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FOREWORD

This report is the fourth of a series on the thermal con-

ductivities of materials of scientific and engineering interest.
The values selected are based on thorough study and critical

evaluation of published investigations. In a critical survey
such as this one, much depends on the judgment of the surveyors.

The care that the authors of the present survey have exercised

may be judged from the comments they have made on the individual
papers examined. Their comments on the more important papers
are in the text of the report. In addition, they have made

many brief comments on less important papers; these comments
are given as annotations, immediately following the listing

of the paper in the references.
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ABSTRAMI

The published literature on the thermal conductivity of vitreous
silica has been assembled and the results critically evaluated.
Best values of thermal conductivity as a function of temperature
have been selected. These are presented in both graphical and
tabular form. They cover the range 80 to 6600 K and published
data extending from 30 to 2100" K are shown in the graphs. An
attempt yes made to consult all work that could significantly
affect the choice of best values. Published papers were located
with the aid of Chemical Abstracts, Physics Abstracts, the
Thermophysical Properties Retrieval Guide, and some other general
sources. In addition, relevant references in the papers them-
selves were followed up until a substantially "closed system"
had been generated, as shown by the fact that no new references
were being turned up.
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THEIa4AL CONDUCTIVITY OF VITREOUS SILICA : SELECTED VALUES

1. Introduction

Vitreous silica is an important material in research, and is used to

some extent in industry. It is easily obtained in a state of high purity.

It is chemically inert to most substances, including many strcng acids;

hence it is valued as a storage container, and as a reaction vessel for

chemicals of the highest purity. It is much used in optical work be-

cause of its wide range of transmission. It has excellent elastic prop-

erties: it transmits ultrasonic waves with very little absorption of

ener&y (except at low temperatures); and fibers of it, being relatively
izmmaie to permanent set, make excellent electrometer suspensions and

delicate spring balances. Vitreous silica has a very small coefficient

of thermal expansion, hence is highly resistant to thermal shock. As

a refractory, it can withstand temperatures of 13000 K (1027°C) for long

periods, and higher temperatures for short periods. It is an excellent

electrical insulator.

Vitreous silica is a noncrystalline material (glass) of the composi-

tion SiO2 . It is usually made either from large selected quartz crys-

tals or from very pure quartz sand. It is available In two basic types:

clear (transparent) and translucent (satiny, silky). Clear vitreous

silic& is made by melting large crystals of quartz, and for this

reason it is often called fused quartz or quartz glass; however, we

prefer to reserve the word quartz for the commonest of the crystalline

forms of silica, and to refer to the glass as vitreous silica, fused
silica, or silica glass. Sosman (75), in his book on silica piublished

in 1927, accepted the name "vitreous silica": and Laufer (76) in a

more recent paper recommends it.

When vitreous silica is made from sand, the translucent or satiny

type is obtained. The satiny appearance is caused by tiny air lbubbles
that are trapped when the material is fused, and then are elongated
into striations when the material is drawn or worked into useful shapes.

The present study is almost entirely concerned with clear, vitreous
silica, which contains no trapped bubbles of air or other gas.

Vitreous silica is marketed under the names of fused silica,

quartz glass, vitreous silica, and also under a number of trade-mark

names. Among these are Amersil, Homosil, Infrasil, and Vitreosil;
some of these names refer to special varieties having, for example,
high optical transmission in a certain region of the spectrum.
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Because vitreous silica is a highly reproducible material with
suitable mechanical, chemical, and refractory properties, it has been
suggested as a standard material for thermal-conductivity work. How-
ever, we believe the large radiative transfer of heat through vitreous
silica makes it less desirable than an opaque substance as a thermal-
conductivity standard, at least at high temperatures. We will return
to this point later.

Characterization. Vitreous silica consists of a network of
tetrahedrons of SiO2 , loosely packed. Each silicon atom is tetra-
hedrally surrounded by 4 oxygen atoms, and each oxygen is shared by
2 silicons; but long-range order is lacking. In a crystal, all
corresponding Si-O-Si bond angles are equal, but in the glass this
angle varies somewhat; also, according to Warren and Biscoe (77),
the orientation of adjacent tetrahedra about these bonds is random
in the glass. The X-ray analysis of vitreous silica shows the short-
range, near-neighbor order that is characteristic of liquids and
glasses, but no order extending over a distance as large as 3 or 4
times a unit-cell dimension.

The density of vitreous silica has a slight dependence on the
rate at which the material is cooled from the molten state. Sosman
(75) selected 2.203 g cm" 3 as the best value for the density of
clear vitreous silica, and stated that different samples were likely
to differ in density by as much as 1 per mille. Subsequent work give:
little reason for differing from Sosman's conclusions. Crawford and
Cohen (13) observed both the density and the thermal conductivity of
vitreous silica before and after neutron bombardment. Using a
hydrostatic method, they found the density at room temperature to be
2.2002 g cm" before bombardment. This value was increased by 2.7
percent during bombardment, but subsequent annealing substantially
restored the original value. The lack of long-range order in vitreous
silica is associated with an open molecular structure with numerous
vacant sites. These vacant sites reduce the density of vitreous
silica to a value about 17 percent less than that of crystalline
quartz.

Vitreous silica does not have a sharp melting point. The crys-
talline form of silica that is stable at the highest temperature is
cristobalite (75); it melts at about 17100 C (1983°K), and becomes a
liquid of high viscosity.

Devitrification. The high-temperature limit of usefulness of

2
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vitreous silica is generally the temperature at which devitrification

(crystallization) occurs, rather than that at which the material begins

to soften or melt. Below about 10000C (1273 0 K) it shows no tendency to

crystallize, but at 1 1 00CC and above, minute crystals gradually form.

The crystals become visible when the material is cooled, as they undergo
a transformation that gives them a white, chalky appearance. Devitri-

fication is accompanied by a decrease in mechanical strength and an
increase in tendency to shatter. It proceeds more rapidly as the

temperature is raised; it may be complete in 4 to 8 hours, or it may

be a matter of days. Devitrification begins at a surface; it is

accelerated by water vapor, by alkalis, and by many other substances.

It is retarded when the amount of oxygen in the vitreous silica is

slightly less than stoichiometric (78). High-quality transparent

vitreous silica, in the absence of catalysts, has been held at 1300 C

(1573 0K) for several hours with only a slight cloudiness resulting.

The product of devitrification is usually cristobalite, even at

temperatures where cristobalite is not the most stable form of silica.

Effects of OH. Although clear vitreous silica made by melting

crystals is ordinarily very pure, there are usually traces of metals

in it. For some optical work, these traces of metals must be avoided;

for this purpose, silica is made by reacting SiC14 with water and

depositing the SiO2 in the glassy state. Vitreous silica made from

SiC14 is metal-free, but it contains (79) a relatively large amount

of OH, which comes from the water formed in the reaction. This OH

can amount to more than 1 part per mille by weight, whereas vitreous

silica made by melting natural crystals contains only about 3 parts

of OH per million. This difference in OH-content causes small

changes in density, thermal expansion, index of refraction, and other

properties, but perhaps its greatest importance is in spectroscopic

experiments that require transmission of the OH frequencies, the

presence of OH in the glass causes these frequencies to be absorbed.

The effect of OH-content on the thermal conductivity of vitreous

silica has not been specifically studied, but presumably it is

small in comparison with the scattering of even the better data now
available.

Satiny vitreous silica, k-values. As discussed earlier, satiny
vitreous silica contains elongated air bubbles that form striations

in the material. Since the selected values in the present paper

refer to clear, rather than satiny vitreous silica, we will present

here the small amount of information that is available on the differ-

3



ence in thermal conductivity of the clear and satiny varieties. One

would expect the striations to reduce the conductivi'y, especially when

the direction of heat flow is perpendicular to the long axes of the

striations. However, the effect appears to be rather small. Koenig

and co-workers (34) reported measurements on clear vitreous silica,
and on satiny material with the heat flow parallel to the striations.

These measurements show the k-values of the satiny type to be abou'
1 percent below those of the clear material in the range 40 to 1200 C.

The authors did not consider this difference significant, but we

note that it is in the direction to be expected. Later the same

group (33) made similar measurements on two new satiny samples, one

having the striations parallel, the other perpendicular, to the

direction of heat flow. Again, in approximately the same tempera-

ture range, one sample had a conductivity about 3 percent lower than

the other, but unfortunately the report does not tell us which

sample was which. Both of the sets of measurements just referred to

were made rather early in an extensive series of investigations.

