SLUMP CoNCRETE Lus. oF Voms OF TEST THICKNESS t:r: 0 to No.4 inch INCHES PER Cu. FT. ByWt. By Vol. BY VoL. LBs. PER Cu. FT. INCHES c k 0 

2.00 2.75 0 144.7 4.7 10.9 11.5 150.2 1.995 6.558 13.1 ..., 
2.75 4.50 0 145.7 4.5 10.4 10.9 150.1 1.990 6.507 12.9 

'"0 3.50 5.50 0 144.5 4.7 10.8 11.2 148.1 1.992 6.606 13.2 t""' Sand 1 2.00 2.75 5 142.5 5.9 13.4 13.9 148.2 1.988 6.099 12.1 > and 1 2.00 2.75 5 142.5 5.9 13.4 13.9 148.2 1.988 6.228 12.4 ..., 
gravel 1 2.75 4.50 5 141.1 6.3 14.2 14.6 146.4 1.985 6.256 12.4 tr:1 

2.75 4.50 5 141.1 6.3 14.2 14.6 146.4 1.985 6.092 12.1 ..., 
3.50 5.50 5 139.2 6.5 14.4 14.7 144.7 1.982 6.485 12.85 tr:1 3.50 5.50 5 139.2 6.5 14.4 14.7 144.7 1.982 6.293 12.5 U"l 

2.00 2.75 0 135.3 7.4 16.0 16.6 141.0 1.985 5.670 11.2 
..., 

2.75 4.50 0 137.8 6.7 14.8 15.4 143.3 1.992 6.029 12.0 l:C 

Limestone ~ 
3.50 5.50 0 136.4 7.2 15.7 16.3 141.7 1.996 5.775 11.5 tr:1 
2.00 2.75 3 130.1 9.8 20.4 20.9 136.3 1.980 5.294 10.5 U"l 

2.75 4.50 3 126.0 11.4 23.0 23.4 132.6 1.983 5.070 10.0 c:: 
3.50 5.50 3 127.3 11.4 23.1 23.4 133.3 1.983 4.939 9.79 t""' ..., 
2.00 2.75 0 103.6 10.5 17.4 18.2 110.0 2.038 2.272 4.63 U"l 
2.75 4.50 0 98.7 12.1 19.1 19.9 103.9 2.040 2.106 4.30 0 

Cinders ~ 
3.50 5.50 0 92.0 13.8 20.2 21.4 97.0 2.041 1.829 3.73 l%j 
2.00 2.75 3 101.4 13.8 22.5 22.8 110.0 2.028 2.412 4.89 
2.75 4.50 3 94.0 17.0 25.6 26.0 101.9 2.032 2.156 4.38 (") 

3.50 5.50 3 94.4 16.0 23.9 24.4 101.5 2.039 2.080 4.24 0 z 2.00 2.75 0 80.7 13.5 17.5 18.0 87.7 2.023 2.050 4.15 (") 
2.75 4.50 0 75.0 16.-2 19.4 19.8 81.2 2.034 1.859 3.78 l:C 
3.50 5.50 0 71.7 18.6 21.3 21.8 78.4 2.030 1.810 3.67 tr:1 

Haydite 1 2.00 2.75 4 78.8 16.5 20.8 21.2 88.9 2.019 2.170 4.38 
..., 

2.75 4.50 4 72.4 18.8 21.8 22.2 80.7 2.017 1.931 3.89 tr:1 
2.75 4.50 4 72.4 18.8 21.8 22.2 80.7 2.017 1.913 3.86 U"l 
3.50 5.50 4 71.0 20.3 23.0 23.9 80.3 2.018 1.980 4.00 '"0 

Expanded burned Fineness Modulus tr:1 
(") 

clay 1 8.00 3.75 57.9 18.2 16.8 18.4 59.9 2.014 1.134 2.28 1-t 

Treated limestone :s: 
slag 1 7.00 3.75 74.6 14.7 17.6 27.1 77.5 2.013 1.128 2.27 tr:1 z 

By-product of manu· 
15.0 

U"l 
facture of phos- 1 8.00 3.75 86.6 10.8 25.5 89.0 2.019 1.579 3.19 
phates 1 8.00 3.75 91.1 10.5 15.3 21.1 93.4 2.034 1.683 3.42 

Volco pumice mined 
in California 1 8.00 3.75 65.0 20.1 20.9 26.5 69.15 2.024 1.195 2.42 

Haydite 1 8.50 3.75 67.1 17.7 18.9 21.8 70.45 2.024 1.427 2.89 ~ 
1 8.50 3.75 67.1 17.7 18.9 21.8 70.45 2.024 1.3!?1 2.82 ~ 

