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FOREWORD

This report is the fourth of a series on the thermel 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 Jjudgment 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
repers examined. Their commerts on the more important pepers
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, immediztely following the listing
oY the paper in the references.
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Director
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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 and
tabular form. They cover the range 80 to 660° K and published
data extending from 3° to 2100° K are shown in the graphs. An
attempt vas made to consult all work that could significantly
affect the choice of best values. Published papers were located
with the aid of Chemical Abstracts, Fhysics Abstracts, the
Thermophysical Properties Retrieval Guide, and some other general
gources. In addition, relevant references in the papers them-
selves were followed up until a sutstantially "closed system"
had been generated, as shown by the fact that no new references
were being turned up.
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THERMAL CONDUCTIVITY OF VITREOUS SILICA : SELECTED VALUES

1. Intraduction

Vitreous silica is an important materiel in research, and is used to
some extent in industry. It is eesily 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 ebsorption of
energy (except at low temperatures); and fibers of it, being relatively
immme to permanent set, make excellent electrometer suspensions and
delicate spring balances. Vitreous silice has a very small coefficient
of thermal expansion, hence is highly resistant to thermal shock. As
a refractory, it can withstand temperatvres of 1300°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 Si0,. 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
silice 1s made by melting large crystals cf 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 silice, fused
silica, or silica glass. Sosman (75), in his book on silica published
in 1927, accepted thz name "vitreous silica". end Laufer (76) in a
more recent paper recommends it.

Wher. vitreous silica is made from sand, the translucent or satiny
type is obtained. The satiny appearance is caused by tiny air bubbles
that are trapped when the material is fused, and then are elongated

into striations when the materiasl is drawn or worked into useful shapes. %
The present study is almost entirely concerred with clear, vitreous ;%
silica, which contains no trapped tubbles of air or other gas. E%
Vitreous silica i merketed under the names of fused silica,

quartz glass, vitreous silica, end also under a number of trede-mark

names. Among these are Amersil, Homosil, Infrasil, and Vitreosii; *
some of these names refer to special varieties having, for example, §§
high optical transmission in a certain region of the spectrum. _g
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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 5i0», loosely packed. Each silicon atom is tetra-
hedrally surrounded by I oxygen atoms, and each oxygen is shared by
2 silicons; but long-range order is lacking. In a crystal, all
corresponding Si-0-5i bond angles are equal, but in the glass this
angle varies somewhat; also, according to Warren and Biscoe (17),
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 k&
times a unit-cell dimension.

The density of vitreous silice has a slight dependence on the
rate at which the material is cooled from the molten state. Sosman
(75) selected 2.203 g cm 2 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. Subseguent work give:
1ittle 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 2 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 1T 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); 1%t melts at about 1710°¢C (1983°K), and becomes a
liquid of high viscosity.

Devitrification. The high-temperature limit of usefulness of
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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 1000°C (1273°K) it shows no tendency to
crystallize, but at 1100°C and above, minute crystals graduelly 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 & surface; it is
accelerated by water vapor, by alkalis, and by many cther substances.
It is returded when the amount of oxygen in the vitreous silica is
slightly less than stcichiometric (78). High-quality transparent
vitreous silica, in the absence of catalysts, has been held at 1500°C
(1573°K) 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 SiCly with water and
depositing the SiO» in the glassy state., Vitreous silica made from
SiCly is metal-free, but it contains (79) a relatively large amount
of OH, which comes from the water formed in the reaction. Thkis OH
can amount to more than 1 part per miile by weight, whereas vitreous
silica mede by melting naturasl crystals contains only about 3 parts
of OH per million. Tkis differernce in OB-content causes small
changes in density, thermsl 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-
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ence in thermal conductivity of the cleer 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 tne striations.
These measurements show the k-values of the satiny type to te abou.
1 percent below those of the clear material in the range 40 to 120°C.
The authors did not consider this difference significant, but we
note that 1t 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 a)proximately the same tempera-
ture renge, one sample had a conductivity about 3 vercent 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 or investigations.

More accurate results were obtained later in the work, but the com-
parison between clear and satiny vitreocus silica does not appear

to have been repeated.

2. Selection 2£ the Values

The methods used in evaluating the experime.atali data, drawing
a master curve, and preparing a table of selected values of the
thermal conductivity, k, will now be descrited. As indicated earlier,
the variety of material to which the curve and tables refer is clear
(transpacent) vitreous silica. In some cases the same set of experi-
mentel data has been published in several different papers. In such
cases we have selected one of the papers as “he 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 OOK; one extends upward to IOOOK, another to lOGOoK,
and the third to 210C°K. The results of & particular research are
given in one graph but are not duplicated in the others; thus over-
crowiling of the graphs is avoided.
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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 rmester curve). Tke values were selected by
plotting the avatlable data on large-scale graphs similar to Figs.
1, 2, ard 3. A master curve vas drawn, studied, revised, and
tentatively accepted. Values were read from this master curve;
they were differenced, smoothed, and checked for consistency with the :
master curve. When table and curve were smooth and mutually con-
sistent, they were accepted. Table 1 resulted from this process.
Teble 2 was derived from Table 1 and is consistent with it.

