THERMAL CONDUCTIVITY OF REFRACTORY FILLS AT TEMPERATURES
IN THE RANGE 500-2000 K
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Experimental data on the thermal conductivity of refractory fills based on
Mg0, Y,045, Zr0,, and Al,0; with different fraction composition were obtained.
The limits of applicability of the model of thermal conductivity of granular
systems for materials of this class were determined.

Refractory fills are promising materials for high-temperature thermal insulation. Ana-
lysis of the published works, however, shows that their thermal conductivity has not been
adequately studied [1, 2]. The existing published data have a large spread (50-100% and
larger) and cover a comparatively narrow temperature range from 400 to 1500 X, which is
much lower than the real temperature at which the fills are employed. This is apparently
attributable to the difficulties in performing high-temperature measurements as well as the
fact that the description of the structure of granular materials is not unique. The experi-
mental study of the effect of different factors on the thermal con ductivity of refractory
fills is a very difficult and laborious problem. It is thus especially important to develop
a mathematical model relating the composition and structure of granular materials with the
effective thermal conductivity. The model of the granular material presented in [3, 4], in
our opinion, best describes a real refractory fill, since it includes the structure of the
fills, the parameters of the contact of the particles, the shape of the gap between the par-
ticles, etc. All parameters in the working formulas have a definite physical meaning and
can be determined independently, which makes the model very convenient for analyzing the
effect of different factors on the thermal conductivity.

The purpose of this work is to check this model experimentally at temperatures in the
range 500-2000 K and to predict based on it the thermal conductivity of some fills that
have not yet been studied experimentally.

The thermal diffusivity was measured direetly in the experiment using the method of [5].

- The measurements were performed by the method of monotonic heating of cylindrical samples.
The limit of the total (systematic plus random) error in the measurements equals 10-13%,
depending on the temperature and the thermocouples employed, with a confidence probability
of p = 0.9. Then the thermal diffusivity was converted into thermal conductivity based on
the known values of the bulk mass and the heat capacity [1]. The samples studied are brie-
fly described in Table 1. The average grain size in the range 1073 mm up to 10 mm was stu-
died by different methods: by sieve analysis for fractions larger than 0.06 mm and by the
sedimentation method on the Sedigraf 5000D apparatus for smaller fractions. The porosity
of the grains was measured using the procedure of GOST 18847-84 as well as the method of
mercury porometry using high- and low-pressure mercury porometers.® In addition, Table 1
gives the coefficients of the smoothed temperature dependences of the thermal conductivity
in the range 473-2073 K for the first high~temperature heating (above 1500 K) and subse-
quent repeated heatings in the same temperature range in nitrogen at normal pressure (z 105
Pa), as well as the statistical characteristies of the curves — rms deviation ¢ and the cor-
relation coefficient k.+t

* The measurements of the structural characteristics of the samples were performed under
the direction of Candidate of Chemical Sciences F. S. Kaplan.
t The statistical analysis of the measurements was performed by M. F. Gurari on a computer.

Leningrad Institute of Precision Mechanies and Optics. All-Union Institute of Refrac-
tory Materials, Leningrad. Translated from Inzhenerno Fizicheskii Zhurnal, Vol. 56, No. 1,
pp. 105-112, January, 1989. Original article submitted September 14, 1987.

84 0022-0841/89/5601-0084 $12.50 ©1989 Plenum Publishing Corporation



*SUOT3RIOPTSUOD TedTsAyd [eioUusS U0 paseq peloe[es aism AJTATSSTWS oY} I0F BIEP oYL x

£L°0

Sp 0 %0 8g‘0 6%°0 851 9e'T [ BI°T | 601 | G0°1 0%'v or—g | 06-ISId SPTXOTP WNTUOIITZ

) O7=MH “SZ-MW
180 ¥£°0 Lv0 19°0 L0 06'g 8%'G | $0'9 | 9L'6 | 68°'G3 I8¢ T-MH GMpUnIocD SUTIIe3SAI1o-913urs
0 g0 g0 g0 g q0'¥ 01°¢ | 04'G | 08'L | 0S'%1 V8P 1> T-IId ®PTXO WNFIIIX