\0 
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TABLE XV 
EFFECT OF AGGREGATES ON CONDUCTANCE OF MASONRY WALLS 

WALL 
No. DESCRIPTION OF BLOCKS USED 

CONDUCTANCE 
c 

la 
2a 
3a 
4a 
Sa 
6a 

8X8 X 16-inch 3-oval core cinder block ......................................................................... . 
8X8X16-inch 3-oval core Haydite block ...................................................................... . 
8 X8 X 16-inch 3-oval core sand and gravel block .............................................. . 
8 X 8 X 16-inch 3 -oval core limestone block. ................................................................ . 
8 X 12 X 16-inch 3-oval core cinder block ...................................................................... . 
8 X 12 X 16-inch 3 -oval core sand and gravel block ........................................... . 

TABLE XVI 

0.577 
0.495 
0.882 
0.856 
0.531 
0.777 

INSULATION PLACED BETWEEN VERTICAL CONCRETE SURFACES 

~d tl~ 
> ~ 

~H ;::t!l < r.;> >...:~ 

~ 
z .... gz 

~~ <~ f-<< ~ .... ~~ 
r<. ~ ~><~~z ~s ~5E~ WALL ~z ):;!~Po o .... H>~>-< f4 

~"' U::> <t!l No. DESCRIPTION OF WALL u~ E-<0 ~ p::; p::;z 
E-<ZH::; 

~~ z z~ H ~,.;~~ 
H 

Zo ZH <f.< ~ ..... ~ ~ '"'u < .... ~ 

~~fj~tl ~~ u f.<~ z ~~ 
~~ ~Z~H ~u ~><:..!<~< >' f<l~Oo >z 0~ P.,):;IUE-< 0< c;J~ <!::~8~ 

Sa Two masonry walls built of 
4X8X16-inch 3-core cinder par-
tition tile spaced 1 inch apart 0.279 3.58 

8b Same as Sa with air space filled 
with rock wool .......................................... 0.176 36.9 5.68 2.10 0.33 3Sa Two 4-inch monolithic sand and 
gravel, dry tamp mix, concrete 

3Sb 
walls spaced 2.52 inches apart ...... 0.433 2.31 
Wall No. 35a. Air space filled 

3Sc 
with dry cinders ..................................... 0.378 12.7 2.65 0.34 2.00 
Wall No. 35 a. Air space filled 
with rock wool 0.150 65.3 4.02 0.478 



WALL FIGURE 
No. oF WALL 

38a 106 
39a 106 
40a 106 
41a 106 
42a 106 
43a 106 

TABLE XVII 
OVER-ALL COEFFICIENTS BY TEST AND BY CALCULATION FOR MONOLITHIC WALLS 

CAST WITH INSULATING MATERIAL BETWEEN TWO SLABS 

Inside Slab 4 Inches Thick, Outside Slab 2Y2 Inches Thick 

THERMAL CONDUCTIVITY, k COEFFICIENTS OF HEAT TRANSMISSION 

Insulation Calculated Experimental 
THICKNESS, INCHES Concrete Values Values 

from Other Hot plate Corrected fl fo 
Wall Insulation Tests value for tie rods c u c u 
7.60 0.995 12.0 0.343 0.368 1.60 1.55 0.307 0.221 0.325 0.230 
7.98 1.034 12.0 0.401 0.426 1.60 1.55 0.333 0.234 0.335 0.235 
7.59 0.993 12.0 0.287 0.312 1.60 1.55 0.268 0.200 0.360 0.247 
7.56 1.046 12.0 0.383 0.408 1.60 1.55 0.322 0.229 0.360 0.247 
8.53 2.001 12.0 0.770 0.795 1.60 1.55 0.327 0.231 0.377 0.255 
7.22 0.997 12.0 1.182 1.207 1.60 1.55 0.744 0.382 1.083 0.456 

Per Cent 
Diff. 

c u 
5.5 3.9 
0.6 0.4 

25.5 19.0 
10.5 7.3 
13.3 9.4 
31.3 16.2 

>-3 
i:t1 
Ul 
>-3 

> z 
~ 

() 

> 
t"' 
() 

~ 
t"' 
> 
>-3 
i:t1 
~ 

~ 
Ul 
~ 
t"' 
>-3 
Ul 

........ 
N -
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TABLE XVIII 
INSULATING MATERIAL PLACED IN CORE SPACES OF MASONRY WALLS 

