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S FOR HEAT TRANS PORT THROUGH A SS EMBLIES 
eF UNI - TER HOLLOW S P w *  

D. W. Yarbrough, D. L. McElroy, and F. J. Weaver 

ABSTRACT 

Uniform-diameter thin-wall hollow ceramic spheres are being 
developed as a thermal insulating material. The radial heat 
flow across test beds of the hollow spheres has been measured as 
a function of interstitial gas pressure and temperature fox 
specimens with either nitrogen or helium as the interstitial 
gas. This report covers the development of equations used to 
model the heat flow process. The primary modes of heat transfer 
in this case are conduction and radiation. Convective transport 
is a minor but apparently not a negligible part of the overall 
transport. 

data sets obtained for combination6 of sphere sizes, sphere 
material, and interstitial gas type and pressure. In each case, 
the experimental data have been used to determine parameters 
appearing in the models. In general, the experimental thermal 
conductivity data for a given bed of spheres can be described to 
better than 10% over the pressure range investigated. 
the models which includes a pressure explicit function describes 
the data set to better than 5%. 

models to describe the data. 
modified to produce thermal conductivity predictions for 
untested combinations of, for example, sphere size, interstitial 
gas type and pressure, and solid conductivity. The programs 
have been included in this report. 

Three models have been used to describe 17 experimental 

One of 

FORTRAN programs have been written to expedite use of the 
These programs can be easily 

INTRODUCTION 

A novel process for producing thin-wall gas-filled hollow spheres 

from a suspension of ceramic powder in liquid has been developed by 

*Research sponsored by the U.S. Department of Energy, Assistant 
Secretary for Conservation and Renewable Energy, Office of Industrial 
Technologies, Advanced Industrial Concepts Division, Advanced Industrial 
Materials Program, under contract DE-AC05-840R21400 with Martin Marietta 
Energy Systems, Inc. 

1 
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Chapman et a1.l at the Georgia Institute of Technology. The process 

provides uniform-diameter spheres from bulk materials such as Al,03, 

partially stabilized ZrO,, SiO,, or A1,0,-Cr2O3 alloys. Sufficient 

quantities of spheres with outside diameters in the range 2100 to 3500 pm 

and wall thicknesses near 100 pm have been produced to provide specimens 

for thermal testing. 

Apparent thermal conductivity data for eight combinations of sphere 

diameter, wall thickness, and sphere shell material with interstitial gas 

of either nitrogen or helium have been reported by Shapiro.2 These data 

were obtained at mean specimen temperatures near 300 K and a temperature 

difference across the test specimens of about 10 K in a radial-heat-flow 

apparatus identified as ORNL-7 and described by McElroy et alS3 

Predecessors to ORNL-7 have been reported by Yarbrough et a1.,4 and by 

Copeland et a1.5 

measurement of the apparent thermal conductivity ( k , )  of fine powders or 

materials like hollow spheres as a function of the interstitial gas 

pressures at temperatures near 300 K. 

This apparatus was designed specifically for the 

A radial-heat-flow apparatus, identified as OWL-8, can be used to 

measure the k, of powders or spheres in the temperature range 300 to 800 K 

at interstitial gas pressure near 1.0 atm. A cylindrical nichrome-screen 

heater provides the outside boundary for test specimens in ORNL-8. The 

outside boundary can be maintained at temperatures in the 300 to 800 K 

range by dc power and thus provides for mean specimen temperatures near 800 

K. 

Thin-wall ceramic spheres are candidates for high-temperature thermal 

insulation applications. The combination of thin walls and relatively low 

solid-phase thermal conductivity should result in a low composite k,.  

addition, heat transport across the composite can be varied by changing the 

interstitial gas species. In this work, for example, heat transport data 

were obtained for both helium and nitrogen as the interstitial gas. 

In 

The k ,  measurements presented in this report have been determined 

using a one-dimensional form of Fourier's Law in cylindrical coordinates: 

The quantities of q / l  and (T1 - T2> are measured for an annular space with 
inside radius rl and outside radius r2 that is filled with the hollow 
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spheres making up the test specimen. 

k,, is obtained from Eq. (1) by an algebraic rearrangement: 

The apparent thermal conductivity, 

We have, in general, assumed that the overall heat flow per unit length 

( q / l ! )  can be separated into convective, conduction, and radiative 

components: 

Equation ( 3 )  can be approximated by Eq. (4) if (q/l)conv is neglected: 

The thermal conductivity, k, in Eq. ( 4 )  includes both solid and gas 

conduction terms. The gas-phase conduction can be considered as two 

components in the case of hollow spheres. If the spherical shells are 

impervious to the gas, then there will be an "interior" gas phase and an 

"interstitial,' gas phase. In this case only the "interstitial" gas would 

be affected by evacuation of the bed of spheres. 

reported here assume the same gas type and pressure inside and outside of 

the hollow spheres. 

The calculations that are 

The radiative conductivity, k,, in Eq. ( 4 )  is given by 

if the radiation is viewed as a diffusive process.6 

conductivity obtained with OWL-7 is based on constant AL and AT/Ar. 

addition, the ORNL-7 data were obtained at a fixed value for T.  As a 

result, the k, is composed of a conductive term and a constant radiative 

term. 

The apparent thermal 

In 

The modeling of the heat transport through the hollow spheres was 

undertaken for t w o  reasons. 

reduce the tabular data to analytical form and provide for interpolations 

First, the equations developed can be used ta 
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and graphical display of trends. Equations that describe the experimental 

data can be used to assess sensitivities of the heat transport to 

quantities such as interstitial gas type and pressure, sphere size, and 

sphere-shell material. 

been utilized in efforts to describe the measured apparent thermal 

conductivity data. Each of the three models contains adjustable parameters 

that are characteristic of the sphere-gas system. 

Three distinctly different mathematical models have 

SERIES-PARALLEL MODEL 

The series-parallel model has been used by Pawel et al. to describe 

the apparent thermal conductivity data for carbon-bonded carbon-fiber 

insulation of al17s8 and fibrous alumina insulation. 

convective transport and assumes that conductive and radiative heat 

transport are additive as shown in Eq. ( 6 ) .  The key feature of the model 

is a simplifying assumption that conduction through the solid and gas 

phases can be described by a combination of gas and solid elements in 

series and gas and solid elements in parallel. The gas inside the hollow 

spheres is taken to be the same composition and pressure as the gas outside 

the spheres. The two modes of heat transfer, series or parallel, are taken 

to be additive with A representing the fraction of conductive transport in 

the parallel model as shown in Eq. ( 7 ) :  

This model neglects 

k - k , + k , ,  (6) 

( 7 )  k, e Akp + (1 - A)k,1 . 
The term k s l  is obtained by adding thermal resistances for the gas phase 

fraction, fg, and solid phase fraction, f,, spanning the thickness ( 1 )  of 

the specimen: 

The term k 

that: are either gas or solid. 

is for conductive transport along parallel conductive paths P 
Taking the overall cross-sectional area and 
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temperature gradient to be the same for both paths yields Eq. (9) for the 
parallel path contribution to the thermal conductivity: 

A combination of Eqs.  ( 6 ) ,  (7), (8b), and (9 )  yields a working expression 

for the apparent thermal conductivity of the composite material: 

The dependence of k, on temperature comes from the temperature dependence 

of k,, k g ,  and k,. 

from the dependence of kg on pressure: 

The dependence of k, on interstitial gas pressure comes 

The parameters 

molecular mean 

length for the 

given chemical 

1 

free path in the gas phase while 2, is a characteristic 

space between particles. 

species varies inversely with pressure at constant 

and 1, In Eq. (11) are characteristic lengths; lg is the g 

The molecular mean free path for a 

temperature. 

for A ,  and for nitrogen it is O.O654/P (pm) where P is the pressure in 

atmospheres. If we take the radius of the spheres comprising a test 

specimen to be 1, and calculate the pressure reduction required to achieve 

a 10% decrease in k then extremely l o w  pressures are indicated for sphere 

sizes like those used in this project. Calculated results for helium, 

nitrogen, and argon are shown in Table 1 for the pressure that will 

decrease the gas phase thermal conductivity by 10% at 300 K. 

At 300 K the lg for helium is 0.1936/P (pm), O.O694/P (pm) 

g'  

The calculations summarized in Table 1 show that for a fixed value of 

I,, the effect of a given pressure decrease on k will be greater for helium 
than for nitrogen or A .  
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Table 1. Pressure to give a 10% reduction in k at 300 K g 

Is Helium pressure Nitrogen pressure Argon pressure 
(ILd (atm) (atm) (atm) 

1000 1.74 x 10-3 5.89 x 10-4 6.25 x 10-4 
500 3.48 x 10-3 1.18 x 10-3 1.25 x 10-3 
100 1.74 x 5.89 x 10-3 6.25 x 10-3 
50 3.48 x 1.18 x 1.25 x 
10 1.74 x 10-1 5.89 x 6.25 x 

Table 2 contains thermal conductivity ratios calculated for beds of 

spheres with either helium or nitrogen as the interstitial gas. The ratios 

are experimental k, values at a gas pressure of about 2.0 atm (khigh) 

divided by k, values at gas pressure of about 0.06 atm (klow) for the same 

sphere diameter. The ratios in Table 2 qualitatively support the 
observation that the reduction in k, due to reduced pressure will be 

greater for a helium-filled system than a nitrogen-filled system. 

Equation (11) and values for 1 however, suggest that the helium pressure 

effect should be about three times as 1arge.as the nitrogen pressure effect 

on k The experimental data in Table 2 show the helium pressure effect to 

be 1.05 to 1.20 times the nitrogen pressure effect. This indicates that 

either the gas phase conduction is not the dominant transport mechanism, or 

that 1, is small enough compared to 2 
has been treated as an adjustable parameter in this work. 

g' 

g *  

< kgo. The parameter I, 
g 

to give k g 

Table 2 .  Measured effect of pressure on k at 300 K 

Sphere radius Helium Nitrogen 
( khigh/kl ow) a (khigh/klow) 

1724 1.18 1.12 
1115 1.46 1.22 
1145 1.42 1.20 
1426 1.24 1.17 

a 
khigh are values near 2.0 atm; klow are values in the range 

0.045 to 0.065 atm. 

The fraction solid, f,, used in this model is taken to be the fraction 

If V, is the of the total volume that is occupied by sphere wall material. 

volume fraction occupied by spheres, then Eq. (12) gives f,: 



The series-parallel model described by Eqs. (10) and (11) has been used to 

correlate experimental k, data with interstitial gas pressure. 

experimental data that were used are tabulated in Appendix B. 

FORTRAN programs used for analysis with the series-parallel model are 

contained in Appendix C. The first program, PMODA.FOR, allowed the 

parameters A ,  k,, a,, and f, to be determined by least squares. The second 

program, PMODB.FOR, uses a modification of PMODA-FOR that contains the 

series conductive term but not the parallel conductive term. 

The 

The two 

Table 3 contains the parameters determined for the 17 data sets in 

Appendix B using PMODA.FOR. The table also contains the average absolute 

percent differences between the experimental and calculated apparent 

thermal conductivities. The calculation carried out by PMODA forces the 

parameters A and k, to be non-negative. 

from the least-squares calculation to be negative, the program overrides 

the calculation and sets the parameter equal to zero. As shown in Table 3 ,  

the least-squares estimate for the parameter A is zero for all but one of 

the 17 cases. 

model is contained in Appendix C. 

If either parameter is determined 

A comparison of calculated with experimental k, for this 

The consistently zero value for the least-squares estimate for A in 

E q .  (10) suggests that the parallel term is not needed. A s  a result of the 

output shown in Table 3 ,  the parallel heat transfer term in Eq. (7) was 
dropped, and code PMODB.FOR resulted. This modification gives a result 

that is different from the previous case where A 5 0 is taken to be A = 0. 
A listing of PMODB.FOR and tables containing calculated and experimental k 

are contained in Appendix C. 
a 
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Table 3. Parameters for the description of hollow sphere thermal 
conductivity data using PMODA.FOR 

Average % 
der iva t iona A kr 1 s  f s 

Data Internal 
set gas 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

NZ 

He 

NZ 

He 

NZ 

He 

N2 

He 

He 

NZ 

H* 

NZ 

He 

NZ 

He 

NZ 

N2 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.08 

0.135 

0.231 

0.218 

0.480 

0.219 

0.445 

0.226 

0.520 

0.580 

0.160 

0.263 

0.126 

0.150 

0.106 

0.0163 

0.252 

0.143 

3.600 

14.90 

0.400 

3,600 

0.300 

20.30 

0.400 

5.800 

1.700 

3.10 

13.00 

7.10 

26.00 

6.80 

32.50 

0.200 

0.500 

0.07781 

0,07781 

0.1237 

0.1237 

0.1367 

0.1367 

0.1846 

0.1846 

0.1959 

0.1077 

0.1077 

0.0692 

0.0692 

0.1697 

0.1697 

0.1959 

0.1846 

2.10 

3.39 

5.37 

4.09 

1.25 

8.54 

1.22 

6.94 

9.31 

2.94 

4.23 

2.55 

2.81 

1.51 

5.22 

3.87 

1.10 

aAverage value for I kcalc - keXp I 100/kexp 

A summary of the results obtained with PMODB is contained in Table 4. 

