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ABSTRACT

This report presents a review of the theoretical background of some thermal
properties of metals and the results of a literature search for experimental
data concerning various physical properties. Data is presented for thermal
conductivity, specific heat, density, emissivity, melting points and thermal
expansion coefficierts, with emphasis on the first two of these items. Metals
considered include aluminum, beryllium, inconel X, iron and steel, lead,

molybdenum, niobium, and uranium,
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SOME THERMAL PROPERTIES OF SOLID MATERIALS: PART I METALS

PREFACE

This study was undertaken in order to provide a suitable source file of
thermal property data applicable to evaluation of heat storage and trans-
mission characteristics of various materials. This report, the first of a
geries, deals exclusively with metallic materials encountered in Project
work. Subsequent reports will deal with insulations, ceramics and miscel-
laneous materials. The properties considered, namely specific heat, thermal
conductivity and density are those usually required for evaluation of steady
state or transient temperature ;evels and gradients in heated structural
materials. Some attention is also devoted to tabulations of coefficients

of expansion and radiation emissivities since these values are of concern

in many heating problems. Study of emissivities is somewhat cursory since

a prior summary report is availableo1 Expansion data is not considered in
great detail since most such information is readily available in standard
references. The reference material cited in the text of this report repre-
sents only a small portion of data actually reviewed. A more complete

reference {ile is maintained by the Thermodynamic Analysis Section.

The bulk of data found for zirconium is elther classified or in process of
review. These values were not included in this report section since an
unclassified compilation was desirable. This report section is issued in
loose leaf form since it is planned to issue additions and corrections as

required.

1. See references at the end of the section.
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The following paragraphs present the scope, manner cf treatment and intro-

ductory material pertinent to the various items considered.

INTRODUCTION

A. Thermal Conductivity

1.

General

From an engineering standpoint the most important point of concern

in thermal conductivity usage is recognition of probable inaccuracies
and limitations of application of available data. Consideration of
subsequent source material susggests that tabulated thermal conductivity
values should be accepted as applicable only if a reasonable margin

of safety is indicated in caluclations. If a design is critically
dependent on the value of thermal conductivity either a more detailed
analysis of available data or recourse to experimental evaluation is

required.

An examination of literature assembled for this report indicated that
the uncertainties noted in thermal conductivity data are attributable

to the following causes:

&) Conductivities of many materials are extremely sensitive to items
such as physical constitution, minor changes of chemical composition

and test environment.

b) Precise thermal conductivity measurements are difficult to obtain,
particularly at elevated temperatures. It is not possible to
standardize testing methods for all materials arnd temperature

ranges.
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c) Occasional errcneous data have become "standardized" as a result

of repetition in standard handbooks and reference tests.

d) Large quantities of data are not available.

Within the scope of this report it is not possible to define "best"
conductivity values for all cases, since adequate information is not
available. The report attempts to present data applicable to most
common engineering problems, with sufficient sources to permit the
user to make an estimate of cxpected runge of error, property

variations with constitution, special conditions, etc.

Theory
A convenient means of highlighting the various facets of thermal
conductivity worx is the simplified thecretical discussion presented

in the following paragraphs.

As an introductory simplified approach it can be assumed that conduc-
tivity, which, in part, rerrecents the rate of diffusion of energy
from molecule to molecuig, *rcreases with both "cohesive" forces
between molecules and voliumetric concentration of molecules in a
substance. Thus, it weuld be expected that conductivity would
decrease as a substance goes from solid to liquid to gas (i.e.