EQUIVALENT OVER-ALL 
LBS. OF THICK· CoEFF. PER CENT t-3 

DENSITY OF INSULATING NESS OF oF CoN- OVER-ALL IMPROVE• EFFECTIVE ~ 
WALL FIGURE DESCRIPTION OF INSULATION INs. Lns. MATERIAL INSULATION DUCTIVITY RESIST- MENT CoNDUCTIVITY tz.j 
No. BLOCKS Us~D UsED PER Cu. FT. PER SQ. FT. OVER WALL U FOR 15- ANCE IN U DuE TO k FOR ~ 

wALL AREA AREA, INCHES MILE WIND 1/U INSULATION INSULATION Is: 
> 

1b 94 8X8X16-inch 3-oval core None ............ ............ ········· 0.370 2.70 ......... ········· t""' 
cinder (j 

1c 94 8X8X16-inch 3-oval core Granulated cork 3.15 0.201 4.97 45.7 1.38 
0 

5.12 1.34 z 
cinder 1::1 

ld 94 8X8X16-inch 3-oval core 3.53 23.5 3.80 
c: 

Dry cinders 69.7 18.29 3.15 0.283 (j 

cinder t-3 
1-< 

1e 94 8X8X16-inch 3-oval core Rock wool 14.21 3.72 3.15 0.211 4.74 43.0 1.56 < 1-< 

cinder t-3 
~ 

2b 95 8 X 8 X 16-inch 3-oval core None ............ . ........... ......... 0.334 2.99 ......... ......... 0 
Haydite l'%j 

2c 95 8X8X16-inch 3-oval core Granulated cork 5.06 1.33 3.15 0.172 5.81 48.5 1.12 b:f c Haydite 1-1 
t"4 

3b 96 8X8X16-inch 3-oval core None ............ ............ ......... 0.509 1.96 ......... ···•····· 1::1 
sand and gravel 

1-< 

z 
3c 96 8X8X16-inch 3-oval core Granulated cork 5.14 1.35 3.15 0.379 2.64 25.5 4.63 G'l 

sand and gravel Is: 
Sa 98 12 X 8 X 16-inch 3-oval core None ............ ............ 0.374 2.67 > 

········· ········· ......... t-3 
cinder tz.j 

~ 

5b 98 12X8X16-inch 3-oval core Granulated cork 5.24 2.10 4.81 0.199 5.03 46.8 2.04 1-< 

> cinder t""' 
Ul 

15a 98 12X8X16-inch 3-oval core None ............ ............ ......... 0.342 2.92 
Haydite 

15b 98 12X8X16-inch 3-oval core Granulated cork 5.60 2.38 5.10 0.148 6.76 56.1 1.33 
Haydite 
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THERMAL CONDUCTIVITY OF MONOLITHIC CONCRETE 

The thermal conductivity of monolithic concrete depends largely 
upon the density of the final concrete, which in turn depends upon the 
aggregates used and the amount of water used in the mix. In general, 
the more plastic the mix the lower the density and, therefore, the lower 
the conductivity for any given aggregate. 

Thermal conductivity values for six monolithic walls as determined 
by the hot box method are shown in Table XIII and for various mixes 
of nine different aggregates when tested by the hot plate method in 
Table XIV. From Table XIV it will be noted that for the same aggre
gate and for the same slump test there are some differences in density 
caused by different grading of the aggregates. These variations in 
density are, however, not uniform throughout the range. For a given 
aggregate, the conductivities obtained are usually directly proportional 
to the density. For sand and gravel and limestone aggregates the dry 
mixes give the denser concrete with a higher conductivity. The dry 
tamp mix wall, 32a, of Table XIII gave a conductivity k of 13.1 while 
the plastic mix wall, 31a, gave a thermal conductivity k of 12.4. The 
densities were 148.8 and 143.3, respectively. From Table XIV the 
averages for three sand and gravel samples with zero slump were k == 
13.1, density 145 pounds, and for six samples of 5-inch slump they were 
k == 12.4, density 141.1 pounds. This shows a ver-y close agreement 
between the conductivity as obtained by the hot plate and hot box 
method and sets the average values for sand and gravel concrete from 
12.4 to 13.1. 

Three limestone aggregates of zero slump, Table XIV, give an 
average conductivity of 11.56 at an average density of 136.5 pounds per 
cubic foot, and three samples of 3-inch ·slump give averages of 10.08 
for the conductivity and 127.8 for the density. The sand and limestone 
wall shown in Table XIII gave a conductivity of 12.14 with a density 
of 140.3. The fact that the values for the wall are higher than for 
those samples tested by the hot plate method is due to the fact that 
sand was used in the aggregate giving a more dense concrete. If the 
conductivities for the three tests are plotted against densities, the results 
will be a straight line. 