The quality of the description of the experimental data afforded by PMODB 

is about the same as that for PMODA. 

decrease in pressure is not predicted quantitatively with the gas phase 

thermal conductivity expression in E q .  (11). 

The observed decrease in k, with 
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Table 4. Parameters for the description of hollow sphere 
thermal conductivity data using PMODB.FOR 

Data Interstitial Average % 
der ivationa set gas kr 43 fs 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

- 

N2 

He 

N2 

He 

NZ 

He 

N2 

He 

He 

NZ 

N2 

N2 

He 

He 

He 

N2 

NZ 

0.174 

0.458 

0.213 

0.704 

0.227 

0.604 

0.238 

0.751 

0.716 

0,188 

0.488 

0.165 

0.377 

0.146 

0.237 

0.244 

0.231 

9.300 

32.50 

11.60 

3.80 

5.30 

13.60 

32.50 

0.500 

19.80 

3.700 

32.40 

32.50 

32.50 

3.40 

32.50 

1.300 

1.600 

0,07781 

0 - 07781 
0.1237 

0.0467 

0.1367 

0.1367 

0.1846 

0.1849 

0.1959 

0.1077 

0.1077 

0.0692 

0.0692 

0.1697 

0.1697 

0.1959 

0.1849 

2.54 

3.83 

6.77 

2.33 

3.97 

11.13 

5.85 

10.23 

14.80 

4.85 

3.51 

3.69 

3.13 

0.76 

1.33 

4.05 

2.53 

~ 

aAverage value for I kCalc - kexp I * 100/keXp 
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Figure 1 is a deviation plot for model PMODB for the entire data set, 

The k, This is an obvious skew of the ka data as gas pressure is lowered. 

data for nitrogen are within 210% of the calculated values with the 

exception of four values obtained at very low pressures. The helium k, 

data, however, are described to only +20% by the model. In the case of 

nitrogen or helium as the interstitial gas, the measured k, is consistently 

less than the calculated k, at low pressure, This is demonstrated by the 

upturn at low pressure of the deviations in Fig. 1. 

OWL-DWG 89-14476 
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s 25 
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LT 

w 2 -15 

m -20 
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w 
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GAS PRESSURE (atms) 

Fig. 1. 
experimental ka. 

A comparison of k, calculated with PMODB.FOR and the 

A pressure-dependent term was added to PMODB in order to reduce the 

deviations shown in Fig. 1. 

PMODC uses Eq. (10) with the parallel term dropped with the expression 

shown below as an additive term: 

The resulting program is called PMODC.FOR. 



11 

kpI. = Ap + Bp . 

The parameters A and E p  were obtained for each 
of least-squares applied to che residuals shown 

P data set using the method 

in Fig. 1. A listing of 

the program PMODC.FOR is contained in Appendix C along with output for the 

17 data sets. 

with the average percent difference between measured and calculated k,. 

comparison of the results in Tables 4 and 5 show that the addition of kpr 

as described by Eq.  (12) reduces the overall average deviation between 

Table 5 contains parameters obtained for each data set along 

A 

Table 5. Parameters for the description of hollow sphere thermal 
conductivity data using PMODC.FOR 

Data Interstitial Average % 
set gas kr 1 s  f s AP BP der ivat iona 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

N2 

He 

N2 

He 

N2 

He 

NZ 

He 

He 

N2 

N2 

He 

He 

N2 

He 

NZ 

N2 

0.176 

0.574 

0.223 

0.831 

0.234 

0.810 

0.241 

0.880 

0.926 

0.200 

0.626 

0.168 

0.514 

0.146 

0.374 

0.251 

0.234 

3.26 

0.02 

3.26 

0.02 

3.26 

0.02 

3.26 

0.02 

0.02 

3.26 

0.02 

3.26 

0.02 

3.26 

0.02 

3.26 

3.26 

0.07781 

0.07781 

0.1237 

0.1237 

0.1367 

0.1367 

0.1846 

0.1846 

0.1959 

0.1077 

0.1077 

0.0692 

0.0692 

0.1697 

0.1697 

0.1959 

0.1846 

-0.8009E-2 

-0.3363E-1 

-0.2883E-1 

0.9016E-1 

-0.2120E-1 

-0.2120E-1 

-0.2178E-1 

-0.1435 

-0.2016 

-0.1352E- 1 

-0.5118E-1 

-0.8097E-2 

-0.2111E-1 

-0.2425E-2 

-0.7938E-3 

-0.2527E-1 

-0.575E-1 

0.1142E- 1 

0. Lt606E- 1 

0.4160E- 1 

0.9898E-1 

0.3027E- 1 

0.2103 

0.3344E - 1 
0.2138 

0.2921 

0.1961E- 1 

0.7501E-1 

0.1189E-1 

0.3083E- 1 

0.3279E-2 

0.1155E-2 

0.3675E-1 

0.1852E-1 

Aver a ee 

1.00 

2.90 

3.83 

3.07 

2.31 

5.07 

1.86 

4.98 

6.25 

1.79 

3.36 

1.45 

2.46 

0.35 

1.63 

2.56 

1.16 

2.71 
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calculated and experimental k, from 5.02 to 2.71%. 

differences for PMODC is less than that of PMODB. Figure 2, which shows 

the differences between experimental and calculated k, for PMODC, 

demonstrates the improved description of the data provided by PMODC. 

The scatter of the 

- 
- 

1 I 

ORNL-DWG 89-14477 

r" 1 

z 
w 
5 -15 

0 0.5 1 .o 1.5 

GAS PRESSURE (atms) 

2.0 

Fig. 2. 
experimental data. 

A comparison of k, calculated with PMODC.FOR and the 

GEOMETRIC MODEL 

A computational technique that uses combinations of solid and gas 

elements in either series or parallel is referred to here as the geometric 

model. 

used to analyze heat flow through UO, or Tho, powders. 

model and included provisions for mixtures of spheres of different 

diameters. 

to form a regular lattice. 

This type of model was described in detail by Moore et a1.' and 

Yangl' extended the 

Both Moore and Yang considered solid spheres that were stacked 
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The geometric model neglects convective transport and assumes that the 

radiation across gas-filled interstices and conduction across the spaces 

are independent. An accommodation coefficient Q is included to account for 

heat transfer at: solid-gas interfaces. Gas phase thermal conductivity 

includes a term a/(u - 2 )  that results in a reduction in kg for a < 1. 
Heat transport through opaque solid elements is by conduction only. The 

model is one-dimensional in the sense that heat flows successively across 

gas-filled spaces or through solid elements. 

spheres is characterized by a unit cell shown in Fig. 3 ( a )  taken from 

ref. 8 .  A typical element in the unit cell is shown in Fig. 3 ( b ) .  

The heat flow across a bed of 

ORNL-DWG 89-14478 

3a 

3b 3c 

Fig. 3 .  Diagrams showing unit cell 
for geometric model. (a) Shaded region is 
top plant of unit cell. ( b )  Shaded region 
is hexagonal component. (c) Cylindrical 
component shown by dashed lines inside the 
unit cell. 
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The cross-hatched rectangular strip in Fig. 4 represents one heat flow path 

across the gas and solid elements in series for a solid spheres. 

case of a hollow sphere, the cross-hatched rectangle in the "solid" region 

is replaced by two rectangles in series, one of which is for the solid 

shell and the second for the gas in the sphere. 

in parallel can be used to describe the heat flow across the unit cell. 

Heat flow across the gas elements consists of conduction and radiation in 

parallel. 

. .  
In the 

A number of such elements 

ORNL-DWG 82-7653 

- 
t 
I 
! 
I 

I 
I 
I 

R 

Y 
i 

Fig. 4 .  Heat flow across the 
cylindrical component is represented 
by cylindrical shells in parallel. 
The shaded region is the cross-section 
of a single cylindrical shell. 

The cross section shown in Fig. 3 ( b )  shows that some paths between the 

upper and lower planes bounding the unit cell are totally gas-filled. 

These paths belong to the hexagonal component of the unit cell. 

containing both solid and gas elements belong to the cylindrical component 

of the unit cell. The hexagonal component can be treated as a single path 

Paths 
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joining the bounding planes. 

hexagonal component is 0.0931, while the cylindrical component occupies 

0.9069 of the volume. 

0.6046. 

shells in parallel with the single hexagonal component through which heat 

is transferred by radiation and conduction in parallel. Heat flow across 

each cylindrical shell involves the gas and solid elements in series as 

illustrated in Fig. 4. 

radiation and conduction in parallel. 
parallel elements can be illustrated by means of the electrical analog 

using reciprocals of radiative or conductive conductances. 

The fraction of the unit cell occupied by the 

The fraction of the unit cell occupied by spheres i s  

Heat flow across the unit cell is described using cylindrical 

Heat flow across the gas elements consists of 

This combination of series and 

The heat f l o w  analog shown in Fig. 5 is the basis for the program 

DYPOW3.FOR, listed in Appendix D. 

original [Fig. 3(a), ( b ) ,  (c)] programg i n t o  FORTRAN. A calculation of the 

heat transfer without radiation has been added. In order to use DYPOW3 for 

hollow spheres, it is necessary to adjust the input value for the s o l i d  

sphere to simulate the combined conductive-radiative transport. 

DYPOW3 is a translation of Moore’s 

OWL-DWG 89-14480 

1 

BOTTOM ISOTHERMAL PLANE 

Fig. 5. Electrical analog f o r  heat flow across a 
unit cell. 
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The program DYPOW4.FOR listed in Appendix D is an extension of 

DYPOW3.FOR. The term for the conductance through the solid part of the 

cylindrical component is replaced by a series of concentric cylindrical 

shells. 

the sphere and a solid element for the sphere wall in series. 

The cylindrical shells have a gas component for the interior of 

The 
electrical analog in Fig. 6 is f o r  a typical element that replaces k' 1 

in Fig. 5. The subroutine "SOLID" in DYPOW4.FOR replaces the constant used 

in DYPOW3 for the thermal conductivity of the solid. 

capability of performing computations with different gas species and gas 

pressure on the inside of the sphere and outside of tshe sphere. 

DYPOW4 had the 

-. 
ORNL-DWG 89-14481 

TOP ISOTHERMAL PLANE 

I 

BOTTOM ISOTHERMAL PLANE 

Fig. 6 .  Electrical analog showing 
components representing the hollow sphere 
above the dashed line. 

Table 6 lists 19 sets of calculations completed with DYPOW4. 

Numerical results for these calculation sets are contained in Tables D - 8  

through D-12 in Appendix D. 

of 2502-pm-diam A120, spheres with wall thicknesses of 112 pm for 

Figure 7 shows calculated k,  values for a bed 
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Table 6. Identification of properties used for calculations of k using 
DYPOW3.FOR or DYPOW4.FOR with as the solid phase 

Particle Temperature Results 
d iame t e r range Accomodation Interstitial gas in 

(w) Gas (K) coefficients pressure (atm) table 

40.0 

80.0 

400.0 

500.0 

1200.0 

2502.0 

3169.0 

NZ 

He 

NZ 

He 

NZ 

He 

N2 

He 

NZ 

He 

NZ 

He 

NZ 

He 

300 - 900 
300 - 900 

300 - 900 

300 - 900 
300 - 900 

300 - 900 
300 - 900 
300-900 

300 - 900 
300- 900 

300 - 900 
300 - 900 
300-900 

300-900 

DYPOW3.FOR 

0.1, 0 . 5 ,  1.0 

0.1, 0 . 5 ,  1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0 . 5 ,  1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0 . 5 ,  1 . 0  

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0.5,  1.0 

0.1, 0 .5 ,  1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0.5, 1.0 

0.1, 0 . 5 ,  1.0 

0.1, 0.5, 1.0 

0.1, 0.5 ,  1.0 

0.1, 0 . 5 ,  1.0 

D- 1A 

D-1B 

D-2A 

D- 2B 

D-3A 

D- 3B 

D-4A 

D-4B 

D- 5A 

D- 5B 

D-6A 

D-6B 

D- 7A 

D-7B 

DYPOW4.FOR 

500.0 N, 300 - 900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-8 

1000.0 N, 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D- 9 

2502.0 N, 300- 900 0.1, 0 . 5 ,  1.0 0.1, 0.5, 1.0 D-10 

3169.0 N2 300 - 900 0.1, 0 . 5 ,  1.0 0.1, 0.5, 1.0 D- 11 

6000.0 Nz 300-900 0.1, 0.5, 1.0 0.1, 0 . 5 ,  1.0 D-12 

temperatures from 300 to 900 K and pressures from 0.1 to 1.0 a t m .  

shows similar results f o r  a bed of 3169-pm-diam A120, spheres w i t h  w a l l  

thicknesses of 56 pm. 