The master curve and the tables extend only from about 80° to
about > & (-193° to 387°C). 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 0° to 1000°K. 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-
heps the most valuablc single set of data. These authors used a
guurded 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 & nitrogen atmosphere and again in helium, and be-
tween tke two results the thermal-contact resistances were eliminated.

Considerable weight has been given to the data obtained by
Ratcliffe (2), which cover the range 123° to 322°K. Steady-state
measurements were made in 3 different apparatuses; each apparatus had
the Lol plate sandwiched between P specimens. Care was taken to
reduce or eliminate contact resistance, and corrections were mede for
lateral heat losses. At least 12 different samples were meesured.

Valuable data were obtained by Kamilov (3) from about 89° to :
about 500°K. The mpparstus was contained in a Dewar flask within .
another flask, Wit provision for regulating the pressure between
the walls of the irner flask. One umususl feature of the apparstus
was the type of "thermocouplie™ used to register temperature equality 3
between the top shield and the hot plate. This "thermocouple" con-
sisted of a copper sheet coated with cuprous oxide; it actuated &n
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Thermal conductivity of vitreous silica

Table 1 Tevle 2
T k T k T k
millical miilical Btu in.
°%% | em sec °c Ok em sec °C Og %R rt2hr
. 3, 5
801 1.21 30 380 3.56 5 150 3.95 7
100 | 1.61 o7 Loo 3.61 5 200 512 00
126 { 1.88 ol k2o 3,66 6 250 ' 6.12 83
140 | 2.12 ~ Lho 3.72 5 300 6.95 73
160 | 2.33 19 k6o 3.77 6 350 7.68 61
180 | 2. L .8 .
52 17 80 3.03 5 Loo 8.29 51
200§ 2.69 15 =00 3.88 5 450 8.80 43
2 .84 5 .
220} 2 13 520 3.95 6 500 9.23 36
2ko | 2.97 , 50 3.9 550 | 9:59 5,
260 | 3.09 10 580 k.04 6 600 9.89 51
3,1 5 L, 10 .
280 | 3.19 9 580 5 650 | 10.2 5
.2 & I ) 00
300 | 3.28 8 600 5 5 T 10.L .
320 | 3.35 7 620 k.20 L 750 | 10.€ .
c
340 1 3.43 . 640 L, 24 L 800 } 10.8 5
360 | 3.50 6 660 4.28 850 | 11.1 _
<
0 | 11.3 5
950 1 11.5
2
1000 1i.7
2
1050 | 11.9 5
1100 | 120.1
2
1150 } 12.3 5
1200 12.5
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electronic temperature controller. The pubiished Gata represent ihe
averaged results for L4 specimens with different thicknesses.

Kurepin and Platunov (L) 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 a8 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.

Eucken (5) used a steady-state hot-plate method, and obtained
surprisingly good results considering that his apperatus appears
to have been unguarded.

Vasil'ev (6) used a quasistationary (steady-rise) method for
39 of his plotted points, and a transient method for 2 points. He
used radial heat flow in a ; rded cylindrical apparutus 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 takern from Ratcliffe sppear to be incomplete;
and those taken from Xnapp, to be misplotted.

Kaye and Higgins (7) reported careful measurements by a com-
parison method, using aluminum bars as the reference material.
Data were obteined for 3 samples of vitreous silica; they are 6 to
8 percent lower than our accepted curve.

Kingery and Norton (8) used £ different methods. The first
method employed & prolate spheroidal envelope; it was an absolute,
steady-staté method. The second method was a comparative one.
Their data are about L4 percent higher than our accepted curve;
however, the data are valuable because they extend to relatively
high tempe_atures.

Bil' and Avtokratova {9) used vitreous silica as a standard
msterisl for testing their apparatus. The values found aire about
8 to 15 percent lower than our selected velues. 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




an —er SAENENST S AR et e

o [P .