With the cinder and Haydite aggregates the relation between density 
and plasticity of mix is not as definite as with the other walls. For 
the cinder aggregates of Table XIV, the average density of three zero 
slump samples is 98.1 pounds per cubic foot with a conductivity k of 
4.22, and the average of three 3-inch slump samples is 96.6 pounds per 
cubic foot with a conductivity of 4.45. The density relations are the 
same as for the other concrete samples, but the conductivities do not 
exactly follow the densities. This difference is small and might be 
accounted for by the fact that the surfaces of these samples are rough, 
and test results were more difficult to obtain. For Haydite aggregates 
the average for three samples with zero slump was density 75.8, con
ductivity 3.87, and for four samples with 4-inch slump the averages 
were density 73.6, conductivity 4.03. These results are substantially 
the same as for the cinder aggregates, indicating that for the lower den
sity aggregates such as cinders and Haydite the plasticity of mix is not 
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as important a factor in determining the density and the conductivity 
as it is for sand and gravel or for limestone aggregates. 

EFFECT OF AGGREGATES ON CONDUCTANCE OF MASONRY WALLS 

Since most masonry walls contain openings or cored out sections, 
the type of aggregate used cannot affect the conductance of the finished 
walls to the same extent as it affects a monolithic wall. From the results 
shown in Tables XIII and XV, a reduction in thermal conductivity for 
an 8-inch monolithic wall when using cinders as compared to the same 
wall using sand and gravel is : 

13.1 - 5.75 
----X 100 = 56.1 per cent 

13.1 

and for masonry walls it is : 
0.882 - 0.577 
----- X 100 = 34.6 per cent 

0.882 

When using Haydite as an aggregate the reduction m thermal con
ductivity, as compared with sand and gravel is: 

13.1 - 3.73 
---- X 100 = 71.5 per cent for monolithic walls, and 

13.1 . 

0.882 - 0.495 

0.882 
X 100 = 43.9 per cent for masonry walls 

The ratio of the reduction for monolithic, as compared with masonry 
56.1 71.5 

walls is --, or 1.62, when using cinders, and --, or 1.63, when 
34.6 43.9 

using Haydite. 
The reason that the reduction is 62 per cent greater for the mono

lithic walls than for the block walls is due to the fact that a part of 
the heat passes directly through the air spaces in the masonry walls and 
is not affected by the kind of aggregate used. 

INSULATION BETWEEN PARALLEL CONCRETE SURFACES 

The test values given in Table XVI show the improvement in 
thermal conductivity of a wall obtained by placing insulation in the verti- • 
cal space between two parallel walls. It also indicates some of the · 
precautions which must be taken when insulating walls in this manner. 
The percentage of improvement shown in the fourth column was based 
on a comparison of the over-all conductivity coefficients for a 15-mile 
wind velocity. The apparent conductivity of the insulating material 
shown in the last column was calculated from the test results of the 
insulated and noninsulated walls by assuming the air space of the non
insulated wall to have a normal value for such air spaces. The conduc
tivity value of .33 as calculated for the rock wool of Wall 8b is some
what high for rock wool, but the calculated value of .478 for the same 
rock wool in Wall 35c is so far out of line as to require further investi
gation .. 
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In Walls 35a and 35c there were two monolithic slabs 4 inches 
thick, spaced 2Vz inches apart, and held together with tie rods which 
passed through the air spac~ or insulating material as the case might be. 
These tie rods were imbedded in the concrete at both ends and provided 
paths of high heat conductivity. 

If it is assumed that the contact between the ends of the rods and 
the concrete was of suffic.ient area to supply heat to the rods at one end 
and remove it from the other in the same proportion as it was supplied 
and taken away from the air space or the insulating material in the air 
space, then the insulating material and. the rods would each transmit a 
part of the total heat, which would be proportional to their heat con
ducting capacity. In each case this capacity would be equal to the area 
of the material times its thermal conductivity. If the conductivity of 
rock wool is taken as 0.27 and that of iron at 324.0, one square foot of 
tie rod is equal to 324.0 + 0.27, or 1200 square feet, of rock wool as 
a heat conductor. 

In Wall 8b there were 15 tie strips of 28-gage metal % inch wide, 
giving a total area of 0.146 square inch, or the equivalent of: 

0.146 
-- X 1200 = 1.22 square feet of rock wool 

144 

Correcting the calculated value of 0.33 gives: 

9(square feet of test area) 
0.33 X ------------- = 0.291 

9 + 1.22 (equivalent area of insulation) 

as the true thermal conductivity value for rock wool used in the masonry 
walls. 

For Wall 35c there were twelve ~-inch tie rods through the test 
area equal to 0.588 square inch in area, or the equivalent of : 

0.588 
-- X 1200 = 4.9 square feet of insulation 

144 

Correcting the calculated value of 0.478 gives: 
9 

0.478 X = 0.31 
9 + 4.9 

as the true value of k for rock wool when using it in the monolithic wall. 
While the assumptions as to the proportional amounts of heat con

ducted through the tie rods and the insulating materials are only ap
proximately correct, the calculations based on them give reasonable 
values for the conductivity coefficient of the insulating material, and by 
this assumption calculated over-all coefficients agree reasonably well with 
test coefficients. 