Figure 8 
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GAS PRESSURE larmrl 

Fig. 7. k, as a function of T ,  P, 
and a for 2502-prn-dim hollow A1,0, spheres 
with He as the interstitial gas. 

ORNL-DWG 89-14483 

01 I 1 I I I 
0.2 0.4 0.6 0.8 1 .o 0 

GAS PRESSURE (atms) 

Fig. 8. k, as a function of T ,  P, and a for 
3169-pm-dim hollow A1,0, spheres with N, as the in- 
terstitial gas. 
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The results in Figs. 7 and 8 show the dependence of k on the 

accommodation coefficient a. The accommodation coefficient has a greater 

effect on the calculated k, when helium is the interstitial gas than when 

nitrogen is the interstitial gas. This is consistent with the concept that 

the accommodation coefficient deviates most from unity when the molecular 

weight difference between the solid and the gas is large. 

data obtained at 300 K is shown in both figures. 

the model is providing reasonable estimates of k, if the accommodation 

coefficient is taken to be around 0.1. This suggests that the model is 

useful for predicting trends in k, with T, P ,  or sphere diameter. 

A single set of 

These data indicate that 

MODIFIED CUNNINGTON-TIEN MODEL 

Cunnington and Tien11*12 have developed equations to describe the transport 

This approach of heat through an optically thick assembly of hollow spheres. 

assumes that conductive and radiative terms are additive, and convection in 

the interstitial space between spheres is absent. Conduction occurs through 

the gas phase and across the contacting surfaces of the spheres. Conductive 

transport at the points of contact includes gas-phase conduction near the 

contact points, thus reducing the contact resistance. 

The Cunnington-Tien model can be summarized by the following nine 

equations: 

k = k,, + kgc + k, , 

k,, = ASC * Pn + k, , 
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The coefficient in Eq.  (21) must be determined empirically and this 

represents a modification to the original model. 

in Eq. (17) controls the change in the gas phase thermal conductivity with 

pressure since 1 the mean free path in the gas phase, increases as 
g ,  

pressure deceases. 

term Pn in Eq. (15). 

resistance area and the factor P" introduces a mechanical pressure 

dependence on the contact area between spheres. 

The Knudsen number, .I,/&, 

The model has been further modified by the pressure 

The parameter ASC is a measure of the contact 

The inputs required for the calculation of  k ,  are sphere diameter, 

sphere shell thickness, interstitial gas type, gas and solid thermal 

conductivities, the gas-solid accommodation coefficient, the void fraction, 

and values for BR, ASC, and n .  The accommodation coefficient was taken t o  

be 1 and the gases inside and outside the sphere are the same. The 

pressure exponent was taken to be in the range 0.25 to 0.50. The 

parameters BR and ASC were chosen to produce the best agreement between 

calculated and experimental k values. 

Appendix E contains a printout of the computer program used to 

calculate k from the input listed above. Figures 9 through 19 show 

calculated k as a function of pressure compared with the measured values. 

The agreement between calculated and experimental values can be &lo% over 

the pressure range tested by judicious choice of the adjustable parameters. 

The calculated curves have the correct variation with pressure but the 

calculated change in k,  with reduced pressure i s  less than that obtained 

without the pressure terms in E q .  (15). 

Table 7 is a listing of the parameter combinations used to calculate ka 

as a function of pressure. In some cases several parameter combinations 

were used with the results shown in comparison with the experimental 

results in a single figure. Increasing the value for ASC increases the 

calculated k,. Increasing the pressure exponent n results in increased 

pressure dependence for k,  and increased concavity in the k, vs pressure 

curves. 
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Fig. 9. A comparison of calculated and experi- 
mental k values for  3448-pm-diam hollow spheres with 
wall thicknesses of 78 pm. 
nitrogen. 
perimental data set is number 10. 

The interstitial gas is 
The pressure exponent is 1/2 and the ex- 

OWL-DWG 89-14485 

GAS: He 
DIAM: 3448fim 
SHELL: 78pm 
m: 0.45 

0.4 I I I I I I I I I I I 
0 0.2 0.4 0.6 0.8 1 .o 

PRESSURE (atms) 

Fig. 10. A comparison of calculated and 
experimental k values for 3448-pm-diam hollow 
spheres with wall thicknesses of 78 pm. 
interstitial gas is helium. The pressure ex- 
ponent is 1/3 and the experimental data set 
is number 11. 

The 
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Fig. 11. A comparison of calculated and 
experimental k values for 2809-pm-dim hollow 
spheres with wall thicknesses of 104 pm. The 
interstitial gas is nitrogen. 
exponent is 1/2 and the experimental data set 
is number 12. 

The pressure 
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Fig. 12. A comparison of calculated and 
experimental k values for 2809-ym-dim hollow 
spheres with wall thicknesses of 104 pm. The 
interstitial gas is helium. The pressure ex- 
ponent is 1/2 and the experimental data set is 
number 13. 
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Fig. 13. A comparison of calculated 
and experimental k values for 2229-pm-diam 
hollow spheres with wall thicknesses of 
126 pm. The interstitial gas is nitrogen. 
The pressure exponent is 1/2 and the experi- 
mental data set is number 14. 

GAS: He 
DIAM: 2229pm 
SHELL: 126pm 
m = 0.4 
n - H  

0.4 
0 0.2 0.4 0.6 OB 1 .o 

PRESSURE [atmr) 

Fig. 14. A comparison of calculated and 
experimental k values for 2229-pm-dim hollow 
spheres with wall thicknesses of 126 pm. The 
interstitial gas is helium. The pressure ex- 
ponent is 1/2 and the experimental data set 
is number 15. 
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Fig. 15. A comparison of calculated and 
experimental k values for 2289-pm-dim hollow 
spheres with wall thicknesses of 132 pm. The 
experimental data set is 16. 
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Fig. 16. A comparison of calculated and exper- 
imental k values for 2289-pm-dim hollow spheres with 
wall thicknesses of 132 pm. 
set is 17. 

The experimental data 
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Fig. 17. A comparison of calculated and exper- 
imental k values for 2106-pm-diam hollow spheres with 
wall thicknesses of 157 pm. 
set is 18. 

The experimental data 

OWL-DWG 8 9 - 1 4 4 9 3  
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SHELL 157pm 7 0 2  0 4  PAESSURE lamsl 0 6  0 8  1 0  

Fig. 18. A comparison of calcu- 
lated and experimental k values for 
2106-pm-diam hollow spheres with wall 
thicknesses of 157 pm. The experimen- 
tal data set is 25. 
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I I I I 
0 10 20 30 40 50 

AT (K)  

Fig. 19. The apparent thermal conduct- 
ivity of 2200-pm-diam hollow A120, spheres at 
300 K and nitrogen pressure of 1 atm as a 
function of the temperature difference across 
the test specimen. 

Figures 9 through 18 contain the results for k ,  calculated with the 

modified Cunnington-Tien model for the parameter combinations in Table 7. 

The numerical values for k,  obtained with this model are given in 

Tables E-1 through E-10 in Appendix E. 

input of values for the void fraction in the spherical bed ( m ) ,  the solid 

contact factor (ASC) ,  and the exponent for the pressure multiplier for 

solid conduction (n). The figures were constructed to show the dependence 

of k, on these input values. 

The calculation of k,  requires 

Figures 9, 10, and 16 show the strong dependence of k on m. The curves 

in these figures show that, as expected, k decreases as m increases. 

Figure 9 ,  which gives results for nitrogen as the interstitial gas; and 

Fig. 10, which gives results for helium as the interstitial gas, show that 

a change from m = 0.45 to m - 0.50 decreases the calculated k by about 20%. 
Precise void fraction determinations have not been made for the sphere beds 

tested and this means that m must be treated as an adjustable parameter. 

Figures 11 through 15, 17, and 18 show k calculated with ACS = 1-10-3 

and ASC = l . 1 0 - 4 .  This solid contact factor must be treated as an 

adjustable parameter since it is not part of the experimental 

determination. 

for helium. Figures 11, 13, 15, and 18 show that increasing ACS from 

The change in k, with ASC is much greater for nitrogen than 
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Table 7. Parameter combinations f o r  which k values have been 
computed using the modified Cunnington-Tien model 

Sphere S h e l l  
Data diameter chickness Void 
s e t  Gas ( w> ASC n fraction Figure 

1 0  

1 0  
10  

11 
11 
11 

1 2  
1 2  

1 3  
13  

1 4  
1 4  

15  
15 
1 5  

16 
16 

17 
17 
17 
17 
17 
17  

18  
18  

25 
25 
25 
25 

NZ 

NZ 

NZ 

He 
He 
He 

N2 

N2 

He 
He 

N2 

N2 

He 
He 
He 

N2 

NZ 

He 
He 
He 
He 
He 
He 

He 
He 

NZ 

NZ 
NZ 

N2 

3448 

3448 

3448 
3448 
3448 

2809 

3448 

2809 

2809 
2809 

2229 
2229 

2229 
2229 
2229 

2289 
2289 

2289 
2289 
2289 
2289 
2289 
2289 

2106 
2106 

2106 
2106 
2106 
2106 

78 
78 

78 

78 
78 
78 

104 
104 

104 
104 

126 
126 

126 
126 
126 

132 
132 

132 
132 
132 
132 

132 
132 

157 
157 

157 
157 
157 
157 

1 x 10-4 0.500 

1 x 10-4 0.500 
1 x 0.500 

1 x 0.500 

1 x 10-4 0.500 
1 x 10-4 0.500 

1 x 10-4 0.500 
1 x 10-3 0.500 

1 x 0.500 
I x 10-3 0.500 

I x 10-4 0.500 
1 x 10-3 0.500 

1 x 0.500 
1 x 10-4 0.500 
1 x 10-3 0.500 

1 x 10-4 0.500 
1 x 10-3 0.500 

1 x 10-4 0.250 
1 x 10-4 0.250 
1 x 1 0 - 4  0.250 
1 x 0.333 
1 x 0.333 
1 x lo-' 0.500 

1 x 10-4 0.500 
1 x 10-3 0.500 

1 X loA4 0.500 
1 x 10-3 0.500 

1 x 10-3 0.333 
1 x 0.333 

0 .45  

0 .50  

0.55 

0.45 
0 .50  
0 .55  

0 .40  
0.40 

0.40 
0 .40  

0.40 
0 .40  

0 .40  
0 .40  
0.40 

0 .40  
0.40  

0 . 4 1  
0.42 
0 . 4 3  
0 .41  
0.42 

0.40 

0 .40  
0 .40  

0.40 
0 .40  
0 .40  
0 .40  

9 
9 

9 

10 

10 
10 

11 
11 

1 2  
1 2  

13  
13  

14  
14  
14 

15 
15 

16 
16 
1 6  
16 
16 

1 6  

17 
17 

18 
18 
18 
18 



l.10-4 to l.10-3 increases the k, by 8 to 10% for nitrogen at 1.0 atm, 

effect of changing ASC is reduced to the 1 to 2% range at a pressure of 

0.1 atm of nitrogen. Figures 12, 14, and 17 show the change in k, with ACS 

with helium as the interstitial gas. The increase in k, as ACS is 

increased from 1-10-4 to l ~ l O - ~  is in the range 2 to 3% when the helium 

pressure is 1 atm. 

1% at 0.1 atm of helium. 

exponent on the pressure multiplier of the solid conduction term on 

calculated k, values. Figure 16 shows calculated k, values for spheres 

with helium as the interstitial gas, while Fig. 18 shows a similar type 

result for nitrogen. A change from R = 0.25 to R = 0.333 increases the 

calculated k, for helium by about 20% at 0.05 atm. 

eo R - 0.50 increases the calculated k, for nitrogen by about 15% at 

0.05 atm. 

The 

The effect on k, of the same change in ASC is less than 

Figures 16 and 18 show the effect of changing the 

A change from n - 0.333 
The pressure exponent has no effect at atmospheric pressure. 