N
b4 y e S
. 1T 00000050 DOE DS BOSA B
e : oy odudt ¢o 1
DS PR TSP ONDR et : .
: e B: ; o3 HH et t
It ! I PSS HOUTIRIDE FRORE|
4fr+td cbvsvbop o s fob P ots Sastunes
b ——— dbd
" 1 Fe vl e & s
2.4 ’ o et
3 pR e -
-+ + s
IR IORSSESE sedST
1 ) : {
b4 M 1 Y 1
ey it bbb 4
N < y b
e 3 . b . + - +
21 T 4 B8N 1 B
IS 0R08NARE ».g + P ¢ T I 0
L4 T 1 v v ) B i
J e i i -
| 8454 e bt
et . i b i Hpe H e
T 3 POBNG S s 1 e L
LRI OASS TSNS SRS ) be —
e - + -
by : e eesapeas sysseaces: |
< 1 3 R bt
1 14 Tois I8N J ) S EBS NN i INNeanss |
+ H 1 " b N iBas
- re Bet b )y H -
3 bt bt bt jal + b bbbt b
+ 444 $bbbip +4-4-4-4 +
M - it i —oin ——
—— 3 - bt bt it . + PP B st
HIRS — 3 - D s
T T i vy T : T
N s 3 PO S 11 e = : b
24 808 E NSS! 188851 IS PRBER DA FPH OB ROEET B — s it
181 — — 1 : b4
- nay L . DA O b P4 1) —
ot PR At bt bbbt l ’ 4 +
| | } 4 3 g it LAI e M iy v P
e e o ’O1 + b b SOVHRNIMENE HENREINNS
s b MU . " + 4 — PEREET ._4--—-< .-
" B Da = . 1 1 : '
3 1 TPSUTRNe ; bt 1% 4 M —
¢ POASS BN IneTRESES 8808 11 IS BOOEE RS PWEHPH gttt
- 1 3 it A S SOONE § NOESEE FEAASEINAY SRR NGNS T )08 S DS RBERE!
o " anekeas snnaowws 1Sass sasasssnss swsenas. :
& B T o 1 T b4 + i I 1 —— - ~
H re 81 1 1 OGRS PHY 3 i iesliy i Y ——— & St
w : 38 B —— B . it & SO0 - +
+ b - —
— S Es RN M ———a—— 4~
W
“ s : T HpEN 114 IOSEt i 3
I 504 PUPET PO BE S P I DS § I8 S WS
281 OO N NRR N 3 et LS SOE S SHN :
e b - - - - -
- - 4 — e b H - e § G et ant—d
+ e ISRt S ONeeR kb it oS SU NS IEPIe1
o ) i : . M — —
. 1 M
- ¥
- ’ e e
: INEURE! )OGS DB ——t 3 1
on e RN O NG1 : — e e el
_(m" INSS004 $55S48ATES $SRAESDETY S 85 DEDESS L PORRRET
+- = = + -+
s I " re . L.
IS DE b ki d - IEReR & - re PONORNReN e i id
\ —_— et :
. < - : - ——— . ————
FE T Y 4
- + + M .
» HIG 81 : 3 i ).
ot & d S B & - sy e
o H 1 IS ESSENS S0 RNBE B T oy 14
H 3 g bt . —ad
et . el TS . -—
et ISURRENRS I : Y P il s S
Hides ++ 4+
- t '8 B - ] -
O ans sew ” : o : et
e e 4 PR WY -
0 . 3 > : B0 Ve = : : b4
1 b4 I EEREADE 04 189 SEITHNVOUS S5 SERDHYSS B DGR
cam ) 1 . s — e & M
- - e o
- e S WY ok 4
. . SETT N FRNE RS RONTE o - - P SO
- ; NS SDOIBNDRD S
i POSHE QPBOHOLPNY SOPINRINEERY SINPEIEEPIE
e " > -
it b Pt S P
b S5 S it < 14
o : e 1SN RE T et = — IBONS!
3 i be
- 8 SRFSSR ENY U 94 : : - "
x R Y e + - e X 4
oy R + pe o sorniTIi o T
SUHESE DOT SSHOUDE POPPRIREEE SRPVPREDES SPLNDEDIRE SSBSSHONE SHNENIRSEE DOENNIDREE DAY SN S
+ i Y
- e fooet + 44 - Lkl Ratand b = ——— e - B ot = —
— .
BRS80S BOQ D o1 —. PR . — :
5 14 B 0 3 e
*
+ +4-4- o - + DS SHEDIISTN
— Y - D N
H et . . [PRGOPERE SRSLRDREDS PESEPONHDS SRBHISHIEY
e < — A e Pprees soeesdeassrsersirofesstes s
ue . ow v 3
+ PSR DT
- = 333 WO B
L0 = 04 — J%Lva ? :
s + + et :
H— e : o Berman (1951)
& S 4 i b
i e H ki

S e + Crowford 8& Cohen (1958)

< -, - i 3 +-
o=t (S8 S WBE B >
gt 24 > e - y ooy ’
" $ id il i §14 ke - M — .. + —bs
1 3 IS DONaNE! " -3 IS 54 [~
K e + 18 81 e out SN i n P INYRO NS
—— i e | SR8 1
+ * 2 e
T [
BEUDGRPHOS
) . ).
% 9 ——. + +
S - s re pPaba - b
1 S } 8 N B8 + INSSS80808 POORERIEEY B0 FESSNE SHEN
. r R i i Y }- 854 —
3 H — et -
b > "
b 3 i ey -
- i 't e A 4- s
i 1 . : POy
St - — > ety
b i — it ot 1a Y 4. 3 M .
4 re ) 1 2.4 4 4 4 el PO SO E POw

20 40 60
T, °K —>

Fig. 2 Thermal-conductivity data of references (12)

and {13). The master curve begins at 80° K.
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obtained by a comparison method. Tiiese values are higher and rise more
rapidly with temperature than those we have selected.

Data Shown in Fig. 2. Figure 2 extends from 0” to 100°K. 1In this
range, the work of Berman (12) appears to be the most reliable. He
measured 3 samples by & steady-state method, with a radiation-shielded
apparatus surrounded by a vacuum jacket. The entire apparatus could be
cooled by liquid helium or other coolant.

The k-values of Crawford and Coher (13») increase very rapidly with
temperature, and do not extrapola*te 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 difference seems rather large for such
an expianation.

Data Shown in Fig. 3. Figure 3 extends from 0° to 2100°K. Very
good data were reported by Devyatkova, 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 intc holes drilled in
the samples. Correcticns were made for lateral heat iosses. Their
results have significantly influenced our selection of best values
tkroughout 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.