from high te low molecuZar cohesion and concentration). Thus general
behavior is illustrated in Fig. 1, a spectrum chart of thermal
conductivities which serves as the frame of reference for this

discussion. A particular example of such behavior is the system
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ice-watcr-steam. Fixamination of typical spectrum values for solid and
liquid metals also indicates that the "cohesive" forces in solids exert
a significant conductivity effect. The'tohesive" forces apparently
consist of two components. One component which promotes conduction
results from the crystal structure of most metallic materials. Speci-
fically, conduction is increased by a vibrgtory motion of the crystal
lattice as a whole. The vibrations, or thermo-elastic waves, have

been observed by X-ray diffraction techniques. The second conductivity
effect relates to the electronic structure of the atom itself. The
outermost electrons of a metallic atom (i.e. valence electrons) are

not held as tightly in the z2tom structure as are innermost electrons.
In the formation of a metal crystal the loosely héld valence electrons
become detached and free to move within the array of positive ions
which constitute the remainder of the atoms. A metal crystal may be
viewed as an orderly array of positive ions surrounded by clouds of
electrons free to move within the metal structure. at uniform
temperature conditions the electron movement is entirely random with no
net migration of electrons. When a temperature difference exists
within the metal there is a general drift tendency of electrons in

the direction of temperature drop which results in a flow of energy.
This effect is largely responsible for the high conductivity noted

in metals. Substantiation of this theory can be gained by comparison
of conductivities of metals and non-metallic solids shown in the spectrum
chart. In the crystals of the non-metallic compounds valence electrons
are transferred or shared between atoms to form the chemical bonds

of the molecule, Thus the electrons are confined and drift does not
occur. As a result non-metallic compounds generally have lower conduc-

tivities than metals.
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The final point discussed in terms of the spectrum chart concerns
materials whose conductivity is determined primarily by physical
constitution rather than intrinsic atomic, molecular or crystal lattice
characteristics. Mixing of compounds, which is typical of building
and insulating materials creates marked differences of conductivity
values. As an example most commercial items made from ceramics noted
in the "pure non-metallic solids” band will have considerably lower
thermal conductivities because of porosity effects. Specifically,
the conductivity of a porous material is usually a composite of
conductivity of the base material and air in the pores. Since air
conductivity is low the net conductivity is considerably decreased.
Most insulators, in fact, owe their low conductivity to their ability
to hold air entrapped rather than inherent low conductivity of the
base material. In many cases the conductivity of porous insulators

is also affected and/or determined by intemal radiation effects.

Types of Problems in Application

The brief discussion of theoretical aspects previously presented can
be used to establish guides to some of the practical problems associ-
ated with use and evaluation of conductivity data. Metal conductivity
is in part a function of crystal lattice structure and electron drift
effects which are influenced by imperfections of overall lattice
structure (the more uniform the lattice the lower the resistance to
drift). Hence it could be anticipated that common metal variants
including heat treatment, stress and deformation, trace impurities
etc., which affect lattice characteristics, will also affect thermal

conductivity. A listing and discussion of the effect of more common

items follows.
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L. Factors Affecting Thermal Conductivity of Metallic Materials
The following items refer to factors which can be expected to influence

the thermal conductivity of metallic materials of specified nominal

compositions.

a) Trace Impurities: Trace impurities tend to distort lattice structure

and reduce thermal conductivity. Thus, some degree of variation of
conductivity could be expected for most commerical materials since
the values for alloying elements and trace impurities are usually
specified in a range rather than as a unique value. In general
this effect is of negligible importance except for pure metals,
(i.e. an alloy which already has a disturbed lattice should be

less affected by impurities than should a pure metal which has a

more perfect lattice).

b) Pressure, Stress, Deformation Effects: Stress and deformation could

be expected to decrease conductivity because of the introduction

of lattice distortion. However, on the basis of limited data avail-
able* it appears that these effects are of negligible significance.
An exception may be cold-work effects in anisotropic metals.
Similarly hydrostatic pressure exerts a slight effect on thermal
conductivity of metals but the effect is so small as to be of

essentially academic interest.*

* Work of P. W. Bridgman quoted in Austin. J. B., "The Flow of Heat in

Metals" (Ref. 3).
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Grain Size, Directional Effecits: Metals which do not crystallize