Trends in k, with pressure, contact resistance, and void fraction can 

be determined with this model. Quantitative predictions require accurate 

values for n ,  m, and ACS. At the present, these three parameters must be 

treated as adjustable parameters. 

A void fraction of 0 . 4 0 ,  a solid contact factor of l.10-4, and a 

pressure exponent of 1/2 generally give calculated k values near the 

measured k values. This set of parameters can be used if sufficient data 

are not available. Calculated k values are also dependent on the lead 

coefficient for the radiative term ( B R ) .  The value for BR depends on the 

extinction coefficient for the spheres, the emittance of the boundaries, 

and the refractive index n of the material. Ozizik has derived an 

expression13 for k, for an absorbing and isotopically scattering planar 

media of thickness 1 .  Ozizik's equation for k, was written as shown below 

on the assumption that the emittances of the inside surfaces of the radial 

heat flow apparatus were one : l3 

A n  average E value of 1200m-1 obtained by Shapiro2 and refractive index (n) 

of one gives BR = 0.0306 from E q s .  (21) and (22). The BR value 0.0306 w a s  

used in the calculations done with DMODEL,FOR. 



The need to include pressure-dependent terms in the preceding models to 

obtain agreement between experimental and calculated k, suggests the 

presence of a convective heat transfer component. 

tested by measuring k, for 2200-pm A120, spheres as a function of the 

temperature difference across the vertically oriented test specimen. 

Figure 19 shows k, obtained with a series of values for the temperature 

difference across the test specimen (AT) ranging from 10 to 42°C. 

measurements were obtained for 2200-pm-diam hollow A120, spheres at T -  

300 K. The measured k,  by 

over 10% when AT was increased from 10 to 40°C. These data suggest the 

existence of a convective component and support the use of pressure- 

dependent terms in the analysis. 

This hypothesis was 

These 

The interstitial gas was nitrogen at 1 atm. 

CONCLUSIONS AND RECOMMENDATIONS 

Three models have been used to correlate experimental k, data for 

hollow ceramic spheres as a function of pressure at constant temperature. 

All three models contain adjustable parameters that must be fixed by 

measuring k,. 

the easiest to understand, 

to better than 5%. 

describe data sets to about the same accuracy as the series-parallel model 

with a few adjustable parameters. This is especially true if the void 

fraction and fraction solid for the test specimen are determined 

independently. 

produces results for k, that are strongly dependent on the accoTmodation 

coefficient. 

The series-parallel model with an additive pressure term is 

This model can describe a given set of k, data 

The Cunnington-Tien model as modified can be used to 

The geometric model is the most difficult to use and 

All three models can be used to demonstrate the decrease in k,  as 

interstitial gas pressure is decreased. 

strong dependence of k, on the thermal conductivity of the gas phase. 

The models clearly demonstrate the 

The series-parallel or the modified Cunnington-Tien model are found to 

be best for calculating the effect on ka of pressure, sphere characteris- 

tics, or interstitial gas type. 

system being considered to fix the accommodation coefficient. 
The geometric model requires data for a 
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All three models can be used to predict k, as a function of tempera- 

ture. 

the solid and gas components. 

radiative transport term is constant for the data sets examined, and this 

means that a determination of the extinction coefficient has not been made. 

A precise calculation of k,(T) will require characterization of the optical 

properties of  sphere materials. 

A calculation of k,(T) requires data for the thermal conductivity of 

A serious weakness exists in that the 

Continued experimental work at temperatures from 300 to 1000 K would be 

useful. A separate measurement of the extinction coefficient or other 

optical properties of the sphere materials would give added insight into 

the high-temperature performance of the spheres. It is possible that 

radiative properties could be measured using thin, flat sections of  the 

materials used to generate spheres. 

A direct determination o f  gas permeability of the spheres i s  needed, 

This information would address a question of long-term stability and 

whether higher resistance sphere beds can be generated by the use of low 

conductivity gas inside the spheres or perhaps a low pressure gas inside 

the spheres. 

A test sequence on spheres of mixed sizes would be useful in 

determining the extent to which internal convection can be suppressed. 

Mixtures of  spheres and particles could give an opportunity for suppressing 

convection provided that solid conduction does not increase to an 

unacceptable level. 

Mechanical properties of the spheres need to be determined before the 

material will find significant application. Stability under compression 

and vibration needs to be determined. 
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PHYSICAL PROPERTY DATA 

The gas phase thermal conductivity data used in this report were 

taken from the compilation published by Y. S .  Touloukian et al.A-l The 

recommended thermal conductivity values were used to obtain kO,(T) at one 

atmosphere of pressure that are linear in temperature. Equations (A.l) 

and ( A . 2 )  are for N, and He, respectively. 

g ( T )  = 4 . 3 0 1 8  x + 7.2018 x lom5 T ( A .  1) 

G(T) - 5 . 6 8 0 9  x 10" + 3 . 0 9 6 4  x T ( A .  2) 

Mean free path lengths have been calculated as a function of temperature 

and pressure using an expression from Hirschfelder et al.A-2: 

Equation ( A . 3 )  can be simplified to the following form which requires P in 

atmospheres, T in K, and the collision diameter u in centimeters to obtain 

8,  in centimeters. The "k" in Equation ( A . 3 )  is Boltzmann's constant. 

Values for u given by Hirschfelder et al.A-3 complete the information 

required to evaluate Rg at a given temperature and pressure. 

gives example 

Table A 1  

values for He and N2. 
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The thermal conductivity data used for the solid part of the spheres in 

calculations in this report are given in Table A.l. 

Table A . l .  Mean f r e e  pa th  l eng ths  f o r  helium and n i t r o g e n  

Species 0 (cm) P (atm) T (K) 1, (cm> 

He 2.18 x 1 . 0  100 6 .45  x 
300 1 .93  x 

300 1 . 9 3  x loT4 
0 . 1  100 6.45 x 10-5 

N2 3 .75 x 10-8 1 . 0  100 2.18 x 
300 6.54 x 

300 6.54 x 
0 . 1  100 2.18 x 10-5 

Table A.2. Solid phase thermal 
conduct iv i ty  da t a  

Thermal conductivity 
Species (W/mK) at 300 K 

A1203 
A1203.  7%Cr20, 
P.S. ZrOZa  

21.4 
10 .8  

2 . 5  

aPartially stabilized with MgO. 
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This appendix contains a series of input data files containing information 

about the spheres, the solid phase conductivity, gas species, and ka as a 

function of pressure. The data files are organized as follows. 

Line 1. Number of data points, mean temp. (K), sphere diameter (,urn), 

sphere shell thickness (pm), parameter m, solid conductivity ( W / m K ) ,  gas 

type (1 + N2, 2 - He). 
Remaining Lines: Pressure (atms), apparent thermal conductivity (W/mKO. 

.TYF'E F O R i l . D r ? l T  

G . O S 9  ,O. 5389 
0.113.ir. 5882 
0.327.0.6093 
0.644,0.6217 
1.014,0.4281 

6,300.3.344B.0,78.0,O.L,=1.4,~ 

2.01?,0.6336 

.TYF'E F O R ~ ~ . D A T  

0.102,0.2377 

7,300.0 , 2809.0 104 0 . 0. b 21.4 , 1 
0.048,0.2004 

0.178,0.2397 
0.402,0.2487 
0.654 , 0.2625 

2.02?,0.2585 
1.047,0-2661 
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.TYPE FORl3.DAT 
6,300.0,280?.0,104.0~0.6,21.4,2 
0.087,0.7282 
0.333,0.8303 
0.654 . 0.8582 
U.?47,0.8711 
1.?95,0.8901 
?.?58,0.8886 

.TYPE FOR14.DAT 
7,300.0,2229.0,92.0 
0.048,0.2243 
0.166.0.2512 
0.21?,0.2551 
0.325.0.259? 
0.669.0.2674 
1.009.0.2706 
2.004.0.2743 

. TYPE FOR1 5. DAT 
?.300.0.2229.0,92.0.0.6.21.4.2 
". .04s . 2,5473 
0.073.0.6959 

0.16S.0.7889 
0.210.0.8216 
0.334.9.5590 
0.673,0.9032 

0.119,c).7575 

1.023,0.9227 
2.009,0.9477 

.TYPE FORl6.DAT 

0.057.0.2389 
0.073.0.2448 
0.097 .0 ,2528 
0.264,0.26?7 
0.655.0.2697 
1.003?0.2833 
1.997.9.2866 

- ~ , ~ o o . o , ~ ~ e ~ . o , i ~ ~ . o . o . ~ . ~ i . ~ . i  

.- .TYPE FOR17.DAT 

0.060.0.7083 

0.208.0.8647 
0.297.0.85'96 
0 .336  0 . 9 0.92 
0.555.0.9578 
1.004,0.?807 
2.000.1.008 

E,300.0.2239.0,132"0,0.j,21.4.~ 

0.101,0.7724 
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.TYPE FOR18.DAT 
7,300.0,2106.@,130.0~0.~,~1.4,2 
0.054,O. 7024 
0.103 CI. 7845 
0.211,0.9087 
0.335,0.9659 

0.?47,1.0557 
1.937,1.092? 

0.664,1.02e8 

.TYPE FORl '? .DAT 
7,300.@,2852.0,91.0,0.6,10.8,1 
0.052 , 0.2020 
0.102,0.2138 
0.214,0.2237 

1.01?,0.2334 

0.338,@.2273 
0.559,0.2317 

2.004,0.2354 

.(TYPE FOR?:. D A f  
7,300.0,3498.0,70.0,0.6,10.8,1 
0.02?,0.1704 
@.106,0.1856 
0.217,0.1913 
0.338,0.1946 
Q.667,0.1966 
1.000,0.197t 
2.001,0.1985 



8
9

 

i
;

O
~

O
O

~
O

 
. 

c. 
C
.
 

C
.
 

C. 
r. 

c
 ........ 
..o 0

 0
 0
 o
 0
 c4 

....... 
.
h
0
0
0
0
0
 d
 
I'-. 

0
 0

.- 
0
 0

.. 
.. 

7
-
i 
4

 

t- w
 

iL 
>

 
I- 

......... 
r-. 
o
 o
 o
 o
 o
 .+ 

C
J 



APPENDIX C 

FORTRAN PROGRAMS FOR THE ANALYSIS OF HOLLOW SPHERE 

THERMAL CONDUCTIVITY DATA USING THE SERIES-PARALLEL MODEL 
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A listing of PMODA.FOR is contained on pages 4 6  and 47. This program 

accepts input from the data files shown in Appendix B and calculates least 

square values for the parameters A ,  k,, LS, and F,. Pages 48 through 53 

contain a comparison of experimental and calculated k, for each of the 17 

data sets. In some cases the calculated k, are biased from the experimental 

values, This is the result of the requirement in the program that the 

parameter "A" be non-negative, 

A listing for PMODB-FOR is contained on pages 54 and 55. FMODB differs 

from PMODA is the elimination of the parallel conductive component of heat 

transfer. The parameters for PMODB and comparisons of experimental and 

calculated k, are given on pages 56 through 61. 

A listing for PMODC.FOR is contained on pages 62, 6 3 ,  and 6 4 .  PMODC 

uses the output from PMODB to generate a set of residuals that are fit by the 

method of least squares to a linear expression in fF. The output from PMODC 

is listed on pages 65 through 7 3 .  The output includes results for PMODB and 

PMODC so that a comparison can be made. The PMODB output on pages 56  through 

61 is different from that on pages 65  through 7 3  because different intervals 

were searched for the optimum parameter values. 