Seemsnn (15) reported careful work by a radial-flow metlrcd with
2 different apperatuses and & single test sample. During measure-
ments, both surfaces of the specimen were in contact with liquid
metal: mercury at ordinary temperatures, leazd-tin eutectic at higher
temperatures. Seemenn'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 radient-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
revnge, he is about 20 percent below our master curve. Ito's results
as reported by Birch and Clark (1) and by Retcliffe {2) in the form
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of straight lines do not agree with the plotted points in Ito's peper;
the discrepancy can be explained if we assume that these authors used
Ito's equation with teuwperastures in OK, whereas it is actuslly for
temperatures in °c. 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 resulis obtained with this
apparatus and also by a steady-state method; the two sets of results
show good agreement and are represented by & single curve. However,

these values a&re about 8 percent lower than those of our accepted
curve.

An unusual method, involving steep temperature gradients, was
used by Wray and Connolly (18} to measure k of vitreous silice at
high temperatures “without radiative effects'. Each sample was in
the form of a cylindrical rod with 2 tungsten wire along the axis, so
prepared as to have continuous bording between wire and sample as
shown by microscopic examination. The wirees were of very small
Géiameter (0.008 cm or less), and served as both hezter 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 &nd Connolly derived theoretically. Their results
were presented as smooth curves, and give values cf 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 steepiy.

Observations at Ligh temperatures were &lso reported by Lucks,
Metolich, and Vaa Velzor (19); Kingery arnd Norton (20); and
Pustovaiov (21). In all these date the steepening rise shows the
presence of radiative heat transfer. Most observers mede some
effort either to reduce or to correct for radiative hLeat 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 stendard). They found that the k-values
obtained without foil showed & more rapid increese than those obtained
with foil, above abeut 450°C (723%K).

Kingery and Norton used 3 different apparatuses; all employed
the comparison method. The paper of Lee &and Kingery (6L) reports
the same work with a somewhzat better description of experimental
methods.
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Pustovalov used an appsratus of cylindrical symmetry, with an
axial heater; the positions of the thenmocouples 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
apperent porosity of his sample as 1.0 percent; but from his
measured Gensity (2.06 g cm °) end our sccepted 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 appeer ‘o be too high and to rise too steepiy.

At the higher temperatures, the data reported by 2lmost 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. Ronradiative Heat Transfer at High Tempeoratures

Thermal conductivity acs defined does not include the transfer
cf heat by either convection or radiation. However, in many investi-
gations of thermel conductivity some heat transfer by convection or
radiation takes place in the ssmple. When the amount is small, this
transfer is often included with the transfer by conduction, and an
apparent thermel conductivity is calculatzd. In the case of
vitreous silica such a procedure is permissible up to about 600°K,
but as the temperature increases the radiative heat transfer becomes
very large, and it is not desirable to lump it with thermsl con-
ductivity.

The problem of radiative heat transfer is of special importance
in vitreous silica because the suostance is highly transparent.
Vitreous silice transmits a wider range of wave lengths than most
glasses; the range extends frem 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 crdirery (nonradiative) 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 irom the total observed heat trensfer, or, we can assume a

13




relation between thermal concductivity and some other property of the
material such as the specific heat cn, and use this to give us k.

It is easy to make rough calculations of radiative heat transfer
in vitreous silics, but much harder to make accurate ones using the
absorption coefflcien* appropriate for each wave length. Ve have
avoided suclh difficult and perhans uncertain calculations ty assuming
thet k/c_ Is a constant. Accepting ¢ , we have calculated the non-
radiatlvg valué of k, and have checked the results so obtained by
some rough caliculations of radiative heat transfer thet are described
in the next section.

It is well known that heat capacity snd thermsl conductivity are
closely related. According to a very simple theory k is proportional
to the product €pvl, . where v is the mean velocity of phonons and 1
their mean free path. Our assumption that k/cj is constant is equiv-
alent to assuming that the prcduct vl 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 decresses somewhat with
temperature, vecause increasing lattice vibrations tend to reduce
the mean free path L.

Sosmai: {reference 75, p. 314) has published & table giving c
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 18° to 1973°K. With cy-values from this table and
k-values from our master curve, the quantity k/cp was calculated
and plotted vs. T. Throughout the interval 473° to 623°K, this
quantity had the value 16.6 mg cm 2 sec”®, At both ends of the
interval the curve turned upward. The value 16.6 was accepted.

p

Multiplying 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 estimpte of the thermel corductivity of vitresous silica in
the absence of radiative heat trensfer. It will be seen that the
results of Wray and Comnolly (18), whese experiments were designed
to minimize rediative heat transfer, are in much better sagreement
with the dashed curve than those of any other investigator.
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Sosman ‘& cp values hsve a chonge in slope between 1400° and 1500°K,
which shows up in our dashed curve. Whether this change in slope is
real or is due to experimental error we do rot know. The uncertainty
in assuming k/cp to be constant is so lsrge that the irregulerity in
the dashed curve is probably comparativeliy unimportant.

k. Rediative Heat Trensfer

As 8 check on the values of nonradiative heat transfer obtained
as described atove, a few calculations of the radiative heat transfer
to be expected in vacuum and in our idealized model of vitreocus silice
have been made. First the "thermal conductivity™ of a "slab of vacuux"
1 cm thick, with black-body walls, was calculated. Such a model would
account for the radiative heat transfer in a perfectly iransparent
material and might be useful for a material that was a uniformly gray
absorber at all wave lengths. It did nct account satisfactorily for
the sharp increase in slope shown by the experimentel data for vitreous
silica, principally because it caused the rise to occur at temperatures
that were too low.