in the cubic system sometimes exhibit anisotropic conductivity
effects. Thus, materials such as tin, zinc, zirconium and other
non-cubic systems may in some cases exhibit conductivities which
vary with direction of heat flow through the specimen. The direct
effect of anisotropic structure is usually considered as a function
of grain size and orientation. Specifically, the conductivity of
of cubic system materials such as copper, aluminum and most steels
is virtually independent of grain size. For an anisotropic metal,
however, the variation with grain size and orientation may be of
some concern. It could be anticipated for example that the
conductivity of hexagonzl system materials such as titanium and
zirconium would vary with grain size and also with previous working
history, since metal working methods for these materials yield
preferred orientations. Beryllium might also be expected to show
anisotropic behavior but this does not appear to be of much

concern since reactor grade material is made by powder metallurgy
techniqueé. This ylelds small particle size and adequate random

structure so as to eliminate anisotropic effects.

Phase Changes and Transformations: Many materials undergo changes

of crystal structuré, transformations (i.e. martensite-pearlite-
ferr;te in iron and steels) changes of order etc, under various
conditions of time at temperature. In general all of these effects
can be expected to influence conductivity to some extent. Since
many types of variation are possible discussion is presented, where

possible, in terms of specific materials in subsequent sections.
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5. HNuclear Irradiation Effects

Although few data are available with regard to nuclear irradiation
effects, some insight into the general problems which could be antici-
pated is provided by the preceding theoretical discussion. Nuclear
irradiation tends to alter crystal latiice structure. In metals the
major conductivity contributant is electron drift which is essentially
unaffected by irradiation. Thus, it would not be expected that metal
characteristics would change greatly under nuclear irradiation. In the
non-metallic solids, where lattice vibration is a major contribute-:
to thermal conductivity, mild to severe conductivity decreases could
be anticipated to result from irradiation. It would also be expected
that the more orderly* a system the more severe the decrease in
conductivity. Marked changes of conductivity of graphite and beryllia
under irradiation have been recorded. silso of significance is the
relation of temperature to irradiation damage. In general, the degree
of decrease in thermal conductivity should decrease with increasing
temperature since increased temperature anneals out radiation-caused

structural alterations.

6. Estimating Methods
Since thermal conductivity literature data for some materials is not

extensive, a need for an estimating method for unmeasured materials

*# e.g. In the sense that an annealed material is usually more "orderly"
than a quenched material, a pure metal crystal is more "orderly" than

an alloy metal.
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is apparent. Becuase of the complexity of the conductivity phenomena
no simple, reliable method exists; however, certain rough approxi-

mations and guides are available.

The most important estimating device is based on the analogy between
thermal and electrical conductivity which can be predicted from theo-
retical considerations. The relation, known as the Weidemann-Franz-

Lorenz equation is:

L = K
KeT
where:
K = thermal conductivity watt/cm -~ °K
Ke = electrical conductivity (ohm-cm) >
T = absolute temperature °x
L = the "lorenz" number (mlt./"l()2

Considerable experimental evidence indicates that a good approxi-
mation of the variation of thermal conductivity with temperature can

be obtained from knowledge of a low temperature conductivity value and
the measured variation of electrical conductivity with temperature.
This is of extreme value since electrical conductivity is easily
measurable. In the usual case a closer correlaticn of data is obtained

by a relation of th~ form
K = L'K,T + B

wherein L' and B are constants. In this equation B accounts for
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lattice conduction, an item which is not of concern to the transmission

of electric current.

A second use of the Lorenz type equations concems the relative
constancy of the lLorenz number L for pure metals. For the units shown
the value of L for most pure metals is in the range of 22 - 30 x 1079,
This relationship may be used to obtain a rough initial estimate of

thermal conductivity of pure metals from electrical measurements.

The Lorenz type relation is also applicable to various alloys and/or
families of alloys. In this case, however, no unique constant is
apparent, so the relatfonship is only of interest in predicting vari-
ation of conductivity with temperature having once defined base values

and electrical conductivity.

Another estimating, or more properly an extrapolation technique,
applicable to fardlies of alloys can be derived from examination of
tyrical conductivity data. Essentially all conductivity data for
both low and high alloy steels converges at approximately 1700°F.