If metal tie rods, having their ends embedded in a high conduc
tivity material, pass through an insulated area, they become important 
factors in the heat conductivity through that area and must be taken 
into consideration in making calculations. The effect of such rods be
comes more important as the thermal conductivity of the space is 
reduced. For best results the area of the rods should be kept as low 
as consistent with structural requirements, and it is probable that a 
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greater improvement in the over-all coefficient for the test walls might 
have been obtained by reducing the number and size of such tie rods 
to minimum requirements. 

The effectiveness of insulating monolithic walls by inserting a slab 
of insulating material in the central plane of the wall before it is poured, 
and binding the two sections together with tie rods of limited area is 
shown by the test results for \Valls 38a to 43a (Fig. 106 and Table 
XVII). Figure 106 shows the construction of the wall as built up of 
two monolithic slabs, the inner being 20 inches thick and the outer 4 
inches thick. These were tied together with tie rods. 

The thickness and properties of the insulating material in the space 
between the slabs of concrete are shown in the tables accompanying 
Figure 106. The test and calculated coefficients for the walls as built 
and not treated with surface water are shown in Table XVII. The 
percentage variation between test and calculated values for the over-all 
coefficients as shown in the last column are reasonably small, with the 
exception of those for \ValJs 40a and 43a. Wail 40a was insulated with 
cork board and Wall 43a with vermiculite and a cement binder. These 
surfaces were somewhat rough, allowing the concrete to enter the sur
face of the insulating material as the wall was poured, thereby reducing 
its thermal value below that determined by the hot plate test. The 
material used in Wall 42a was also rough and porous on the surface, but 
in this case the material was 2 inches thick and also had a high thermal 
conductivity. The percentage reduction in conductivity caused by the 
mortar entering the surface was therefore less than for the thinner, 
lower conductivity materials used in Walls 40a and 43a. The material 
used to insulate \Vall 39a was of a rather smooth waterproofed surface 
and there was a substantial agreement between test and calculated 
coefficients. In Wall 38a the surface of the material was reasonably 
smooth, but it was not waterproof. In this case there was 3.9 degrees 
variation for Wall 41a, the surface of the material was smooth, but was 
not firm, and there was a likelihood that it would be somewhat com
pressed or indented by the concrete. 

In general the results from these tests indicate that if an insulating 
material is used between two monolithic slabs of concrete and the 
material is reasonably waterproof and of such nature as not to allow 
concrete to enter its surface, then if the conductivity of tie rods are taken 
into consideration, the over-all conductivity value of the wall may be 
calculated with reasonable certainty. 

INSULATION PLACED IN CORE SPACE OF MASONRY WALLS 

If core spaces are built into the blocks of a masonry wall, the heat 
flow through that wall will be divided, a part of it going through the air 
spaces and a part through the solid material dividing the air spaces. 
The amount of heat flowing through each path will depend upon its 
area and its thermal conductivity. Thus the cored out air space of a 
block is effective if the heat resistance of the air space as built is greater 
than the heat resistance of the material in place. The average conduct
ance from surface to surface of an air space bounded by parallel sur
faces perpendicular to the path of heat flow at 40° mean temperature 
is 1.1. This value applied to cored out air spaces which are over one 
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inch thickness along the path of heat flow out will be shown later in 
this discussion. This method cannot be relied upon. 

The insulating value of an air space may often be improved by filling 
it with some insulating material. The effectiveness of this treatment will 
depend not only upon the amount and kind of insulation used, but upon 
the shape of the air space and the amount of total heat which may pass 
through the uninsulated sections of the wall. For two walls of the same 
construction but having aggregates of different conductivities, air space 
insulation will be the most effective for that wall having low conductivity 
aggregates. If the wall is so constructed that the path for heat flow 
around the air spaces is restricted and a large percentage of the heat 
must flow through the air spaces, then insulation should be effective. 
If, on the other hand, it is so constructed that a large percentage of the 
heat may flow directly through the solid material around the air spaces, 
then the insulation of the air spaces may do but little good. In order 
to effectively insulate a wall, all paths of heat flow must be considered. 
For a masonry wall the solid bridges of concrete between the air spaces 
will carry the heat past the insulation the same as the tie rods will carry 
the heat through the insulation placed between parallel masonry or mono
lithic walls. Since it is necessary to have some bond or tie between the 
two surfaces of most walls this tie should be built with maximum heat 
resistance if the insulating qualities of the wall are important factors. 