More accurate results were obtained later in the work, but the com-

parison between clear and satiny vitreous silica does not appear
to have been repeated.

2. Selection of the Values

The methods used in evaluating the experimeatal data, drawing
a master curve, and preparing a table of selected values of the

thermal conductivity., k, will now be described. As indicated earlier,

the variety of material to which the curve and tables refer is cl•ear
(transparent) vitreous silica. in some cases the same set of experi-

mental data has been published in several different papers. In such
cases we have selected one of the papers as the primary reference

and have listed the others in the group of references "for which
another reference is preferred." The governing factors considered

in the selection of the primary reference will be found in the

annotations to the various references.

Because of the large amount of data on the thermal conductivity

of vitreous silica and the wide range of temperature covered, three

separate graphs have been used to present the data. All three
graphs start at O°K; one extends upward to 1000K, another to 1000 0 K,

and the third to 2100'K. The results of a particular research are

given in one graph but are not duplicated in the others; thus over-

crowling of the graphs is avoided.

4
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The values of k selected and recommended for use are given in
Tables 1 and 2, and are represented in Figs. 1, 2, and 3 by heavy
solid lines (the master curve). The values were selected by
plotting the available data on large-scale graphs similar to Figs.
1, 2, aid 3. A master curve was drawn, studied, revised, and
tentatively accepted. Values were read from this master curve;
they were differenced, smoothed, and checked for consistercy with the :
master curve. When table and curve were smooth and mutually con-
sistent, they were accepted. Table 1 resulted from this process.
Table 2 was derived from Table 1 and is consistent with it.

The master curve and the tables extend only from about 80o to
about 660' ; (-1930 to 3871C). At higher temperatures there is a
dashed line Joining with the master curve and extending it. This
extension was derived by using heat-capacity data, and it is believed
to represent roughly the thermal conductivity of vitreous silica in
the absence of radiative heat transfer. The method of deriving the
dashed curve is described later in this report.

Data Shown in Fig. 1. Figure 1 extends from 00 to 1000K. It
contains the data from references (1) to (11); these references in-
clude much but not all of the best data for intermediate temperatures.

Although the master curve is based on the data in all three
figures, the data of Birch and Clark (1), shown in Fig. 1, are per-
haps the most valuablc single set of data. These authors used a
guarded hot-plate apparatus and a steady-state absolute method. The
temperature difference across the sample was usually about 5*K. Each
test was run in a nitrogen atmosphere and again in helium, and be-
tween the two results the thermal-contact resibtances were eliminated.

Considerable weight has been given to the data obtained by
Ratcliffe (2), which cover the range 123" to 3220K. Steady-state
measurements were made in 3 different apparatuses; each apparatus had
the hot plate sandwiched between P specimens. Care was taken to
reduce or eliminate contact resistance, and corrections were made for
lateral heat losses. At least 12 different samples were measured.

Valuable data were obtained by Kamilov (3) from about 890 to
about 500*K. The p.paratus was contained in a Dewar flask within
another flask, witH provision for regulating the pressure between
the walls of the inner flask. One unusual feature of the apparatus
was the type of "1thermocouple" used to register temperature equality
between the top shield and the hot plate. This "thermocouple" con-
sisted of a copper sheet coated with cuprous oxide; it actuated an

5



Thermal conductivity of vitreous silica

Table 1 Table 2

T k T k T k

millical millical B u in.

oK cm sec °C oK cm sec °C oR 0R fthr

80 1.31 30 380 3.56 5 150 3.95 117

loo 1.61 27 400 3.61 200 5.12

120 1.88 24 420 3.66 6 250 6.12 83

140 2.12 21 440 3.72 5 300 6.95 73

160 2.33 19 460 3.77 6 350 -. 68 61

180 2.52 17 480 3.83 5 4oo 8.29 51

200 2.69 15 ;oO 3.88 45o 8.80154

220 2.84 13 520 3.93 6 500 9.23 36

240 2.97 12 540 3-99 5 550 9-59 30

260 3.09 10 56o 4.04 6 600 9.89 31

280 3.19 580 4.1o 65o 10.2
9 5 2

300 3.28 8 6DO 4.15 0 1.;

320 3.36 7 620 4.2o 4 75 10.6 2

340 3.43 - 640 4.24 800 10.8
"1' 4 3

36o 3 - 0 6 660 4.28 850 11.1 2

900 11.3

9ý0 11.5 22

100)0 11.7' 2

1050 11.9 2

1100 12.1
2

1150 12.3 2
1200 12.5
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electronic temperature controller. The p. . . ..... t - th

averaged results for 4 specimens with different thicknesses.

Kurepin and Platunov (4) described an apparatus for measuring

either thermal conductivity or thermal diffusivity over a wide range

of temperature. In measuring k, heat was supplied so as to get a
steady rate of temperature rise in the entire sample, for example,

0.10 deg/sec, and the temperature drop across the sample was measured
as a function of time. The amount of heat flowing was determined

from the known heat capacity and temperature rise of a heat sink,
which was a core of Armco iron. Their data appear to be of good

accuracy.

Eacken (5) used a steady-state hot-plate method, and obtained

su-prisingly good results considering that his apparatus appears

to have been unguarded.

Vasil'ev (6) used a quasistationarx- (steady-rise) method for
39 of his plotted points, and a transient method for 2 points. He

used radial heat flow in a t iarded cylindrical apparatus that did
not require a heat sink. Automatic temperature control and record-

ing were used, and the data appear to be good. We note that the

data in his Fig. 3 taken from Ratcliffe appear to be incomplete;

and those taken from Knapp, to be misplotted.

Kaye and Higgins (7) reported careful measurements by a com-

parison method, using aluminum bars as the reference material.
Data were obtained for 3 samples of vitreous silica; they are 6 to

8 percent lower than our accepted curve.

Kingery and Norton (8) used 2 different methods. The first

method employed a prolate spheroidal envelope; it was an absolute,
steady-state method. The second method was a comparative one.
Their data are about 4 percent higher than our accepted curve;
however, the data are valuable because they extend to relatively
high temperatures.

Bil' and Avtokratova (9) used vitreous silica as a standard

material for testing their apparatus. The values found are about
8 to 15 percent lower than our selected values. Their samples

were stated to be of unsatisfactory purity and to contain air

pockets.

The results obtained by Scholes (10) and by Koenig (11) were

8
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obtained by a comparison method. These values are higher and rise more
rapidly with temperature than those we have selected.

Data Shown in Fi. 2. Figure 2 extends from 0) to 100°K. In this
range, the work of Berman (12) appears to be the most reliable. He

measured 3 samples by a steady-state method, with a radiation-shielded
apparatus surrounded by a vacuum jacket. The entire apparatus could be

cooled by l.•quid helium or other coolant.

The k-values of Crawford and Cohen (13) increase very rapidly with
temperature, and do not extrapolate toward the accepted values at

higher temperatures as Berman's do. Crawford and Cohen attributed the

difference between their values and those of Berman to a difference in

the materials tested, but the dif4 'erence seems rather large for such
an explanation.

Data Shown in Fig. 3. Figure 3 extends from 00 to 21000 K. Very
good data were reported by Devy.atkova, Petrov, Smirnov, and Moizhes

(14), over a wide range of temperature. Their work was undertaken to
determine the potential usefulness of vitreous silica as a standard of

reference for measurements of thermal conductivity. They used 3 dif-
ferent apparatuses. Temperature gradients were measured by means of

thermocouples fastened to metal pins inserted into holes drilled in
the samples. Corrections were made for lateral heat Losses. Their

results have significantly influenced our selection of best values
throughout the range for w: ich a master curve and tables have been

given. As will be seen below, we believe that radiant energy trans-
fer has caused the results at higher temperatures to represent an
apparent rather than true thermal conductivity.

Seemann (15) reported careful work by a radial-flow method with
2 different apparatuses and a single test sample. During measure-

ments, both surfaces of the specimen were in contact with liquid
metal: mercury at ordinary temperatures, lead-tin eutectic at higher

temperatures. Seemann's results appear to be about 10 percent low
in the range of temperatures for which we have drawn a master curve.