If a room temperature conductivity value for a particular steel is
available a reasonable extrapolation of data is obtained by assuming
linear variation between the room temperature value and the point
of convergence. A similar convergence temperature cun be found

for copper alloy systems and probably others as well.
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Specific Heat*

Specific heat, can usually be either measured or estimated within accuracy
limits sufficient for almost all engineering applications. For all
practical purposes specific heat may be considered to be an extensive
property of a material which is independent of physical constitution.

In this report no attempt was made nor was it necessary, to review all
original specific heat references such as was done with thermal conductivity
data. For the most part the extensive U, S. Bureau of Mines data compiled
by Kelley was accepted as adequate representative data. Additional

material was added to cover the literature years not considered in the

Kelley reports in some cases.

In the absence of applicable data any of the following relationships can

be used to estimate specific heat data.

1. The heat capacity of a heterogeneous mixture is a simple additive
property. Most alloys can be assumed to behave as if they were simple
mixtures of metallic elements. Hence the specific heat of an alloy
can usually be determined by simple weighting of specific heat of

component metals.

2., The specific heat of all materials is zero at sero absolute temperature,

Ordinarily the temms specific heat and heat capacity are used inter-
changeably in engireering work. Actually, since specific heat is the ratio
of the heat or thermal capacity of a material to the thermal capacity of
water at 15°C (which is unity for all practical purposes), the numerical
values of heat capacity and specific heat are the same. In this report

the term specific heat is often used to represent what should technically

be defined as heat capacity.
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The major specific heat variation occurs between absolute zero and
the range of 20-200°F for most metallic elements. Beyond this range
the specific heat of most metallic elements having an atomic weight
greater than 55 increases only slightly with temperature, and can be

evaluated by the rule of Dulong and Petit:
Specific Heat x Atomic Weight = 6.2

The first of the preceding relationships is considerably more reliable
than the latter. No further discussion of metal specific heats is

considered since data applicable to most problems is readily available.
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ALUMINUM

Data pertinent to most physical properties of structural aluminum alloys are
presented in considerable detail in manufacturer's catalogs, and are not reviewed

herein. Approximate values for items not considered in detail are as follows:

Density 0.098 - 0.10% 1bs/in°
Melting Range 1212°F (pure aluminum)
950 - 1220°F most alloys

Boiling Point 5120°F

Coefficient of P

Thermal Ixpansion:@ 12-15x10 in op
in

mean for 70—570°F

Molecular Weight 26.97

Thermal Conductivity

Although aluminum alloys are widely used in heating applications relatively
little experimental information exists concerning thermal conductivity as a
function of temperature. Data from various sources are shown in the fol]:owing
figures. In general, consistent conductivity data can only be obtained from
tests of fully annealed alloy specimens. Data for various tempers at elevated
temperatures are erratic because physical changes occur which alter conductivity.

Such variations are shown in the works of Evans, Kempf, Bungardt and Kallenbach.

(See references at end of section).

The conductivity of aluminum alloys usually decreases with increasing concentration
of alloying element. Also, the conductivity of the annealed alloy is usually

higher than that of any other temper. Conductivity is usually increased by
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artificial aging and lowered by solution heat treatment. A convenient method of
estimating thermal conductivity of various aluminum alloys is by analogy to electri-
cal conductivity (lorenz function) as illustrated on one of the graphs, The electri-
cal conductivity required for this estimate is tabulated in most manufacturer's
cataloss, and typical values are shown herein. Data for most important aluminum
alloys fit this relation at room temperature to within 6%, except for alloys con-
taining more than 5% silicon. Probable accuracy up to 600°F appears to be no

better than 10%,
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ELECTRICAL CONDUCTIVITY OF
ALUMINUM ALIOYS FOR USE IN