. . .TYPE 
00100 
00200 
00300 
00400 
00900 
00500 
00700 
00800 
00900 
01000 
01500 
0 1200 
0 1300 
01400 
01500 
0 15@0 
0 j. 700 
0 1800 
0 l900 
02000 
021 00 
02200 
02300 
02400 
02500 
02600 
02700 
02800 
02?00 
03000 
03100 
03200 
03300 
03400 
03500 
03600 
03700 
03800 
03900 
04000 
04100 
04200 
04300 
04400 
04 900 
04600 
04700 

04'700 
05000 
0 5 1.00 

04800 
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PIIODA.  F OR 
c 
c' 

884 

C 
0 

779 
3 
L 

C 
C 

5 

F'MODA. FOR 11/88 DWY 
A AND KRAD ARE THE PARAMETERS TO BE DETERMINED 
IMPLICIT REAL ( A-H,K-L,O-Zj 
DIMENSION K T ( S O ) , P ( S O ) , X ( 9 0 ) ~ Z ( 5 0 ) ? K T C O , D K ( 5 0 )  
DIMENSION SIG(4I3G1(4),G2(4) 
DATA SIG/3.75E-8,2.18€~-8,3.64E-8,3.75E-3/pG1/4.~#18~-~, 

& 5.6809E-2,2.7264E-3,5.481EE-3/,G2/7.2018E-S,3"0~64€-4s 
& 4.9873E-5,6.9073€-5/ 

DO 333 MM=lO,26 
WRITE(5,884) M M  
F OR MAT i 2X, / / / / / , 2 X .  ' I NF' UT F I LE NLlMBEF\' ' , I 4 , .: 1 
RE A D  ( MM . t ) 
FSC=FSS(( .S tDS)**3- ( .S*DS-W)t03 i / ( .S* r !S)* *~  
FG=l -FS 
WFiITE ( 5 13 1 
R E A D (  5 , f )  JJ 
IF ( JJ .En. 1 ) WRITE(5.200) 
I F  ( JJ .EOrn 2 1 WKITE(5.201j 
IF ( JJ .EO. 3 1 WRITE(5,202) 
IF ( JJ .EO. 4 ) WKITE(S.203) 

N , T DS 7 W , F S , K S JJ 

rm 2 J=I.,N 
READ(MM,Y) P ( J )  ,K'T(J) 
CONTINUE 
CLOSE (UNI T=MM ) 
WRITE(S.4) 
KEAD(5,t) LS1.LS2 
KGO = Gl(JJ) + G2(JJ)ST 
F'MAX=l .ES 
LSF =1.E5 
FSF =1.€5 
ABEST=l.E5 
BI(EST=l.ES 
DO 3 KK=1,325 
LS=O.IIKK 
DO 3 KKK=1,800,5 
FS=FSCf(1.+(KKK-1.)/10.0)/40.0 
F'c=o. 0 
51.=@.0 
52=0.0 
s3=0.0 
S4=0.0 
DO 5 I = l,N 
LG=3.06sE-l9*T/(SIG(JJ~*S2*~~1)) 
KG=KGO*LS/(LS+LG) 
X(I) = FS%KS + FGSKG - KSIKG/(FGIKS -+ FStKGj 
z ( r )  = KT(I) - KS*KG/(FGXKS + F S ~ K G )  
s1 = 51 + X(1) 
s2 = s2 + X(I)**Z 
S3 = S 3  + z ( I j  
S4 = 54 + X(IjgiZ(1) 
CONT I NUE 
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05200 
05300 
05400 
05500 
05600 
05700 
05800 
059()0 
06000 
0:s 1.0 0 
06200 
0 6.3 0 0 
0 6 4 0 0 
06500 
066QO 
0 &, 7 !2 [! 
Oh 8 0 0 
(I (,9 0 0 

07000 
073.00 
07200 
07300 
07400 
07590 
07600 
c17700 
07800 
07900 
08000 
0ElO0 
08101 
08200 

00100 
00290 
00300 
00400 
00 500 
00600 
00700 
00800 
00900 
01000 
01100 
01200 
01300 
01400 
01 500 
01600 
0 1.700 
0 1800 

t 

c' 

16 

333 
4 
7 
9 
6 
10 
11 
12 
13 
14 
1 5  

200 
20 1 
202 

203 

c4. 



INPUT F ILE  hIUMBER 10 - . -- .- .. 

.... . . - 



-- 
INPIJi F l L E  NUMBER 1 5  

... ._ 
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- -  

-- 
IN[::'I!T' FILE N!!MEER 18 



51 

INPUT FILE NlJMBER 1.9 

-I__ - ....... ............................. ...-......-..-.__.I_.. ._-_ .. 



52 

INF'lJ'T FILE NUMBEK 22 

._ - . . . . 

INIUT F I L E  NUMBER 24 



53 
_ .  - .. . 

INF'UT FILE NUllBER 

INF' I !T F ILE  NUMEEF: 26 
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INPUT FILE NUMBER 10 

GAS I S  N2 

A= 0.174E+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC D K ( Z )  
0.058 .1853E+00 .1975E+00 6.56 
0.119 .1939E+00 .1988E+00 2.53 
0.254 .1992E+00 .1996E+00 0.18 
0.345 .2011E+00 .1997E+00 -0.68 
0.652 .2039E+00 .2000E+00 -1.92 
1.012 .2054E+00 .2001E+OO -2.59 
2.016 .2070E+00 .2002E+00 -3.30 

AVERAGE ERROR= .2537E+01 LS= .9300E+01 FS= .1945E-02 FSC= .7781E-01 

INPUT FILE NUMBER 11 

GAS I S  HE 

A= 0.458E+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC DK(L) 
0.059 .5389E+00 .5940E+00 10.22 ' 

0.113 .5882E+00 .6002E+00 2.05 
0.327 .6093E+00 .6051E+00 -0.70 
0.644 .6217E+00 .6064E+00 -2.47 
1.014 .6281E+00 .6069E+00 -3.38 
2.017 .6336E+00 .6073€+00 -4.15 

AVERAGE ERROR= .3827E+01 LS= .3250€+02 FS= .1945€-02 FSC= .7781€-01 

INPUT FILE NUMBER 12 

GAS IS N2 

A= 0.213E+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC DK(Z:I  
0.048 .2004E+00 .2437E+00 21.61 
0.102 .2377E+00 .2455€+00 3.28 
0.178 .2397E+00 .2463E+00 2.74 
0.402 .2487E+00 .2468E+00 -0.82 
0.654 .2625€+00 .2470E+00 -5.90 
1.047 .2661€+00 .2471E+00 -7.13 
2.029 .2685E+00 .2472E+00 -7.93 

AVERAGE ERROR= .6773E+Ol LS= .1160E+02 FS= .1509E+00 FSC= .1237E+00 
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INPUT FILE NUMBER 13 

GAS I S  HE 

A= 0.704€+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC DK(2) 
0.087 .7282E+00 .8078E+00 2.34 
0.333 .8303E+00 .8406E+00 1.23 
0.654 .8582E+00 .8497E+00 -0.99 
0.947 .8711E+00 .8534E+00 -2.25 
1.995 .8901€+00 .ES75E+00 -3.67 
1.958 .8886E+00 .8574E+00 -3.51 

AVERAGE ERROR= .2333E+01 LS= .3800E+01 FS= .4668E-01 FSC= .1237E+00 

INPUT FILE NUMBER 14 

GAS I S  N2 

A= 0.227E+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC DK(2) 
0.048 .2243€+00 .2523E+00 12.50 
0.166 .2512E+00 .2567E+00 2.19 
0.219 .2551E+00 .2572E+00 0.77 
0.325 .2599€+00 .2578E+00 -0.81 
0.668 .2674E+00 .2584E+00 -3.38 
1.009 .2706E+00 .2586E+00 -4.45 
2.004 .2743E+00 .2588E+00 -5.67 

AVERAGE ERROR= .3968E+01 LS= .5300E+Ol FS= .1999E+00 fSC= .1367E+00 

INPUT FILE NUMBER 15 

GAS I S  HE 

A= 0.604E+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC DK ( 2 )  
0.048 .6473E+00 .7768E+00 20.01 
0.073 .6959E+00 .7916E+00 13.76 
0.119 .7575E+00 .8042E+00 5.51 
0.168 .7989E+00 .E102E+00 -6.41 
0.210 .8216E+00 .7510E+00 -9.51 
0.334 .8590E+00 .7564E+00 -11.94 
0.673 .9032E+00 .8234E+00 -9.66 
1.023 .?227E+00 .8250E+OO -10.59 
2.009 .9477E+00 .8265E+00 -12.79 

AVERAGE ERROR= .1113E+02 LS= .1360E+02 FS= .2392E+00 FSC= .1367E+00 
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INPUT FILE NUMBER 16 

GAS IS N2 

A= 0.238E+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC DK(b) 
0.057 .2389E+00 .2632E+00 10.15 
0.073 .2448E+00 .2633E+00 7.57 
0.097 .2528E+00 .2635E+00 4.24 
0.264 .2697E+00 .2638E+00 -2.17 
0.656 .2697E+00 .2640E+00 -2.13 
1.003 .2833E+00 .2640E+00 -6.82 
1.997 .2866€+00 .2640E+00 -7.88 

AVERAGE ERROR= .5852E+01 LS= .3250E+02 FS= .4614E-02 FSC= .1846E+00 

INPUT FILE NUMBER 17 

GAS IS HE 

A= 0.751E+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC DK(L) 
0.060 .7083E+00 .7720E+00 8.99 
0.101 .7724E+00 .7834E+00 1.42 
0.208 .8647E+00 .8058E+00 -14.04 
0.297 .8996E+00 .8191E+00 -8.95 
0.336 .9092E+00 .0237E+00 -9.40 
0.658 .9578E+00 .8498E+00 -11.28 
1.004 .9807E+00 .8641E+00 -18.27 
2.000 .100BE+01 .8824E+00 -12.46 

AVERAGE ERROR= .1023E+02 LS= .5000E+OO FS= .4669E-01 FSC- .1849E+00 

INPUT FILE NUMBER 18 

GAS I S  HE 

A= 0.716E+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC D K ( % )  
0.054 .7024E+00 .8713E+00 24.04 
0.103 .7845€+00 .8808E+00 12.27 
0.211 .9087€+00 .9100E+00 -6.73 
0.335 .9659E+00 .9136E+00 -5.41 
0.669 .1029E+01 .9167E+00 -24.99 
0.997 .1056E+01 .8976E+00 -16.40 
1.997 .1093E+01 .8985E+00 -17.78 

AVERAGE ERROR= .1480E+02 LS= .1960E+02 FS= .2106€+00 FSC= .1959€+00 
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INPUT FILE NUMBER 19 

GAS IS N2 

A= O.lWE+OO 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC DK(2) 
0.052 .2020E+00 .2100E+00 3.96 
0.102 .2138E+00 .2132€+00 -0.29 
0.214 .2237E+00 .2153E+00 -3.74 
0.330 .2273€+00 .216lE+00 -4.91 
0.659 .2317E+00 .2168E+00 -6.41 
1.017 .2334E+00 .2171E+00 -6.96 
2.004 .2354E+00 .2174E+00 -7.66 

AVERAGE ERROR= .4850E+01 LS= .3700E+01 FS= .1403E+00 FSC= .1077E+00 

INPUT FILE NUPlBER 20 

GAS IS HE 

A= 0.468€+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC DU(Z1 
0.046 .5475E+00 .6229E+00 2.35 
0.090 .5961E+00 .6290€+00 5.53 
0.204 .6341E+00 .6353E+00 0.20 
0.336 .6460E+00 .6370E+00 -1 -65 
0.656 .6636E+00 .6383E+00 -3.84 
1.004 .6713E+00 .6388E+00 -4.85 
1.996 .6809E+00 .6392E+00 -6.12 

AVERAGE ERROR= .3505E+01 LS= .3240E+02 FS= .1461E-01 FSC= .1077E+00 

INPUT FILE NUMBER 21 

GAS I S  N2 

A= 0.165€+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC DK( 2 )  
0.027 .1704E+00 .1693E+00 11.07 
0.106 .1856E+00 .1906E+00 2.66 
0.217 .1913E+00 .1908E+00 -0.25 
0.338 . i 946~+00  . ~ Q O ~ E + O O  -1.90 

1.000 .1976E+00 .1910E+00 -3.34 
2.001 .1965€+00 .1910E+00 -3.76 

0.667 .1966E+00 .1910E+00 -2.86 

AVERAGE ERROR= .3693E+01 lS= .3250E+02 FS= .1730E-02 FSC= .6920E-01 
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INPUT FILE NUMBER 22 

GAS IS HE 

A= 0.377E+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC D K ( Z )  
0.056 .4797E+00 .5128E+00 6.91 
0.078 .4946E+00 .5166E+00 4.45 
0.212 .5221E+00 .5231E+00 0.20 
0.336 .5316E+00 .5246E+OQ -1.31 
0.669 .5393E+00 .5259E+00 -2.48 
1.011 .5427&+00 .5264€+00 -3.01 
2.000 .5463E+00 .5268E+00 -3.57 

AVERAGE ERROR= .3133E+01 LS= .3250E+02 FS= .1730E-02 FSC= .6920E-01 

INPUT FILE NUMBER 23 

GAS IS N2 

A= 0.146E+00 
PRESSURE KTDTAL 

PRESSURE KEXP KCALC D K ( 4 )  
0.089 .1653E+00 .1673E+00 1.24 
0.140 .1670E+00 .1688E+00 1.09 
0.286 .1703E+00 .1703E+00 0.02 
0.662 .1722E+00 .1712€+00 -0.56 
0.996 .1728E+00 .1715E+00 -0.77 
2.009 .1733E+00 .1717€+00 -0.91 

