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MODELS FOR HFAT TRANSPORT THROUGH ASSEMBLIES
OF UNIFORM-DIAMETER HOLLOW SPHERES

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 for
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.

Three models have been used to describe 17 experimental
data sets obtained for combinations 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. One of
the models which includes a pressure explicit function describes
the data set to better than 5%.

FORTRAN programs have been written to expedite use of the
models to describe the data. These programs can be easily
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.

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.



Chapman et al.! at the Georgia Institute of Technology. The process
provides uniform-diameter spheres from bulk materials such as Al,0,,
partially stabilized Zr0,, Si0,, or Al,05-Cr,0; alloys. Sufficient
quantities of spheres with outside diameters in the range 2100 to 3500 um
and wall thicknesses near 100 um 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.? 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 al.3
Predecessors to ORNL-7 have been reported by Yarbrough et al.,‘ and by
Copeland et al.® This apparatus was designed specifically for the
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.

A radial-heat-flow apparatus, identified as ORNL-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,. In
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,

The k, measurements presented in this report have been determined

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

q = 2n2k (T, - Tp)/in(r/ry) . (1)

The quantities of g/f and (T, - T,;) are measured for an annular space with

inside radius r; and outside radius r, that is filled with the hollow



spheres making up the test specimen. The apparent thermal conductivity,

k,, is obtained from Eq. (1) by an algebraic rearrangement:
kg = (q/8)&n(ry/r)/(2n[Ty - T;]) . (2)

We have, in general, assumed that the overall heat flow per unit length
(g/2) can be separated into convective, conduction, and radiative

components:

T e W ). <

Equation (3) can be approximated by Eq. (4) 1if (q/2).onv 15 neglected:

g . (A 4T | AT 4
27 (k) A Arl + kA Arl . (4)

The thermal conductivity, k, in Eq. (4) includes both solid and gas
conduction terms. The gas-phase conducﬁion 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. 1In this case only the "interstitial®" gas would
be affected by evacuation of the bed of spheres. The calculations that are
reported here assume the same gas type and pressure inside and outside of
the hollow spheres.

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

k, = 16N?8T3/38 , (5)

if the radiation is viewed as a diffusive process.® The apparent thermal
conductivity obtained with ORNL-7 is based on constant Ai and AT/Ar. 1In
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 modeling of the heat transport through the hollow spheres was
undertaken for two reasons. First, the equations developed can be used to

reduce the tabular data to analytical form and provide for interpolations
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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. Three distinctly different mathematical models have
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.

SERTES-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 all’-® and fibrous alumina insulation.® This model neglects
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):
k =k, + k, , (6)
k., = Akp + (1 - Akgy . (7

The term kgy is obtained by adding thermal resistances for the gas phase

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

the specimen:

1 _ £ . __fg 8
—— = = , a
ko %k, &, (82)

- kks (8b)

ke = fok, + fk, °

The term kp is for conductive transport along parallel conductive paths

that are either gas or solid. Taking the overall cross-sectional area and



temperature gradient to be the same for both paths yields Eq. (9) for the
parallel path contribution to the thermal conductivity:

kp = £gkg + £gkg | (9

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

for the apparent thermal conductivity of the composite material:
k, = A(fgkg + fgkg) + (1 - 4 (kgks)/(fskg + fgks) + k, . (10)

The dependence of k,; on temperature comes from the temperature dependence
of kg, kg, and k,. The dependence of k, on interstitial gas pressure comes

from the dependence of kg on pressure:

?
kg = kgo ?;-:S‘Tg . (11)

The parameters lg and 2, in Eq. (11) are characteristic lengths; £g is the
molecular mean free path in the gas phase while 2, is a characteristic
length for the space between particles. The molecular mean free path for a
given chemical species varies inversely with pressure at constant
temperature. At 300 K the £g for helium is 0.1936/P (um), 0.0694/P (um)
for A, and for nitrogen it is 0.0654/P (um) where P is the pressure in
atmospheres. 1If we take the radius of the spheres comprising a test
specimen to be 2, and calculate the pressure reduction required to achieve
a 10% decrease in kg' then extremely low 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.

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

25, the effect of a given pressure decrease on k will be greater for helium

than for nitrogen or A.



Table 1. Pressure to give a 10% reductlion in k, at 300 K

:4
2 Helium pressure Nitrogen pressure Argon pressure
(pum) (atm) (atm) (atm)
1000 1.74 x 1073 5.89 x 107 6.25 x 107*
500 3.48 x 1073 1.18 x 1073 1.25 x 1073
100 1.74 x 1072 5.89 x 1073 6.25 x 1072
50 3.48 x 1072 1.18 x 1072 1.25 x 1072
10 1.74 x 107! 5.89 x 1072 6.25 x 1072

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 (kj,,) 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 £_, however, suggest that the helium pressure

effect should be about three tfmes as large as the nitrogen pressure effect
on kg. 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 £, is small enough compared to £g to give kg < kg°. The parameter £
has been treated as an adjustable parameter in this work.

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

Sphere radius Helium Nitrogen
(pm) (kpjgh/K1ow)? (kpjigh/k1ow)
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; kj,, 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

of the total volume that is occupied by sphere wall material. 1If Vg is the

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



fs = Vg i (Ds/z)3 - ‘L‘g“' (Ds/2 - W)a]/ 47"(1)5/2)3] ’

(12)
=7, [0,/2)° - (0,72 -7 7 [@./2)7) .

The series-parallel model described by Eqs. (10) and (11) has been used to
correlate experimental k, data with interstitial gas pressure. The
experimental data that were used are tabulated in Appendix B. The two
FORTRAN programs used for analysis with the series-parallel model are
contained in Appendix C. The first program, PMODA.FOR, allowed the
parameters 4, k,, 25, 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.

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. 1If either parameter is determined
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. A comparison of calculated with experimental k, for this
model is contained in Appendix C.

The consistently zero value for the least-squares estimate for 4 in
Eq. (10) suggests that the parallel term is not needed. As 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 < 0 is taken to be 4 = 0.
A listing of PMODB.FOR and tables containing calculated and experimental ka

are contained in Appendix C.



Table 3. Parameters for the description of hollow sphere thermal
conductivity data using PMODA.FOR

g:ta Ini;i?al 4 ky fs Is dﬁiiﬁ:?io:a
10 N, 0.00 0.135 3.600 0.07781 2.10
11 He 0.00 0.231 14.90 0.07781 3.39
12 N, 0.00 0.218 0.400 0.1237 5.37
13 He 0.00 0.480 3.600 0.1237 4.09
14 N, 0.00 0.219 0.300 0.1367 1.25
15 He 0.00 0.445 20.30 0.1367 8.54
16 N, 0.00 0.226 0.400 0.1846 1.22
17 He 0.00 0.520 5.800 0.1846 6.94
18 He 0.00 0.580 1.700 0.1959 9.31
19 N, 0.00 0.160 3.10 0.1077 2.94
20 H, 0.00 0.263 13.00 0.1077 4.23
21 N, 0.00 0.126 7.10 0.0692 2.55
22 He 0.00 0.150 26.00 0.0692 2.81
23 N, 0.00 0.106 6.80 0.1697 1.51
24 He 0.00 0.0163 32.50 0.1697 5.22
25 N, 0.00 0.252 0.200 0.1959 3.87
26 N, 0.08 0.143 0.500 0.1846 1.10
4pverage value for | koaic - kexp | o 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. The observed decrease in k, with

decrease in pressure 1s not predicted quantitatively with the gas phase

thermal conductivity expression in Eq. (11).



Table 4. Parameters for the description of hollow sphere

thermal conductivity data using PMODB.FOR

Data Interstitial k 2 £ Average %
set gas r s s derivation?
10 N, 0.174 9.300 0.07781 2.54
11 He 0.458 32.50 0.07781 3.83
12 N, 0.213 11.60 0.1237 6.77
13 He 0.704 3.80 0.0467 2.33
14 N, 0.227 5.30 0.1367 3.97
15 He 0.604 13.60 0.1367 11.13
16 N, 0.238 32.50 0.1846 5.85
17 He 0.751 0.500 0.1849 10.23
18 He 0.716 19.80 0.1959 14.80
19 N, 0.188 3.700 0.1077 4.85
20 He 0.488 32.40 0.1077 3.51
21 N, 0.165 32.50 0.0692 3.69
22 He 0.377 32.50 0.0692 3.13
23 N, 0.146 3.40 0.1697 0.76
24 He 0.237 32.50 0.1697 1.33
25 N, 0.244 1.300 0.1959 4,05
26 N, 0.231 1.600 0.1849 2.53
®average value for | kg,q. - Kexp | 100/k gy,
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Figure 1 is a deviation plot for model PMODB for the entire data set.
This is an obvious skew of the k, data as gas pressure is lowered. The k,
data for nitrogen are within #10% 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.
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Fig. 1. A comparison of k, calculated with PMODB.FOR and the
experimental k.

A pressure-dependent term was added to PMODB in order to reduce the
deviations shown in Fig. 1. The resulting program is called PMODC.FOR.
PMODC uses Eq. (10) with the parallel term dropped with the expression

shown below as an additive term:
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Ky, =4, + 5, /P . (13)

The parameters Ap and Bp were obtained for each data set using the method
of least-squares applied to the residuals shown in Fig. 1. A listing of
the program PMODC.FOR is contained in Appendix C along with output for the
17 data sets. Table 5 contains parameters obtained for each data set along
with the average percent difference between measured and calculated k,. A
comparison of the results in Tables 4 and 5 show that the gddition of kpr

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

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

Data Interstitial

set gas ke 2s ts “4p Bp d:::i:iicza
10 N, 0.176 3.26 0.07781 -0.8009E-2 0.1142E-1 1.00
11 He 0.574 0.02 0.07781 -0.3363E-1 0.4606E-1 2.90
12 N, 0.223 3.26 0.1237 -0.2883E-1 0.4160E-1 3.83
13 He 0.831 0.02 0.1237 0.9016E-1 0.9898E-1 3.07
14 N, 0.234 3.26 0.1367 -0.2120E-1 0.3027E-1 2.31
15 He 0.810 0.02 0.1367 -0.2120E-1 0.2103 5.07
16 N, 0.241 3.26 0.1846 -0.2178E-1 0.3344E-1 1.86
17 He 0.880 0.02 0.1846 -0.1435 0.2138 4.98
18 He 0.926 0.02 0.1959 -0.2016 0.2921 6.25
19 N, 0.200 3.26 0.1077 -0.1352E-1 0.1961E-1 1.79
20 He 0.626 0.02 0.1077 -0.5118E-1 0.7501E-1 3.36
21 N, 0.168 3.26 0.0692 -0.8097E-2 0.1189E-1 1.45
22 He 0.514 0.02 0.0692 -0.2111E-1 0.3083E-1 2.46
23 N, 0.146 3.26 0.1697 -0.2425E-2 0.3279E-2 0.35
24 He 0.374 0.02 0.1697 -0.7938E-3 0.1155E-2 1.63
25 N, 0.251 3.26 0.1959 -0.2527E-1 0.3675E-1 2.56
26 N, 0.234 3.26 0.1846 -0.575E-1 0.1852E-1 1.16
Average 2.71

2average value for | k,,;. - kexp | o 100/k oy,
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calculated and experimental k, from 5.02 to 2.71%. The scatter of the
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.
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Fig. 2. A comparison of k, calculated with PMODC.FOR and the
experimental data.

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. This type of model was described in detail by Moore et al.® and
used to analyze heat flow through U0, or ThO, powders. Yang!® extended the
model and included provisions for mixtures of spheres of different

diameters. Both Moore and Yang considered solid spheres that were stacked

to form a regular lattice.
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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 a is included to account for
heat transfer at solid-gas interfaces. Gas phase thermal conductivity
includes a term a/(a - 2) that results in a reduction in kg for a < 1.

Heat transport through opaque solid elements is by conduction conly. The
model is one-dimensional in the sense that heat flows successively across
gas-filled spaces or through solid elements. The heat flow across a bed of
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).

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. 1In the

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. A number of such elements

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.

ORNL-DWG 82-7653
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Fig. 4. Heat flow across the
cylindrical component is represented
by ecylindrical 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. Paths

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
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joining the bounding planes. The fraction of the unit cell occupied by the
hexagonal component is 0.0931, while the cylindrical component occupies
0.9069 of the volume. The fraction of the unit cell occupied by spheres is
0.6046. Heat flow across the unit cell is described using cylindrical
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. Heat flow across the gas elements consists of
radiation and conduction in parallel. This combination of series and
parallel elements can be illustrated by means of the electrical analog
using reciprocals of radiative or conductive conductances.

The heat flow analog shown in Fig. 5 is the basis for the program
DYPOW3.FOR, listed in Appendix D. DYPOW3 is a translation of Moore's
original [Fig. 3(a), (b), (c)] progran® into 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 solid

sphere to simulate the combined conductive-radiative transport.

ORNL-DWG 89-14480
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Fig. 5. Electrical analog for 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 cylindrical shells have a gas component for the interior of
the sphere and a solid element for the sphere wall in series. The
electrical analog in Fig. 6 is for a typical element that replaces k-lsci
in Fig. 5. The subroutine "SOLID" in DYPOW4,FOR replaces the constant used
in DYPOW3 for the thermal conductivity of the solid. DYPOW4 had the
capability of performing computations with different gas species and gas

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

-

ORNL-DWG 89-14481
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Fig. 6. Electrical analog showing

components representing the hollow sphere
above the dashed line.