180 1€°0 ge' 0 6770 89°0 039 03'% | 06'9 | 2€.8 | ¥3 ¢t 0z‘¢e g‘p> _ sueg

180 1€:0 cg 0 67°0 89:0 | ¥6'¢ | 08'€ | L0'y | €39 | 6L'6 363 [S0—0'1 . swres

1€°0 10, 9610 6.0 89°0 " | 639 01'y | 69°'% | 2002 | #5 11 86 0‘1—e'g : sures

1°0 1€°0 ge’o 6%°0 89°0 63°S 01'F | 69°% | 20°L | ¥5°11 86°G g'g—0's | e3rseudey

€402 €191 _ g1zt | e8| suv 2403 _ £191 * 231 | €8 _ oLy /8¢ cOT
- .58 Aats m
% ‘marjesedmel sUy 1B 3 AITATSSTUR i_“eanyexsdunn 8wy 3R ~uep upead| oo 1174

3./ ¢Sy Aqraraonpued TewISYL Jusreddy |UOTH®

[0 ‘1] PeIPNIS STTT4 Y3 JO (SuTein) SOIDTIIBJ oY) JO SOTISTILIOBIRY) TROTSAYJ '7 FTAVL

‘M €/%1-€.% o8ue1 oy3z ur pesn ST (3)Y Tetwoultod ayj, 4

¥ €411-g/y 98uel 9yl ut pasn sT (3)Y TeTwouktod 8yl x

- - — — - — |66°0) €S1°0 | — |o¥g'1| 4¥¥0°0 {2370 ¥8°c 72| 01—8 | O06-ISId SPTXCOLP gﬁ.cwwwwm
£66°0 | 130°0 — 2120 — 8¥9°01886°0{ 130°0 | 1320 | €610 eeeo o~| o'z |og90! 90 E:vnsuoomﬁzmuguu&mwmww
866°0 | 610°0 — VL1°0| 950 |{909'0|866°0| 3500 |gkg 0|SLI'0} 3BEO 0~| 206 |ole‘0| g0 WnpunIod mﬁ:mpm@o-m%ﬂ.ﬁ
£€66'0 | 610°0 | 99,°0— [119°0, BFL'0— |60°1|986'0| ¥£0°0 [66€°0| — | 6680 | 0~| 01'Z |08°0| Lg'0_ [|umpuniod SUTTTEISAIO-STAULS
166°0 | 020°0 | 267'0— |081°0{ 919'0— |G0L'0|/86°0| ¥€0°0 | — |g8¥'0f 99€°0 | O~| 19'G |€€9‘0] 0'1> | T-1Id 2PTX0 WNTAIA posng
9€8°0 | 691°0 — — | B18°0— |LP6°1|0G8°0| BE1°0 | 02670 — | (+6.8°0| .

. . , . 486,01 09050 | — 1091°0| ¥83'0 |S0°0~| 8L |g9g'0| 80> €
966°0 | 6£0°0 —  198Y'0! B¥['0— [€8G°0|¥66C| 8¥0°0 | 1Lp'0| — g6¢°0 19170 39°1 | L8L°015°0—0"] «
£66°0 1 TW'0 | gel1'o |9070) — 65°0 1 706'0| 601°0 |#L8°0 1 — 16€°0 |L1°0 | 9S°T |9L9°1[01~5'% bt
1660 | 1€0°0 — losLo| — _o@.c_tm.o £10°0 |0€9'0] — 6870 [91°0 381 |01L°¢|Sc—0'S 02 e3TsouBE

Gruy ot [0ro] worg | ow L ooro |cova | o e mDE 2F
w | ¥ |0 G| 8Bl SER Pl w
® (%) /8 p+e+r9+o= . b\ M ot E: "Bl B Biuoraoea [eTISTRW UTEID
) =3
Sutiesy pojeedey _ Butyesy 35314

paTpnig STTF4 °Y3l Jo serizedoig 1 FIEVL

85



TABLE 3. Size Distribution of the Particles in a Magnesite
Fill with a Fraction < 0.5 mm
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Fig. 1. Thermal conductivity of magnesia fill with grain size d <
0.5 mm: 1) first heating; 2) repeated heatings; 3) repeated low-
temperature heatings (the difference between the curves 1 and 3 is
explained by the difference in the bulk masses of the fills: Pb, =
1.78-10% kg/m?, Pb, = 1.61-10% (kg/m3) -W/(m'K), T, K.

Fig. 2. Thermal conductivity of different fills: the curves were
calculated by the model of {3, 4]; the dots are the experimental
points; 1) PTsT-90 zirconium dioxide, fraction < 10 mm; 2) magne-!
site, fraction 5.0-2.5 mm; 3) magnesite, fraction 2.5-1.0 mm; 4)
magnesite, fraction 1.0-0.5 mmy 5) PIT-1 yttrium oxide, fraction
< 1.0 mm.