AVERAGE ERROR= .7644E+OO LS= .3400E+01 FS= .4242E-02 FSC= .1697E+00 

INPUT FILE NUMBER 24 

GAS I S  HE 

A= 0.239E+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC D K ( 6 )  
0.061 .3605E+OQ .3736E+00 3.63 
0.130 .3758€+00 .3804E+00 1.21 
0.209 .3829E+00 .3828E+00 -0.03 
0.270 .3846€+00 .3837E+00 -0.24 
0.662 .3900E+00 .3856E+00 -1.13 
1.001 .3916E+00 .3860E+00 -1.42 
1.997 .3931E+00 .3865E+00 -1.68 

AVERAGE ERROR= .1334E+01 LS= .3250E+02 FS= .4242E-02 FSC= .1697E+00 



61 

INPUT FILE NUMBER 25 

GAS IS N2 

A= 0.244E+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC DK(2) 
0.051 .2397E+00 .2628E+00 9.63 
0.106 m2582E+00 m269SE+00 4.36 
0.210 .2718E+00 .2744E+00 0.95 
0.335 .2809E+00 .2768E+00 -1.47 
0.656 .2880E+00 .2790E+00 -3.12 
1.000 .2916E+00 .2799E+00 -4.01 
2.003 .2949E+00 .2808E+00 -4.78 

AVERAGE ERROR= .4045E+01 LS= .1300E+01 FS= .3218E+00 FSC= .1959E+00 

INPUT FILE NUMBER 26 

GAS IS N2 

A= 0.231E+00 
PRESSURE KTOTAL 

PRESSURE KEXP KCALC DK(b) 
0.203 .2458E+00 .2533E+00 3.06 
0.330 .2563E+OO .2548E+00 -0.57 
0.655 .2611E+00 .2562E+00 -1.87 
1.014 .2652E+00 .2567E+00 -3.19 
1.994 .2678E+00 .2572E+00 -3.94 

AVERAGE ERROR= .2525E+01 LS= .1600E+01 FS= .2542E-01 FSC= .1849E+00 
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FORTRAN PROGRAMS FOR THE ANALYSIS OF HOLLOW SPHERE 
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Table D-1A. DYPOW3 output f o r  k,  of 40.0-pm A1,0, spheres 
with N2 as the interstitial gas 

Temperature Pressure k solid k gas Accomodation k* 
(K) (atms) (W/mk) (W/mK) coefficient (W/W 

300.0 0 . 1  

0 . 5  

1.0 

500.0 

700.0 

900.0 

0 . 1  

0 . 5  

1.0 

0.1 

0 . 5  

1 .0  

0 . 1  

0.5 

1.0 

36.0 

36.0 

36.0 

20.2 

20.2 

20.2 

12.6 

12.6 

12.6 

8 . 9  

8 . 9  

8 . 9  

0.026 

0.026 

0.026 

0.0386 

0.0386 

0.0386 

0.0493 

0.0493 

0.0493 

0.0587 

0.0587 

0.0587 

0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 .5  
1 . 0  
0.1 
0 . 5  
1 . 0  
0 .1  
0 . 5  
1 .0  
0 . 1  
0 .5  
1 . 0  
0 . 1  
0 .5  
1 . 0  
0 . 1  
0 .5  
1.0 
0.1 
0 . 5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 .5  
1 . 0  
0 . 1  
0 .5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  

0.2008 E - 1  
0.6192 E - 1  
0.9677 E - 1  
0.5511 E - 1  
0.1137 E - 1  
0.1496 E - 1  
0 .7591 E - 1  
0.1365 E - 1  
0 .1731 E - 1  
0.1868 E - 1  
0.6607 E - 1  
0.1125 E - 1  
0.5763 E - 1  
0.1367 E - 1  
0.1887 E - 1  
0.8413 E - 1  
0.1698 
0.2197 
0.1884 E - 1  
0.6762 E - 1  
0.1209 
0.5842 E - 1  
0.1500 
0.2143 

0.1908 
0.2520 

0.8785 E - 1  

0.2093 E - 1  
0 .6951 E - 1  
0.1270 

0.1595 
0.2331 

0.2061 
0.2762 

0.5998 E - 1  

0 .9091 E - l  
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Table D-1B. DYPOW3 output for k, of 40.0-pm A1,0, spheres 
with He as the interstitial gas 

Temperature Pressure k solid k gas Accomodation ka 
(K) (atms) (W/mk) (W/mK) coefficient (W/&) 

500.0 

700.0 

900.0 

300.0 0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

0.1 

0 . 5  

1.0 

36.0 

36.0 

36.0 

20.2 

20.2 

20.2 

12.6 

12.6 

12.6 

8.9 

8.9 

8.9 

0.160 

0.160 

0.160 

0.220 

0.220 

0.220 

0.280 

0,280 

0.280 

0.334 

0.334 

0.334 

0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 

0.4099 E-1 
0.1797 
0.3469 
0.1524 
0.4442 
0.6766 
0.2414 
0.5889 
0.8236 

0.1634 
0.3430 
0.1362 
0.4546 
0.7301 
0.2273 
0.6256 
0.9032 

0.1520 
0.3357 
0.2157 
0.4558 
0.7613 
0.2157 
0.6446 
0.9538 

0.1443 
0.3264 
0.1191 
0.4501 
0.7726 
0.2062 
0.6487 
0.9769 

0.3410 E - 1  

8.3153 E - 1  

0.3193 E - 1  
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Table D-2A. DYPOW3 output for k, of 80-pm AlZ0, spheres 
with Nz as the interstitial gas 

~~ ~- 

Temperature Pressure k solid k gas Accomodation ki3 
(K) (atms) (W/mk) (W/mK) coefficient ( W / W  

300.0 0.1 

0.5 

1.0 

500 ~ 0 0.1 

0 . 5  

1.0 

700.0 0.1 

0.5 

1.0 

900.0 0.1 

0.5 

1.0 

36.0 

36.0 

36.0 

20.2 

20.2 

20.2 

12.6 

12.6 

12.6 

8.9 

8.9 

8.9 

0.0260 

0.0260 

0.0260 

0.0386 

0.0386 

0.0386 

0.0493 

0.0493 

0.0493 

0.0587 

0.0587 

0.0587 

0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0 . 5  
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 

0.3343 E-1 
0.8726 E-1 
0.1271 
0.7912 
0.1458 
0.1846 
0.1036 
0.1706 
0.2086 

0.9852 
0.1535 

0.1804 
0.2356 
0.1205 
0.2160 
0.2664 

0.1053 
0.1703 
0.9316 
0.2030 
0.2705 
0.1309 
0.2466 
0.3067 

0.1124 
0.1842 
0.9939 
0.2212 
0.2977 
0.1404 
0.2707 
0.3380 

0.3312 E-1 

0.8783 E-1 

0.3473 E - 1  

0.3966 E - 1  
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Table D-2B. DYPOW3 output for ka of 80-pm A120, spheres 
with He as the interstitial gas 

ka Temperature Pressure k solid k gas Accomodation 
W) (atms) (W/mk) (W/mK) coefficient w / m  

500.0 

700.0 

900.0 

300.0 0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

36.0 

36.0 

36.0 

20.2 

20.2 

20.2 

12.6 

12.6 

12.6 

8 . 9  

8.9 

8.9 

0.160 

0: 160 

0.160 

0.220 

0 * 220 

0.220 

0.280 

0.280 

0.280 

0.334 

0.334 

0.334 

0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 

0.7533 
0.2820 
0.4904 
0.2448 
0.6006 
0.8395 
0.3623 
0.7532 
0.9728 

0 2705 
0.5074 
0.2307 
0.6388 
0.9268 
0.3594 
0.8231 
0.1084 El 

0.2608 
0.5136 
0.2203 
0.6591 
0.9807 
0.3537 
0.8651 
0,1153 El 

0.2537 
0.5122 
0.2136 
0.6653 
0.1006 El 
0.3471 
0.8839 
0.1186 E l  

0.6463 E - 1  

0.6078 E-1 

0.6218 E-1 
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Table D-3A. DYPOW3 output for k, of 400-pm A1,0, spheres 
with N, as the interstitial gas 

Temperature Pressure k solid k gas Accomodation ki3 
(K) (atms) (W/mk) (W/mK) coefficient ( W / W  

500.0  

700.0 

900.0 

300.0 0 . 1  

0 . 5  

1.0 

0.1 

0 . 5  

1.0 

0.1 

0 .5  

1.0 

0.1 

0 . 5  

1.0 

36.0 0.0260 

36.0 0.0260 

36.0 0.0260 

20.2 0.0386 

20.2 0.0386 

20.2 0.0386 

12 .6  0.0493 

12.6 0.0493 

12.6 0.0493 

8 . 9  0.0587 

8 .9  0.0587 

8 . 9  0.0587 

0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 .5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 . 5  
1.0 
0.1 
0 . 5  
1.0 
0.1 
0.5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 .5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0.1 
0 . 5  
1 . 0  
0.1 
0 . 5  
1 . 0  

0.8354 E - 1  
0.1564 
0.2005 
0.1467 
0.2194 
0.2530 
0.1751 
0.2419 
0.2686 

0.1978 
0.2597 
0.1841 
0.2859 
0.3307 
0.2240 
0.3163 
0.3496 
0.1196 
0.2352 
0 ~ 3092 
0.2189 
0.3398 
0.3904 
0.2666 
0.3745 
0.4103 
0.1529 
0.2792 
0.3616 
0.2611 
0.3951 
0.4487 
0.3143 
0.4321 
0.4689 

0.9895 E - 1  



Table D-33. DYPOW3 output  for k, of 400-pm A1,0, spheres 
with He as the interstitial gas 

ka Temperature Pressure k s o l i d  k gas Accomodation 
(0 (atms) (W/mk) (W/mK) coefficient W / W  

500.0 

700.0 

900.0 

300.0 0.1 

0.5 

1.0 

0.1 

0 . 5  

1.0 

0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

36.0 0.160 

36.0 0.160 

36.0 0.160 

20.2 0.220 

20.2 0.220 

20.2 0.220 

12.6 0.280 

12.6 0.280 

12.6 0.280 

8.9 0.334 

8.9 0.334 

8 . 9  0.334 

0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 

0.2480 
0.6083 
0.8522 
0.5559 
0.9559 
0.1130 El 
0.7109 
0.1075 El 
0.1200 El 
0.2404 
0.6548 
0.9520 
0.5916 
0.1077 El 
0.1280 El 
0.7796 
0.1217 El 
0.1356 El 
0.2450 
0.6898 
0.1021 El 
0.6196 
0.1158 El 
0.1371 El 
0.8292 
0.1306 El 
0.1447 El 
0.2650 
0.7199 
0.1068 El 
Q. 6463 
0.1210 E l  
0.1425 El 
0.8668 
0.1361 El 
0.1499 El 
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Table D-4A. DYPOW3 output f o r  k, of 500-pm A1,0, spheres 
with  N, as the interstitial gas 

Temperature Pressure k solid k gas Accomodation ka 
(K) (atms) (W/mk) (W/mK) coefficient (W/&) 

300.0 0 . 1  

0.5 

1 . 0  

500.0 0 . 1  

0 .5  

1 . 0  

700.0 0 . 1  

0 . 5  

1.0 

900.0 0 . 1  

0 . 5  

1 . 0  

36.0 

36.0 

36.0 

20.2 

20.2 

20.2 

1 2 . 6  

12.6 

12 .6  

8 .9  

8 . 9  

8 .9  

0.0260 

0.0260 

0.0260 

0.0386 

0.0386 

0.0386 

0.0493 

0.0493 

0.0493 

0.0587 

0.0587 

0.0587 

0 . 1  
0 .5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 .5  
1 . 0  
0 . 1  
0 .5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 .5  
1 . 0  
0 . 1  
0 .5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  

0.9240 E - 1  
0.1665 
0.2101 
0.1568 
0.2283 
0.2598 
0.1851 
0.2495 
0 I 2739 
0.1124 
0.2137 
0.2748 
0.2001 
0.2999 
0.3414 
0.2399 
0.3282 
0.3581 
0.1392 
0.2584 
0.3311 
0.2421 
0.3602 
0.4062 
0.2897 
0.3920 
0.4235 
0.1816 
0.3125 
0.3928 
0.2943 
0.4243 
0.4725 
0.3472 
0.4579 
0.4898 
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Table D-4B. DYPOW3 output for k, of 400-pm A120, spheres 
w i t h  He as the interstitial gas 