Tabie 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. Figure 7 shows calculated ka values for a bed
of 2502-pm-diam Al,0; spheres with wall thicknesses of 112 pm for
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Table 6. Identification of properties used for calculations of k using
DYPOW3.FOR or DYPOW4.FOR with Al,0; as the solid phase

Particle Temperature Results
diameter range Accomodation Interstitial gas in
(pm) Gas (X) coefficients pressure (atm) table
DYPOW3.FOR
40.0 N, 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-1A
He 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-1B
80.0 N, 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-24
He 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-2B
400.0 N, 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-3A
He 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-3B
500.0 N, 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-4A
He 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-4B
1200.0 N, 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-5A
He 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-5B
2502.0 N, 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-6A
He 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-6B
3169.0 N, 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-7A
He 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 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, 6.5, 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 N, 300-900 0.1, 0.5, 1.0 0.1, 0.5, 1.0 D-11
6000.0 N, 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 atm. Figure 8
shows similar results for a bed of 3169-pm-diam Al,0, spheres with wall

thicknesses of 56 um.
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Fig. 7. k4 as a function of T, P,
and o for 2502-um-diam hollow Al,0, spheres
with He as the interstitial gas.
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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. A single set of
data obtained at 300 K is shown in both figures. These data indicate that
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.
MODIFIED CUNNINGTON-TIEN MODEL

Cunnington and Tien!!:!? have developed equations to describe the transport
of heat through an optically thick assembly of hollow spheres. This approach
assumes that conductive and radiative terms are additive, and convection in
the interstitial space between spheres is absent. GConduction 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 = koo + kg + Kk, (14)
ky. = ASC - P? - k, , (15)
kg = kg {é.i!..lf(;ﬂ)_’ [.1_1( tn(k,/k) -1 - x/z} . 1} , (16)
k, = kg/ (1 + 2.Xx4,/8) , (17)
K =1 - ko/ky . (18)
k= kgl1+(2m(1 - v)/(2v+ 1)1/[1 - m(1 - v)/(2v + 1)1}, (19)

v = K/k, , (20)
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k, = BRo2T (1 + 0) (1 + 07) , (21)
0 = T./T, . (22)

The coefficient in Eq. (21) must be determined empirically and this
represents a modification to the original model. The Knudsen number, £g/6,
in Eq. (17) controls the change in the gas phase thermal conductivity with
pressure since Eg, the mean free path in the gas phase, increases as
pressure deceases. The model has been further modified by the pressure
term P? in Eq. (15). The parameter ASC is a measure of the contact
resistance area and the factor P?! introduces a mechanical pressure
dependence on the contact area between spheres.

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 to
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 *10% 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 is less than that obtained
without the pressure terms in Eq. (15).

Table 7 is a listing of the parameter combinations used to calculate k,
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-um-diam hollow spheres with
wall thicknesses of 78 um. The interstitial gas is
nitrogen. The pressure exponent is 1/2 and the ex-
perimental data set is number 10.
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Fig. 10. A comparison of calculated and
experimental k values for 3448-um-diam hollow
spheres with wall thicknesses of 78 um. The
interstitial gas is helium. The pressure ex-
ponent is 1/3 and the experimental data set
is number 11.
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Fig. 11. A comparison of calculated and
experimental k values for 2809-um-diam hollow
spheres with wall thicknesses of 104 um. The
interstitial gas is nitrogen. The pressure
exponent is 1/2 and the experimental data set
is number 12.
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Fig. 12. A comparison of calculated and
experimental k values for 2809-um-diam hollow
spheres with wall thicknesses of 104 um. 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-um-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.
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Fig. 14. A comparison of calculated and
experimental k values for 2229-um-diam hollow
spheres with wall thicknesses of 126 um. 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-um-diam hollow
spheres with wall thicknesses of 132 um. The
experimental data set is 16.
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Fig. 16. A comparison of calculated and exper-
imental k values for 2289-um-diam hollow spheres with
wall thicknesses of 132 um. The experimental data
set is 17.
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Fig. 17. A comparison of calculated and exper-
imental k values for 2106-um-diam hollow spheres with
wall thicknesses of 157 um. The experimental data
set is 18.
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Fig. 19. The apparent thermal conduct-
ivity of 2200-gm-diam hollow Al,0; spheres at
300 X 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. The calculation of k, requires
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.

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 = 1-107°
and ASC = 1-107*. This solid contact factor must be treated as an
adjustable parameter since it is not part of the experimental
determination. The change in k, with ASC is much greater for nitrogen than

for helium. Figures 11, 13, 15, and 18 show that increasing ACS from
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Table 7. Parameter combinations for which k& values have been
computed using the modified Cunnington-Tien model

Sphere Shell

Data diameter thickness Void

set Gas (um) (um) ASC n fraction Figure
10 N, 3448 78 1 x 10% 0.500 0.45 9
10 N, 3448 78 1 x10% 0.500 0.50 9
10 N, 3448 78 1 x 1074 0.500 0.55 9
11 He 3448 78 1 x 10™ 0.500 0.45 10
11 He 3448 78 1 x 107 0.500 0.50 10
11 He 3448 78 1 x 107 0.500 0.55 10
12 N, 2809 104 1 x10% 0.500 0.40 11
12 N, 2809 104 1 x 107%  0.500 0.40 11
13 He 2809 104 1 x 10°*  0.500 0.40 12
13 He 2809 104 1 x 107%  0.500 0.40 12
14 N, 2229 126 1 x 1074 0.500 0.40 13
14 N, 2229 126 1 x 107  0.500 0.40 13
15 He 2229 126 1 x 107> 0.500 0.40 14
15 He 2229 126 1 x 10™%  0.500 0.40 14
15 He 2229 126 1 x 10  0.500 0.40 14
16 N, 2289 132 1 x 1074 0.500 0.40 15
16 N, 2289 132 1 x 1073 0.500 0.40 15
17 He 2289 132 1 x 107 0.250 0.41 16
17 He 2289 132 1 x 1074 0.250 0.42 16
17 He 2289 132 1 x 107  0.250 0.43 16
17 He 2289 132 1 x 107 0.333 0.41 16
17 He 2289 132 1 x10% 0.333 0.42 16
17 He 2289 132 1 x 107 0.500 0.40 16
18 He 2106 157 x 107  0.500 0.40 17
18 He 2106 157 1 x 107°®  0.500 0.40 17
25 N, 2106 157 1 x 1074 0.500 0.40 18
25 N, 2106 157 1 x 10 0.500 0.40 18
25 N, 2106 157 1 x 1074 0.333 0.40 18
25 N, 2106 157 1 x10% 0,333 0.40 18
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1-10°* to 1-107? increases the k, by 8 to 10% for nitrogen at 1.0 atm. The
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™* to 1-10™3 is in the range 2 to 3% when the helium
pressure is 1 atm. The effect on k, of the same change in ASC is less than
1% at 0.1 atm of helium. Figures 16 and 18 show the effect of changing the
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 n = 0.25 to n = 0.333 increases the
calculated k, for helium by about 20% at 0.05 atm. A change from n = 0.333
to n = 0.50 increases the calculated k, for nitrogen by about 15% at

0.05 atm. 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 0.40, a solid contact factor of 1-107%, 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 radjative term (BR). 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
expression!® for k, for an absorbing and isotopically scattering planar
media of thickness £. 0zizik’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:?*3

£ - n%oTi¢ (1 + 6) (1 + 6?) (23)
T (3/4Ei+1) ’

An average E value of 1200m'1 obtained by Shapiro? and refractive index (n)
of one gives BR = 0.0306 from Eqs. (21) and (22). The BR value 0.0306 was
used in the calculations done with DMODEL.FOR.
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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. This hypothesis was
tested by measuring k, for 2200-um Al,0; 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. These
measurements were obtained for 2200-upm-diam hollow Al,0; spheres at T =
300 K. The interstitial gas was nitrogen at 1 atm. 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.

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 series-parallel model with an additive pressure term is
the easiest to understand. This model can describe a given set of k, data
to better than 5%. The Cunnington-Tien model as modified can be used to
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. The geometric model is the most difficult to use and
produces results for k, that are strongly dependent on the accommodation
coefficient.

All three models can be used to demonstrate the decrease in k, as
interstitial gas pressure is decreased. The models clearly demonstrate the
strong dependence of k, on the thermal conductivity of the gas phase.

The series-parallel or the modified Cunnington-Tien model are found to
be best for calculating the effect on k, of pressure, sphere characteris-
tics, or interstitial gas type. The geometric model requires data for a

system being considered to fix the accommodation coefficient.
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All three models can be used to predict k, as a function of tempera-
ture. A calculation of k,(T) requires data for the thermal conductivity of
the solid and gas components. A serious weakness exists in that the
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,

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 of gas permeability of the spheres is 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.*»?! The
recommended thermal conductivity values were used to obtain k{(T) at one
atmosphere of pressure that are linear in temperature. Equations (A.1)

and (A.2) are for N, and He, respectively.
K(T) =~ 4.3018 x 1073 + 7.2018 x 107 T (A.1)

K(T) = 5.6809 x 1072 + 3.0964 x 10 T (A.2)

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

and pressure using an expression from Hirschfelder et al.»?%:
2y = kT/¢’ Pro? (A.3)
Equation (A.3) can be simplified to the following form which requires P in
atmospheres, T in K, and the collision diameter o in centimeters to obtain
£, in centimeters. The "k" in Equation (A.3) is Boltzmann’s constant.
£y = 3.065 x 10"2 T/o?P (A.4)
Values for o given by Hirschfelder et al.*3 complete the information

required to evaluate £, at a given temperature and pressure. Table Al

gives example £, values for He and N,.
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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.1l.

Table A.1. Mean free path lengths for helium and nitrogen

Species o (cm) P (atm) T (K) £, (cm)
He 2.18 x 1078 1.0 100 6.45 x 10°°
300 1.93 x 1073

0.1 100 6.45 x 1073

300 1.93 x 107

N, 3.75 x 1078 1.0 100 2.18 x 1076
300 6.54 x 107°

0.1 100 2.18 x 1073

300 6.54 x 1073

Table A.2. Solid phase thermal
conductivity data

Thermal conductivity

Species (W/mK) at 300 K
Al,0;4 21.4
A1203'7%Cr203 10.8
P.S. Zr0,% 2.5

4Partially stabilized with MgO0.
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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 k, as a

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

Line 1. Number of data points, mean temp. (K), sphere diameter (um),
sphere shell thickness (um), parameter m, solid conductivity (W/mK), gas
type (1 + N2, 2 = He).

Remaining Lines: Pressure (atms), apparent thermal conductivity (W/mKO,

.TYFE FOR10.DAT
7+300.,3448.0,78.0,0.4,21.4.1
0.058,.1853

0.119,0.1939

0.254,0.1992

0.345,0.2011

0.652,0.2039

1.012,.2054

£.016,0.2070

.TYFE FORi1.DAT
4,300.0,3448.0,78.0,0.4,21.4,7
0.059,0.5389

0.113,0.5882

0.327,0.4093

0.644,0.6217

1.014,0.4281

2.017,0.6336

.TYFE FOR12.DAT
7+300.0,2809.0,104.0,0.6,21.4,1
0.048,0.2004

0.102,0.2377

0.178,0.2397

0.402,0.2487

0.654,0.24625

1.047,0.2661

2.029,0.2485
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.TYPE FOR13.DAT
6.300.0,2809.0,104.0,0.6,21.4,2
0.087,0.7282
0.333,0.8303
0.654,0.8587
0.947,0.8711
.995,0.8901
1.,58 0.8886

.TYFE FOR14.DAT
7,300.0,2229.0,92.0,0.4,21.4,1
0.048,0.2243

0.166,0.2517

0.219,0.2551

0.325,0.2599

0.668,0.2474

1.009,0.2706

2.004,0.2743

.TYFE FOR15.DAT
2,300.0,2229.0,92.0,0.6,21.4,2
0.048,0.6473

0.073.,0.6959

0.119,0.7575

0.168,0.7989

0.210,0.8216

0.334,0.8590

0.673,0.9032

1.023,9.9227

0
.009,0.9477

.TYFE FOR1&.DAT
7,300.0,2289.0,132.0,0.46,21.4,1
0.057,0.2389

0. O/J,O-L448

0.097.0.2328

0.264,0.2697

0.656,0.2697

1.003,0.2833

1.997,0.28466

.TYPE FOR17.DAT "
§.300.0,2289.0,132.0,0.6.21.4.,2
0.060,0.7083

0.101,0.7724

0.208,0.8647

0.297,0.8996

0.336,0.9097

0.458,0.9578

1.004,0.9807

2.000,1.008
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.TYFE FOR18.DAT
74300.0,2106.0,130.0,0.4,21.4,2
0.054,0.7024

0.103,0.7845

0.211,0.9087

0.335,0.965%

0.665,1.0288

0.997,1.05857

1.997,1.0929

.TYFE FOR19.DAT
7+300.0,2852.0,91.0,0.6,10.8,1
0.052,0.2020

0.102,0.2138

0.214,0.2237

0.338,0.2273

0.659,0.2317

1.017,0.2334

2.004,0.2354

.TYFE FOR20.DAT
74300.0,2852.0,91.0,0.4,10.8,7
0.048,0.5475
0.090,0.5961
.204,0.6341
(.338,0.6480
0.658,0.4638
1.004,0.6713
1.994,0.680¢

.TYFE FORZ1.DAT
74300.0,3498.0,70.0,0.6,10.8,1
0.027,0.1704
0.106,0.1856
0.217,0.1913
0.336,0.194¢4
$.667,0.1966
1.000,0.1976
2.001,0.1985

.TYFE FOR22.DAT
7:300.0,3498.0,70.0,0.4,10.2,2
0.056,0.4797

0.078,0.4946

0.212,0.5221

0.336,0.5316

0.669,0.5393

1.011,0.5427

2.000,0.5443
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.TYFE FOR23.DAT
64300.0,2250.0,116.0,0.6,2.5,1
0.089,0.1453

0.140,0.1470

0.284,0.1703

0.662,0.1722

0.996,0.1728

2.009,0.1733.