However, at higher temperatures Seemann's results appear to be

among the most successful in avoiding radiant-heat transfer.

Ito (16) also used tne radial-flow method. His results are
lower than those of most other workers; at the lower end of his

range, he is about 20 percent below our master curve. Ito's results

aE reported by Birch and Clark (1) and by Ratcliffe (2) in the form

10



.151

a Colosky (1952) --

o Devyotkovo, et al. (1960) :

* Ito (1929) -

a Kingery a Norton (1955)I*e Knapp (1943) --i.-
A_ Lucks, et al. (1954) with foil" With Radiation

& Lucks, et al. (1954) "without foil" - "

V Pustovalov (1960) I I
0O ao Seemonn (1928)

NE -+ Vishnevskii ak Dzyubenko (1964) _ -

o 1 -1,: 7

nC - .) :: :. : - _-_.: _~:.: --: : h • '- A A * • - ! - ': - -' '- -"•- '

• :- :: :: -:: :: ": - -: - :-: ' ..._t -_ .::- t".. .| - 1 "

S-- -7- I

Wray k Conolly 1959

!A

Pk4

0-- -- daf

0 500-100 4 __Ts K
Fi .3 T ermlcnutvt _ _ __ _ _ o eI

A MW



...... .. -.

I J

- 4 I _ _ _ __io .. .. ......... _ __

f1 +

-. 44

100150 VVK-
reee iith Rdiati oneerne (14) to(2)



of straight lines do not agree with the plotted points in Ito's paper;

the discrepancy can be explained if we assume that these authors used

00
S Ito's equation with temperatures in OK,, whereas it is actually for

S temperatures in 0C. Whatever the cause, the discrepancy is substantial.

Vishnevskii and Dzyubenko (17) built a guarded apparatus for meas-

uring k by a transient method. They report results obtained with this
apparatus and also by a steady-state method; the two sets of results

show good agreement and are represented by a single curve. However,

these values are about 8 percent lower than those of our accepted

curve.

An unusual method, involving steep temperatare gradients, was

used by Wray and Connolly (18) to measure k of vitreous silica at
4 high temperatures 1 IiA-thout radiative effects". Each sample was in

the form of a cylindrical rod with a tungsten wire along the axis, so

prepared as to have continuous bonding between wire and sample as

shown by microscopic examination. The wireE were of very small

9 diameter (0.008 cm or less), and served as both heater and thermo-

meter. From the graphs of observed power vs. wire temperature, the
slopes were determined; and these slopes were used to find k by a

formula which Wray and Connolly derived theoretically. Their results

were presented as smooth curves, and give values of k at higher tem-

- peratures than any other papers that we have located. The curves of

Wray and Connolly remain substantially horizontal at higher tempera-

tures, where those of others rise steeply.

Observations at high temperatures were also reported by Lucks,

NO-tolich, and Van Yelzor (19); Fingery and Norton (20); and

Pustovalov (21). In all these data the steepening rise shows the
presence of radiative heat transfer. Mbst observers made some

effort either to reduce or to correct for radiative heat transfer.

For example, Lucks, Matolich, and Van Velzor made some experiments

with thin low-emissivity foil "adjacent to the surface of the trans-

parent solid specimens" (they used a comparison method, with Armco
iron as the accepted standard). They found that the k-values

obtained without foil showed a more rapid increase than those obtained
with foil, above about 4500 C (7230 K).

Kingery and Norton used 3 different apparatuses; all employed
2 the comparison method. The paper of Lee and Kingery (6h) reports

-:, the same work with a somewhat better description of experimental
methods.

i2



Pustovalov used an apparatus of cylindrical symmetry, with an
axial heater; the positions of the thermocouples in the samples were
determined by using X-rays (80). The k-values reported are about
25 percent lower than our master curve. It is possible that the
porosity of the sample is responsible; Pustovalov gives (69) the
apparent porosity of his sample as 1.0 percent; but from his
measiared density (2.06 g cm") snd our accepted density (2.204), we
calculate a porosity of 6.5 percent.

Also shown in Fig. 3 are the results of Colosky (22), and those
of Knapp (23); these appear to be too high and to rise too steeply.

At the higher temperatures, the data reported by almost all the
experimenters lie above the master curve and the dashed curve that
extends it upward. As mentioned earlier, this dashed curve repre-
sents our estimate of the thermal conductivity of vitreous silica
in the absence of radiative heat transfer. The method of obtaining
this curve will be described in the next section.

3. Nonradiative Heat Transfer at Hgh Te peratures

Thermal conductivity as defined does not include the transfer
-f heat by either convection or radiation. However, in many investi-
gations of thermal conductivity some heat transfer by convection or
radiation takes place in the sample. When the amount is small, this
transfer is often included with the transfer by conduction, and an
apparent thermal conductivity is calculated. In the case of
vitreous silica such a procedure is permissible up to about 6000 K,
but as the temperature increases the radiative heat transfer becomes
very large, and it is not desirable to lump it with thermal con-
ductivity.

The problem of radiativE heat transfer is of special importance
in vitreous silica because the substance is highly transparent.
Vitreous silica transmits a wider range of wave lengths than most
glasses; the range extends from 0.2 to 4.0 microns, approximately,
and in addition there are other bands of transmission or partiel
transmission at longer wave lengths.

In estimating the ordinary (nonradlative) thermal conductivity
of vitreous silica at high temperatures we car, follow either of
two paths. We can estimate the effect of radiation and subtract
it from the total observed heat transfer, or, we can assume a

10
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relation between thermal conductivity and some other property of the

material such as the specific heat c, and use this to give us k.

It is easy to make rough calculations of radiative heat transfer

in vitreous silica, but much harder to make accurate ones using the
absorption coefficient appropriate for each wave length. We have

avoided such difficult and perhaps uncertain calculations by assuming

that k/c is a constant. Accepting c, we have calculated the non-

radiative value of k, and have checked the results so obtained by

some rougi calculations of radiative heat transfer that are described

in the next section.

It is well known that heat capacity and thermal conductivity are

closely related. According to a very simple theory k is proportional
to the product lp4%, . where v is the mean velocity of phonons and 1

their mean free path. Our assumption that k/cp is constant is equiv-

alent to assuming that the product v1 is constant. This assumption

is used simply because no better one is at hand, and no great accuracy

is claimed for it. If we were to go beyond the assumption k/cp = a

constant, we would assume that this quantity decreases somewhat with

temperature, because increasing lattice vibrations tend to reduce

the mean free path i.

SosmaL (reference 75, P. 314) has published a table giving cp

of vitreous silica. Although there are more recent data in some

temperature regions than those that Sosman used, his table is

convenient for our present purpose because it covers a wide range,

extending from 180 to 19753K. With c P-values from this table and
k-values from our master curve, the quantity k/cp was calculated

and plotted vs. T. Throughout the interval 4730 to 6230 K, thi U

quantity had the value 16.6 mg cm" 1 sec- 1 . At both ends of the

interval the curve turned upward. The value 16.6 was accepted.

Miltiplying Sosman's cP-values by 16.6 gave the values of k

that are represented by the dashed extension of the master curve

in Fig. 3- This dashed curve we believe to be a rough but reason-
able estimate of the thermal conductivity of vitreous silica in

the absence of radiative heat transfer. It will be seen that the

results of Wray and Connolly (18), whcse expr-iments were designed

to minimize radiative heat transfer, are in much better agreement

with the dashed curve than those of any other investigator.



Sosman-s cp values havc a change in slope between 14000 and 15000 K,
which shows up Jn our dashed curve. Whether this change in slope is
real or is due to experimental error we do not know. The uncertainty
in assuming k/cp to be constant is so large that the irregularity in
the dashed curve is probably comparatively unimportant.

4. Radiative Heat Transfer

As a check on the values of nonradiative heat transfer obtained
as described above, a few calculations of the radiative heat transfer

to be expected in vacuum and in our idealized model of vitreous silica
have been made. First the "thermal conductivity" of a "slab of vacuum"

1 cm thick, with black-body walls, was calculated. Such a model would
account for the radiative heat transfer in a perfectly transparent
material and might be useful for a material that was a uniformly gray
absorber at all wave lengths. It did not account satisfactorily for
the sharp increase in slope shown by the experimental data for vitreous
silica, principally bpcause it caused the rise to occur at temperatures
that were too low.