In order to show the value of insulating materials when placed in 
the core spaces of standard masonry walls using different aggregates, 
several masonry walls were constructed and tested with and without 
insulation. The combined results of these tests are shown in Table 
XVIII. In this series both 8-inch and 12-inch blocks were used, cinders, 
Haydite, and sand and gravel aggregates being used for the 8-inch 
blocks and cinders and Haydite aggregates for the 12-inch blocks. Four 
tests were made on the 8-inch cinder block wall, the first without insula
tion and the other three having the core spaces filled with granulated 
cork, dry cinders, and rock wool, respectively. For each of the other 
types of construction two tests were run, one without insulation and 
the other with granulated cork in the core spaces. The fourth from 
the last column in Table XVIII gives the conductivity coefficient cor
rected to a 15-mile wind velocity over the outside surface. Next to 
the last column gives the percentage improvement due to insulating the 
core spaces. This is the important factor in determining whether or 
not it is worth while to insulate. The last column gives the effective 
conductivity for the insulating material as used. It was obtained by 
assuming that the insulating material used was spread evenly over the 
full surface of the wall and by calculating the effective conductivity of 
this material from the test results with and without insulation. The 
high calculated effective value for these materials compared with their 
real thermal values is due to the fact that the heat passes around the 
air spaces regardless of how thoroly they may be insulated. Compare 
the results for V\r alls 1c, 2c, and 3c. These are all of the same type of 
block excepting that they are built of cinders, Haydite, and sand and 
gravel, respectively. The percentage improvement caused by filling the 
core spaces with granulated cork is 45.7, 48.5, and 25.5, respectively. 
Thus the sand and gravel wall which has a high conductivity aggregate 
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as compared to either cinders or Haydite aggregates shows only about 
half the percentage improvement shown by cinders and Haydite. A 
comparison between Walls 1c and 2c shows a slightly better percentage 
reduction for Haydite than for cinders, a fact which would be expected 
since Haydite has the lower thermal conductivity. 

A comparison between the 8-inch and 12-inch walls shows some 
interesting facts. The 8-inch cinder block wall, 1 b, gave a coefficient 
of .370, whereas the 12-inch block wall, Sa, gave a coefficient of .374, 
which is slightly higher than that for the 8-inch block wall without in-· 
sulation. The 8-inch Haydite block wall, 2b, without insulation, shows 
a coefficient of .334 and the 12-inch Haydite block wall, 1Sa, without 
insulation, shows a coefficient of .342, which is a slightly greater in
crease than shown for the cinder walls. An inspection of the drawings 
giving a cross-sectional view of the 8-inch and 12-inch blocks shows 
that the bridge wall between the cores of the 8-inch block is 1 Ys inches 
thick, whereas that between the cores of the 12-inch block is 1% inches 
thick. There is, thus, a slightly larger cross section of solid material 
through the 12-inch block than through the 8-inch block, but in addition 
to this there is the difference in length of the path of heat flow. For 
the 8-inch block it is 4 11/16 inches long and for the 12-inch block it 
is 8 inches long. If no other factor affected the rate of heat flow it 
would be proportional to the area and inversely proportional to the 
length of path of solid material. On this basis the relative rates of flow 
through the solid material for the two blocks would be 1 for the 8-inch 
and about .7 for the 12-inch block. The increased area of the solid 
material for the 12-inch block can, therefore, be only partly responsible 
for the high conductivity recorded. 

A reasonable explanation of the higher conductance of the 12-inch 
wall is that the heat which is transmitted to the solid partitions of the 
wall does not all continue to travel through the partitions to the opposite 
side of the wall. Of that heat which starts from the high temperature 
side of the wall a part of it continues through the solid portion and a 
part of it is transferred to the surface bounding the air space above 
where it is picked up by the air and transferred to the opposite side and 
is again reconducted into the solid material. Thus the side walls of the 
air space actually impair the effectiveness of the solid materials between 
them, causing more heat to be transferred across the air space by con
vection than would be the case if the side walls were not present. If 
this explanation holds, then the wide air space of the 12-inch wall 
actually carries more heat across the wall than the narrower air space 
of the 8-inch wall and, therefore, breaks down the effectiveness of the 
greater heat resistance of the solid part of the 12-inch wall. This in
crease of heat transfer across the wide air space as compared to that 
across the narrow air space would be greater for blocks built up of 
high resisting material, and if the resistance of the aggregate was 
sufficiently high the conductivity of the 12-inch wall might be greater 
than that of the 8-inch wall. An examination of the test results shows 
that this is exactly what has happened. The 12-inch cinder wall, Sa, 
the aggregate of which has a reasonably high heat resistance, gave about 
a 1 per cent higher coefficient than the 8-inch cinder wall, 1 b, whereas 



DISCUSSION OF TEST RESULTS OF CONCRETE WALLS 129 

the 12-inch Haydite wall, 15a, gave about a 2.3 per cent greater coeffi
cient than the 8-inch Haydite wall, 2b. In previous tests (Fig. 92) 8-ind1 
sand and gravel concrete block walls gave an average value of .447 as 
compared with .410 for the 12-inch sand and gravel block walls. These 
were still-air coefficients. In this case the conductivity of the solid 
material was higher ; therefore the relative effect of the heat transferred 
across the air space by convection was less than for either the Haydite 
or the cinder block wall. 