.TYFE FORZ24.DAT
7:.300.0,2250.0,118.0,0.6,2.5,7
0.0461,0.3605

0.130,0.3758

0.209,0.3829

0.270,0.38464

0.662,0.3900

1.001,0.391¢6

1.997,0.39351

.TYFE FOR25.DAT
7.300.0,2106.0,130.0,0.6,21.4,1
0.051,0.2397

0.106,0.2587

0.210,0.2718

0.335,0.2809

0.656,0.2880

1.000,0.2914

2.003,0.2949

—f

o OO O g
.
O O Ll MLl <

0
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APPENDIX C

FORTRAN PROGRAMS FOR THE ANALYSIS OF HOLLOW SPHERE
THERMAL CONDUCTIVITY DATA USING THE SERIES-PARALLEL MODEL






45

A listing of PMODA.FOR is contained on pages 46 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. 1In 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. PMODB 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, 63, and 64. 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 YP. The output from PMODGC
is listed on pages 65 through 73. 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 73 because different intervals

were searched for the optimum parameter values.



«. . TYFE FRODA.FO

00100
QQZ00
00300
00400
00300
00400
00700
00800
00200
01000
01100
01200
01300
01400
01500
01600
01700
01800
01900
02000
02100
02200

2300
02400
Q2300
02600
02700
02800

£900
03900
03100
03200
03300
03400
03500
034600
03700
03800
03500
04000
04100
04200
04300
04400
04500
04600
04700
04800
04900
05000
053100

C
C

884

]

999

[

o

46

R

FMODA. FOR 11/88 DY

A AND KRAD ARE THE FARAMETERS TO EE DETERMINED
IFFLICIT REAL ( A-H,K-L,0-2)

DIMENSION KT(50),F(50),X(50),Z(50),KTC{50),DK(50)
DIMENSION SIG(4),61(4),62(4)

DATA SIG/3.75E-8,2.18E~8,3.44E-8,3.75E~8/,6G1/4.3018E6-3,
5.6809E-2,2.7264E-3,5.4818E~3/ ,62/7 . 2018E-5,3.0964E~4,
4.9873E-5,6.5073E-5/

DO 333 MM=10,26

WRITE(S,884) Mr

FORMAT(2X,///// 2%, ' INFUT FILE NUMEER ,14,/)
READ (MM, %) N,.T,DS,W.FS,KS,dd

FSC=FSK{ (. SXDE)¥%3~ (. SKDS~W)IX%T) /(. SKDE ) kX3
FG=1-FS

WRITE(5,13)

READ(S5,%) JJ

IF ( J3 .E@. 1 ) WRITE(5.200)

IF ( 7 .E@. 2 ) WRITE(5,201)

IF ( 33 E@. 3 ) WRITE(5.,202)

IF ( dJ .EQ. 4 ) WRITE(5,203)

DO 2 J=1,N

READ (MM, ) F(J) KT(J)

CONT INUE

CLOSE (UNI T=mm)

WRITE(S,4)

READ(5,%) LS1,LS2

KGO = G1(JJ) + G2(JI)XT

FMAX=1.E5

LSF =1.ES

FSF =1.ES

ABEST=1.ES

REEST=1.ES

DO 3 KK=1,325

LS=0.1kKK

DO 3 KKK=1.800,5
FS=FSCK(1.+(KKK-1.)/10.0)/40.0

FL=0.0

= 1,N
LG=3.065E~19%T/(SIG(JJ)XK2KF (1))
KG=KGOXLS/ (LS+LG)

X(I) = FSKKS + FGKKG - KSXKG/(FGXKS + FSXKG)
Z(I) = KT(I) - KSKKG/(FGXKS + FSXKG)

S1 = §1 + X(I)

SZ = 82 + X(I)¥%2

S3 = §3 + Z(I)

S84 = 54 + X(1)¥Z(I)

CONT INUE



03200
05300
03400
0L500
08400
05700
05800
GHI00
Q46000
04100
04200
0&300
04400
H4L00
05500
Q6700
04300
04900
07000
07100
07200
07300
07400
07500
07400
07700
07800
07500
08000
0E100
08101
08200

00100
00200
00300
00400
00300
00600
00700
00800
00700
01000
01100
01200
01300
01400
01500
014600
01700
01800

14

M0~ B

10
11
13
14
15

200
201
202

203

47

A = (G1¥53-NXS4)/(S1%k%2 ~ NXSD)

E = (S1XS4-83%S2)/(S1k%7-NXG2) -

IF ( E .LT. 0.0 ) E = 0.0

IF { A .LT. 0.0 ) A = 0.0

DO & I = 1,N

KTC(I) = AXX(I) + B +KS¥KG/(FG¥KS+FERKG)
DK(I) (KTC(I) - KT(I))%x2
FC=PC+(DK{I})

CONTINUE )

IF ( FC .GT. FHAX ) GO TO 3

PRIAX=FC

ABEST=A

REEST=E

LEF=LS

FOF=FG

FGF=1-F§

CONT INUE

WRITE(5,7)

WRITE(5,8) (F(I),KT(I), I=1,N)
WRITE(5,9) ABEST,REEST

WRITE(5,10)

5DK=0.0

DO 16 K=1,N
LB=3.065E~19%T/(SIG (T )XKK2KF (K))
KG=KGOKLSF / (LSF+LG)

X (K)=FSFkKS+FGFkKG-KS¥KG/ (FGF XKS+FSFRKG)
KTC(K)=ABESTXX (K)+EREST+KSXKG/ (FOXKS+FSXKG)
DK{K)=(KTC(K)~KT{K))¥100.0/KT{K)
SPK=GDK+AES(DK(K))

CONT INUE

SDK=5DK/N

WRITE(S5.11) (F(I),KT(I) KTC(I),DK(I).I=1,N)

WRITE(S,15)SDK,LSF,FSF,F5C
CONTINUE

FORWMAT(ZX, "INFUT LS51,LE82")

FORMAT (5X, "PRESSURE KTOTAL ")
FORRAT(ZX, "A=",E10.3," B=",E10.3)
FORMAT(Z2X,2E10.48)

non

#oi

nouon

FORMAT (6X, "FRESSURE KEXF KCALC DK(X) ")

FORMAT (2X,F10.3,2E10.4,F10.2)
FORMAT(2X, 'N2=1  HE=Z A=3")

FORMAT(2X, "IMFUT GAS TYFE,1=NZ,2=HE,3=A4,4=AIR")

FORMAT (2X, 'KS=",E10.4)

FORMAT (2X, "AVERAGE ERROR=',E10.4,° LS=',E10.4, F

" FSC=",E10.4)
FORMAT(ZX, "GAS IS NZ')
FORMAT(2X, "GAS IS HE')
FORMAT(2X, 'GAS IS a")
FORMAT(2X, "GAS IS AIR')
END

8

‘LE10.4,



INFUT FILE NUMEER 10

FRESSURE = KTOTAL

A= 0.000E+00  BE= 0.135E+00

_ FRESSURE KEXF
0.058 .1853E+00
0.119 .1939E+00

0.25%4 L199ZE+400

0,345 L2011E+00
0,652 .203FE+00
1.012 LZ054E+00
2.016 JRO70E+00

AVERAGE ERROR=

AVERAGBE ERROR=

L2101E401 LS=

A364E+01 LG=

KCALC DK (%)

L1BA7E+00 -0.32
L1916E+00 ~1.20
L1FSEE+00 ~1.49
LA9E9E400 0 2,09
L 1984E+00 2,70
.1990E+00 ~3.11

L 1996E+00 ~3.5¢
L3400E+01 FG=

INFUT FILE NUFMBER 11t
GAS 18 HE
FRESSURE KTOTAL
A= 0L,000E400  E= 0.231E+00 .
FRESSURE KEXF KCaLC DK
0.058% ,53BYE+00 .837LE+00 -0.25
_0.113 JBB8RE+00 L BAL4E+00 -3.71
0.327 .46093E+00 L5F03E+00 ~3.08
0.644 L6217E+00 (3F74E+00 -3.91
R 1.014 .&281E+00 .46000E+00 -4.47
2,017 L&63386E400 LS6023E+00 -4.93
AVERAGE ERROR= .3394E+01 L&S= .1490E+02 F&=
INFUT FILE NUMEER 12
GAC 18 hz
FRESSURE KTOTAL
___A= 0.000E+400 E= 0.21BE+00 . ——
FRESSURE KEXF KCALT Dkr,)
}.048 LZ004E400 L2323E+00 186,92
0 LQE JZETTEAOO J2AZBEO0. | 2.01
0.178 JZ397E+00 L2313E400 4.84
Q.402 J24B7E+00 JZ&38E+00 6,00
o 0.404 JZEEGEH00 LZ6%4E+00 . Z.6F
1.047 J2661E+00 JZ734E+00 Z2.81
2.029 J28B5E+00 (2773E400 3.5

SA000E400 F&=

194502 FEC=

.1167E-01 FSC=

LI0GLE-O2 F&E=

. 7781E-01

7781E-01

12370400



INFUT FILE NUM
GaS IS5 HE
FRESSURE
A= 0.000E+00
FRESEURE K
0.087 .72
T 0.333 .83
0.4654 .85
0.947 .87
o T1.995 (B9
1.95¢ .88

_AVERAGE ERROR=

INFUT FILE NUH

GAS I8 N2

FRESEURE

TTTAE GL000E+00
FRESSURE K
0.048 .22
T 0.1646 LED
0.219 .23
0.323 .23
T T 0.488 26
1.0609 .27
2.004 27

T AVERAGE ERR[)R

TNFUT FILE MUMBER 15
GAS IS HE
- TPRESSURE KTOTAL )
A= 0.000E+00 E= 0,445E+00
FRESSURE KEXF KCALLD DK
TTTTTTTT 0,048 L &473E400 L 755BE+400 16.76°
0.073 J4F5PE+00 . 7744E+00 11.2%
0.11%9 .7575E+400 .789BE+00 4,26
0 0.168 L79B9E+00 J7974E+00 ~0.19
0.210 BR14E+00 .BO12E+00 -72.49
0.334 .8550E+00 LBO7OE+00 ~&.06
T T 0L473 LY0RRZEH00 L81Z1E400 -10.0¢% o
1,083 L92E7E+00 .B13BE+00 -11.80
2,009 (9477E400 LB1SSE+00 ~13.95
T AVERAGE ERROR= .8347E+01 LS= .2030E+07 F5= .13&7E-61 F&C=

L4O9RE+01 LE=

49
BER 13
KTOTAL
B= 0.480E+00 Tt T o
EXF KCcaLc DK (%)
BRE+00 J7110E+00 ~2 .37
O3E+00 .BOI3E+00 " T wF4¢ T T
8ZE+00 L8I47E+00 ~3.%0
711E+00 LB3IZ0E+00 ~4,38
OLE+00 LB432E+00 s o
84E400 LB430E+00 ~5.13

.3600E+01 F&=

EER 14
KTOTAL
E= 0.21%E+00 T s T
EXF KCaLC DE(X)

43E+00 L 2309E+00 2.935
12E+00 L 2472E+00 S -1.58 a T
S1E+00 .Z2517E+00 -1.34
929E+00 .Z2580E+00 ~0.74

74E+00 L 24B0OE+00 0.24 B o
06E+00 L 2725E+00 0.&9
GIE+Q0 LZTF76E400 1.20

LAZ49E+01 LE= L3000E+00 F8= L34146E-02 F&C=

W4183E-02 FEC= L1237E+00

SABATEGO

136TE+00
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INFUT FILE NUMEER 14

GAS IS N7
FRESSURE  KTOTAL

A= 0.000E+00 E= 0.226E+00
FRESSURE KEXF KCALC DK (%)

GLO57 JE38FE+00 L2429E+00 1.4%
0,073 .2448E+00 L 24546E400 CL33

o 0.0RT LEREBE+OD L 2497E+00 =1 21
0,264 COfL%OU ESHSEEHGO ~-1.52

0. 454 i W2 FFAEF0O0 2.87
_ 1.003 5B «2813E+00 -(.72
1.9¢7 .28;*LJUU 2854E+00 ~0.41

AVERAGE ERROR= "1;haE+01 LS= .4000E+00 F&= .4&614E-02 FEC=

INFUT FILE NUMBER 17

T GAS IS HE
FRESSURE KTOTAL
A= 0.000E+00  B= 0.520E+00
FRESSURE KEXF KCal.t DE{ED
0,060 J7083E+00 78591E+00 Fa17
L1101 JF724E+00 JFEREEHQ0 .01

0,208 8447400 B403E+0D -Z.88
0.2%7 8994E+00 JBRGIE+OD
0.336 F092E400 L85ROE+00
GC.as88 JYHT7EE4QD LB 5
1.004 080/L+00
o 2.000 L1008 3
AYERAGE ERROR= L&4935E+0] LES= L5800

INFUT FILE NUMBER 18

GAS IS HE
FRESSURE  KTOTAL
A= 0,000E+00 E= 0.580E400
FRESSURE KEXF KEALE DE (%)

0.004 7024E+00 L700SE+Q0 - 28
0.103 J7E45E+00 J7E75E+0C -3.44
0.211 JPOBYE4Q0 (BZ223E+0D -%. 01
0.335 J9E5PE+00 .8BEZE+0Q0 -11.15
0649 L10Z2PE+01 (B9BIE+00 ~12.49
0.997 J1086E+G1 L9191E+00 ~13.41
1.997 J1093E401 L93Z21E400 -14.72

AVERAGE ERROR= .9313E+01 8= J1700E+01 FS= ,48%3E-07 F&C=

< 18446E400

1 84EE+0D
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INFUT FILE NUMBER 19