Next we tried a slightly more sophisticated model, one in which
the sample of 1 cm thickness was considered to be a perfect trans-
mitter for all radiation of wave lengths lying between 0.2 and 4.0
microns, and to be perfectly opaque to all other wave lengths.
(Actually, the energy at wave lengths shorter than 0.2 p was
negligible, so a "window" extending froii 0 to 4.0 p would have given
the same result.) This model was quite satisfactory. When the
radiative "co.iductivity" of the model was added to the values of the
master curve and the dashed curve, the dot-dash curve shown in
Fig. 3 was obtained. This curve is a reasonably good representation
of the experimental data in which radiation was important. Note that
it comes close to the data of Kingery and Norton, and to those of
Lucks, et al. "withcut foil".

Since the more sophisticated model of radiative transfer and
the dashed k-curve based on cp are mutually consistent they tend to
confirm each other, but even so the breakdown of k into radiative
and nonradiative parts can only be considered a rough approximation.

A few remarks pointing out the weakness of the model used

above in the calculation of radiative transmission are in order.
Perfect transmission of radiation gives a conductance that is in-
dependent of the sample thickness and a conductivity that is
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proportional to sample thickness. For many wave lengths, vitreous
silica is neither a perfect transmitter nor a perfect absorber, but is

intermediate, with a mean free path for the radiation that may be of

the order of a few millimeters. An individual quantum will, on the
average, travel this distance before it is absorbed, but new quanta to

replace those absorbed will be generated throughout the glass.

Gardon (81) has summarized the theory of heat transfer within

glass by absorption and re-emission of radiation. A radiative thermal

conductivity proportional to T3 and inversely proportional to the

absorption coefficient of the glass is found. However, the concept
of a radiative thermal conductivity is not very useful because it is

applicable only in the interior of large samples and not near the

heat source and heat sink (hot plate and co- plate). The boundary
conditions when radiative heat transfer Is present are normally such

that the temperature gradient within the sample is nonuniform, being

steeper near the hot and cold plates than elsewhere. We see from

this that when the absorption coefficient has any small non-zero
value (as well as when it is actually zero) the "radiation conductiv-

ity" depends on sample thickness.

Some workers have reduced the effect of radiative heat transfer

by using highly reflective metal foil such as aluminum or platinum,

placed on either side of the sample, between it and the hot and

cold plates. Although this arrangement substantially reduces the
amount of radiative heat transfer, it does not eliminate it. Even

if the foil had zero emissivity so that heat entered and left the

sample only by conduction, a portion of the heat would be converted

to radiation within the sample and would travel through the sample
in the form of radiation.

5. Vitreous Silica as a Standard of Thermal Conductivit

Clear vitreous silica exhibits many of the characteri.Ftics
desirable in a standard material for thermal-conductivity measure-

ments. Among theae characteristics are its high purity, uniformity,
low thermal expansion, and chemical inertness. Vitreous silica has

beei, used as a standard by a number of investigators; among them

Benfield (27), Ballarq and Ni.blett (82), Namilov (3), and R. W.

Powell (67). Noting the vide use of vitreous silica as a cali-

brating standard, Devyatkova, Petrov, Smirnov, and Moizhes (14)
made experiments to eyAmine its suitability for this purpose.

-Q
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Using three different apparatuses in overlapping ranges, they made
measurements from 820 to l166oK. Comparing their data with those of
Berman (12), Ratcliffe (2), and Kingery (60), they found gooc' agree-
ment, and concluded that vitreous silica is suitable for use as a
standard substance in thermal-conductivity measurements.

Although we agree in part with this conclusion, we believe that
the usefulness of clear vitreous silica as a standard is limited to
low and moderate temperatures, where radiation is not important. As
was brought out in the two preceding sections of this paper, radiative
heat transfer in vitreous silica undoubtedly exceeds nonradiative
transfer at the higher temperatures. The agreement of the high-
temperature data of Devyatkova, et al., with those of Kingery is better
than we would expect. The sample used by the first group haa a thick-
ness of 1 cm. The thickness of Kingery's sample vas probably 2.54 cm.
The relative importance of radiation in the two samples would be dif-
ferent and should lead to different apparent values of k. it :is
possible that some compensating ef'ect vas present that kept the two
sets of results in agreement.

Methods of making vitreous silica opaque have been devised, but
so far as we are aware there are no measurements of the thermai con-
ductivity of opaque samples. If Vitreous silica could be rendered
opaque without changing its thermal conductivity, it would make an
excellent standard material for use at any temperature up to the
point where significant devitrification may occur.

6. Reliability of the Tables

The tabulated values of k between 1500 and 1450 0 K are believed
to be accurate to t 7 percent; near room temperature they may be
somewhat better. Below 1500 K the uncertainty increases and may
reach t12 percent. Likewise above 4500 K the uncertainty increases
and may be as large as ±15 percent at the upper limit of the table.

7. Data for Conversion of Units

T (OR) = T (°K) x 1.8.

T (°K) = t (eC) + 273-15.

T (OR) = t (OF) + 459.67.

Watt ;m -K- M- c~al cm OK-el cec- x 4.1840.
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N

Btu in. -R-' r 1 = Cal cm K-cm=zsec-t x 2902.9.

Btu R. = Cft'r1  cal cm oK- m-2 sec- x 241.91.
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9. ANNOTATED REFERENCES

Containing Data Plotted in Fig. 1

1. Francis Birch and Harry Clark, "The thermal conductivity of rocks
and Its dependence upon temperature and composition, Part 1,"
Am. J. Sci. 238, 529-58 (1940). Values were read from their
Fig. 6 and also from their Fig. 7, and agreed within the error of
reading. Corresponding values from the two graphs were averaged
before being plotted in our Fig. 1.

2. E. H. Ratcliffe, "Thermal conductivities of fused and crystalline
quartz," Brit. Jo. Appl. Phys. 10, 22-5 (1959). In addition to
the plotted points of Ratcliffe's "present measurements" in his
Fig. 5, we have also accepted the point taken by Ratcliffe from
D. W. Butler, "Unpublished data (National Physical Laboratory,
1950)."

3- I. K. Kamilov, "Investigation of thae thermal conductivity of
solids in the interval from 80 to 500°K," Instr. Exptl. Tech.
No. 3, 5831-7 (1962). This is a translation of reference (58).
Figure 3 of this paper contains vitreous-silica data in the

form of plotted points. We found that the x's represent
Kamilov's data; the circles were taken by him from reference
(14).

4. V. V. Kurepin and E. S. Platunov, "Apparatus for rapid wide-
temperature thermophysical tests of thermally insulating and
semi-conducting materials (dynamic a X-calorimeter)," !zv.

Vysshikh Uchebn. Zavendenii, Priborostr. No. 5, 119-26 (1961).
Their Fig. 4 contains values of thermal conductivity (X) and
thermal diffusivity (a); we have used only the former.

5. A. Eucken, "The tempereture derendence of thermal conductivitfUy
of solid nonmetals," Ann. Physik (4) 54, 185-221 (1911). The

value for 100C (373°K) is followed by a question mark in the
paper; also it does not agree with the value given by Eucken

for the same temperature in a later paper (reference 56).
Hence we have omitted this value from our Fig. 1.
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6. L. L. Vasil'ev, "Method and apparatus for the determination
of the thermophysical properties of heat-insulating materials

in the temperature range 80 - 500"K,"' Inzh.-Fiz. Zhur. 7, No. 5,
76-84 (1964). Thermal-conductivity values are given in his

Fig. 3; thermal-diffusivlty and specific-heat values are given

in his Fig. 4. We have used only the thermal-conducti.1ty data

as given in his Fig. 3.

7. G. W. C. Kaye and W. F. Higgins, "The thermal conductivity of
vitreous silica, with a note on crystalline quartz," Proc. Roy.

Soc. (London) A 113, 335-51 (1926). We have plotted their

results from Table 5.

8. W. D. Kingery and F. H. Norton, "The measurement of thermal con-

ductivity of refractory materials," U. S. At. Energy Comm. Rept.
Nyo-6444 (June 30, 1954), 16 p.-; AD-0873. We have taken the

experimental data from Fig. 1 of this report. This figure has

been published in several different papers; we have selected

this one as our primary reference because the figure in it was

the largest. Reference (60), which contains a smaller version

of the same figure, contains a fuller description of the work

than the present reference.