Analysis of the results shows that the thermal conductivity of fills with grain sizes
exceeding 0.5 mm under repeated heatings (10-15 heatings up to maximum temperatures were
performed) is somewhat higher (by 10-15%) than the initial values. This is apparently ex-
plained by the sintering of the particles with high-temperature heatings. At the same. time,
with repeated heatings up to 1200-1500 K (low-temperature heatings), when sintering does
not occur, the data are practically reproduced. For fine-grained fills with particle sizes
less than 0.5 mm the sintering effect following high-temperature heating of the samples be-
comes dominant (Fig. 1) and qualitatively changes the character of the dependence — instead
of the increase in the thermal conductivity with increasing temperature, characteristic for
fills, a drop in the thermal conductivity following Eiken's law [1]}, typical for dense mag-
nesite refractory materials, is observed.

Examination of the structure of freely poured refractory fills under a binocular micro-
scope and based on the bulk mass showed that such granular materials do not have a three-
dimensional network of voids, i.e., they are formed only by a firs‘-order structure — a
"framework,'" whose porosity falls in the range 0.26-0.40.

The working relations of the model of [3, 4] for such a structure have the following
form:
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Fig. 3. Thermal conductivity of magnesite fill with grain size d < 0.5
mm: 1) experimental data for low-temperature heatings; 2) calculation
based on the model of a monodispersed fill {3, 41; 3, 4) calculation
based on the model of a polydispersed fill [10]}; 3) two-component mix-
ture, d; = 23.5-107% m, m; = 24.7%, 4, = 298-10"® m, m, = 75.3%; 4)
three-component mixture d; = 0.5-10"® m, m; = 1.5%, d, = 24.95-107% m,
m, = 23.2%, dy = 298-107° m, my = 75.37 (dy is the average particle
size of the i-th fraction, m; is the mass fraction of particles in the
3

i-th fraction in the mixture I mj = 1).
i=1

Fig. 4. thermal conductivity of corundum fills with different fractions:
1-4) 0.5-1.0 mm fraction; 5-8) 1.0-2.5 mm fraction; 9-12) 2.5~5.0 frac-
tion; bulk masses: 1, 5, 9) pp = 2.66°10° kg/m3; 2, 6, 10) pp = 2.52:10°
kg/m3; 3, 7, 11) pp = 2.34 x 103 kg/m3; 4, 8, 12) pp = 2.16-10° kg/m?;
the apparent density of the particles of the fill pg = 3.6-10% kg/m3.

]

A W { D
hopg 5 == =+
off 4} {o,wqrfi,ﬁ(l—o,oqr}cp v3

A A
J{ Y EN AT el
1 =050 = B+ 057. M ¢, e

(o—rrenz=2) T

Wi

A=yi—yh F=VTi—=g D=VIi—g E=y—u;
w=I[l—v Vl—y%—I"B/pd](l—«r » L d =2r;
£ a.f

a.

Y SN PO

= 9

a0 taf T 8 Ay ’ drr r
depicy 2—a
1 + Cpcv a
gy = (33102107 gi;
e — )
s = 3,3 107V (1 = my) 28 [pgp+ 100, (I—mo)hg;

APy PrYy




re  2VN, =1 s Us

A A St
R 34 VmZ—10m, +9
e ¢ 2,

O = 0,017 4 0,4yy;

Mo M Tk o R B AT + g 050 15

f.f. ﬁf.f’.m.
= HEI = Al +Bl(pd, )17 + 4fiq05-BOa. £,
£ e —
Gin= 5 &0 OBt N

Figure 2 compares the computed and experimental values of the thermal conductivity of
refractory fills, whose properties are given in Table 1. The data were compared in a me-
dium of nitrogen at a pressure of 10° Pa. The thermal conductivity and density of the fill
particles studied, necessary for the calculation, are given in [1], the emissivity of the
particles is given in [6] (see Table 2), and the properties of the gas (A3 cp/ey; Pr; Ag)
are given in [7-9]. For nitrogen A, = 6.28:107% m, Pr = 0.698, cp/cV = 1.4 [9, 81.