GAS I5 NZ
FRESSURE  KTOTAL
A= 0.000E+00 B= 0.140E+00
FRESSURE KEXF KCALC DK(%)
0.052 J2020E+00 .Z0SBE+00 1.88
. 0.10Z .Z138E+00 .2134E+00 -0.1%

0,814 J2237E+00 J21E87E+00 ~2.2G
0.338 [2273E400 (Z2207E+0Q0 ~Z.92
0.45% LZ3ITE+Q00 (Z2Z5E+00 ~3.99

1,017 .2334E+00 .2231E+00 ~4.,39
2.004 .2354E+00 .2238E+00 -4.94
— AVERAGE ERROR= .2939E+01 L8= .3100E401 F8= .4038E-07 FSC= .1077E+00

— - INFUT FILE NUMBER 20
GAS IS HE
FRESSURE _ KTOTAL

T A= 0.000E400 B 0.263E+00 T T
FRESSURE KEXF KCALE DK(%)
0,048 .5475E+00 .5474E+00 -0.07
TTTTTTTTT00090 J5961E+00 LS8R4E00T T -RlUpeT T T T T o
0.204 .6341E+00 .46097E+00 ~%.85
0.336 ,6480E+00 .&192E+00 ~4.45

0,458 L4E3BE+00 LEZE6E4+00 T =DLA0
1.004 J&4713E+00 S6294E+Q0 ~6.2
1.996 JHBOPE+00 LEB21E+00 -7.17
AVERAGE ERROR= .4232E+01 LS= .1300E+0Z FS= LZEESE-01 F&C= L1077E+00

INFUT FILE NUMRBRER 21 T T o s e -

GAS IS N2
TTTTTTTRRESSURE KTOTAL T T T T e e o
fi= 0.000E+00  B= 0.1246E+00
FRESSURE KEXF KCALL DK%
TU0.027 L1704E400 L1745E+00 - £
0.106 .1856E+00 .1857E+00 0.07
0.217 J1913E+400 .1B83E+00 ~1.58
L3338 L1946E400 JABYRE4Q0 T T-pu7e T oo
0.647 J19466E+00 L 1900E+00 -3.35
1.000 L1974E+00 L 1903E+00 ~3.49
2.001 J1985E+00 L1906E+00  -3.98
AVERAGE ERROR= .2547E+01 LS= .7100E+01 FS= .4375E-0F FS5C= .&520E-01
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INFUT FILE NUMBER 22

T GBAS IS HE
FRESSURE KTOTAL
A= 0.000E+00  B= 0.150E+00

FRESSURE KEXF KCALC DY
0.056 4797E400 .4787E+00 ~0,.20
0.078 .4944E+0C¢ .4B99E+00 ~0.94
o 0.212 JH221E400 L 5097E+00 =R i
0,334 L5316E+00 .5142E+00 ~3.27
0.669 .5393E+00 .5182E+00 -3 97
T T 1,011 LH427E+00 L S5195E+00 ~4,27 T
2.000 .5463E400 .5209E+00 -4, 64

___AVERAGE ERROR= .2B03E+01 L&= ~2600E+02 F8= (Z3Y3E-01 FSC= .6220E-01

INFUT FILE MUMBER 23

GAS IS NZ
_____________ FRESSURE  KTOTAL
A= 0.000E+00 E= 0,106E+00

FRESSURE KEXF KCALC DK (%)
o 0.08% .1453E+00 .1437E4+00 ~0.96
© 0,140 L1670E400 . 1&58E+00 -0.70
0,286 J1703E+00 .14679E400 -1.4%3
o 0,662 J1722E400 J1690E+400 ~1.g5
0.994 L1728E+00 . 1493E+00 ~7 01
7.009 J1733E+00 .1694E+00 —pa1p

AVERAGE ERROR= .1512E+401 L&= .&8Q0E+01 FS= .1909E-01 F80= J1&%7E+00

INFUT FILE NUMEER 24

GAE IS HE
v PRESSURE  KTOTAL
A= 0.000E+00 B= 0.163E-01

FRESSURE KEXF KCALC DK (%)
0.0461 .3605E+00 .3421E+00 ~5.10
0.130 .3758E+00 .3575E+00 -4.87
0.709 .3E29E+00 .3630E+00 ~5.21
. 0.270 .3BAEE+00 .3E50E400 ~5,09
0.642 .3IS00E+00 . 369IE+00 -5, 30
1.001 .3516E+00 .3704E400 ~5.43
1.997 .3931E+400 .3713E400 ~5.53

" AVERAGE ERROR= .521BE+01 LS= .3750E+07 FS= .4454E-01 FaC= . 1497E400
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THFUT FILE NUMBER 25

GAS 16 NZ ,
FRESSURE  KTOTAL
A= 0.000E+00 E= 0.257E+00
_ _PRESSURE KEXF CKCALC . DK(x)
0.051 L23IP7E+00 . 2412E+00 8.97
0.106 .2582E+00 . 24B3E+00 3.92
0.210 .2718E+00 . 2778E+00 2.20
0.335 J2BOSE+00 .285RE+00 1.54
0.656 .2B0E+00 .2957E+00 7,64
S 1.000 J2914E+00 .3012E+00 3.30
2.003 .2949E+00 .3081E+00 4.47
AVERAGE ERROR= .3845E+01 LS= ,Z000E+00 FS= .4898E-02 FSC= .1959E+00

INFUT FILE NUMBER 26

Gas 18 M2 I
FRESSURE  KTOTAL

Az _0.848E-02 E= 0.143E+00

FREBSURE KEXF KCALC BE(%)y

0.203 (2408BE+G0 J2442E+Q0 ~QL6%

0.330 .Z5E3E400 LZSIZE400  -1.99 - e
Q.685 JZ611E+00 (2%8BE+0Q0 -0 . 8%

1,014 ,Z602E400 (2622E+00 -1.15

1.974 J2467BE+00 J2654E+00 -0.84

AVERAGE ERROR= .1104E+(1 L8= ,5000E+00 FS= .3415E400 FGU= .1844E+00

Lo
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00100 C FMODE.FOR 11/88 DWY
00200 C A AND KRAD ARE THE FARAMETERS TO EE DETERMINED
00300 . IWPLICIT REAL ( A-H,K-L,0-Z)
00400 DIMENSION KT(S0),F(50),X(50).Z2(507,KTC(50) ,DK(50)
00500 DIMENSION SIG(4),61(4),62(4)
00510 DIMENSION CF(50), RF(%O) o
00600 DATA S1G/3.75E-8,2.1BE-B,3.64E-8,3.75E-87,G1/4.3018E-3,
00700 & 5,4RO9E-Z,2.7264F-3,5.4818E-3/,62/7.2018E-5,3.0944E~4,
00800 % A4.9B73E-5,46.9073E-5/
00900 T DO 333 MM=10,76 o T
01000 WRITE(S,884) Mm
01100 8B4 FORMAT(2X,/////,2X, "INFUT FILE NUMEER',14,/)
01700 "7 READ(FIFM, %) N,T,DS, w FS,KG,J0 ’
01300 FGC=F S ( (. SXDS ) ¥¥3~ (. SEDS~W)X%3 )/ (. SKDE ) k%3
01400 FG=1-F5
TUTT01800 T € WRITE(S,13)
01400 ¢ READ(S,%) JJ
01700 IF ( 3J .E@. 1 ) WRITE(5,200)
T01B00O T T T IF (JT LEG. 2 ) WRITE(S,Z01) -
01900 IF ( 3J .E@. 3 ) WRITE(5,202)
2000 IF (I3 JEG. 4 ) WRITE(5,203)
T2100 DO 2 JI=l.N T T T T T
2200 999 READ (MM, %) F(J) . KT(J)
02300 =2 CONTINUE
TTTTO2A00 T T CLOSE(UNIT=RM) T T T T e
02500 WRITE(S,4)
02600 C READ(S5,%) LS1,L57
TTTTHET0 T T T KGO = GI(JI) + GE(II¥T T oTTTTTTT
2800 FrHAX=1.E5
02900 LSF =1.ES
TTTTUOE000” o FSF =1.ES LT T T T
03100 AEEST=1.E5
03300 DO 3 KK=1,325
03400 LS=0.1%KK ThoTTTm T o T
03500 DO 3 KKK=1,800,5
03600 FE=FSCk{1.+(KKK-1.)/10.0)/40.0
03610 FG=1-F§& T T -
03700 FC=0.0
03800 51=0.0
042007 DO 5 I = 1,N T e
04300 LG=3.065E-19%T/(SIG(IT)XKZKF (1))
04400 KG=KGOXLS/ (LE+LG)
04500 X(I)=KET{I)~KEXKG/ (FOXKS+FE¥KG)
04700 §1 = 51 + X(I)

053100 S COMTINMUE



052000
054600
OR700

TOEROG
052060
Qa000

04100
G&Z00
0&300
Q&500
Q&EGO
0&700
04800

0ET00
07000
07100
07200
07300
07400
07500
07600 _
07700
07800
__o7gio
07820
Q7900

[}

_ogono

08100
8101
_..bezoo
00100
00200
00300
00400
00500
00400
00700

00800
00900
01000
01100
01200
1300
C 014007
01500
01400
TTT017600
01800

il
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A=G1/N T

DO & I = 1,N
KTC(I)=KE¥KG/ (FORKS+FEXKE ) +A
DK(I) = (KTC(I) - KT(I})) %2
FC=FC+(DK(I))

CONT INUE

IF ( PC .GT. FMAX )} GO TO 37 77
FHAX=F(

AREST=A

LBF=LS

FSF=F&

FGF=1-F&F

CONTINUE

WRITE(S,7)

WRITE(S,8) (F(I).ET(I), I=1,N)
WRITE(5,9) ABEST

WRITE(S,10)

SPK=0.0

DO 16 K=1,N

LG=3.045E-19%T/ (SIG(IT)XKZKF (K1)

_ KG=KGOXLEF/(LSF+LG)

X (K)=KSKXKG/ (FGERKS+FEF¥KG)
KTC(KI=X(K)+AREST

_ CR(K)=X(K)X100.0/KTC(K)

RF(K)=AKESTX100.0/KTC(K)
DK{K)=(KTC{K)-KT(K))%100.0/KT(K)

SDK=EDK+AES (DK (K))

CONTINUE

SDK=EDK/N

WRITE(S5,11) (F(I),KT{I)KTC(I),DK{I)CF(I),RF(I),I=1,H)

WRITE(S,15)5DK,LGF,FSF,FBC

T CONT INUE

FORMAT (22X, "INFUT LSL,LSE")

 FORMAT (55X, "PRESSURE KToTAL ")

FORMAT(2X, "A=',E10.3)
FORMAT (2X,7E10.4)
FORMAT (4X, 'FRESS KEXF KC *,12%, ‘DE(X) o xR

 FORMAT (2X,F10.3,2E10.4,F10.2,2F10.7)

FORMAT (2X, "NZ=1 HE=2 A=3")

FORMAT(2X, " INFUT GAS TYPE,1=HZ,2=HE,3=4,4=ATIR )

FORMAT(2X, "K&=",E10.4) :

FORMAT (2X, "AVERAGE ERROR=",E10.4, L&=',F10.4,’ F5=',E10.4,
< FSC=',E10.4)

FORMAT(2X, ‘GAS I8 N2}

FORMAT (2X, "GAS IS HE‘)

FORMAT(2X, ‘GAS I5 A°)

FORMAT(ZX, 'GAS I8 AIR')

END



INPUT FILE NUMBER

GAS IS N2
PRESSURE

KTOTAL

A= 0.174E+00
PRESSURE KEXP

0.058
0.119
0.254
0.345
0.652
1.012
2.016

AVERAGE ERROR=

INPUT FILE

GAS IS HE

PRESSURE

. 1853E+00
«1939E+00
. 1992E+00
.2011E400
«2039E+00
.2054E+00
«2070E+00

NUMBER

KTOTAL

A= 0.458E+00
PRESSURE KEXP

0.059
0.113
0.327
0.644
1.014
2.017

AVERAGE ERROR=

INPUT FILE NUMBER

GAS IS N2
PRESSURE

-3389E+00
- 9882E+00
«6093E+400
«6217E+00
.62B1E+00
-6336E+400

KTOTAL

A= 0.213E+00
PRESSURE KEXP

0.048
0.102
0.178
0.402
0.654
1.047
2.029

AVERAGE ERROR=

«2004E+00
«2377E+400
.2397E+00
.2487E+00
«2625E+00
«2661E+00
-26B5E+00

10

.2537E401 LS=

11

.3827E+401 LS=

12

.6773E+01 LS=

KCaLC
- 1975E+00
. 1988BE+00
- 19946E+00
-1997E+00
«2000E+00
-.2001E+00
. 2002E+00

KCALC
. 5940E+00
.6002E+00
.6051E+00
«6064E+00
«.6069E+00
«6073E+00

KCALC
«2437E+00
«2455E+00
«2463E+00
- 246BE+00
«2470E+00
<2471E+400
. 2472E+00

56

DK (%)
6.56
2.53
0.18

-0.68
-1.92
-2.39
-3.30

.9300E+01 FS=

DK(%)