Temperature Pressure k solid k gas Accomodation ka 
(K) (atms) (W/mk) (W/mK) coefficient (W/mK) 

500.0 

700.0 

900.0 

300.0 0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

36.0 0.160 

36.0 0.160 

36.0 0.160 

20.2 0.220 

20.2 0.220 

20.2 0.220 

12.6 0.280 

12.6 0.280 

12.6 0.280 

8.9 0.334 

8.9 0.334 

8.9 0.334 

0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 

0.2841 
0.6591 
0.9000 
0.6061 
0.9989 
0.1159 El 
0.7617 
0.1109 El 
0.1219 El 
0.2811 
0.7186 
0.1012 El 
0.6542 

0.1313 El 
0. 8438 
0.1258 El 
0.1379 El 
0.2909 
0.7651 
0.1091 El 
0.6933 
0.1219 El 
0.1408 El 
0.9049 
0.1352 El 
0.1473 El 
0.3184 
0.8061 
0.1148 El 
0.7307 
0.1279 El 
0.1468 El 
0.9533 
0.1413 El 
0.1530 El 

0.1130 ~i 
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Table D-5A. DYPOW3 output for k, of 1200-pm A1,0, spheres 
with N, as the interstitial gas 

Temperature Pressure k solid k gas Accomodation ka 
(K) (atms) (W/mk) (W/mK) coefficient ( W / J n U  

300.0 0.1 

0.5 

1.0 

500.0 0.1 

0.5 

1.0 

700.0 0.1 

0.5 

1.0 

900.0 0.1 

0.5 

1.0 

36.0 

36 , O  

36.0 

20.2 

20.2 

20.2 

12.6 

12.6 

12.6 

8.9 

8.9 

8.9 

0.0260 

0.0260 

0.0260 

0.0386 

0.0386 

0.0386 

0.0493 

0.0493 

0.0493 

0.0587 

0.0587 

0.0587 

0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 

0.1314 
0.2074 
0.2467 
0.1980 
0.2614 
0.2836 
0.2248 
0.2769 
0.2917 
0.1783 
0.2840 
0.3376 
0.2709 
0.3568 
0.3840 
0.3080 
0.3761 
0.3932 
0.2459 
0.3709 
0.4323 
0.3555 
0.4532 
0.4814 
0.3988 
0.4733 
0.4903 
0.3502 
0.4866 
0.5519 
0.4699 
0.5734 
0.6013 
0.5166 
0.5935 
0.6099 
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Table D-5B. DYPOW3 output for k, of 1200-prn A120, spheres 
with He as the interstitial gas 

Temperature Pressure k solid k gas Accomodation ka 
(K) (atms) (W/mk) (W/mK) coefficient ( W / W  

500.0 

700.0 

900.0 

300.0 0.1 

0 . 5  

1.0 

0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

36 .O 

36 .O 

36.0 

20.2 

20.2 

20.2 

12.6 

12.6 

12.6 

8.9 

8.9 

8.9 

0.160 

0,160 

0.160 

0.220 

0.220 

0.220 

0.280 

0.280 

0.280 

0.334 

0.334 

0.334 

0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 

0.4518 
0.8582 
0.1068 
0.8067 
0.1141 El 
0.1241 El 
0.9523 
0.1212 El 
0.1273 El 
0.5260 
0.1074 El 
0.1326 El 
0.1007 El 
0.1403 El 
0.1496 El 
0.1192 El 
0.1471 El 
0.1523 El 
0.5372 
0.1079 El 
0.1345 El 
0.1010 E-1 
0.1430 E-1 
0.1536 E-1 
0.1202 El 
0.1507 El 
0.1568 El 
0.6210 
0.1181 El 
0.1450 El 
0.1109 El 
0.1534 El 
0.1635 El 
0.1307 El 
0.1608 El 
0.1665 El 
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Table D-6A. DYPOW3 output for k, of 2502-pm A1,0, spheres 
with N, as the interstitial gas 

Temperature Pressure k solid k gas Accomodation ka 
(K) (atms) (W/mk) ( W / m K )  coefficient (W/mK) 

300.0 0.1 

0.5 

1.0 

500.0 0.1 

0.5 

1.0 

700.0 0.1 

0.5 

1.0 

900.0 0.1 

0.5 

1.0 

36.0 

36.0 

36.0 

20.2 

20.2 

20.2 

12.6 

12.6 

12.6 

8.9 

8.9 

8.9 

0.0260 

0.0260 

0.0260 

0.0386 

0 0386 

0.0386 

0.0493 

0.0493 

0.0493 

0.0587 

0.0587 

0.0587 

0.1 
0.5 
1.0 
0.1 
0 . 5  
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 

0.1700 
0.2433 
0.2760 
0.2348 
0.2867 
0.3011 
0.2584 
0.2970 
0.3056 
0.2569 
0.3580 
0.4004 
0.3465 
0.4135 
0.4300 
0.3779 
0.4254 
0 e 4349 
0.3932 
0.5107 
0.5569 
0.4977 
0.5705 
0.5868 
0 I 5328 
0.5824 
0.5914 
0.6039 
0.7280 
0.7746 
0.7146 
0 I 7878 
0.8033 
0.7506 
0.7992 
0.8076 
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Table D-6B. DYPOW3 output for ka of 2502-pm A120, spheres 
with He as the interstitial gas 

~~ - ~ 

Temperature Pressure k s o l i d  k gas Accomodation ka  
(K) (ams) (W/mk) (W/mK) coefficient (W/*) 

500.0 

700.0 

900.0 

300.0 0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

36.0 0.160 

36.0 0.160 

36.0 0.160 

20.2 0.220 

20.2 0.220 

20.2 0.220 

12.6 0.280 

12.6 0.280 

12.6 0.280 

8.9 0.334 

8.9 0.334 

8.9 0.334 

0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 

0.6183 
0.1013 El 
0.1177 El 
0.9686 
0.1226 El 
0.1285 El 
0.1091 El 
0.1269 El 
0.1302 El 
0.7089 
0.1186 El 
0.1372 El 
0.1133 El 
0.1424 El 
0.1486 El 
0.1276 El 
0.1469 El 
0.1503 El 
0.8369 
0.1356 El 
0.1545 El 
0.1300 El 
0.1597 El 
0.1655 El 
0.1449 El 
0.1640 El 
0.1671 El 
0.1020 El 
0.1544 El 
0.1727 El 
0.1489 El 
0.1775 El 
0.1829 El 
0.1635 El 
0.1815 El 
0.1844 El 
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Table D-7A. DYPOW3 output for k ,  of 3169-pm A1,0, spheres 
with N, as the interstitial gas 

k fl Temperature Pressure k s o l i d  k gas Accomodation 
(K) (atms) (W/mk) (W/mK) coefficient (W/nW 

300.0 0.1 

0.5 

1.0 

500.0 0.1 

0.5 

1.0 

700.0 0.1 

0.5 

1.0 

900.0 0.1 

0.5 

1.0 

36.0 

36.0 

36.0 

20.2 

20.2 

20.2 

12.6 

12.6 

12.6 

8.9 

8.9 

8.9 

0.0260 

0.0260 

0,0260 

0.0386 

0.0386 

0.0386 

0.0493 

0.0493 

0.0493 

0.0587 

0.0587 

0.0587 

0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1-0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 

0.1840 
0.2556 
0.2856 
0.2475 
0.2951 
0.3072 
0.2696 
0.3038 
0.3109 
0.2892 
0.3874 
0.4259 
0.3767 
0.4373 
0.4511 
0.4058 
0.4474 
0.4551 
0.4587 
0.5713 
0.6123 
0.5594 
0.6237 
0.6371 
0.5912 
0.6335 
0.6405 
0.7205 
0.8375 
0.8780 
0.8254 
0.8889 
0.9014 
0.8574 
0.8981 
0.9048 
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Table D-7B. DYPOW3 output  for k, of 3169-pm A120, spheres 
with He as the interstitial gas 

Temperature Pressure k solid k gas Accomodation ka 
(K) ( a t m s )  (W/mk) ( W / m K )  coefficient ( W / d )  

500.0 

700.0 

900.0 

300.0 0.1 

0 . 5  

1.0 

0.1 

0 .5  

1.0 

0.1 

0 . 5  

1.0 

0.1 

0.5 

1.0 

36.0 0.160 

36.0 0.160 

36.0 0.160 

20.2 0.220 

20.2 0.220 

20.2 0.220 

12.6 0.280 

12.6 0.280 

12.6 0.280 

8.9 0.334 

8.9 0.334 

8.9 0.334 

0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 

~- 

8.6752 
0.1059 El 
0.1205 El 
0.1017 El 
0.1247 El 
0.1297 El 
0.1130 El 
0.1283 El 
0.1310 El 
0.7909 
0.1251 El 
0.1415 El 
0.1203 El 
0.1460 El 
0.1510 El 
0.1332 El 
0,1497 El 
8.1524 El 
0 * 9539 
0.1451 El 
0.1615 El 
0.1400 El 
0.1660 El 
0.1704 El 
0.1533 El 
0.1692 El 
0.1717 El 
0.1184 El 
0.1678 El 
0.1834 El 
0.1629 El 
0.1873 El 
0.1917 El 
0.1757 El 
0.1905 El 
0.1928 El 
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Table D-8. DYPOW4 output for k, of 500-pm A1203 spheres 
with N2 as the interior and interstitial gas. Inside 

Wall thickness 15 pm. 
gas pressure equals interstitial gas pressure. 

Temperature Pressure k solid k gas Accomodation ka 
(K) (atms ) (W/mk) (W/mK) coefficient (W/&) 

500.0  

700.0 

900.0 

300.0 0 . 1  

0 . 5  

1.0 

0.1 

0.5 

1.0 

0.1 

0 . 5  

1.0 

0.1 

0 . 5  

1.0 

36.0 

36.0 

36.0 

20.2 

20.2 

20.2 

12 .6  

12 .6  

12.6 

8 . 9  

8 .9  

8.9 

0.0260 

0.0260 

0.0260 

0.0386 

0.0386 

0.0386 

0.0493 

0.0493 

0.0493 

0.0587 

0.0587 

0.0587 

0.1 
0.5 
1 . 0  
0,l 
0 . 5  
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0.1 
0 . 5  
1.0 
0 . 1  
0 .5  
1.0 
0 . 1  
0 . 5  
1 . 0  
0 . 1  
0 .5  
1 . 0  
0.1 
0.5  
1.0 
0 . 1  
0 .5  
1.0 
0 . 1  
0 . 5  
1.0 
0 . 1  
0 . 5  
1 . 0  
0.1 
0.5  
1 . 0  

0.3184 E - 1  
0.3578 E-1 
0.3822 E-1 
0.3537 E - 1  
0.3988 E - 1  
0.4491 E - 1  
0.3665 E - 1  
0.4283 E - 1  
0.4879 E - 1  
0.5087 E - 1  
0.5878 E - 1  
0.6126 E - 1  
0.5818 E - 1  
0.6253 E - 1  
0.6581 E-1 
0.5982 E - 1  
0.6452 E - 1  
0.6805 E-1 
0.7547 E - 1  
0 .8921 E - 1  
0.9254 E - 1  
0.8821 E - 1  
0.9377 E-1 
0.9629 E - 1  
0.9079 E - 1  
0.9538 E - 1  
0.9774 E - 1  
0.1099 
0.1310 
0.1361 
0.1294 
0.1376 
0.1400 
0.1336 
0.1392 
0.1411 
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Table D-9. DYPOW4 output for ka of 1000-pm A1,0, spheres 
with N2 as the interior and interstitial gas. Inside 

Wall thickness 30 pm. 
gas pressure equals interstitial gas pressure. 

Temperature Pressure k solid k gas Accomodation ka 
(K) (atms) (W/mk)  (W/mK) coefficient (W/mK) 

500.0 

700.0 

900.0 

300,O 0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

0.1 

0.5 

1.0 

36.0 

36.0 

36.0 

20.2 

20.2 

20.2 

12.6 

12.6 

12.6 

8.9  

8 . 9  

8 . 9  

0.0260 

0.0260 

0.0260 

0.0386 

0.0386 

0.0386 

0.0493 

0.0493 

0.0493 

0,0587 

0.0587 

0.0587 

0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0 .1  
0 . 5  
1 .0  
0 . 1  
0.5 
1.0 
0.1 
0.5 
1.0 
0.1 
0.5 
1 . 0  
0 . 1  
0 . 5  
1 . 0  
0 . 1  
0.5 
1 . 0  
0.1 
0.5 
1.0 

0.3560 E-1 
0.3838 E - 1  
0.4024 E - 1  
0.3807 E - 1  
0.4142 E-1 
0.4447 E-1 
0.3905 E-1 
0.4330 E - 1  
0.4637 E - 1  
0.6504 E - 1  
0.7037 E - 1  
0.7209 E - 1  
0.6997 E - 1  
0.7293 E - 1  
0.7479 E - 1  
0.7110 E - 1  
0.7412 E - 1  
0.7580 E - 1  
0.1096 
0.1197 
0.1220 
0.1190 
0.1228 
0.1242 
0.1208 
0. I237 
0.1248 
0.1760 
0.1934 
0.1972 
0.1922 
0.1982 
0 .1996 
0.1954 
0.1992 
0.2001 
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Table D-10. DYPOW4 output  for k, of  2502-pm A1,0, spheres 
with N, as the interior and interstitial gas. Inside 

gas pressure equals interstitial gas pressure. 
Wall thickness 1 1 2  pm. 