FYALDATION OF THERMAL CONDUCTIVITY

Alloy
and
Temper

EC-0
EC-H19
250
25-H18
35-0
3S-H12
3S-H1,
3S5-H18
4S-0
4S-H38
115-T3
1.5-0
1S-T4
14S-T6
1755
175-T4
A17S T4
1850
135.Tel
B18S(1
B13S-T72
2450
248..12
2550
255-T6
3285
32S5-T6
50S.0
£0S-H38
A515.0
A51S-T6
5250
525-H38
565-0
565=-138
61S-0
61S-T4
61S-T6
62S-0
62S-T4
625~T6
63S-T42
63S-T5
63S~-T6
755-T6
R301-0
R301-~T4
R301-T6

Electrical Conductivity
% of International Annealed
Copper Standard

(% 1ACS)

62
62
59
57
50
42
JA
40
42
42
40
50
30
40
45
30
40
50
FAR)
50
40
50
30
50
40
40
35
JAd)
40
55
45
35
35
29
27
45
40
40
45
40
128}
50
55
55
30
50
30
40
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ADDENDUM

(Aluminum)

Additional Data from:
"Some Physical Properties of Aluminum at Elevated Temperatures"
Part I. Thermal Conductivity and Electrical Resistivity, Power, R. W.

Hickman, M. J.

Part II. Ilinear Thermal Expansion, Barber, C. R.

Metallurgia (The British Journal of Metals) November 1949, pgs. 15-21.

THERMAL CONDUCTIVITY

The above reference presents thermal conductivities and electrical resistivities

for a wide range of alurinum alloys (nine wrcught and ten cast alloys), which had
been specially heat treated at about 160°C. It was observed that heating above this
temperature produced consideratle changes in the thermal and electrical resistivities,
but that sufficient heating at 572°F caused the changes to reach completion for

most of the alloys. It was observed that this heat treatment resulted in

appreciable increases in electrical conductivity (20 - 3070 for several alloys).
Conductivity and composition data too extensive to be included here are presented

in this report. The work is swmarized in the following equation, applicable
from 20 - 300°C.
~ -8
K = 0.53 x10 T 4 0.02
o}

cal/cm?-sec~°C/cm

where K

ohms/cm2/cm

©
n

T = %



- e TR R e,

Page 30 A\

This equation correlates all data except that for 2 ‘oys high (~1%) in silicon
to within about 5%.

LINEAR THERMAL EXPANSION

It was observed that thermal expansion measuremert: could not be reproduced until
the specimens had been stabilized by heat treatment «t 572°F. The mean coefficients
for a considerable number of heat treated cast c:d trought a1lloys fell within the

-6
range 11-14x10 in/in-°F for temperatures 32-572°F.
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INCONEL X

Thermal Conductivity

The values presented by the two investigators are in good agreement. Composition

of the specimens is as follows:

Ni . Cr Fe Remainder
Ref. 1 73.2 Uty 7.0 Si Mn c
Ref. 2 3.4 14.6 6.9 Ti Ch Al

Specific Heat

The specific heat is given (Ref. 3)

as Temp. Range Mean Specific Heat
68 -~ 212°F 0.10 - 0.11 BTU/1b - °F
68 -~ 1552°F 0.13

Miscellaneous Properties

The following data are from Ref. (3)

Density 0.30 lb/:l.n3 (Specific gravity 8.3)
Melting Range 2450 - 2600°F

Composition 70 Ni, 14-16 Cr. 5-9 Fe

plus small amounts of other metals.
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G. E. Design Data - Solid Properties.
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BERYLLIUM

Data presented in this section are exclusively concerned with high density, high
purity beryllium such as is usually employed in reactor work (99 + % pure). De-

talled source material is available in reference 1.

Therma) Conductivity

The usual values quoted for high purity beryllium are based on the work of Grenell,
et. al. quoted in reference 1. Thess data appear consistent with low temperature
(32-200°F) values quoted in various secondary references and the work of Powell

(7). Early data of lewis (2) appears inconsistently high.