10.22

2.05
~-0.70
-2.47
-3.38
-4.15

.3230E+02 FS=

DK (%)
21.61
3.28
2.74
-0.82
-3.90
-7.13
-7.93

.1160E+02 FS=

.1945E-02 FSC= .7781E-01

.1945E-02 FSC= .77B1E-01

-1509E+00 FSC= .1237E+00



INPUT FILE NUMBER

GAS IS HE
PRESSURE

KTOTAL

A= 0.704E+00
PRESSURE KEXP

0.087
0.333
0.654
0.947
1.995
1.958

AVERAGE ERROR=

INPUT FILE NUMBER

GAS IS5 N2
PRESSURE

« 7282E+00
-B303E+00
-8382E+00
«8711E+00
.8901E+00
.8886E+00

KTOTAL

A= 0.227E+00
PRESSURE KEXP

0.048
0.166
0.219
0.325
0.668
1.009
2.004

AVERAGE ERROR=

INPUT FILE NUMBER

GAS IS HE
PRESSURE

.2243E+00
. 2512E+00
.2531E+00
. 2999E400
. 2674E+00
«2706E+00
«2743E+00

KTOTAL

A= 0.4604E+00
PRESSURE KEXP

0.048
0.073
0.119
0.1468
0.210
0.334
0.673
1.023
2.009

AVERAGE ERROR=

«6473E+400
-4F59E400
. 7375E+400
. 798%E400
.B216E+00
.B390E+00
-9032E+00
. 9227E+00
-%477E+00

13

.2333E+01 LS=

14

-.376BE+01 LS=

15

«1113E+02 LS=

KCALC
.8078BE+00
.84046E+00
.8497E400
.B534E+00
.B575E+00
.B574E+00

KCALC
.2523E+00
- 2567E+00
2371E+00
.2578E+00
.25B4E+00
< 258B4E+00
. 258BE+00

KCALC
«77468E+00
. 7916E+00
.BO42E+00
-B102E+00
«7510E+00
- 7544E+00
.8234E+00
. 8250E+00
.8265E+00

57

DK{%)
2.34
1.23

-0.99
-2.25
-3.67
~-3.51

.3800E+01 F&=

DK(%)

12.50

2.1%

0.77
~-0.81
-3.38
-4.45
-5.67

-5300E+01 F5=

DK (%)
20.01
13.76
5.51
-6.41
-9.51
~11.94

~9.66
-10.5¢9
-12.79

+1360E+02 FS=

.4648BE~01 FSC=

.1999E+00 FSC=

.23928+00 FSC=

.1237E+400

-13467E+00

1367E+00



INPUT FILE

GAS IS N2
PRESSURE

NUMBER

KTaTaL

A= 0.238E+00
PRESSURE KEXP

0.057
0.073
0.097
0.264
0.656
1.003
1.997
AVERAGE ERR

INPUT FILE

GAS IS HE
PRESSURE
A= 0.751E+0
PRESSUR
0.060
0.101
0.208
0.297
0.336
0.658
1.004
2.000
AVERAGE ERR

INPUT FILE NUMBER

GAS IS HE
PRESSURE

. 2389E+00
. 2448E+00
«252BE+00
«2697E400
- 2697E+00
.2833E+00
«2866E+00
OR=

NUMBER

KTOTAL
0
E KEXP
.7083E+00
.7724E+00
.8647E+00
-8996E+00
.9092E+00
.9578E+00
-9807E+00
.1008E+01
OR=

KTOTAL

A= 0.716E+00
PRESSURE KEXP

0.054
0.103
0.211
0.335
0.669
0.997
1.997

AVERAGE ERROR=

.7024E+00
.7845E+00
.7087E+00
«765%E+00
.1029E+01
.1056E+01
<1093E+01

16

.5852E+01 LS=

17

-1023E+02 LS=

18

«1480E+02 LS=

KcaLC
. 2632E+00
«2633E+00
- 2635E+00
«2638E+00
«2640E+00
«2640E+00
«2640E+00

KCALC
.7720E+400
«7834E+00
.BOSBE+00
.8191E+00
-.B237E+00
.8498E+00
-B4641E+00
.8824E+00

KCALC
8713E+00
.8808E+00
«7100E+00Q
< 2136E+00
-7167E+00
«8976E+00
«8785E+400

58

DK(Z)

10.1%

7.57

4.24
-2.17
-2.13
-6.82
-7.88

.3250E+02 FS=

DK (%)
8.99
1.42

-14.04
-8.95
-9.40

-11.28

-18.27

~-12.46

- 5000E+00 FS=

DK(%)
24.04
12.27
-6.73
-5.41

~24.99
-16.40
-17.78

.1980E+02 FS=

.4614E-02 FSC=

<4669E-01 FSC=

.2106E+00 FSC=

. 1846E+00

.184%E+00

-1959€E+00



INPUT FILE NUMBER

GAS IS N2
PRESSURE

KTOTAL

A= 0.188BE+00
PRESSURE KEXP

0.052
0.102
0.214
0.338
0.4659
1.017
2.004

AVERAGE ERROR=

INPUT FILE NUMBER 20

GAS IS HE

PRESSURE

. 2020E+00
.2138E+00
. 2237E400
«2273E400
.2317E+400
«2334E+00
«2354E+00

KTOTAL

A= 0.48BE+00
PRESSURE KEXP

0.048
0.090
0.204
0.336
0.658
1,004
1.996

AVERAGE ERROR=

INPUT FILE NUMBER 21

6AS IS N2
PRESSURE

« 5475E400
« 9961E+00
«+6341E400
«54BOE+00
. 663BE+00
-6713E+00
.- 6809E+00

KTOTAL

A= 0.1465E+00
PRESSURE KEXP

0.027
0.106
0.217
0.338
0.667
1.000
2.001

AVERAGE ERROR=

-1704E+00
«1856E+400
«19213E+00
- 1746E+00
«1966E+00
1976E400
-1985£+00

19

.4850E+01 LS=

. 3505E401 LS=

. 3693E+01 LS=

KCALC
. 2100E+00
+2132E+400
«2153E+00
. 2161E+00
£ 2158E+400
«2171E+00
. 2174E400

KCALC
«6229E+00
« 6290E+00
.6353E+00
.6370E+00
» 6383E+00
. 638BE+00
~6392E+00

KCALC
-1893E+00
«1906E+00
. 1908E+00
-1909E£+00
.1710E+00
-1910E+00
-1910E400

DK(%)

3.96
~0.29
~-3.79
-4.91
~6.41
-6.98
~7.646

.3700E+01 FS=

DK{%)
2.35
$5.53
0.20

~1.65
~-3.84
-4.85
~6.12

«3240E+02 FS=

DK (%)
11.07
2.68B
~0.25
-1.90
~2.86
-3.34
-3.76

- 3250E+02 FS=

.1403E+00 FSC= .1077E+00

.1481E-01 FS5C=

-1077E+400

«1730E-02 FSC= .4920E-01
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INPUT FILE NUMBER 22

GAS IS HE
PRESSURE KTOTAL
A= 0.377E+00

PRESSURE KEXP KCaALC DK (%)
0.056 .4797E+00 .5128E+00 6.91
0.078 .4946E+00 .5166E+00 4.45
0.212 .5221E+400 .5231E+00 0.20
0.336 .5316E+00 .5246E+00 -1.31
0.66%9 .5323E+00 .35259E+00 -2.48
1.011 .5427E+00 .5264E+00 ~3.01
2.000 .5443E+00 ,.526BE+00 -3.57

AVERAGE ERROR= ,3133E+401 LS= ,3250E+02 FS= .1730E-02 FSC= .6920E-01

INPUT FILE NUMBER 23

6AS IS N2
PRESSURE KTOTAL
A= 0.1456E+00

PRESSURE KEXP KCALC DK(%)
0.089 .1653E+00 .1673E+00 1.29
0.140 .1670E+00 .16B8E+00 1.09
0.286 .1703E+00 .1703E+00 0.02
0.662 .1722E+00 .1712E+00 -0.56
0.996 .1728E+00 .1715E+00 ~0.77
2.009 .1733E+00 .1717E+00 -0.91

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

INPUT FILE NUMBER 24

GAS IS HE
PRESSURE KTOTAL
A= 0.237E+00

PRESSURE KEXP KCALC DK (%)
0.061 .3605E+00 .37346E+00 3.63
0.130 .3758E+00 .38B04E+00 1.21
0.209 .3829E+00 .3828E+00 -0.03
0.270 .3846E+00 .3837E+00 -0.24
0.662 .3900E+00 .38B56E+00 -1.13
1.001 .3916E+00 .3840E+00 -1.42
1.997 .3931E+00 .38B65E+00 -1.68

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



INPUT FILE NUMBER 25

GAS IS N2
PRESSURE

KToTaL

A= 0.244E+00
PRESSURE KEXP

0.051
0.106
0.210
0.335
0.656
1.000
2.003

AVERAGE ERROR=

INPUT FILE NUMBER 26

GAS IS N2
PRESSURE

«2397E+00
«2582E+00
«2718BE+00
.2809E+00
.28BBOE+Q0
«2916E+0Q0
-2949E+00

KTOTAL

A= 0.231E+00
PRESSURE KEXP

0.203
0.330
0.655
1.014
1.994

AVERAGE ERROR=

.2438BE+00
- 2363E+00
-2611E+00
«2652E+00
- 2678E+00

+-4045E+01 LS=

-2525E+Q1 LS=

KCALC
«262BE+00
-2695E+00
-2794E+00
-276BE+00
.2790E+00
. 2799E+00
. 2BOBE+00

KCALC
»2533E+00
.2548E+00
«2352E+00
«2567E+00
.2572E+00

DK (%)

?.63
4.36
0.95
-1.47
~-3.12
-4.01
-4.78

«1300E+01 FS=

DK(%)

3.06
-0.57
~-1.87
-3.1%9
~3.94

-1600E+01 FS=

.321BE+00 FSC=

.2542E-01 FSC=

-1259E+00

. 1849E+00
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00100 € FMODC.FOR 11/88 by
o A AND KRAD ARE THE FARAMETERS TO BE DETERMINED
IAFLICIT REAL  A-H,K-L,0-7)
o400 DIMENSION KT(S50),F(50),X{50),Z(50) KTC(50) ,DK(50)
00500 DIMENSTON SIG(4),G1(4) ,G2(4)
00400 DIMENSION DKL(50) KTCR(50) DK (50)
__00&10 DIMENSION CF(50), RF(RO\ -
- DATH SIGA3.75E-8,7.186-8,5.44E-8, 5. 756-8/,61/4. 301862,
& H5.6BOYE-Z,7.7264E- y,5.4b18t 3/, B2/7.201BE-5,3.0944E~4,
0U$UU & 4.9873E-5,46.9073E-57
01060 DO 333 MM=10,26
01100 WRITE(%,884) MR
gea FORMAT{ZX,/////, 2%, "INFUT FILE MUMBER ,I4,/)
READ(HM, %) N, T.DE, W, F5,K5,00
FOU=FS¥( (. SKDS RES~ (L S¥DE-W k%3 /(L 5¥DS I RED
FG=1-Fg
C WRITE (5,15

L) L "_\l' i [' 5 1 l'r 1 \.]»J
ClE00 IF 17 .EQ. 1 WRITE(5,200)
OLYO0 IF ¢ JJ JE@. 2 ) WRITE(S,201) h

i
IF ¢ JJ LEQ. 3
IF ( JJ .ER. 4
DO 2 J=1,H
995 READ (M, ) F(T1, KT003
z CONT THUE
CLOSE (UNIT=FR}
WRITE{5,4)
READ(S,%) LS1,LE7

wﬁlTEld,Lozy
WRITE(3,203)

— —

[ ]

GREq0 KGO = G1(JJ) + GZ{JJ)%T
QZeQ0 FRAX=1.ES

OROCO LSF =1.ES

o FS5F =1.E5

AREST=1.E5

DO 3 KK=1,325

L&=0.01+.01%KK

L0 3 KKK=1,200,5
=FE0%{1.+{KKK-1.)/10.0)/200.0

FG=1-F%

FC=0.0

81=0.0

b0 5 I = 1i,N

LG=3, 045E-19¥T/ (516 (J0 ) %kEXF (1))

HEORLS /A (LS+LE)

X(T)=KT(I)-KE¥KG/ (FGRKG+FSREG)

21 = 81 + ¥X{I

CONT TRUE

-

04500 N



04600
04700
0AaaH0

G400
05000
OH100
05200
05300
05400
Q5500
05400
I S 1
05800
05900
08000
046100
046200

0&400
0&500

O4G20

065600

Q4900

— 07000

Q7010
07020

!
i

04300

Q4310

Q71000

07400
07410
07420

07600
07700

_ié.

— 07800 .