The reduction in heat transfer due to placing granulated cork in 
the 8-inch cinder block cores was 45.7 per cent, and that due to placing 
the granulated cork in the 12-inch cinder block was 46.8 per cent. For 
the Haydite wall, granulated cork gave a reduction of 48.5 per cent in 
the 8-inch wall and 56.7 per cent in the 12-inch wall. Thus, the per
centage reduction in the over-all heat transfer coefficient caused by plac
ing cork in the core spaces was greater for the 12-inch than for the 
8-inch wall for both cinder and Haydite. The percentage gain was 
greater, however, for Haydite which had the highest thermal resistance 
in the aggregate and would, therefore, be subject to the effect of the 
high heat transfer across the uninsulated wide air space to a greater 
extent than would be the cinder wall. 

CONDUCTIVITY OF INSULATED MONOLITHIC WALLS AS 
AFFECTED BY MOISTURE 

In order to determine the effect of water on the outside surface 
of insulated monolithic walls, Walls 38c, 39a, and 42a, shown in Fig
ure 106, were treated on the outside surface with a heavy fog spray 
for a period of 19 hours and then retested to determine whether or not 
the water would be transmitted to the concrete in sufficient quantities 
to affect the insulating materials. The results of these tests are shown 
in the table under Figure 106, Walls 38b, 38c, 39b, and 42b. These 
results show that there was practically no effect on the thermal con
ductivity caused by spraying the outside of the walls up to 19 hours. 
The maximum gain in weight was 1.24 per cent for Wall 39b. 

INSULATING VALUE OF MATERIALS AS AFFECTED BY THEIR APPLICATION 

The method of applying an insulating material often becomes the 
most important factor in determining its effectiveness. There are many 
methods of applying materials, and a selection must be governed by the 
kind of material, type of construction, and its effectiveness in stopping 
the heat flow through the wall. Most materials are best adapted to 
some specific application, and to get the best value applied to a wall one 
must .consider all of the methods by which heat may be transferred 
through them. There is no use, for instance, in building high thermal 
resistance into a wall if at the same time the heat is traveling through 
the wall by air leakage at several times the rate it would travel through 
an uninsulated wall by transmission. Likewise there is no need for 
overinsulating one part of the wall and neglecting some other part of 
the building. 



130 THERMAL CONDUCTIVITY OF BUILDING MATERIALS 

FACTORS AFFECTING CONDUCTIVITY OF WALLS 

There are many factors which affect the over-all heat transfer co
efficient of built-up wall sections and materials. To make a complete 
analysis the wall must be divided up into its component parts and the 
various factors affecting heat transfer through each component part 
must be considered. As previously stated, most walls can be divided 
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into outside surfaces, air spaces, and homogeneous materials. Those 
factors affecting the heat flow through surfaces and air spaces have been 
considered under the discussion of each, respectively, and briefly may 
be summarized as follows : _ 

Heat transfer from or to a surface is by radiation, conduction, and 
convection, the radiation being controlled' by the shape of the surface 
and its exposure to surrounding objects, the temperature of the surface, 
and the temperature of the surrounding objects, and the emissivity 
factor of both the surface and the surface of the surrounding objects. 
Conduction and convection are controlled by the nature of the surface 
and the air movement in contact with the surface. Heat is transferred 
across air spaces by radiation, conduction, and convection. The amount 
of radiation depends upon the shape of the boundary surfaces and the 
emissivity coefficient of the surface. The amount transmitted by ~on
vection and conduction depends upon the nature of the surface, the 
shape of the boundary surfaces, and the width of the air space. 