9. V. S. Bil' and N. D. Avtokratova, "Temperature dependence of

the thermal and temperature conductivities of some unfilled

polymers," High Temp. 2, 169-75 (1964). This is a translatior

of reference (49). The data given in their Fig. 1 have been

read off and are plotted in our Fig. 1.

10. William A. Scholes, "Thermal conductivity- of bodies of high

BeO content," J. Am. Ceram. Soc. 33, 111-7 (1950). The

points for vitreous silica given in his Fig. 3 have been re•ad
off and are plotted in our Fig. 1.

11. John H. Koenig, "Progress Report No. 4 from September 1 to
December 1, 1953"' N. J. Ceram. Resear-2. Sta., Rutgers Jniv.,
159 p.; AD-29335. We have selected the data given i engineer-

ing units in Table II, p. 6 of this report, for con- ersion and
plotting in our Fig. 1.
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Containing Data Plotted in Fig 2

12. R. Berman, "The thermal conductivities of some dielectric
solids at low temperatures," Proc. Roy. Soc. (London) A 208,
90-108 (1951). We have read off and used the plotted points
in the upper section of Fig. 2 of Berman's paper.

13. J. H. Crawford, Jr. and A. F. Cohen, "The effect of fast
neutron bombardment on the thermal conductivity of silica
glass at, low temperature, "Bull. Inst. Intern. Froid, Annexe
1958-1 (1958), p. 165-72. These authors give data obtained
before irradiation, after irradiation, and after the effects
of irradiation have been removed by annealing. The lowest
curve in their Fig. 1 represents the data obtained in the
unirradiated state and the data obtaine& after annealing;
we have used both of these sets of data.

Containing Data Plotted in Fig. 3
14. E. D. Devyatkova, A. V. Petrov, i. A. Smirnov, and B. Ya.

SMoizhes, "Fused quartz as a standard material in heat con-
ductivity measurements," Fiz. Tverdogo Tela 2, 738-46
(1960). Figure 3 of this paper contains 3 sets of data
obtained by the authors and 4 sets of data taken from other
workers. The data of the authors have been read from this
figure. An English translation of the paper exists (refer-
ence 55), but it was considered preferable to take the data
from the Russian original.

15. Herman E. Seemann, "The thermal and electrical conductivity
of fused quartz as a funetion of temperature," Phys. Rev.
31, 119-29 (1928). The data were read from Fig. 3 of this
t per.

16. Shuyo Ito, "Thermal conductivity of a transparent vitreous
silica tube," J. Mazda Co. (Japan) Vol. 4, No. 2, 185-8

(1929). A copy of this paper was obtained for us from The
Diet Library, Tokyo, by a Japanese colleague. The experi-

mental points plotted in Fig. 3 were read from the graph
in this paper.

17. I. I. V'shnevskii and M. i. Dzyubenko, '"ea.surement of the
coefficients of thermal conductivity and thermal diffusivity
of refractory materials by a transient method," Inzh.-Fiz.
Zhur., Akad. Nauk Belorussk. S. S. R. 7, No. 10, 45-8 (1961).
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18. Kurt L. Wray and Thomas J. Connolly, "Thermal conductivity of
clear fused silica at high temperatures," J. Appl. Phys. 30,
1702-5 (1959). These authors give k-values only as the smooth
curves plotted in their Fig. 3; values have been read from
these curves. Fig. 5 of reference (74) could have been used
instead, but there are slight differences in the two figures,
and the present paper is presunmbly the later one. In our
Fig. 3, the data for Wray and Connolly have been shown as
short sections of smooth curves at 1000-intervals. There is
no correspondence between these short sections and any plotted
points of Wray and Connolly, since these authors gave their
k-data only as smooth curves.

19. C. F. Lucks, J. Matolich, and J. A. Van Velzor, "The experi-
mental measurement of thermal conductivities, specific heats,
and densities of metallic, tran-pamrent, and protective
materials, Part III" Wright Air Development Center AF Tech.
Rept. 6145, Part III, M1rch 1954. 71 p.; AD-95406. We have
used the data for vitreous silica from Tables 7 and 8.

20. W. D. Kingery and F. H. Norton, "The measurement of thermal
conductivity of refractory materials. Quarterly Progress
Report for the Period Ending January 1, 1955." U. S. At.
Energy Comm. Rept. NYO-6447 (1955), 16 p.; AD-55595. Data
are given in Fig. 4 of this paper. They extend from 95 to
12140 C (368 to 1487@K), but not all have been shown in our
Fig- 3. Those below 7000C are uniformly spaced, and we
have omitted them on the assumption that they represent
the same data that are presented in reference (8). The
data at 700 0C and above are less regular and we have
accepted them as new data. The 3 highest-temperature
points in the present reference are omitted because they
have k-values beyond the range of Fig. 3.

21. V. V. Pustovalov, "Change of thermal conductivity of quartz
glass in the process of cr-jstallization," Steklo i Keram.
17, No. 5, 28-30 (1960). The plotted points from the top
curve in Fig. 3 of this paper have been read off and used
in our report. The paper has been translated into English
(reference 68).
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22. Benjamin P. Colosky, '*Thermal conductivity measurements on
silica," Bull. Am. Ceram. Soc. 31, 465-6 (1952). Figure 2 con-
tains the experimental data. The two upper curves refer to
crystalline quartz. The bottom curve represents data obtained
with 3 different samples of vitreous silica. Two of these were
clear and one was smoky, but there is no significant differenze
between the k-values of the 3 samples. The points for all three
have been read from the graph and plotted in our Fig. 3.

23. W. J. Knapp, "Tlyhermal conductivity of-nonmetallic single
crystals," J. Am. Ceram. Soc. 26; 48-55 (1943). The vitreous-
silica data from Table II of this paper are plotted in our
Fig- 3, except for the point of highest T and k, which comes
beyond the range of the figure.

Containing Data Not Plotted in the Figures

These references contain the data judged to be less important
than those in references (1) to (23). The arrangement is alphabetical.
Each of the references in this group is followed by a brief annotation,
in which the k-values reported in the paper are included. Numerical
values given below are in cal cm-1 sec- 1 c-l.

24. Stanley S. Ballard, Kathryn A. McCarthy, and William C. Davis,
"A method for measuring the thermal conductivity of small
samples of poorly conducting materials such as optical crystals,"
Rev. Sci. Instr. 21, 905-7 (1950). A relative method was used,
but the specific reference material used in each experiment is
not stated. For vitreous silica they found k= 0.00282 at 41C,
using a "Homosil" sample from the W. C. Hera<-us Co.

25. Thomas Barratt, "Thermal conductivity. Part II: Thermal con-
ductivity of badly-conducting solids," Proc. Phys. Soc.
(London) 27, 81-93 (1914). For vitreous silica of density 2.17
g cm-3, the thermal conductivity was found to be 0.00237 at

200 C, and 0.00255 at 1000 C.

26. A. ]Lck, "A steady state metihod for the rapid measurement of
the thermal conductivity of rocks," J. Sci. Instr. 34, 186-9
(1957). A relative method wss used, with brass (celibrated
versus crystalline quartz) as the reference material. For
vitreous silica at 280 C, the thermal conductivity obtained
was 0.00323.
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27. A. E. Benfieid, "Terrestrial heat flow in Great Britain,"
Proc. Roy. Soc. (London) A 173, 428-50 (1939). A compari-
son method was used, with brass 'oars as the reference
material. The brass was calibrated versus crystalline
quartz, and the effect of resistance at contact surfaces
was eliminated by using 4 samples of different thickress.
The val.ue of k found for vitreous silica (Vitreosil from
the Thermal Syndicate) was 0.00317 at 21.10C.

28. E. C. 3il1ard, "Heat flow in South Africa," Proc. Roy.
Soc. (London) A 173, 474r-502 (1939). The thermal con-
ductivity of vitreous silica was measured as a check on
the accuracy of the apparatus, which had been calibrated
against a crystalline quartz sample. For vitreous silica
at 25°C, Bullard found k = 0.00307.