T a=g1/N

ETC(I)=KSEKG/ (FERKS+FEXKG I +A

__CONTINUE

__FGF=1-F&F

CWRITE(S,8)

 LB=3L045E-10%TA(SIG{IIIRETRF(K) )

 CONTINUE
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DO & T = 1,M

DK(IY = (KTG(I) - KT(I))#%z

FL=PC+{BK{I))

IF { FC .GT. FHAY ) GO TO 3
FrAX=FL

AREST=6

LEF=Lg

FGF=FS

CONTINLE

WRITE(S,7)

(FOI) L KT(T), TI=1,K)
WRITE(S,9) AREST

WRITE(5,10)

. SDK=0,{

EK1=0.0
SEEZ=0.0

_ SKZ = 0.0

SK4 = (.0

DO 16 K=1,M

KG=KGOKLEF/ (LEF+LG)

X(K)=KSEEG/ {FGFRKE+FBFRKG)
CKTC(K)=X{K)+AREET L B )

CF{KI=X{K)¥100.G/KTC{K)

RE(K)=AREST$100.0/KTC(K)

DK (K= (KTC ORI -KT{K))¥100  0/KT (K}

DKL (K)={KT (K)~KTC{K))

GK1 = SE1+DKL(KISSERT(F(K))

SKE = GKE + P(K) L

SKI = SKI + DKL(K)

SK4=EK4 + SERT(F(K))

SDK=SDK+ARS (DK (K) ) o

SBK=5DKAN

WRITE(S, 110 (P (I) W KT(I3,ETC(I),DK(I),CFiT)RF (I ,T51,M)
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00100 WRITE(S,15)8DK,L8F  F8F ,FS0
o200 EP= (NESK1-GKIRSKA ) / (NXSK -G

00210 AP=5K3/N-BFESKA/N

00300 SHKEZ=0.0

TO0aG0 DO 17 K=1,M

00500 KTC2(K)=KTC(K) +AF+EFXSART (F(K))

QO6Q0 DRECK=(KTC20K) KT (K1 I100.,0/KT (K]
T0uT00 SDKZ=SDKE+ARS (DKZ (K))

0080¢ 17 CONT INUE

00900 EDKE=SDKEAN

01600 WRITE(S,20) (P(I) L KT(I) KTC2(L),DEZ(T), I=1, )

01106 WRITE(S,18) SDKZ,AF . BF

01200 18 FORMAT(2X, "AVE ERR=",E10.4,° F COEFF&=',E10.4,E10.4)

TOL3E00 333 CONTIHUE

0140¢ 4 FORFAT(2X, “INFUT LS1,L&Z )

01500 7 FORMAT (5%, "PRESSURE  KTOTAL )
01600 S FORMAT(2X, ‘6= ,E10.3)

01700 & FORMAT (2X,2E10.4)

01800 10 FORMAT (6X, FRESSURE HEX“ KCALC DK% )
o001t FORMAT(ZX,F10.3,2E10.4,3F10.2)

0Z000 17 FORMAT(2X, ‘N2=1  HE=Z #=37)

02100 13 FORMAT (2X, “INFUT GAS TYFE,1=NZ, 2=HE,3=64,4=41R i
TTTUTIUOC 14 T FORFAT(EX, (K&=',E10.4) T

KaA%ks)

0230¢ 15 FORMAT (2X, ‘AVERAGE ERROR=",E10.4,  LS=',E10.4,' F&= ,E£10.4

G400 & 7 F&C=",E10.4)
02410 20 FORFAT (ZX,F10.3,2E10.4,F10.2)
QL5006 200 FORMAT(ZX, "GAE I& N&'
GRe00 201 FORMAT (2X, "GAS 18 HE i
02700 Q2 FORMAT(2X, 'BAS 18§ A7 ]
Qr800 203 FORMAT (22X, "GAL IS QIR’1
Gl900 ENID
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INFUT FILE NUMRER 10
o Gas IS Mz = o -
FFEMQURE KTDTAL
A= 0.176E+00
_ PRESSURE _KEXF __ KCALC  DK(x) o
0 Qo8 1853E+00 1949E+00 5.1%9 ¢.88 G012
119 LAPIFE4Q0 L 197BE+00 2,03 11.21 g88.7%
R O.L APF2EFOO_ L 19F7EHCC. 0 0074 17,03 87, o
0.&43 L20L1E+00 L Z2002E+00 ~0.47 £a.24 87.74
0,652 J2037E+00 J200QE+00 ~1.82 12.52 g7.48
—— 210012 W2004E400 L 2011E400 0 2011 12,64  87.3&6
2.0146 J2070E+00 LZ013E+00 ~Z.74 12.73 87.25
AVERAGE ERROR= (2043E+401 LS= ,3260E+01 FS= ,38Y0E~-0Z Fol= .7781E-01
o 0.0538 J1E53E400 L 1897E+00 2.35 e e
0.119 .1939E+400 ,193BE+00 -0.07
0,299 JA@PZ2E+GQ J1974E+00 -0.8%
...... 02345 L 2011E400 L 19898400 ~1.12 - )
0.46582 L2039E+00Q L 2020E+00 -(.92
1.012 J2054E400 2046E+00 -(,.41
i nOLE L ZOVOE4Q0 L ZOPE400 - .22. —_—
AVE ERR= ,9979E+00 F CUEFFS—-.BuOQF ) .1]4”E OI
[NFUT FILE NUNBL 11
Gat I8 HE I - — —
FRESSURE KTUTHL
A= 0.5938+00
FRESSURE REXF KCALL DE{R)
0,057 J53IBFE+0Q L D747E+Q0 10.36 0.15 @¢.85
0.113 .58BZE+00 .G958E+00C 1.25 0.29 2,71
. 0.387 JAQF3EH00 (SPBTE+Q0 ~1.74  0.BE  97.18
0,694 J6217E+Q0 L603ZE4Q0 -L.98 1.55 0. 45
1,014 ,82B1E+Q0 . &08CE+QQ ~3a20 2.3 G7 b
2.017 J&336E+00 _é;?éEfOO ~2.2 4.17 Ga.83

AVERAGE ERROR=

0.059
G.113
0.327
0. 644
1.014
2L017
AYE ERR=

« S3ROE400
- BEEZE+00
LGOGZE+00
WEZLTE+QQ
LAZBLIESOQ

ZOEZIE+01 LE=

- A7 E3E400

5774E+00

W IP14E400
LAOEHE+Q0
LOZ0QBE+QO

"5514ﬁ+00”'

2000E-01 F&=

L3BGOE-0T FSC=

LF7BLE-01
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TRHFUT FILE KUNMBER 12

TTGAS 19 NP B
PRtCFUIF KTOTAL
,C']::: n‘\'n Lo

FREGSURE KEXE KCALC DE (%)
0.048 .7004E+00 .2411E400 20,29 7
C.1028 J2I77EH00 LF444E+00 .83 £
T T0.178  J23F7E400 L2446 1E400 Febb g
G.407 JR4BVE4Q0 L2475E+00 (., 50 G
0,454 LZLESE+L00 LZ4TIE+0C ~5.55 10.
T1.047 JEEEIEH00 JZABZE+00 b 78 10,25
2,029 JPARSEH00 L 2ABAE+OC -7.,47 10.33
AUEhﬁhE ERROR= 65756401 L&= J3260E401 F&= L&1BBE-03
T 0.04% L200AE400 L 221EE400 10.45
u.lQZ . +00 s

L
faln]

0.1?8 . (0 C
- qn;‘ ! -uE +0 0
CORZTESQO
LEE1PEAQC
o CETRIECOU 3.8
AVE COEFFS=- . 2ER3E~ 01 LALEQE-01
INFUT FILE NUMEER 13

S GAS IS HE
FRESSURE  KTOTAL
A= 0LBILIE+00
 PRESSURE KEXFE KCALD DY)

0.087 G324E400 14.31 G.l&
0.333 LB361E400 i Q.

T 0.454 CBAOSEFOO

¢.947 . 8444E+00 &
1.9%5 BHLTEAQD 2.99
C1.958 .B8RBAE+00 LEREIE+00 2.94

AVERAGE ERROR= .4 G‘E+0] L= LZ000E-01 r~: - 5183E-03
L 0Q 13E+OU

o 54 ,8582l+00 .S'“

:\_IE OU

.’
. ,:-( 'urH...

AVE ERR=

:—,»v—;
L Lo a3 S

«LESTEAOG

+ 0



) INFUT FILE NUMEER 14

GAS IS5 N2
___FPRESSURE
A= G L34E+00
FRESSURE KEXF

CKTOTAL

KCALC DR(%)

L 0.0a8 (2243E400 L25Z1E+00 12.41 7.25_  FE.7%
0,144 JZSLZE+00 L 2570E+00 2,30 2.00 91.00
0.219 J2S51E+00 .2576E+00 0.58 G2 $0, 76

o 0.IZ5 .28599E400 .25E3E+00 ~0.63 _ 9.85%  90,5%
0.448 PE7AE+00 L ESP0E+00 ~3.13 k) 50,28
1,009 2706E400 .2593E+00 ~4.,19 % .80 §0. 20
2.004 LZ743E400 L2595E+00 -5.3% 9,89 90,11

T AVERAGE ERROK=
.04g
0,146

oy

L3147E401 L5= -uuuUE+01 F&=
C2ZATJE4Q0 237 EE+00 .72
JBR1PE400 LP481E400 ~1.23
¢ 217 JZ2851E+Q0 ‘HUéE*UQ "X“IJ
0.325 J2599E4+00 (2343E+400 .14
_0.AADR L2E7AEH00 LZEREEHO0 wt Cl_m
1.009 J2704E+00 J26B0E+00 ~(3.7
2.)04 CEPATEFOQ L281ZES0GO L.ul
_____AVE ERR= .2309E+0] F COEFFS=-.2120E-01_,3027E-01

LGBTITIE-03 FSC= L 134FE+00

INFUT FILE MURMEER 15 o R
Gag 18 HE
FRESSURE  KTOTAL _ o o o
A= 0,810E+00
PRESEURE KEXF KCALD DK (%)
R C0.048 L447IEH00 LE107E+00 25,54 0,09 F9.91
0.073 L69S9E+00 JB111E+00 16.5% ¢.14 97 .66
0.119 .7575E+00 .B118E+00 7.1é 0.2 25 .76
0,168 J79EFE+00 LB12SE+0C 1.70 0.3l 99.6%9  _ .
G 710 LB216E+00 .B131E+00 -1.03 0,39 G761
0.334 LB570E+00 .B149E+00 ~5.13 0.61 G9 .39
.  0.&TI L9032E+00 LE197E+QO__ | ~%.28 118 wB.EY
1.023 L9Z27E+00 LG243E+00 ~10.47 1.74 98,06
2,005 JS477E+00 LE3STE+00 ~i1.8% 3.08 RhGE

AVERAGE ERROR= .9E39E+01 LS= .2000E-01 F&= L1TATEHQ0

0.045 LAA7IE+00 J7274E+00 12,40
0,073 J49EFE+00 . 73RTE+00 4.15

o 0.11% J7S57SEH00 LPSSIE00 . ~0.3% e
0.168 L7989E+00 L749SE+00 -3 .48
0.210 B216E+00 L 7BOZE+00 5,03

. 0.33A LGRY0E+00 LROVIE+00 - L
GLA7T LPOIZE4D0 LHAZ0E+00 4,45
1,025 LS2E7E00 (9O7BE+00 1,65

=009 .9477E400 L1005E401 A T

AVE ERR= LS073E+01 P COCFFS=-.1207E+00 .2103E+00




INFUT FILE NUREER 14

GAS IS N7 _
FRESSURE  KTDTAL

A= 0,.741E+00
FRESSURE KEXF KCALC DK(%)

0,057 (2389E+00 . P59BE+00 8,75 7.38 CBRLED
G.073 .F448E+00 2610E+00 baél 7,79 7.1
0.0§7 252BE+00 L 2&21E+00 3,49 8.20 g
0,244 LDETTEAQ0 L PAATVESOQ ~1.64 ¢, 10 20,90

0.4636 EEFTEH00 (Z2858E+00 .47 2Q, 03
- 1.003 JZ2BI3E+00 .26461E+00 G hé F0.44
1.997 L 2864E+00 L 24683E+00 Bt F0.34

AVERAGE ERROR= .5072E+01 LS= .3F&0F+01 Fo=
0.057 JPEEFEH00 L PAE0E+00 LS
‘ LEGELE400 1.40
L 2ROSE 400 ~{1, 81
A OLE400 ~J.
L2711E400 0. EE
LETTRE400 -1.9%
CESIBE400 1.61
CUAVE FRK= L 1840E401 F COEFFS=—,7178F-01 .3343E-01

FGC= 1844E+00

L& ‘-.

CIMPUT FILE NUWEBER 17 - -
Gas IS5 HE
T RRESSURE KTUTAL - i I
A= GLBEOEAOC
SSURE KEXF KCALC DK%
T 0.080 JF0EZEH00 L BROSEHQ0 24,31 GG LE0
101 FAE+00 LBR11E+00 14.07 0%, a8
REATE+GO L BBI7E+QC 2,08 8y, &4
LEYTAEHQ0 LBBAOE+00 -1 0 T 98,50
LPOGPEHO0 L BBASEL00 ~2.71 7
0,458 ,9378E+00 .BESIE+00 ~7 .18 1.07
1.004 GBOTE+00 LE938E400 -G, 88 &

e
"

7
o oon
)

2.000 L1GOSE401 L 9052E400 -10.20
AVERAGE ERROR= .8BY4E+01 LS= ,2000FE-01 F&= ,%22FE-03
- 0,080 L F+00 J7893E+00 ii.449 0 T
G0l LFTRAEH00 L E085E400 4,59
47E+00 JBIETE+Q0 ~%.24
HE+00 LBETOE+00 ~3, 74
ZE+30 L BEROEHQO N
E+00 LF1F0E+H00 i
1,004 PELGO LGEAZE+0QO -1 .67
l:l

2000 .’U”“E+Ol ~10864E+01 v
ﬁ E ERk= . 4981E+01 F COEFFS=-,1435E+00 JZ13RE+Q0




GaS IS HE
FRESSURE

__7TPUT_FILE NUMBER 13

KTOTAL

TRET 0,958 00 T

PREGEURE KEXF

0,054
103
,u‘11
0.335
CLH47
0.ee7

1.9%7

AVERAGE ERROR=

G.054
0.103
0.211
0.335
Unuuc
.97
1.997
__AVE ERR=

INFUT FILE MUMEER

GRS IE NZ
T SEURE

« FOZAE+GO
- 7845E400
L SOE7
FERFEHOG

E+QQ

A0Z9E4Q]
JOREE+TL
L 10%3E4+01

« FOZ24E+00
W 7BA5EH00
. FOB7E4OQ
.965°F*00

QaFE+QL
.10me+01
L1093E+01

LAHENZ2EH0L F

19

KTOTAL

TOOE+00

FRECSURE
0.057 .-

0.102
0.214
0.338
G.&659
1.017
LuOQQ

VERQGE ERROR=
QL0587
0,102
0 '-.14 Py
0,338
0.0 .