Kext we tried & slightly more scpnisticated 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 C.2 and 4.0
microns, and to be perfectly cpaque to all other wave lengths.
(Actually, the energy at wave lengths shorter than 0.2 y was
negligible, so a "window" extending from O to 4.0 p would have given
the same result.) This model was quite satisfactory. When the
raciative “co.acductivity"” 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 & reasonably good representation
nf the experimental data in which radiation was important. Note that
it comes close to the data of Kingery and Nerton, and to those of
Lucks, et al. "withcut foil".

Since “he more scphisticated model of resdiative transfer and
the dashed <-curve besed on c_. are mutuvally 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-
dependert of the sample thickness and & conductivity that is




proportional to semple thickness. ¥or meny wave lengths, viireous
silica is neither a perfect transmitter nor a perfect absorber, but is
intermediate, with a mean free path for the radiation that may be cf
the order of a few millimeters. An individusl quantum will, on the
average, travel this distance before it is absorbed, but new quanta to
replace those abscrbed will be genereted throughout the glass.

Gardon (81) has summarized the theory cf heat transfer within
glass by absorption and re-emission of radiation. A radiative thermal
conductivity proportional to T and inversely ypropertional to the
absorption coefficient of the glass is found. However, the concept
of a radimtive thermal conductivity is not very useful because it is
applicable only in the interior of large samples and not near the
heat source and heai 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 metul foil such as aluminum or platinum,
placed on either side of the sample, between it and the hot and
cold plates. Although this arrangement substantielly reduces the
amount of radiative heat transfer, it does not eliminate it. Even
if the foll had zero emissivity so that heat entered and left the
sample only by conduction, a portion of the heet would be converted
to radiation within the sampie &nd would travel through the sample
in the form of radistion.

5. Vitreous Silica &s & Standard of Thermal Conductivity

Clear vitreous silica exhibits many of the characteristics
desiratle in a standard material for thermal-conductivity measure-
ments. Among thewe characteristics are its high purity, uniformity,
low thermel expension, and chemical inertness. Vitreous silica has
been used as & standard by & number of investigators; among them
Benfield (27), Bullarg and R:iblett (82), Kemilov (3), and R. W.
Powell (67). Noting the wide use of vitreous silica as a cali-
brating standard, Devyatkova, Petrov, Smirnov, and Moizhes (1L)
made experiments to e)amine its suitability for this purpose.
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Using three different apparatuses in overlepping ranges, they made
messurements from 82° to 1166°K. Comparing their data with those of
Perman (12), Ratcliffe (2), and Kingery (60), they found gooc agree-
ment, and concluded that vitreous silica 15 suitable for use &s &
standard substance in thermal-conductivity messurements.

Although we agree in part with this conclusion, we believe that
the usefulness of clear vitreous silice 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 silice undoubtedly exceeds nnnradiative
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 cample used by the first group had a thick-
ness of 1 cm. The thickness of Kingery's sample ias probebly 2.5k 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 efiect was vpresent 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 therma. con-
ductivity of opaque samples. If yitreous silica could be rendered
oraque without changing its thermal conductivity, it would make an
excellent standard meterial for use at any tempersture up to the
point where significant cdevitrification may occur.

6. Reliability of the Tables

The tabulated values of k betwesn 150o and h50°K are believed
to be asccurate to + T percent; near room temperature they may be
somewhat better. Below lSOoK the uncerteinty increases and may
reach +12 percent. Likewise above hSOoK the uncertainty increases
and mey be as large as +15 percent at the upper limit of the table.

T. Data for Conversion of Units

T (°R) = T (°K) x 1.8.
T (°K) = t (°C) + 273.15.
t (°F) + L59,67.

T (°R)

Watt om °K ‘em -

‘)

-1 - -.
cal cm °K “em “cec ' x 4.18L0.
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Btu in. °R*f£t 2hr * = cal cm °K ‘em “sec * x 2902.9.

Btu £, °R *ft “hr

cal cm °K Yem Zsec * x 2h1.91.
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9. ANNOTATED REFERENCES

Containing Data Plotted in Fig. 1

Francis Birch and Harry Clerk, "The thermel 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.

E. H. Ratcliffe, "Thermal conductivities of fused and crystalline
quartz," 3Brit. J. Appl. Phys. 10, 22-5 (1959). 1In addition to
the plotted points of Ratcliffe's "present meesurements" in his
Fig. 3, we have also accepted the point teken by Ratcliffe from
D. W. Butler, "Unpublished deta {National Physical Laboratory,

1950)."

I. K. Kamilov, "Investigation cf the thermal conductivity of
solids in the interval from 80 to 500°K," Instr. Exptl. Tech.
No. 3, 583%-7 (1962). This ic a translation of reference (58).
Figure 3 of this paper countains vitreous-silica dates in tke
form of plotted points. We found that the x's represent
Kamilov's data; the circles were taken by him from reference

(1s).