29. J. H. Crawford, Jr. and M. C. Wittels, "Radiation stability
of nonmetals and ceramics", Proc. 2d U. N. Int. Conf.
Peaceful Uses Atomic Enery,, Vol. 5, P. 300-10, 1958. They
report k = 0.0035 at 30°C; there is also a graph (Fig. 7)
of low-temperature values. This graph appears to be
identical with one in reference (53); reference (13) is
preferred over both.

30. A. E'ucken, "The heat conductivity of ceramic refr-actory
materials. Its calculation from the heat conductivity of

the constituents," Forschun4gsh. 353 (Suppl. Forsch.
Gebiete Ingenieurw. B 3, M1r. - Apr. 1932), 16 p. The
data in this paper appear to be a selection of values
based on previously published work of ERucken (5), Kaye
and Higgins ('), and Seemann (15). However, if this is
the case, the values ought to be about 20 percent higher.
We cannot be sure that these values are not based in

part on new unpublished data obtained by Eucken.

31. G. Gafner, 'The application of a transient method co the
measurement of the thermal conductivity of rocks and
building materials," Brit. J. Appi. Phys. 8, 393-7
(1957). A method of "steady rise" was employed; three
samples of vitreous silica were measured in one apparatus
and three others in another. --. e mean of the 6 measure-
ments was k = 0.00323 with a total spread of 6 percent;
the temperature of all the measurements was 30°C.
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32. M. Jakob, "The material properties most important in heat transfer,

Der Cherde - Ingenieur, A. Euicken and M. Jakob, editors, Akad.

Verlag, Leipzig, 1933. Vol. 1, Pt. 1, p. 308-79. The inform-

ation on vitreous silica, p. 340-1, includes a smooth curve of

thermal conductivity vs. temperature, but no plotted points.
It seems likely that this curve is based on previously-published
work of other authors, but we are not sure that this is the case.

33- M. A. Kaganov, I. S. Lisker, and A. F. Chudnovskii, "Rapid method

fo-' determining thermal conductivity of zen.tconductor materials,"
Inzh.-Fiz. Zhur., Akad. Nauk B. S. S. R. 4, No. 3, 110-2 (1961).
By a transient method they found k of vitreous silica to be
0.00331, at a temperature that we take to be approximately 12.5°C.

34. John H. Koenig, "Progress Report No. VI from March 1 to June 1,
1952," N. J. Ceram. Research Sta., Rutgers Univ., 98 p.;
ATI 163519. This paper is of interest because it contains a
comparison of thermal conductivities of clear and silky vitreous
silica. For quantitative data on clear vitreous silica ve

prefer reference (11), in which the measurements were made with
improved equipment.

35. John H. Koenig, "Progress Report No. 2 from March 1 to June 1,

1953," N. J. Ceramic Research Sta., Rutgers Univ., 117 p.;
AD-13154. This paper contains a comparison of thermal reon-

ductivi-vies of silky vitreous silica measured parallel and
perpendicula: tn the striations. Although it is not clear
which set of data refers to each form, tht.. data shot t
there was not much difference between the two.
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36. A. V. Luikov, L. L. Vasiliev, and A. G. Shashkov, "A method
for the simultaneous determination of all thermal properties
of poor heat conductors over the temperature range 80 to
500'K," in Advances in thermophysical properties at extreme
temperatures and presslares, Third Symposium on Thermophysizal
Properties, ASME, Purdue Univ., Mar. 22-25,1965, Serge Gratch,
editor (The American Society of Mechanical Engineers, New
York, 1965), p. )14-9. This paper contains some ambiguities
or errors that have caused us not to incluae the data in
any of our graphs. The density given for the vitreous
silica is 2.650 g cm- 3 , which is 20 percent higher than
accepted values (it is roughly the accepted density for
crystalline quartz). The data of other observers, plotted
in Fig. 6 of the present reference, appear to be incorrectly
given, at least in part. Also the data for vitreous silica
in the present reference are from 8 to 17 percent lower than
those given by Vasiliev (6) one year earlier.

37. M. V. Rilnes, "Low-temperature thermal conductivity apparatus,"
North American Aviation, Inc.. Rept. SIL 408, 9 Sept. 1963.
14 p. A sample of vitreous silica was measured, presumably
to cneck out the apparatus. The k-value found was .0033,
and the sample mean temperature, which we computed from the
given thermocouplo data, was 25.1 0 C.

38. Shiro Nuki3yma, '._he thermal conductivity of glass, chilled
glass, quartz, fused quartz (transparent), Bakelite, India-
rubber, coal, Isolite, porcelain, slate, granite and marble,"
Trans. Soc. Mech. Engrs. (japan) 2, 344-5 (1936). English
abstract, ibid., p. S-96, S-97. Three plotted k-values for
vitreous silica are given, covering the range 15 to 33 0C.
An equation is given that appears to represent the points
satisfactorily. The equation gives, at 300 0 K (26.85°0):
k - 0.00294.
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39. L. S. Phillips, "'he measurement of thermoelectric properties
at high temperatures J. Sci. Instr. 42, 2.09-1i (1965).
The apparatus was so designed that the Seebeck coefficient,

the electrical resistivity, and the thermal conductivity of a
specimen could each be measured. The thermal conductivity

of vitreous silica was measured in the range 160 to 5950 C
"to assess the behavior of the apparatus." The results are
given in the form of a smooth curve. In view of this, and
in view of the fact that the apparatus emphasized rapid

operation rather than high accuracy, we have not plotted the
results in any of our figures. At the lowest temperature,
Phillips's curve is 5 percent below our master curve; at the

highest temperature it Is 18 percent above it.

40. R. W. Powell, "Thermal conductivity as a non-destructive

testing technique," in Progress in Non-destractive Testing,

E. G. Stanford and J. H. Fearon, editors (Heywood and Com-
pany, London, 1958), Vol. 1, p. 199-226. The k-value of
vitreous silica at "about 28*C" is given as 0.00330 in
Table 4 and again in Table 5. This same value of k was
given earlier by Powell in reference (67). However, the
earlier paper does not give the temperature of the measure-

ment.

41. 0. Sisman, C. D. Bopp, and R. r. Towns, "Radiation effects
on the thermal conductivity of ceramics," U. S. At. Energy
Comm., Oak Ridge Natl. Lab. Rept. ORNL-1852, 33-5 (1955).
Thae value reported for unirradiated vitreous silica is

0.0035, "at about W0C."

42. James L. Weeks and Ralph L. Seifert, '!Note on the ther,- 1

conductivity of synthetic sapphire," J. Am. Ceram. Soc. 35,
15 (1952). Measurements made on a 6 -mm rod of vitreous
silica from Hanovia Chemical Company yielded 0.0041 at 730C
and 0.0057 at 135-C.

Containing Data for Which Another Reference is

Preferred.

The arrangement is alphabetical.

43. T. Barratt and R. M. Winter, "The thermal conductivity of
wires and rods," Ann. Physik 77, 1-15 (1925). Condensed
German translation of 2 papers of Barratt, one of which

was reference (25).
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tures," Enys. Rev. 76, 315-6 (1949). This appears to be
the place of first publication of Berman's data on vitreous
silica. However, we prefer to use the fuller account,
reference (12).

45. R. Berman, "The thermal conductivity of disordered solids
at low temperatures," Bull. Inst. Intern. Froid, A.mexe
1952-1 (195,2), p. 13-20. This paper contains a smooth
curve for vitreous silica; we prefer to take the data from
the. plotted points of reference (12).

46. R. Berman, '"lermal conductivity of some polycrystalline
solids at low temperatures," Proc. Phys. Soc. (London)

A 65, 1029-4O (1952). This paper contains 7 tabulated
values of k of vitreous silica. Six are at low tempera-
tures, and agree with those in reference (12), which is
preferred. The remaining value is for room temperature,
and we have not found it elsewhere in Berman's published
papers; however, it is given to only one significant figure,
and we have not used it.

47. R. Berman, '"The thermel conductivity of dielectric solids
at low temperatures," Advances Phys. (London) 2, 103-40
(1953). This paper contains a smooth curve for vitreous
silica. Reference (12) is preferred.

48. R. Berman, P. G. Klemens, F. E. Simon, and T. M. Fry,
"Effect of neutron irradiation on the thermal conductivity
of a qirtz crystal at low temperature," Nature 166,
864-6 (1950). This paper contains a smooth curve of k
versus temperature, taken from an earlier paper of Berr.tan
(44). Reference (12) is preferred.