1 Q17
2,004
AVE ERR=

ol

KEXH

Z202CE+00
A1 ABE+QU
W 2237E4QQ
« 227IE+Q0
CEILTEAGO
L 2ABAEH00
«23DAE+Q0

L AQPGESQQ
L2138E+0O0
”"“‘F+no

TE*OU

» SGE4E+00

Z7GNE+QL P

AZFIE4QY LE=

SA35IE4GL LE=

KCALE
W FELAEHQ0
L FE7IE4QD
LFERBBELQQ
L GI0EE4Q0
LFIATEH0O0
LFATEEHQO
LFELZE+QO

L PE2BEHOG
LS1GBE+0O
S8&16E+00
«BGBAE+O0
LETILEHOG
L 10Z0E+0]
L11S3E+0T

COEFFS=-.2014E400

KCALC
e 2 1T LE+OG
L 22Z0E400
CC2GLE+GQ
L2298E+00
L 2Z2REEHQ0
L225EEF00
L 22 AOEFO0

L 2LOGE+G0
W2 148E400
W2 VFAEAQD
W EE2TEFQ0
PE+CO
«EE20E400
- 2403E+00

. 2000E-

X
n i G

DK (%)
31.8%9

1g.i8

~3. b6
- 0%
=11.00
-12.97
01 F
12.87

4.4&

&.44

DK%
5.45
.85
0.16

-1.0%

R &7

T
\.).ﬂ':-

S S
“da

F ek

+01 F&
3.7
Q.45

-1, 83

~8.02

=145

e

ke

w8

-0, 59

Za07

COEFFE=~ 13582E~01

0. 0%

0.17 7 75

0.34
0. 54
1.04
1.49

Ty

Zon S

LG7QEE-OS FEO=

JE+QO

10, 56
10,88

.71
g.83
ReLE4
0%, 44
PH. 94
96,51

G730

ri aé

eo.24
8.4z
gy 1y

11.15 OELES
11.26 #2e.749
11.35 OOLAR
= JBAERE-03 F&(0=
1961 E~Uj

< 1ERPES00

AOTFTESQD
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e INEUT FILE NUMEER

R

GAS 15 HE

_ PRESSURE
LTGE+00
FRESSURE KEXF

KTOTalL.

KCALC DK{)

0.048
0.0%0
0.204
0.336
0.&38
1.064
1.9%4

0.048
0.0%0
0.208
0,336
1.004

1.99¢
CAVE ERR= L3

INFUT FILE

GAS IS N2
FRESSURE
T= (L14BE+D
FRESEUR
0.027
0.106&
0. 217
0.338
0,647
1.000
7.001

0.027

0.106

06467
1.060
2.001
fVE ERR= (1453E+01 F COEFFS=-,8097E-02 .118%E-0i]

GuEHE

~ AVERAGE ERROR=

. 5475E+00
LS961E+00
LE341E+00
. G4BOE+00
L6463BEH00
L&713E400
L6H0FEH00

. 5475E+00
L EPE1E+00
LHBALER00
L A4BDE+00

LATISESOD
HBOFEHCO

SEH3HE+00

LH2L8E400

L G274E400
HEFIE+OQ

LH311E+00

L GASEEHO0
LHA01E+00
LGDLAEHOOQ

APEZ0E+QC

LAEE7EHQO

A1IBE+GO
LGE34EA00
SAAGZEHQC
LGEALEHQO
. 70645 +00

AVERAGE ERROR= .5189E+01 LS= .Z000E-01 FS=

14.48

[
PP ARY

~0.78
~2.61
- "\Ei

T oo L.

~4, 463

A

T w S

8.13
0.44
-3.581
~3.80

a1
-1.07

~

3,73

ISOE401 P COEFFS=-.5118E-01 .7501E-01

NUMEER 2

KTOTAL
O
E KEXF
«1704E+00
L 18546E+00
L1713E+G0
- 19446E+00
» 196SE+00
AG7EEHQ0
< 1988E+00

L1704E+00
- 1886E+00
LARL3E+0G
L1 EGEEH00
WA1FESEHOD
S 1GFEE+O0
SAFRGE+OC

L2477E401 LS=

KCALL
-1825E+00

L18%94E+00

. 1914E+00
<1921E+00
1R2BE+O0
<1931E+00
L1933E+00

AVE4EHQC
1832E+00
- 1888E+00
- 1909E+00
- 1944E+00
«176BE+00
L 2QZOE+OQ

3ZELOE+01 FS=

DK

7.11 B.15

2.07 11,80
0.04 12.40
-1.28 12.73
-1.93 13,08

~2.30/

~2n e

13.14
13,47

3.50
-0.21
~1.3¢
~-1.8%
~-1.11
~0.38

1.77

E-03

L3AAO0E-03 FS

9e. 84
89.78

N
a5l

9% .20
98,50
97.80
07
L1077E+00

FEl=

21,85
88,50
a7,



INFUT FILE NURBER

GAS 1S HE

FRESSURE

KTOTAL

TTTRE OUS14E+00 T
FRESSURE KEXF

0.084
T 0.078
.21
0.336
0. 4647
1.011
2,000

0.034
0.078

" T Ay
O-Lll':
0.5334
Q.647

L. 01
7.600

Gas I8 N2

PRESEURE

LATRTEAQO
LASAEE+O0
CS221E4QQ
< S316E+0C

A39ZEH00

. S4Z7E+O0
v 24 ESEFO0

47G7E+00
LAG44E+00
LSZZ1E+00
L BILAE+00
L 539IE+00
L S427E+00
L 5463E+00

hnd

INFUT FILE NUMEER 23

RTOTAL

Th= 0. 1840400
FREGGURE KEXF

0.089
T 0.140
0.284
Q.667
0.994
2,009

_ AVERABE ERROR= J739LE+Q0 LS= .JI060E+01 FS=

0,089
0.140
0.288

A A
w LD

6,976
Z2.00%

-2

«LEA3EAQ0
L1E70E+00
1703E+QD
1FEREAOD
L1728E400
1733E400

«1&B3E+00
J&E7GEFOG
LAFOZE0G
W L7EEEXGO
17ZEEACO
1733400

Qacy
£

KCaLc
«S148E+Q0
< 5150E400
- 3170E+QD
. 518BE+00

LEEZRE+GO

. 3280E+00
. S3PAEAQ0

- SOQBE4QQ
2 S0ZBE+00

LS101E+00

- GLI4EF00
W SETAEHO0
L B378E4+00
- BELYEA00

KCALL
1A73EFO0
1&8BE+Q0
«1703E400
AT71TEGO
SA715E400
1718E+400

« L&BEE+Q0
LEFEEHQQ
1&FTE4DD
17130400
» 17E4E400C
W 1740E+00

TAVE ERR= (3483E400 P COEFFS=-.7

E-02

DKCR)

729

4.1%

-, 58
~2.41

IS0

T
AN B Y %

~1.24

4,40

1.5¢9

2. 30
~3.02
317
-0 PO

Za B4

DK (%)

1.18
1. 06
ot
-(. 54
=~ 749

-0 .88
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APPENDIX D

FORTRAN PROGRAMS FOR THE ANALYSIS OF HOLLOW SPHERE
THERMAL CONDUCTIVITY DATA USING THE GEOMETRIC MODEL






77

TYFE DYFOWS. FOR
THERMAL CONDUCTIVITY OF MONO SIZE MICROSPFHERE
FOWDER. MOORE 1981 « TAEEMN FROM AFFENDIX &
OF ORNL/THM-B81%96& AND MODIFIED BY D.W.YAREBROUGH
JAN B7Y
UNITE: THERMAL COMDUDTIVITY IN W/ME
FRESHURE N ATMOS
FARTICLE DIAMETER TN MICRO-FE"
DATA: WV = 13.54E~4  FOR HE
45, 0E-6 FOR AR
21986 FOR N2
L2= 8.576 FOR HE
. 877 FOR &k
. 158 FOR NZ
ITMFLICIT REAL*E (A-H,0-2)
REAL*E FFR
DIMENSION VACE) U285

nOooooooooooao:.

DaTa Va ’1;.@4&“# 4JMBL —h 21 RE-&S JC2AAV57 877, 0157

9 CONT INUE
WRITE(S, 1@6)

18& FORMAT (22X, " INFUT FARTICLE DIA.,SHELL THICH, AND EMITTANCE®

READ (5, %) RFE,5T,E1
WRITE (5, 18&8) RF

1@é FORMAT (2X, * PARTICLE DIAMETER IN MICRO-METERS S ,F1@. )

RF = RF®.5
N = @.34%50RT (2. @xRF)
WRITEA(S,1@81) W

131 FORMAT (2X, "NMUMERER OF INTERVALS WITH SHaLL GaRFE",

wRITE(5,1@:>

1232 FORMAT (22X, " INFUT 1=HE Z=aR Z=nNZ AND FRESSURE )

READ (5,%5 JGE,FR
Vo= UAGIED
C2=C2a(I06)
WRITE (S, 1853
183 FORMAT (22X, " INFUT TEMP, K SOLID, ¥ GRS
READ (S, %) X, 50, BGC
SC = BC+ ZE.6BE-1G=EL¥, 7854% (RFEF-ST )% X¥x]
28 CONT INUE
A= d.1
Ak o= 1.8
WRITEA(S, 1160
11@ FORMAT (22X, /770
WRITE (G, 1110
111 FORMAT (Z2X, "FARAMETERS FOR THIS TaBLE
I JG.EC. 1Y WRITEALS, 128
IF ( JG.ED. 22 NhJWL(q.]Ei)
IF ( JG.ERLEY WRITE(S, 122
120 FORMAT (22X, "6/E I8 HELIUM )
121 FORMAT (22X, "GAS 18 AREON )
12E FORMAT (2X, "6GAE 1S NITROGEN )




RS
ettt

185
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WRITE (5,112 RF,EL

EORMAT (2%, FART. RADIUS = < Fi@.2, " BEMITTANGE = CLELE.
WRITE (5,113 V,CE,FR

FORMET (ZX, 'V = LE12.3,7 C& 7
WRTITE (5,114) %,5C,BEC

FORMAT (22X, " TEMF =0, Fideiy T K SOLID = Fl@. 4, ¥ Gos = ,Fie

WRTTE (5, 1180

W TE (5, 18%)

FORMAT (A%, ACCOM, © 4%, TOND. 70, CHND. (RS
CONT TNUE

mom (Va2 R SR FEBT
W= 1.
Foom P
Cow @0

TH = @@
THNR = (3.0
Do T 1 =1,RF

CTONY ) SPR

FR o= (Cae@-Hex) /R¥sD

D = ol % (R-SORT (ABRS (Res2-Yx¥2) )
GFR = B.5%D/R

SFR = 1.0 — GFR

CONR = (GENR=SC) 7 (S0HE
ETONR = CUNRERFR

ETOMRE = ETUNR+THNR
THME = ETOMR

e .

TH =
CONT MU
o
PR =

FRAD = 1.8~

WEITE (5,185 A, F, FRR, FRED

FORMAT (2X,E10. T, E1E. 5, E1E. 5, F18.50
6 o= A+l

(F ( ALLE. (AF+R.E1) ) GO
WRITE (%, 118)

WRITE (5,110
WRITE (5, 187)
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1a7 FORMAT (2X, ‘IF NEW DATA SET TYFE i, TYFE @ IF NO')
READ(S,*) JJ
IF ¢ JJ .EQG. 1) GO TO 999
WRITE (5, 108)
108 FORMAT (22X, © INFUT NEW FRESSURE )
READ (5, %) PR
GO TO 885
END
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TYFE DYFOW4. FOR
THERMAL CONDUCTI
FOWDER.  MOORE

» OF  ORML/ TH~8

ol

AT
L

!

FK]
—
i
-t
.y
I
=

AN IZ

SIS T S N

N G, R
ITE (S,

fom VA (IET
WRITE (5
116 FORMAT (2X, " INPUT INTERIOR GAS TYFE

-

LE01, Bop

oy
£d

I
i

DGUTER GAat, K

E ==y
F=oL gD
ot}
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FR FPRESS (TFRD
FRI= FRESI (JFRID)
A= B.l
AF = 1.8
WHRITE(S,1180
11@ FORMAT (22X, 7/ 7)
NRITE(q,lll)
111 FORMAST (2X, "FPaR&aMETE
IF { JG.ER
IF ¢ JG.
FoC JGE.ER
IF (IGT.EQ.L 3 b 5,10
IF (IBI.EQ.2 ) UFI?M(E«
IFIGILER.E Y WRITE S, 125
126 FORMST (2%, "OUTER Gas IS HEL I ")
FORMOSGT (2%, "OUTER GAS TS5 aRGON ")
FORME&T (22X, "OUTER GAS IS NTTRUFFN*)
I
{
I

#

i

}u%ﬂw?(gﬁ, INNER GAS T HELIUM’
FORMAT (2X, " INNER GAS I GO
FORMAT (2X,  TNNER GAS 18 NITROSEN'
NRITE(E,II“J RE L EL,E11
113 FORMAT (2X, ‘RADIUS=" ,F7. 1, OUT E=',F4.1,  IN E=°,F4,1)
waTt(d,1ka> Ti,T2
124 FORMAT (X, " T1LOUT) =" ,F7.1, " TECINY =, F7. 1)
WRITE (5,113 PR,FPRI
117 FORMAT (2X, "OUTER FRE
WRITE (5, 114) ¥,8C1,S07
114 FORMAT (X, "T=",F7.1," BOSl= F7LD, BRI
WRITE (5, 137) EGC,BEC
27 FORMAT (2X, 'K OUTER Gass FE.4, EOINNER GAS=,FE. 4)
WRITE (5,11@)
WRITE (5, 109)
FORMAT (4%, *ACCOM. ©,4X, "COND. ©, 7%, TCONDL. (NRY © 5%, CRaL FRe
CONT INUE
B o= (V% (0. -6 780 $B6C
BT = (VI#({2.—-A)/A)Y#EE
W= s, @EeT
RE#*0. QG