The most common factors which affect the conductivity of homo
geneous insulating materials are percentage of moisture in the material, 
mean temperature at which the conductivity coefficient is determined, 
and density of the material. There are also other factors such as size 
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and arrangement of fibers in fibrous materials which may also have a 
bearing on the conductivity. :Most vegetable fiber insulating materials 
will absorb moisture from the atmosphere at an average gain from 6 
to 10 per cent by weight, depending upon the nature of the material 
and the conditions of the atmosphere. The amount of moisture present 
in any material has a direct bearing upon its thermal conductivity and 
usually the coefficient increases directly in proportion to the per cent 
of moisture present. In order that test results may be comparable the 
material should be tested either on a bone-dry basis or else after being 
preconditioned in air of some specified temperature and humidity for 
a sufficient length of time to reach a moisture equilibrium. In this 
case the condition of the atmosphere and amount of moisture absorbed 
by the sample should be reported with the test. 
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The conductivity of most insulating materials increases directly with 
their densities. For the same insulating material with all other con
ditions equal this variation is usually a straight line. Other factors, 
however, such as moisture in the sample, arrangement and character of 
fibers in a fibrous insulation material may have a greater effect on the 
conductivity than density. For a fibrous insulating material the con
ductivity value is usually improved by so laminating and arranging the 
fibers that their general direction is in a line perpendicular to the heat 
flow. The points shown on the curve of Figure 108 represent test 
results for a group of insulating boards made of the same type of fibrous 
materials, but of different densities. In general, a line may be drawn 
through the entire group representing the relation between density and 
conductivity variation. Some points are, however, widely scattered from 
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this line and indicate that other qualities in the material besides the 
density are affecting the conductivity. 

The thermal conductivity of a homogeneous insulating material 
usually increases directly with the mean temperature. The increase in 
conductivity for several different fiber insulating materials is shown in 
the curves of Figure 107. While the rate of increase in conductivity 
is not the same for all of these materials, an average increase of .01 
may be taken for each 30° F. increase in mean temperature, providing 
definite data are not available for the specific materials. In many 
materials, . and particularly where the range in temperature is great the 
mean temperature variation is an important factor and should be con
sidered in selecting a proper coefficient. 

Several of the wall sections in the first series of hot box tests were 
tested at mean temperatures ranging from 32° F. to 108° F. The 
results from these tests are shown graphically in the curves of Figure 
109. Inspection of these curves show the test points for each wall to 
fall substantially on a straight line and with the exception of Wall 80a 
the curves are substantially parallel. For Wall 80a, a wall not shown 
in this bulletin, the surfaces were lined with aluminum foil. 

OVER-ALL HEAT TRANSMISSION COEFFICIENTS 
BY CALCULATION 

If the thermal properties of all materials used in a wall are known 
and if they are so combined in a wall that their thermal resistances will 
be uniformly effective over the surface of the wall the over-all coefficients 
may be calculated and the results will check with those obtained by a 
test of the complete wall. To get an accurate check between the cal
culated and test results the conductance coefficient for the various 
materials and parts of the wall must be selected with regard to the mean 
temperature and moisture conditions under which they are used. In 
case the materials are so placed in the wall that there is parallel heat 
flow between materials of different resistances it will be necessary to 
select the combined conductivity values with caution and in many cases 
it will be preferable to select conductivity coefficients for combinations 
of different materials by test methods. This is true for hollow concrete 
block walls and in many cases where wall sections are tied together' 
with high conductivity tie rods passing through insulated sections. 

The thermal conductance of air spaces lined with ordinary material 
may be taken from Figures 42 and 43 of pages 41 and 42 of this 
bulletin. Average values for air spaces lined with bright metallic foil 
may be taken from Figure 45, page 45. The surface conductance for 
ordinary materials at different mean temperatures and air velocities 
may be taken from the curves of Figures 17 to 33, inclusive. The con
ductivity value of wood may be selected from the values of Figures 54 
to 77, inclusive, and the conductivity value of insulating board may be 
selected according to the density of the board from Figure 108. Table 
XIX shows the conductance values for various combinations of materials 
as often used in wall construction. 

For those walls which are of complicated construction, and for which 
calculated results are doubtful, it will usually be possible to select some 
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of the several walls tested which are sufficiently close in construction to 
make reasonably certain of the calculated results. 

TABLE XIX 
CONDUCTANCE COEFFICIENTS USED FOR CALCULATING THE OVER-ALL 

TRANSMISSION COEFFICIENTS OF WALLS 

MATERIALS 
MEAN 

TEMPERATURE 

}8-inch lath and ~-inch plaster ..................................................................... 70 
Fir sheathing, building paper, and pine lap siding.................... 20 
Fir sheathing, building :paper, and stucco............................................... 20 
Fir sheathing and buildmg J?aper............. .................................................... 30 
Building paper and 4-inch pme lap siding............................................ 15.5 
Yellow pine lap siding................................................................................................. .

73 
.. 

Gypsum plaster ( }8 inch thick) ....................................................................... . 
Surface conductance (still air)...................... . ............................................... .. 
Surface conductance (1 S-mile wind velocity) .................................. .. 

CoNDUCTANCE 

c = 2.50 
c = 0.50 
c = 0.55 
c = 0.71 
c = 0.85 
c = 1.28 
c = 8.80 

f1 or fo = 1.65 
f1 or fo = 6.00 