Specific Heat
Almost all of the specific heat data available prior to 1949 were reviewed and

averaged by Kelley (3). Another important review of the literature was made by
the NBS investigators (6). Beth reviews point out questionable data (e.g. that
of losano). The NBS data (includine Both Brush QT and NBS BL Beryllium) are in
good agreement with most of the original work reviewed by Kelley and therefore

with the average line he presents.

Density
The variation of density with temperature illustrated is based on the work of

Gordon (5). The indicated range is bascd on reported densities for various methods

of producing high density beryllium,

Other Properties (ref. 1)

Melting Point ~~  2400° & 50°F
Boiling Point _—  5380°F
Emissivity A 0.61
Molecular Weight 9.013
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IRON AND STEEL

No attempt is made to define detailed characteristics of various iron -and steel
materials because of both the degrée of complexity and volume of information
which would be required. Presentation is limited to general thermal conductivity
and specific heat charts applicable to most common structural materials and a
more detailed presentation of plain carbon steel characteristics illustrating

the types of deviations anticipated.

Detailed evaluations of specific materials as regards density, conductivity,
specific heat and thermal expanision are available in the following references, and

in standard texts.

REFERENCES

1. Brit. Iron and Steel Research Assoc., "Physical Constants of Some Commercial
Steels at Elevated Temperature", Butterworths Scientific Publications London

(1953) (Density, Specific Heat, Conductivity, Thermal Expansion).

2. Seibel, R, D., Watertown Arsenal Laboratory Report, WAL~821/9 Aug. 1954

(Thermal conductivity).

3., Smithells, C. J., Metals Reference Book, Interscience Publishers, N. Y.
(1955) (General).
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Intensive evaluation of the properties of lead was not attempted because of
limitations of material application to Project work and good agreement noted

among data of various authors*,
Thermal conductivity data for lead were taken from secondary references including the

International Critical Tables, Metals Handbook and National Bureau of Standards

Circular 556. Specific heat data were taken from the compilation of Kelley.

Typical values of other properties are as follows:

Density at 70°F = 0.409 lbs/in’
Melting Point 620°F
5’5’ Molecular Weight 207.21
Thermal Expansion (32 - 212°F) 16.4 x 1070 o oF

# Lead is often used as the standard in comparative thermal conductivity tests,
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MOLYBDENUM

Molybdenum metal is availatle in a variety of densities due to various processes of

production and fabrication. Typical density values for various products are as

follows:

Powder, bulk density 0.108L 1bs/in’
Cold-pressed bar 0.2168 "
Sin%ered bar 0.354 W
Sintered bar worked to

wire 0.372 "
Theoretical 0.371 "
Arc Cast 0.368 "

Data presented in this report is primarily concerned with cast or filament
density ranges.
Melting Point 4750° + 20°F

Molecular Weicght 95.95

Specific Heat
Data presented is the compilation of Kelley (ref. 1).

Iinear Coefficient of Expansion

Data presented by various manufacturers and an unclassified compilation in the

Reactor Handbook indicate the following values:

0 - 950°F 2.8 x 100 in/in °F
1800°F 3.05 x 1070 n
2700°F 6.2 x 10'6 "

6

Nix reports an average value of 3.16 x 10"~ for the range of O - 950°F.

Thermal Concductivity

A comparison of the thermal conductivity data reported in three temperature

ranges by as many investigators seems to confirm the value of each work.
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NICHROME V

Thermal Conductivity

The results of various investigators are in fairly good agreement. It is not

¥nown if the German reference indicated on the graph is original work.

Specific Heat
The specific heat values presented are from two samples tested at the National
Bureau of Standards. The definitely observed break at 1100°F may indicate a

change in crystalline form.

Miscellaneous Properties

Ref. (1) indicates a specific gravity of 8.36 (0.302 1b/in3) for an 80 Ni - 20 Cr
wrought alloy. The melting point is given as 2550°F ard the thermal expansion
coefficient (for the range 22 - 212°F) as 7.3 x 10.6 /°F.
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NIOBIUM
{ Columbium)
Miscellaneous Properties
Melting Point 4370°F, (Ref. 1)
Density 8.6 gm/cm3 ‘
Electrical Resistivity 14.1 microhm - cm

(32-212°F) (Ref. 2)
Thermal Expansion
The thermal expansion data shown on the curve was obtained (Ref. 3) on a 99.8%
pure sample by x-ray methods. The specimen was found to be body-centered cubic
in form at room temperature ard in the range investigated (1500 - hOOOoF).