V. V. Kurepin and E. S. Platunov, “Apparatus for rapid wide-
temperature thermophysicel tests of thermally insulating and
semi-conducting materials {dynamic o A-calorimeter),' Izv.
Vysshikh Uchebn. Zavendenii, Priborostr. No. 5, 113-2€ (1961).
Their Fig. 4 conteins values of thermal conductivity (A) and
thermal diffusivity (a); we have used only the former.

A. Bucken, "The temperature denendence of thermal conductivity
of solid nonmetsls," Ann. Physik (4) 34, 185-221 (1911). The
value for 100°C (373°K) is followed by a question mark in the
paper; also it dces 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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8.

9.

10.

11.

L. L. Vasil'ev, "Method and epparatus for the determination

of the thermophysical properties of heat-insulating meterials
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-diffusivity and specific-heat values are given
in his Fig. 4. We have used only the thermal-conducti.ity data
as given in his Fig. 3.

e

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.

W. D. Kingery and F. H. Norton, "The measurement of thermal con-
ductivity of refractory materials," U. S. At. Energy Comm. Rept.
NYO-6uhk (June 30, 1954), 16 p.; AD-LOBT3. We have taken the
experimental data from Fig. 1 of this report. This figure has
teen 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.

V. S. Bil' and N. D. Avtokratova, "“Temperature dependence of
the thermal and temperature conductivities of some unfilled
polymers," High Temp. 2, 169-75 {196k). This is a translation
of reference (49). The deta given ir their Fig. 1 have been
read off and are plotted in our Fig. 1.

William A. Scholes, "Thermai conductivity of bodies of high
BeO contert," J. Am. Ceram. Soc. 33, 111-7 (1250). The
points for vitrecus silica given in his Fig. 3 have been rcad
off and are plotted in ocur Fig. 1.

John H. Koenig, "Progress Repcrt No. 4 from September 1 to
December 1, 1253% N. J. Ceram. Resear~h Sta., Rutgers Jniv.,
159 p.; AD-203%5. We have selected the data given ir engineer-
ing units in TPable II, p. 6 of this report, for con ersion and
plotting in our Fig. 1.
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Containing Data Plotted in Tig. 2

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.

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 glve 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
E. D. Devyatkova, A. V. Petrov, I. A. Smirnov, and B. Ya.
Moizhes, "Fused quartz as a standard material in heat con-
ductivity measurements," Fiz. Tverdogo Tela 2, 738-L46
(1960). Figure 3 of this paper contains 3 sets of data
obtained by the suthors &nd L sets of data taken from other
workers. The data of the authors have teen read from this
figure. Axn English trarslation of the paper exists (refer-
ence 55), but it wes considered preferable to take the data
from the Russian original.

Herman E. Seemann, "The thermal ard electrical conductivity
of fused quartz as a funrtion of temperature," Phys. Rev.
31, 119-29 (1928). The data were read from Fig. 3 of tlis
i°per.

Shuyo Ito, "Thermasl conductivity of & transparent vitreous
silica tube," J. Mazda Co. (Japan) Vol. L, No. 2, 185-8
{1929). A copy of this paper was obteined for us from The
Diet Library, Tokyo, by a Jepanese colleague. The experi-
mental points plotted ir Fig. 3 were read from the graph
in this paper.

I, I. Vishnevskii and M. I. Dzyubenko, 'Measurement of the
coefficients of thermal conductivity and thermal diffusivity
of refruactory materials by a transient method," Inzh.-Fiz.

Zhur., Akad. Mauk Belorussk. S. S, R. 7, No. 10, 45-8 {196k ).
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18.

19.

2l.

Kurt L. Wrcy and Thomas J. Connolly, "Thermsl conductivity of
clear fused silica at high temperatures,! J. Appl. Phys. %0,
1702-5 (1959). These suthors 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 siight differences in the two figures,
and the present paper is presumably the later one. In our
Fig. 3, the data for Wray and Connolly heve been shown as
short sections of smooth curves at 100°-intervals, There is
no correspondence between these chort sections and any plotted
points of Wray and Connolly, since these authors gave thelr
k-data only as smcooth curves.

C. F. Lucks, J. Matolich, ard J, A. Van Velzor, "The experi-
mentai measurement cf thermal conductivities, specific heats,
and denslties of metallic, transparent, and protective
materials, Part III" Wright Air Developmert Center AF Tech.
Rept. 61k5, Part III, Merch 195k. 71 p.; AD-95406. We have
used the data for vitreous silica from Tables T and 8.

W. D. Kingery and ¥. H. Norton, '"The measurement of thermal
conductivity of refractory materials. Quarterly Progress
Report for the Period Erding January 1, 1955." U. S. At.
Energy Comm. Rept. NYO-6LLT (1955), 16 p.; AD-55595. Data
are given in Fig. L of this peper. They extend from 95 to
1214°C (368 to 1487°K), but not all have been shown in our
Fig. 3. Those below 700°C sre uniformly speced, and we
have omitted them on the assumption that they represent
the same data that are presented ir reference (8). The
date at T00°C and above &re less regulsr and we have
accepted them as new data. The % highest-temperature
points in the present reference are omitted because tuey
have k-values beyond the range of Fig. 3.