As one can see from the figure, the computational results agree well with experiment in
a wide range of temperatures for monofractional fills with grain sizes of 10-0.5 mm; for
zirconium dioxide fill with grain sizes of 10-8 mm and magnesia fill with grain sizes of
5.0-2.5 mm the rms deviation of the experimental results from the computed curve equals o, =
7.5 and 15.47%, respectively, in the temperature range 300-1500 K; for magnesite fills with
the fractions 2.5-1.0 and 1.0-0.5 mm 0, equals 12.3 and 18.87, respectively, in the temper-
ature range 500-2100 K. The greatest discrepancy is observed for magnesite fill with the
fraction 1.0-0.5 mm at high temperatures: I(AcalC'_ AGXP):)\CXP| = 247. At the same time for
a fill consisting of fused yttrium oxide with an analogous fraction composition good agree-
ment was obtained between calculation and experiment: ¢; = 10.27 in the entire temperature
range.

Granulometric studies, performed by the sieve method and by means of sedimentation mea-
surements, showed that the grain composition of finely dispersed magnesite fill with a frac-
tion < 0.5 mm exhibits a significant spread: from 500 pum up to several um (Table 3).

Figure 3 shows the experimental and computed data for the thermal conductivity of this
multicomponent, finely dispersed fill. Comparison of the computed curves 2, 3 and the ex-
perimental curve 4 shows that when the effective thermal conductivity of the particles of
the fine fraction (< 1 um), whose mass fraction is very small (m = 1.5%) is neglected a sig-
nificant disagreement is observed between these curves. Curve 4 was calculated using the
model of thermal conductivity of a polydispersed fill (three particle sizes) [10], in which
the fine fraction itself had the following characteristics: dg = 0.5:10"® m and my; = 1.5%.
In addition, the technique, described in [3], for reducing a multicomponent structure to a
two-component structure was employed. As one can see from the figure, the curves 1 and 4
agree satisfactorily at low temperatures (up to the start of sintering). This is explained
by the fact that the particles of the fine fraction fill the space in the circumcontact re-
gion of the large and medium size particles and, being a significant heat barrier, signifi-
cantly lower the effective thermal conductivity of the entire fill. Moreover, as the tem-
perature is further raised the finely dispersed particles bring about rapid sintering of
the fill, thereby actually playing the role of a special sintering additive [11], and bring
about anomalously rapid growth of the effective thermal conductivity (see curve 1 in Fig. 1).

The foregoing analysis leads to the conclusion that the thermal conductivity of a mono-
fraction fill with different chemical-mineral composition with grain sizes exceeding 0.5 mm
not studied experimentally, can be predicted based on the indicated model. Figure 4 shows
the results of computer calculations of the thermal conductivity of corundum, dinas, and
some other refractory fills. These data are obviously of interest in themselves as recom-
mended handbook data and can be employed in heat calculations.

Thus, in this work we have checked experimentally the model of thermal conductivity of
granular systems with different composition and structure in the temperature range 500-2000
K. It was shown that the model can predict the thermal conductivity of monofraction, diffi-

88



cult to sinter, refractory fills with grain sizes of 0.5 < d < 10 mm in the range of tem-
peratures at which they are employed. It was shown experimentally that repeated heating

up to 2000 K of magnesia, corundum, and other fills increases the initial values of the
thermal conductivity by 10-157%, while heatings up to 1500 K have virtually no effect on

the initial values of the thermophysical properties. The presence of a fine fraction, with
a grain size of the order of 1 ym, in the fill brings about intense sintering and signifi-
cantly changes the thermal conductivity even at moderate (v 1200 K) temperatures.

NOTATION

A, thermal conductivity; Ag¢f, effective thermal conductivity of the fill; t, temper-
ature, T = t + 273.13; d and r, average diameter and radius of the particles; p}, bulk mass
of the fill; m,, porosity of the system; o, rms deviation; k, correlation coefficient; Ag,
thermal conductivity of the fill particles; Mgy, thermal conductivity of the gas; h,, aver-
age height of the irregularities of the particles; y;, Y25 ¥3» Y., geometric parameters of
the model; &, function describing the spreading of the heat flow; pg, apparent density of
the solid fill particles; ¢p and cy, heat capacity of the gas at constant pressure and vol-
ume; N, coordination number; a, coefficient of accommodation of the gas molecules; p and py,
pressure of the gas in the experiment and under normal conditions; A,, mean-free path length
of gas molecules at normal pressure; Pr, Prandtl number; pg,, external specific pressure on
the contact (for free fill pg, = 0); hg, half-height of the fill layer; e, emissivity of the
particles; and og.p, Stefan—Boltzmann constant.
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