Reference 5 presents the following mean coefficients of expansion for the ranges

indicated:
Temp. o Expansion -1
Range °F Coefficimnt(°F )
60 - 122 4.0 x 2070
60 - 212 4.0
50 - 392 L.1
60 - 572 L2

This sample contained 1% tin and iron as impurities.

Specific Heat
The specific heat data are that of Jaeger and Veenstra as reported by Melley

(Ref. 4) in the form:

5.5 + 0.96 x 1072 7

Cp

where Cp

cal/°C - mole and T = °K

Thermal Conductivity

The thermal conductivity was estimated with the aid of the lorenz relation to be
about 25 BTU/ft? - OF - Hr/ft, at room temperature and decreasing to around 20
at 1800°F. The reliability of these estimates cannot be guaranteed. No experi-

mental information concerning conductivity was found in the literature.
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URANIUM
In the range of atmospheric temperature to its melting point (2070°F) uranfum

exists in three different crystalline forms as indicated in the following table.

PHASE
Property Alpha Beta Gamma
Stability o
Range To 12247 1224 - 1422 1422 - 2070

Crystal Form Orthorhombic Tetragonal Body-Centered
Cubic

Density #/in3 0.686 0.654 0.652

@ Temp °F 68 1330 1480

Variations of continuity of specific heat, coefficient of thermal expansion and
thermal conductivity relationships could be expected as a result of the indicated
phase changes. Anisotropic effects could also be anticipated due to the low

symmetry of the alpha phase structure,

Density values for most available materials are somewhat lower than theoretical

values due to inclusion of impurities such as carbon. Typical density for

materials are as follows:

Theoretical density 0.691  #/in>
Wrought material 0.668 - 0.686
Sintered & Pressed 0.682
Cast (70°F) 0.668

Most data applicable to evaluation of physical properties of uranium as derived
from Manhattan Pro ject work are present in detail by Katz and Rabinowitch, to-
gether with a tabulation of original references. Since this work is available

an extensive bibleography and survey of data is not included in this report.
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J. J. Katz & E. Rabinowitch,
Vol. 5, (McGraw-Hill 1951).
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APPENDIX

ADDITIONAL DATA

A fairly extensive evaluation of the thermal conductivity of metallic
materials for the temperature range of 32 - 1650°F is presented by Silverman (1).

HOWEVER THESE DATA APPEAR TO BE INCONSISTENT WITH ALTERNATE DATA FROM OTHER

SOURCES AND THEIR USE IS NOT RECOMMENDED. Communication with Mrs. Nancy Fitzroy

of General Engineering Laboratories indicates that the deviations noted in
Silverman's work are possibly attributable to incorrect evaluation of the
standard sample ("Advanced used for comparative analysis. Silverman's data,
as quoted in the G. E. Design Data Book, were corrected on this basis by

Mrs. Fitzroy; however, data were mirked as unreliable.

Check of Silverman's data against Information gathered for this report generally
indicated that values were low by some 20 - 50%. However, no consistent

correction factor could be determined.

The summary of Silverman data is included in this report for purposes of
reference, comparison and potential value. Since these data are fairly
extensive, it could be anticipated that they will appear in secondary
reference sources. It is believed that these data should nevertheless be

regarded as erroneous pending further clarification.
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II. EQUIVALENT UNITS FOR THERMAL CONDUCTIVITY

Btu gu-cal vatts kg-cal
ar-1£2-%p/t | sec-cm2-°C/em | em?-°C/em | hrem®~°C/nm
b | 0.004134 0.01731 1.488
2.9 1 4.187 360
57.79 0.2388 1 86
0.672 0.002778 0.01163 1
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