V. V. Pustovalov, "Change of thermal conductivity of quartz
glass in the process of crystallization," Steklo i Keram.
17, No. 5, 28-30 (1960). The plotted points from the top
carve in Fig. 3 of this paper have bteen read off and used
in our report. The paper has been translated into English
(reference 68).
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22.

23.

Benjamin P. Colosky, "Thermal conductivity measuresents on
silica," Bull. Am. Ceram. Soc. 31, L65-6 (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 1s no significant differen:e
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.

W. J. Knapp, "Thermal conductivity of- nonmetallic single
crystals,"” J. Am. Ceram. 3oc. 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 elphabetical.
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 ere in cal em™t see”t°C™2,

2k,

25.

26.

Stanley S. Ballard, Kathryn A. McCarthy, and William C. Davis,

YA method for measuring the thermal conductivity of smell

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 L1°C,
using a "Homosil" sample from the W, C., Heracus Co.

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 °m 3, the thermal conductivity was found to be 0.00237 at
20°C, and 0.00255 st 100°C.

A. Beck, "A steady state method for the rapid measurement of
the thermal conductivity of rocks,”" J. Sci. Instr. 34, 186-9
(1957). A relative method wes used, with brass {celibrated
versus crystalline quartz) as the reference materizl. For
vitreous silica at 28°C, the thermal conductivity obtained
was 0.00323.,




27.

28.

29.

A. E. Benfieud, "Tarrestrial heat flow in Great 3ritain,”
Proc. Roy. Soc. (London) A 173, L28-50 (19%9). A conpari-
son method was used, with brass vars as the reference
material., The btrass was calibrated versus crystalline
quartz, and the effect of resistance at contact surfaces
was eliminated by using 4 samples of different thickress.
The value of k found for vitrecus silica (Vitreosil from
the Thermal Syndicate) was 0.00317 at £1.1°C.

E. C. Billard, “"Heat flow in South Africa," Proc. Ruy.
Soc. (London) A 1., 474-502 (19%9). The thermel 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.

J. H. Crawford, Jr. and M. C, Wittels, "Radiation stability
of nonmetals and ceramics", Proc. 24 U. N. Int. Conf.
Peaceful Uses Atomie Energy, Vol. 5, p. 300-10, 1358. They
report k = 0.0035 at 30°C; there is also & graph (Fig. T)
of low-temperature values. This graph appears to be
identical with one in reference (53); reference (13) is
preferred over both.

A. Bucken, "The heat conductivity of ceremic refractory

materials. Its calculation from the heat conductivity of
the constituents," Forschungsh. 353 {Suppl. Forsch.
Gebiete Ingenieurw. B 3, Mer. - Apr. 1932), 16 p. The
data in this peper appear to be z selection of values
based on previously published work of Eucken (5), Kaye
and Higgins (), and Seemann (15). However, if this is
the case, the values ought to te sbout 20 percent higter.
We cannot be sure that these values are not based in

part on new uapublished data cbtained by Eucken.

G. Gafner, '"The application of a transient method tvo the
measurement of the thermal conductivity of rocks and
building materials," Brit. J. Appi. Phys. §, 393-7
(1957). A method of 'steady rise" was emrloyed; three
samples of vitreous silica were measured in one apparatus
and three cothers in another. TIihe mean of the 6 measure-
ments was k = 0.00323 with a total spread of & percent;
the temperature of 8ll the measurements was 30°C.
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33.

3,

35«

M. Jakob, 'The materisl properties most important in heat transfer,”

Der Chende - Ingenieur, A. Eucken and M. Jakob, editors, Akad.
Verlsg, Leipzig, 1933. Vol. 1, Pt. 1, p. 308-7G. 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 cther authors, but we are not sure that this is the case.

M. A. Ksganov, I. S. Lisxer, and A. F. Chudnovskii, 'Rapid method
fo:r determining thermal conductivity of semiconductor 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 teke to be approximately 12.5°C.

John H. Koenig, '"Progress Report Ko. VI from March 1 to June 1,
1952," N. J. Cerasm. Research Sta., Rutgers Univ., 98 p.;

ATI 163519. This paper is of interest because it contains &
conparison of thermal conductivities of clear and silky vitreous
silica. JYor quantitative data on clear vitreous silica we
prefer reference (ll), in which the measuremenis were made with
improved equipment.

John H. Koenig, "Progress Report No. 2 from March 1 to June 1,
1953," N. J. Ceramic Research Sta., Rutgers Univ., 11T p.;
AD-13154. This paper conteins a comparison of thermsl ron-
ductivi.ies of silky vitreous silica messured parallel end
perpendicula: to the stristions. Althcough it is not clear
which set of dute refers tc mach form, the data show Lha.
there was not much differznce between the two.

25




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 pressvres, Third Symposium on Thermophysical
Properties, ASME, Purdue Univ., Mar. 22-25,1955, Sexge Gratch,
editor (The American Scciety of Mechanical Engineers, New
York, 1965), p. 314-9. 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 em™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, zppear to be incorrectly
given, at least in part. Also the data for vitreous silica
in the present refereance are from € to 17 percent lower than
those given by Vasiliev (6) one year eerlier.