49. V. S. Bil' and N. D. Avtokratova, '"emperature dependence
of thermal conductivity and thermal diffusivity of some
unfilled polymers," Teplofiz. Vysokikh Temperatur, Akad.
Nauk S. S. S. R. 2, 192-8 (1964). We have not yet
obtained a copy of this paper; it is the Russian original
of (9).

50. C. D. Bopp, C. Sisman, and R. L. Towns, "Radiation stability
of ceramics," U. S. At. Energy Comm. Oak Ridge .atl. Lab.
Rept. OR1L-1945 (Aug. 30, 1955), 55-6. Reference (41) is
preferred.
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51. A. Foier Cohen, "Low-temperature thermal conductivity in
neutron-irradiated vitreous silica," U. S. At. Energy

Comm. Oak Ridge NatI. Lab. Rept. ORNL-2413, 70-1 (Aug. 31,

1957). This appears to be the same work as that reported
in reference (13), which we prefer.

52. Anna Foner Cohen, "Low temperature thermal conductivity
of nonmetals including radiation effects," in Low tempera-

ture physics and chemistry, Proc. Fifth Intern. Conf. on
Low Temperature Phys.and Chem. . . . 1957, Joseph R.
Dillinger, editor (Univ. of Wisconsin Press, Mpadison 1958),
p. 385-8. Reference (13) is preferred.

53. Anna Foner Cohen, "Low-temperature thermal conductivity in

neutron irradiated vitreous silica," J. Appl. Phys. 29,

591-3 (1958). This paper contains less than half as many
plotted points as (13), although it covers a greater
temperature range. Wte prefer reference (13), which
appears to be a later and better report of the work.

54. J. H. Crawford, Jr. and. A. F. Cohen, '"ffect of fast

neutron bombardment on the thermal conductivi .y of
silica glass at low temperature." T_. S. At. Ener.y Comm.

Oak Ridge Natl. Lab. Rept. 01MNL-2614, 43-6 (31 Aug. 1958).
This article closely resembles reference '13); however,

the latter is preferred.

55. E. D. Devyamkova, A. V. Pemrov, I. A. Smirnov,and B. Ya.
Moizhes,' "TFsed quartz as a mcdel material in thermal

conductivity measurements," Soviet Phys. Solid State 2,
681-8 (1960). English translation of reference (14).

56. A. Rucken, 'The heat conductivity of solid materials at

low temperatures," Z. Tech. Physik 6, 689-94 (1925).
Reference (5) is preferred. The present paper contains
a value at 21 0K that is not given in reference (5) and

another at 3730 K that differs from the value given in

reference (5). We have omitted the 210 value of the
present report on the assumption that it is not an

original determination but an extrapolation, and we
have omitted both of the 3730 values given by Eucken
because they do not agree. The remaining values in the

present reference agree with those in reference (5).

29



Physik. Z. 29, 563-6 (1928). We prefer reference (5).

58. I. K. Kamilov, "Investigation of the thermal conductivity
of solids in the interval from 80 to 500°K," Pribory i
Tekýn. Eksperim. No. 3, 176-9 (May-June 1962). This is
the Russian original of reference (3).

59. W. D. Kingery, "Factors affecting thermal stress resistance
of ceramic materials,' J. Am. Ceram. Soc. 38, 3-15 (1955).
This paper contaiLs two numerical k-values for vitreous
silica; however, they appear to be only incidental to the
subject of thpaper. We prefer reference (8).

60. W. D. Kingery, "Thermal conductivity: XII, Temperature
dependence of conductivity for single-phase ceramics,"
J. Am. Ceiam. Soc. 38, 251-5 (1955). This paper is similar
to reference (8): it has a better description of experi-
rental techniques than reference (8).

61. W. D. Kingery, "Thermal conductivity: XIV, Conductivity
of multicomponent systems," J. Am. Ceram. Soc. 42, 617-
27 (1959). Reference (8) is preferred.

62. P. G. Klemens, "The thermal conductivity of dielectric
solids at low temperatures (Theoretical)", Proc. Roy.
Soc. (London) A 208, 108-33 (1951). The k-date on
vitreous silica in Fig. 2 of this paper are from Berman

(12). However, the data in the present reference are
less numerous than those in Berman's paper, which we
prefer. In addition, the data in the present reference
have been "adjusted."

6-. John H. Koenig, "Progress Report No. I from December 1,

1952 to Mbrch 1, 1953," N. J. Ceram. Research Sta.,
Rutgers Univ., 100 p; AD-5552. This paper contains

k-data for vitreous silica. However, we consider that
they are superseded by the data reported in reference (11).

64. D. W. Lee and W. D. Kiirgery, "Radiation energy transfer and
thermal conductivity of ceramic oxides," J. Am. Ceram. Soc.
43, 594-607 (1960). Reference (20) is preferred. However,

the present reference contains a somewhat Puller description
of the experiments than reference (20).

30



65. C. F. Lucks, H. W. Deem, and W. D. Wood, '"hermal properties

of six glasses and two graphites," Bull. Am. Ceram. Soc. 39,

513-9 (1960). After studying this paper and .lcttirg the

k-values given for vitreous silica, we have concluded that

the data are smoothed values taker. from the original data

of reference (19).

66. F. H. Norton, W. D. Kingery, "et al.", 'Trhe measurement of

thermal conductivity of refractory materials," U. S. At.

Energy Comm. Rept. NYO-35646, 1-8 (July 1, 1953). Reference

(8) is preferred. Although the present reference appears to

be the earliest report of this work, its graph of the data

is smaller than the graph in reference (8).

67. R. W. Powell, 'Txperiments using a simple thermal comparator

for meýasurement of thermal conductivity, surface roughness

and thickness of foils or of surface deposits," J. Sci.

Instr. 34., h85-92 (1957). Vitreous silica -was one of the

materials used in standardizing the apparatus. The k-value

given here is also given in reference (40). Reference (hO)

is preferred because it contains the temperature of the
measurement, whereas no temperature is given in the present

reference.

68. V. V. Pustovalov, "Change in thermal conductivity of quartz

glass in the process of crystallization," Translation by

A. J. Peat, General Electric Research Lab. Rept. 60-RL-

(2525M), September 1960. 8 p. English translation of

reference (21). Graph showing data is smaller than the

one in reference (21).

69. V. V. Pastovalov, '"fhermal conductivity of some refractory

materials,: Og.±cupory 26, 302-5 (1961). The unsmoothed

values of reference (21) are preferred. However, the

present paper gives the density of the vitreous-silica

sample, from which we computed a greater porosity than

that given by Pustdvalov.

70. E. H. Ratcliffe, "Preliminary measurements 'o determine

the effect of composition on the thermal conductivity of

glass," Phys. Chem. Glasses 1, 103-4 (1960). Reference

(2) is preferred. The smooth curve in the present

reference agrees with the data in reference (2). It goes

to a higher temperature, but we have assumed that this is

an extrapolation of the previous results.

31



-1. E. H. Ratciiffe, "A survey of mozt jfoba-ble va"lues f0-or 4"h-

the', nal conductivities of glasses between -150 and 100*C,
in, luding new data on twenty-two glasses and a wcrking
f, rmula for the calculation of conductivity from composi-

tion," Glass Technoi. 4, 113-28 (1963). Reference (2)
is preferred. The present reference contains a short
table of "assessed best" values for vitreous silica.
These values average 1.0 percent above our master curve.

72. 0. Sisman, C. D. Bopp, and R. L. Towns, "Radiation
stability of cerawl, rwn ;erials," U. S. At. Energy Comm.
Oak Ridge Na"1 ;jab. Rep . ORNL-2413 (Aug. 31, 1957),
30-2. RefK.rence (41) is ,referred.

73. L--ard J. Smoke and John h Koenig, "`Thermal properties

of -er;ics," Rutgers Univ Eng. Research Bull. 40
(Jan. 5.35 p. This is a summary of results previ-
ously issued in their progres reports. We prefer refer-
ence (11) as a source of k-dat on vitreous silica.

74. Kurt L. Wray and Thomas J. Conn,.Ily, "Thermal conductivity
of clear fused silica at high te- teratures," Avco Research
Lab. Research Rept. 44 (February 0,59). 13 p. We prefer
reference (18).