Temperature Pressure k solid k gas Accomodation k a  
(K) (atms) ( W / m k )  (W/mK) coefficient (W/mK) 

5 0 0 . 0  

7 0 0 . 0  

9 0 0 . 0  

300.0 0 . 1  

0.5 

1.0 

0.1 

0 . 5  

1.0 

0 . 1  

0 . 5  

1.0 

0 . 1  

0.5 

1 . 0  

~~ 

3 6 . 0  0 . 0 2 6 0  

3 6 . 0  0 . 0 2 6 0  

3 6 . 0  0 . 0 2 6 0  

2 0 . 2  0 . 0 3 8 6  

2 0 . 2  0 .0386 

2 0 . 2  0 .0386 

1 2 . 6  0 . 0 4 9 3  

1 2 . 6  0 . 0 4 9 3  

1 2 . 6  0 . 0 4 9 3  

8 . 9  0 . 0 5 8 7  

8 . 9  0 . 0 5 8 7  

8 . 9  0 . 0 5 8 7  

0 .1  
0 . 5  
1.0 
0.1 
0 . 5  
1 .0  
0 . 1  
0 . 5  
1.0 
0 . 1  
0 . 5  
1.0 
0.1 
0 . 5  
1.0 
0 . 1  
0 . 5  
1.0 
0 . 1  
0 . 5  
1.0 
0 . 1  
0 . 5  
1.0 
0.1 
0 . 5  
1.0 
0.1 
0 . 5  
1 .0  
0 . 1  
0 . 5  
1.0 
0 .1  
0 . 5  
1 . 0  

0 . 4 4 3 6  E - 1  
0 . 4 6 2 5  E - 1  
0 . 4 7 4 6  E - 1  
0 . 4 6 0 3  E - 1  
0 . 4 8 1 3  E - 1  
0 . 4 9 5 3  E-1 
0 . 4 6 7 1  E - 1  
0 . 4 9 0 4  E - 1  
0 . 5 0 1 9  E - 1  
0 . 1 0 0 5  
0 . 1 0 3 7  
0 . 1 0 4 8  
0 . 1 0 3 5  
0 . 1 0 5 2  
0 . 1 0 6 0  
0 . 1 0 4 2  
0 . 1 0 5 8  
0 . 1 0 6 4  
0 . 1 9 8 9  
0 ~ 2064 
0 . 2 0 7 9  
0 . 2 0 5 9  
0 . 2 0 8 4  
0 . 2 0 9 0  
0 . 2 0 5 9  
0 . 2 0 8 4  
0 . 2 0 9 0  
0 . 3 5 5 9  
0 . 3 7 0 7  
0 . 3 7 3 5  
0 . 3 6 9 7  
0 . 3 7 4 2  
0 . 3 7 5 0  
0 . 3 7 2 2  
0 . 3 7 4 8  
0 . 3 7 5 3  
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Table D-11. DYPOW4 output for k, of 3169-pm A120, spheres 
with N, as the interior and interstitial gas. Inside 

gas pressure equals interstitial gas pressure. 
Wall thickness 56 pm. 

Temperature Pressure k solid k gas Accomodation k, 
(Q (atms) (W/mk) (W/mK) coefficient w/a> 

300.0 0.1 

0.5 

1.0 

500.0 0.1 

0.5 

1.0 

700.0 0 .1  

0.5 

1.0 

900.0 0.1 

0.5 

1.0 

36.0 0.026.0 

36.0 0.0260 

36.0 0.0260 

20.2 0.0386 

20.2 0,0386 

20.2 0.0386 

1 2 . 6  0.0493 

12.6 0.0493 

12.6 0.0493 

8 . 9  0.0587 

8 . 9  0.0587 

8 . 9  0.0587 

0.1 
0.5 
1.0 
0.1 
0.5 
1.0 
0.1  
0.5 
1.0 
0.1 
0 . 5  
1.0 
0.1 
0 . 5  
1.0 
0 .1  
0 .5  
1.0 
0.1 
0 . 5  
1.0 
0.1 
0.5 
1.0 
0.1 
0 .5  
1.0 
0.1 
0.5 
1.0 
0.1 
0 . 5  
1.0 
0.1 
0.5  
1.0 

0.4636 E-1 
0.4639 E - 1  
0.4660 E-1 
0.4623 E - 1  
0.4663 E - 1  
0.4666 E-1 
0.4652 E - 1  
0.4665 E - 1  
0.4667 E-1 
0.1129 
0.1100 
0.1147 
0.1105 
0,1148 
0.1149 
0.1143 
0.1149 
0.1149 
0.2338 
0.2375 
0.2402 
0.2396 
0.2405 
0.2408 
0.2139 
0.2408 
0.2409 
0.4299 
0.4438 
0.4445 
0.4400 
0.4453 
0.4460 
0.4395 
0.4458 
0.4461 
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Table D-12. DYPOW4 output for k, of 6000-pm A1,0, spheres 
with N, as the interior and interstitial gas. Inside 

gas pressure equals interstitial gas pressure. 
Wall thickness 100 p~m. 

Temperature Pressure k solid k gas Accomodation ka 
(K) (atms) (W/mk) (W/mK) coefficient (W/mK) 

300.0 0.1 36.0 0.0260 0 . 1  
0 . 5  
1 . 0  

0 . 5  36.0 0.0260 0.1 
0.5  
1.0 

1 , o  36.0 0.0260 0.1 
0.5 
1.0 

0.4627 E - 1  
0.4796 E-1 
0.4899 E-1 
0.4777 E - 1  
0.4953 E - 1  
0.5056 E - l  
0.4836 E-1 
0.5022 E - 1  
0.5101 E - 1  



APPENDIX E 

FORTRAN PROGRAM FOR THE ANALYSIS OF HOLLOW SPHERE THERMAL 

CONDUCTIVITY USING THE HODIFIED CUNNINGTON-TIEN MODEL 





The FORTRAN program DMODEL.FOR is listed in this appendix. This program 

uses the modified Cunnington-Tien model for heat transport through a bed of 

hollow spheres to calculate the apparent thermal conductivity through the 

spheres as a function of pressure. This appendix contains a series of  input 

data files containing information about the spheres, the solid phase 

conductivity, gas species, and k, as a function of pressure. The data f i l e s  

are organized as follows. 

Line 1. Number of data points, mean temp. (K), sphere diameter (pm), 

sphere shell thickness (pm), parameter m, solid conductivity (W/mK) , gas type 
(1 - N,, 2 .. He). 

Remaining lines: Pressure (atm), apparent thermal conductivity ( W / m K ) .  
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Program DMODEL-FOR 

1.- 
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1, ;., _. .... 
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Table E-1A. Calculated k w i t h  pressure exponent n - 1/2 
(Parameters f o r  d a t a  s e t  10, m - 0.45) 

. . .  
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Table E-1B. Calculated k with pressure exponent n - 1/2 
(Parameters for data set 10, m - 0.50) 

. . . .. . ... -. _. 

('., 1.. 
I , 

. . .  
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Table E-2A. Calcula ted  k with  p r e s s u r e  exponent n = 1 / 2  
(Parameters f o r  d a t a  s e t  11, m = 0.45) 
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. .  . .  
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Table E-2B. Calculated k with pressure exponent n - 1/2 
(Parameters for data set 11, m - 0.50) 
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Table E-2C. Calculated k w i t h  pressure exponent n - 1/2 
(Parameters for data set 11, m - 0 . 5 5 )  



Table E-3A. 
(Parameters  f o r  d a t a  set 12, m = 0.4 and ASC - 1 x 

Calcula ted  k with  p res su re  exponent n = 1 / 2  

. . .  . . . . . . :  . . . .  . , . . :  . . .  
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Table E-3B. Calculated k with pressure exponent n - 1/2 
(Parameters for data set 12, m - 0.4 and ASC I: 1 x 
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Table E-4A. Calcula ted  k with p r e s s u r e  exponent n = 1 / 2  
(Parameters f o r  d a t a  s e t  13 ,  m - 0.4 and ASC - 1 x 
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Table E-4B. Calculated k w i t h  pressure exponent n = 1/2 
(Parameters for data set 13) 
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Table E-5A. Calculaced k with pressure exponent n = 1/2 
(Parameters for data set 14, m = 0.4 and ASC = 1 x l o w 4 )  

. . - .. . . 

. . . .. 

. .  



Table E-SB. Calculated k with pressure exponent n = 1/2 
(Parameters for data set 14, m - 0.4 and ASC - 1 x LOm3) 

1 F i.4- !., ,"If; ; fr.1 1 



1 2 2  

Table E-6A. 
(Parameters for data s e t  15, m - 0.4  and ASC = 1 x 

Calculated k with pressure exponent n = 1/2 
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Table E-63. Calculated k w i t h  pressure exponent n = 1/2 
(Parameters for data set 15, m = 0.4 and ASC = 1 x 

,..,.-, .- I .  I *- 'J  

. . .  , . .  . . .  ., 
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Table E-6C. 
(Parameters for data set 15, m - 0.4 and ASC = 1 x 

Calculated k with pressure exponent n = 1/2 

. . .  
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Table E-7B. 
(Parameters for data set 17, m = 0.42 and ASC - 1 x 

Calculated k with pressure exponent n - 1/4 

. .  
I I.: ... I /  . 
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Table E-7D. 
(Parameters for data set 17, m - 0.41 and ASC Calculated k w i t h  pressure exponent n = 1/3 

1 x 

'I ii _, n .. . 
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Table E-7E. 
(Parameters for data set 17, m = 0.42 and ASC - 1 x 

Calculated k with pressure exponent n = 1/3 

. . . . . . _ . .  ~ : . . . .  . . . . . .  . .  . : .  



130 

Table E-7F. 
(Parameters for data set 17, m = 0.40 and ASC - 1 x 

Calculated k with pressure exponent n - 1/2 

bl , 

. .  
: .. . ,... I . 

. ., . .. . 

. .  
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Table E-8A. 
(Parameters for data s e t  1 6 ,  m = 0.4 and ASC = 1 x 

Calculated k with pressure exponent n = 1/2 

INPUT DGF: 

IhlF'1!5' W" 

I ~ f ' u  7 A I: c; OPI M 0 D A T I I:i t.1 C OE F F I C I E N7 

II.1PUT KRGT! CDl\lE;TANT 

.-> ,'> c, c, LA.,., I . 0 
13?.t> 

1 . C) 
0. 0306 

INF'LIT V O I D  FFEACTIUN 

T H I S  TAELE IS FOR NITROGEK 
F' RE S S LIRE K CkiC 
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Table E-8B. 
(Parameters for data s e t  1 6 ,  m - 0.4 and ASC - 1 x 

Calculated k with pressure exponent n - 1 / 2  

j 
. s  ; , 1;; ('*:,I i [- 
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Table E-9B. 
(Parameters for data set 18, m - 0.4 and ASC Calculated k with pressure exponent n - 1/2 

1 x 
. ) I  ' r  fl:ll' { '? ?:'PI I 

. . .  . .  
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Table E-1OB. Calculated k with pressure exponent n = 1/2 
(Parameters for data s e t  25, m 0.4 and ASC = 1 x 

:[ (1 f..,i c 0 F F F 1 1; I E $j-: 
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Table E-1OC. Calculated k with pressure exponent n 1/2 
(Parameters for data set 25, m - 0.4 and ASC = 1 x lo-") 

~ ~ ~ . ~ ~ ~ ' ~ , i - ;  \)illrt F ' ~ ~ ~ ~ ' ~ ~  i j i j  
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Table E-1OD. Calcula ted  k with  p res su re  exponent n - 1 / 2  
(Parameters  f o r  da t a  set 25, m - 0 . 4  and ASC = 1 x 

. r 

. .  

. ... . 
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