37. M. V. Milnes, "Low-temperature thermal conductivity apparatus,”
North American Avietion, Inc., Rept. SDL 408, 9 Sept. 1963.
14 p. A sample of vitreous silica was measured, presumably
to caeck out the apparatus. The k-value found was .0033,
and the sample meean temperature, which we computed from the
given thermocouple date, was 23.1°C.

38. Shiro Nukiyems, "The thermsl conductivity of glass, chilled
glass, quartz, fused quartz (transparent), Bakelite, India-
rubber, cosl, Isolite, porcelesin, clate, granite and marble,"
Trans. Soc. Mech. Engrs. (Japan) 2, 344-5 (193%€). English
abstract, ibid., p. S-965, S-97. Three plotied k-values for
vitreous silica are given, covering the range 15 to 33°C.

An equation is given that appears to represent the points
satisfactorily. The equation gives, at 300°K (26.85°C):
k = 0,00294.
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39.

Lo,

hl.

L2,

h}.

L. S. Phillips, 'The measurement of thermoelectric properties
at high temperatures J. Sci. Instr. L2, 209-11 (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 silice was measured in the range 160 to 595°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 repid
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 s 18 percent above it.

R. W. Powell, "Thermal conductivity as & non-destructive
testing technique," in Progress in Non-destructive Testing,
E. G. Stanford and J. H, Fearon, editors (Heywood and Com-
peny, London, 1958), Vol. 1, p. 199-226. The k-value of
vitreous silica at "about 28°C" is given as 0.0033%0 in
Table 4 and eagain in Teble 5. This ssme value of k was
given eerlier by Powell in reference (67). However, the
earlier paper does not give the temperature of the measure-
ment,

0. Sisman, C. D. Bopp, and R. L. Towns, "Radiation effects
on the thermal conductivity of ceramics,” U. S. At. Energy
Comm., Osk Ridge Natl. Lab. Rept. ORNL-1852, 33-5 (1955).
Tae value reported for unirradiated vitreous silica is
0.0035, "at about L0°C."
James L. Weeks and Ralph L. Seifert, '"Note on the ther.a-l
conductivity of synthetic sapphire," J. Am. Ceram. Soc. 35,
15 (1952). Heasurements made on a 6-mm rod of vitreous
silica from Hanovia Chemical Company yielded 0.00k1l at T%°C
and 0.0057 at 135°C.
Containing Deta for Which Another Reference is
Preferred.

The arrangement is alphabetical.

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 Sarratt, one cf which
was refereace (25).
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48,

kg,

ar

R. Dcxumu, 1% ty © t

tures," Phys. Rev. 76, 515 {19k9). This appears to be
the place of first publication of Berman's data on vitireous
silica. However, we prefer to use the fuller account,
reference (12).

R. Bermsn, "The thermasl conductivity of disordered solids
at low temperatures," Bull. Inst. Intern. Froid, A.mexe
1952-1 (1952), 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).
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glacse o'y tempe

R. Berman, '"Thermsl conductivity of some polycrystalline
solids at low temperatures," Proc. Phys. Soc. (l.ondon)
A 65, 1029-40 (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. Toe remsining value is for room tempereture,
and we have not found it elsewhere in Berman's published
papers; however, it ic given to only one significant figure,
end we have not used it.

R. Berman, "The thermel conductivity of dielectric sclids
at low temperatures," Advances Phys. (Lordon) 2, 103-40O
(1953). This peper contains a smooth curve for vitreous
silica. Reference (12) is preferred.

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

V. S. Bil' and N. D. Avtokratova, 'Temperature dependence
of thermal conductivity and thermml diffusivity of scome
unfilled polymers," Teplofiz. Vysokikh Temperatur, Aked.
Navk S. S. S. R. 2, 192-8 (196L). We have not yet
obtained a copy of this paper; it is the Russian original
of (9).

C. D. Bopp, C. Sisman, and R. L. Towns, "Rediation stability
of cersmics,”"™ U. S. At. Energy Comm. QOsk Ridge .atl. Lab.
Rept. ORNL-1945 (Aug. 30, 1955), 35-6. Reference (k1) is
preferred.
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51.

A. Foaer Cchen, '"Low-tempersture thermal conductivity in
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present reference agree with those in reference (5).
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given here is also given in reference (L0). Reference (L0)
is preferred because it contains the temperature of the
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the effect of composition on the thermsl conductivity of
glass," Phys. Chem. Glasses 1, 103-4 (1960). Reference
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an extrapolation of the previous results.

31

W“r———-—w’:”‘-‘ TR R PP " - —p— - ¢




Ti.

72.

Th,

5.

-
o

7.

78.

E. H. Ravcliffe, A survey of mosi provable values for the
the' nal conductivities of glasses hetween -150 and 100°C,
in’ luding new dsta on twenty-two glasses and a wcrking

f* rmula for the calculation of conductivity from composi-
‘ion," Gless Technoi. L, 113-28 (1963). Reference (?)

is preferred. The present reference contains a short

table of "assessed best' values for vitreous silica.
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