Containing No Original Therual* onductivity Data

on Fused Silica

75. Robert B. Sosman, The Properties of tilica. (The Chemical
Catalog Company. Reinhold Pub. Cor;., New York, 1927).
356 p.

76. Jerome S. Laufer, "High silica glass, quartz, and vitreous
siliea,'" J. Opt. Soc. Am. 55, 458-60 (1965).

77. B. E. Uzirren and J. Biscoe, "The structure of silica glass
by X-ray ,1iffraction studies," J. Am. Ceram. Soc. 21,
49-54 (195b).

78. F. E. Wagstaff, S. D. ?rown, and I. B. Cutler, "The
influence of U2O a',d 02 atmospheres on the crystallization

of vitreous silica," Phys. Chem. Glasses 5, 76-81 (1964).

32



79. G. Hetherington and K. H. Jack, 'Yater in vitreous silica
Part I: Influence of 'water' content on the properties of
vitreous silica," Phys. Chem. Glasses 3, 129-33 (1962).

80. V. V. Pustovalov, "Determination of thermal conductivity
of refractories to 12000 by the method of ststionary heat
flow," Ogneupory 24, No. 4, 180-5 (1959). Gives a des-
cription of the experimental method used by Pustovalov
in reference (21).

81. Robert Gardon, "A review of radiant heat transfer in
glass," J. Am. Ceram. Soc. 44, 305-12 (1961).

82. E. C. Ballard and E. R. Niblett, "Terrestrial heat flow
in England," Monthly Notices Roy. Astron. Soc. Geophys.
suppl. 6, 222-38 (1951).

33

-S = " N



Unclassi Pied
Secu:ity Classification

rDOCUMENT CONTROL DATA- R&D
| (S ecut:at, classificaton, of title hIbdy ot abstract and indexing annotation must by entered when the overall report 11 , Ia slued)

"- •i .........- .. I.- :E T0t% .r yv g tV LAS%IFILATION

U. S. ARMY NATICK LABORATO.IES Unclasified
Natick, Massachusetts 01760 2b G-JuF

3 REPORT TITLE

Thermal Conductivity of Vitreous Silica: Selected Valucs

4 DESCRIPTIVE NOTES (Type of report and inclusive datea)

S AUTH-.ORWS) (Last name, firhe name. in:eial)

Lois C. K. Carwile and Harold J. Hoge

6 REPORT DATE 7a TOTAL NO OF PAGES 1 7 N Or REFS

July 1966 a 82
a& CONTRACT OR GRANT NO 90 ORIG:NATOR*S REPOSIT b4UMBIERfS,-

67-7-PR
b PROJECT NO 1P01h1501B.UA

C 9b OTHER REPORT NO(S) (Any other nunbers tht may be acsig'ed
this report)

d Thermal Conductivity-L
10 A VA IL ABILITY'LIMITATION NOTICES

Distribution of this document is unlimited. Release to Clearing House for
Federal Scientific and Tec'nnical Information is authorized.

II SUPPLEMENTARY NOTES 12 SPONSORING MILITARY ACTIVITY

U. S. Army Natick Laboratories
Natick, Massachusetts 01760

13 ABSTRACT

The published literature on the thermal conductivity of vitreous silica
has been assembled and the results critically evaluated. Best values of
thermal conductivity as a function of temperature have been selected. These
are presented in both graphical ind tabular form. They cover the range 80 to
6600 K and published data extending from 30 to 2100* K are shown in the graphs.
An attempt was made to consult all work that could .significantly affect the
choice of best values. Published papers were located with the aid of Chemical
Abstracts, Physics Abstracts, the Thermophysical Properties Retrieval Guide,
and some other general sources. In addition, relevant references in the papers
themselves were followed up until a substantially "ciosed system" had been
generated, as shown by the fact that no new references were being turned up.

DD ,.1473 Unclassifea

Sec',rity Classification

: : • i : I • •Ii i "••-"' II •IF I I I • II I II i IIII . . . II -•I



Unclassified
Security C•assificition

KEY WLO S .NK A LINK B r LINKr

L~~n - WT{T OE ROLE4*V,,IT

Corrections 4

Thermal conductivity 8 1 7 7

Heat transfer 8 1

Silica 9 1 99

Fused 0 0 0 1

Vitreous 0 1 0 0
Gle: s 9 9
Quartz 99
Transport properties 8

Thermophysical properties 8

Temperature 6

Calibration

Equipment 4

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address 0 AVAILABILITY/LIMITATION NOTICES: Enter any hm-
of the contractor, subcontractor, grantee, Department of De- itations on further dissemination of the ;epOrt. other than those
fense activity or other organization (corporate author) issuing imposed by security classification, using standard statements
tse report. such as:

24. Ri.rPORT SECURITY CLASSIFICATION: Enter the over- (1) "Qualified requesters may obtain copies of this
all security classification of the report. Indicate whether report from DDQ.t
"Restricted Data" is included. Marking is to be in accord-
ance with appropriate security regulations. (2) "Foreign announcement and dissemination of this

2b. GROUP: Automatic downgrading is specified in DoD Di- report by DDC is not authorized."

rective 5200. 10 and Armed Forces Industrial Manual. Enter (3) "U. S. Government agencies may obtain copies of
the group number. Also. when applicable, show that optional this report directly from DDC. Other qualified DDC
markings have been used for Group 3 and Group 4 as author- users shall request through
ized. .

3. REPORT TITLE: Enter the complete report title in all (4) "U. S. military agencies may obtain copies of this
capital letters. Titles in all cases should be unclassified. directly fro, DDC. Other qualified users
If a meaningful title canmot be selected without classifica- reportduect trough

tion, show title classification in all capitals in parenthesis s
immediately following the title. •"

4. DESCRIPTIVE NOTES: If appropriate, enter the type of (5) "All distribution of this report is controlled. Qual-
report. e.g.. interim, progress, summary, annual, or final. ified DDC users shall request through
Give the inclusire dates when a specific reporting period is .9,
covered. If the report has been furnished to the Office of Technical
S. AUTHOR(S): Enter the name(s) of author(s) as shown on Services. Department of Commerce, for sale to the public, mdi-
or in the report. Emer last name, first name, middle initial. cate this fact and enter the price, if known.
If military, show rank and branch of service. The name of
the principal author is an absolute minimumn requirement. IL SUPPLEMENTARY NOTES: Use for additional explana

6. REPORT DATE: Enter the date of the report as day, tory notes.
month. year. or montli, year. If more than one date appears 12. SPONSORING MILITARY ACTIVITY: Enter the name ofon the report. use date of publication. the departmental project office or laboratory sponsoring (pay-

7a. TOTAL NUMBER OF PAGES. The total page count ing for) the research and development. Include address.

should follow normal pagination procedures, ie., enter the 13. ABSTRACT: Enter an abstract giving a brief and factuzI
number of pages containing information. summary of the document indicative of the report, even thoigh

it may also appear elsewhere in the bod) of the technical re-
7b. NUMBER OF REFERENCES: Enter the total number of port. If additional space is required., a continuation sheet
references cited in the report. shall be attached.

Sa. CONTRACT OR GRANT NUMBER: If appropriate, enter It is highly desirable that the abstract of classified re-
the applicable number of the contract or grant under which ports be unclasi-ified. Each paragraph of the abstract shall
the report was wri t~ten, end with an indication of the military security classification

Sb, 8c, & Sd. PROJECT NUMBER: Enter the appropriate of the information in the paragraph, represented as (TS., (S).
military department identification, such as project number. (C), or (U).
subproject number, system numbers, task number, etc. There is no limtaticn on tl'e length of the abstract. How-

9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi- ever, the suggested lengzth is from 150 to 225 words.

cial report number by which the document will be identified 14. KEY WORDS: Key words are technically meaningful terms
and controlled by the originating activity. This namber must or short phrases that characterize a report and may be used as
be unique to this report. index entries for cataloging the report. Key words must be

9b. OTHER REPORT NUMBER(S): If the report has been selecte#4 so that no security classification is required. Iden-

assigned any other report numbers (either by the origmnator fiers, such as equipment model designation. trade name. "nih-

or by the sponsor), also enter this number(s). tary project code name, geographic location. may be used as
key words but will be followed by an indication of technical
context. The assignment of links, rules, and weights is
optional.

"Uncla ssified
Security Classification

..- -m- .-