M S INNER FRESBS=,F7.2)

{—]u

o
toH

) = . (R-80RT (ARS (Rex2-¥Ex23 )

= P.E%D/R

1.8 - GFR
I (I-NY 282,382,384

s e O o= (22 (AL (2880 3 *F R /(80
GONR = ((O2% O/ (2. 8-A1 3 #PRY A (SERT (X))
GO TO 28%

1]
i

HT (X)) 4R, GBE- 1 BHE L XD xR
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it

T84 HC = BGEC/ (1.@+ (2. @%6) /D)
B = BEU/ (1. @+ (2. 25) /D) +27 . 68E~1O%E 1 # % Xx%7
GONR = BEC/ (1. 0+ (2, 0%6) /D)
CAlLL SOLTDRF,D, S0, SENKD
85 CC = (BORED) / (SC*BFR+GC*SFR)
CONR = (BONR®SCNRD / (SCNR*GFR+-GONR*SFR)
ETCNR = CONR¥EFR
ETUNR = ETCNR+THNE
THRR = ETCNR
ETC = CO¥KFR
ETC = ETC+TH
TH o= ETC
% CONT TNUE
Fros TH*@. 907+0. BFI% (HC+22. 686~ 1B 3. BxE 1 #Re ¥ exD)
FNR = THNR*.5@7+. @93*HC
FRAD = 1.@— FNR/F
WRITE (5,185) A,F,FNR,FRAD
105 FORMAT (2X,E16. %,E12.5,E12.5,F16. )
A = A+l
IF ( ALLE. (AF+B.01)) B0 To 2523
WRITE (5,11@)
WRITE (5, 118)
CONT INUE
CONT INUE
WRTTE (S, 187)
107 FORMAT (2X, " TF NEW DATA SET TYRE 1, TYFE @ IF NO
READ (5,%) JJ
TF O JJ LER. 1 GO TO 999
WRITE (5, 106)
168 FORMAT (2X, © INFUT NEW OUT EMIT & INNER EMIT )
READ (5,%) E1,E11
GO TO 88
END

4

RANRER

G
o

o
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COMMON VA(Z) ,C2AC3) ,T1,T2,61,801,807,BECT,E1T, X
FI = RE-D5@85. - T1 - T2
IF ¢ RI WEQ. B.@ ) BO TO 4@

IF ( RI LBT. —=T1 JAND. RI JLT. —{(Ti+T3)) 50O TO 5o
IF ¢RI LLE. ~T1 3 GO TO &0

GCT = BEBCI/ (), B+ (G /R 44, SE6E -1 ZvE1 TR %X %+
RECT = RI/ZGCT
GCINE = BEO
RS = T1/5C1 + =
RECINK = RI/GOINR

RT = RBCI + RS

RTHR = RBOTHNE + RS

5C = (RE-ID) /RT

SONR = (RE-I1) FRTNF

RETLIRN

RS = T1/78C1 + T2/800

CEo= (TL+TE SRS

SCNR = g

FeE T LRGN

REST = Ti/8C1

RESZ = (T2+RI) /802

50 = (T14TReR1Y 7/ (REST+RE
GONE = GC

FeE T U

GG o= Bt

SUNR = &

RETURN

END
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Table D-1A. DYPOW3 output for k, of 40.0-um Al,0; spheres
with N, as the interstitial gas
Temperature  Pressure k solid k gas Accomodation k,
(K) (atms) (W/mk) (W/mK) coefficient (W/mK)

300.0 0.1 36.0 0.026 0.1 0.2008 E-1
0.5 0.6192 E-1
1.0 0.9677 E-1
0.5 36.0 0.026 0.1 0.5511 E-1
0.5 0.1137 E-1
1.0 0.1496 E-1
1.0 36.0 0.026 0.1 0.7591 E-1
0.5 0.1365 E-1
1.0 0.1731 E-1
500.0 0.1 20.2 0.0386 0.1 0.1868 E-1
0.5 0.6607 E-1
1.0 0.1125 E-1
0.5 20.2 0.0386 0.1 0.5763 E-1
0.5 0.1367 E-1
1.0 0.1887 E-1
1.0 20.2 0.0386 0.1 0.8413 E-1

0.5 0.1698

1.0 0.2197
700.0 0.1 12.6 0.0493 0.1 0.1884 E-1
0.5 0.6762 E-1

1.0 0.1209
0.5 12.6 0.0493 0.1 0.5842 E-1

0.5 0.1500

1.0 0.2143
1.0 12.6 0.0493 0.1 0.8785 E-1

0.5 0.1908

1.0 0.2520
900.0 0.1 8.9 0.0587 0.1 0.2093 E-1
0.5 0.6951 E-1

1.0 0.1270
0.5 8.9 0.0587 0.1 0.5998 E-1

0.5 0.1595

1.0 0.2331
1.0 8.9 0.0587 0.1 0.9091 E-1

0.5 0.2061

1.0 0.2762
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DYPOW3 output for k, of 40.0-pm Al,0, spheres
with He as the interstitial gas

Temperature

(X)

Pressure
(atms)

k solid
(W/mk)

k gas
(W/mK)

Accomodation
coefficient

kﬂ
(W/mK)

300.0

500.0

700.0

900.0

0.1

36.0

36.0

36.0

20.2

20.2

20.2

12.6

12.6

12.6

0.160

0.160

0.160

0.220

0.220

0.220

0.280

0.280

0.280

0.334

0.334

0.334

MOOFROOPRPOORFROOHHFOOKFFOOROOHOOHFOOFHOOMOOMRODO
OUMFOUMPEFOUVFOUVMFOUVFEFOUMFOULKFKOURFRFOUVFOWVMEFOWMMEOWM M

[eXeNeNeoNeoNoNoNoeRNoloNoNoloNeoRolNeoNolNallelNoloNololleNeRelNloNoNoNoleNo oo Ne)

.4099 E-1
L1797
.3469
.1524
L4442
.6766
.2414
.5889
.8236
.3410 E-1
.1634
.3430
.1362
L4546
.7301
.2273
.6256
.9032
.3153 E-1
.1520
.3357
.2157
.4558
.7613
.2157
L6446
.9538
.3193 E-1
L1443
L3264
.1191
L4501
L7726
.2062
. 6487
.9769
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with N, as the interstitial gas

DYPOW3 output for k, of 80-um Al,0; spheres

Temperature

(X)

Pressure
(atms)

k solid
(W/mk)

k gas
(W/mK)

Accomodation
coefficient

(W/uK)

300.0

500.0

700.0

900.0

0.1

36.0

36.0

36.0

20.2

20.2

20.2

12.6

12.6

12.6

0.0260

0.0260

0.0260

0.0386

0.0386

0.0386

0.0493

0.0493

0.0493

0.0587

0.0587

0.0587

HOOHOOHOOHOOFOOROOFOOHOQOHOOFOOROOHOO
OQOUMFHFOUVKMOUVKFOUVFOUMPFOVMFOUWMEEOULFOUHEOUHFOWLEOWLPRE

[oNeNeNoNoNoNoNoNoNoNoNoNeoRoNoNoRoNoNoNeojooRaloeNoloeNoleoNoloNoRoloNolelNol

.3343
.8726
L1271
.7912
.1458
.1846
.1036
.1706
.2086
.3312
.9852
.1535
.8783
.1804
.2356
.1205
.2160
.2664
.3473
.1053
.1703
.9316
.2030
.2705
.1309
.2466
.3067
.3966
L1124
.1842
.9939
.2212
.2977
.1404
.2707
.3380

E-1

E-1

E-1

E-1
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with He as the interstitial gas

DYPOW3 output for k, of 80-um Al,0; spheres

Temperature

(X)

Pressure
(atms)

k solid

(W/mk)

k gas

(W/mK)

Accomodation
coefficient

(W/mK)

300.0

500.0

700.0

900.0

0.1

36.0

36.0

36.0

20.2

20.2

20.2

12.6

12.6

12.6

0.160

0.160

0.160

0.220

0.220

0.220

0.280

0.280

0.280

0.334

0.334

0.334

HOOROOHOOHHOOFROOHOQOFRFOOHHOODODHFOOHEHOOFROOHRHOO
CUFEFOUVFOUVKFFODUVFOVFRFOUMROUFEHOUVIFOUVUKKOWMEPEOWMMQWL M

[eNeNoNoReNoNoNeNeNoloNoNoNoRaleNeNeNolololeNoloRoleNeRoNelolNoNeNeRNell oo

.7533
.2820
L4904
.2448
.6006
.8395
.3623
.7532
.9728
.6463
.2705
.5074
.2307
.6388
.9268
.3594
.8231
.1084
.6078
.2608
.5136
.2203
.6591
.9807
.3537
.8651
.1153
.6218
.2537
.5122
.2136
.6653
.1006
L3471
.8839
.1188

E-1

El
E-1

El
E-1

El

El
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Table D-3A. DYPOW3 output for k, of 400-um Al,0; spheres
with N, as the interstitial gas

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

300.0 0.1 36.0 0.0260 .8354 E-1
.1564
.2005
.1467
.2194
.2530
.1751
.2419
.2686
.9895 E-1
.1978
.2597
.1841
.2859
.3307
.2240
.3163
.3496
.1196
.2352
.3092
.2189
.3398
.3904
.2666
.3745
.4103
.1529
.2792
.3616
.2611
.3951
. 4487
.3143
L4321
L4689

0.5 36.0 0.0260

1.0 36.0 0.0260

500.0 0.1 20.2 0.0386

0.5 20.2 0.0386

1.0 20.2 0.0386

700.0 0.1 12.6 0.0493

0.5 12.6 0.0493

1.0 12.6 0.0493

900.0 0.1 8.9 0.0587

0.5 8.9 0.0587

1.0 8.9 0.0587

HOCOHROOHOOHOOHOOHOOHOOROOHROOHOOHOOHOO
VRO VRO UNOWHROUVHOUVLWHOUHOUVMFROUHOUREOWE O WL
COCO0000000000000000000000O00000OODOOD
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with He as the interstitial gas

DYPOW3 output for k, of 400-um Al;0; spheres

Temperature

(K)

Pressure
(atums)

k solid
(W/mk)

k gas
(W/mK)

Accomodation
coefficient

(W/mK)

300.0

500.0

700.0

900.0

0.1

36.0

36.0

36.0

20.2

20.2

20.2

12.6

12.6

12.6

0.160

0.160

0.160

0.220

0.220

0.220

0.280

0.280

0.280

0.334

0.334

0.334

HOOHOOFROOHOOROOHOOMHMOOHOOMOOHFHOOHODOROO
QUEFOUVHODUVHOQOQULIFEFOUFOUFEFOWVRFEFOVLFHEOUMROWUMEOWLEOWV

[eReoleBaolaoleBeRBeReNoloReRolleNelaloNeNeNeNelNeNoReReReNeNe e ReReNo ol o Nl o)

.2480
.6083
.8522
.5559
.9559
.1130
.7109
.1075
.1200
. 2404
.6548
.9520
.5916
.1077
.1280
.7796
.1217
.1356
.2450
.6898
.1021
.6196
.1158
L1371
.8292
.1306
. 1447
.2650
.7199
.1068
L6463
.1210
.1425
.8668
.1361
.1499

El

El
El

El
El

El

El

El

El
El

El

El

El

El
El

El
El
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Table D-4A. DYPOW3 output for k, of 500-um Al,0; spheres
with N, as the interstitial gas

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

.9240 E-1
.1665
.2101
.1568
.2283
.2598
.1851
.2495
.2739
L1124
.2137
L2748
.2001
.2999
L3414
.2399
.3282
.3581
.1392
.2584
.3311
L2421
.3602
L4062
.2897
.3920
.4235
.1816
.3125
.3928
.2943
L4243
L4725
L3472
4579
.4898

300.0 0.1 36.0  0.0260
0.5 36.0  0.0260
1.0 36.0  0.0260
500.0 0.1 20.2  0.0386
0.5 20.2  0.0386
1.0 20.2  0.0386
700.0 0.1 12.6  0.0493
0.5 12.6  0.0493
1.0 12.6  0.0493
900.0 0.1 8.9  0.0587
0.5 8.9  0.0587

1.0 8.9 0.0587

OO OOFPQOCOHOOHHOOHOOHOOHF,OOHOOHOOROODOHOO
[eNoNoNoNoNeNoNeoNelsNoNoleNe o NoloNoNoNoNoNoloNoNoNoNoRoloNoNeNoNoNoRe e




Table D-4B.
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DYPOW3 output for k, of 400-pm Al,0; spheres
with He as the interstitial gas

Temperature

(K)

Pressure
(atnms)

k solid
(W/mk)

k gas
(W/mK)

Accomodation
coefficient

(W/uK)

300.0

500.0

700.0

900.0

0.1

36.0

36.0

36.0

20.2

20.2

20.2

12.6

12.6

12.6

0.160

0.160

0.160

0.220

0.220

0.220

0.280

0.280

0.280

0.334

0.334

0.334

HFQOQOHHOOMOOMHOOHHOOMOOFOOFROOHHOOHOORR OO OO
OV OUMKOUVMMHODUMEHFOURFOULFOWVLFEFOUEFOUKEOWUMEPE OWUNE QWL

[=NoNoNoNeNolloNaleNeReloleRaelNolleloNolelojelololeNoReNeRe e oo No NN N

.2841
.6591
.9000
.6061
.9989
.1159
.7617
.1109
L1219
.2811
.71886
.1012
.6542
21130
.1313
.8438
.1258
.1379
.2909
.7651
.1091
.6933
.1219
.1408
.9049
.1352
.1473
.3184
.8061
.1148
. 7307
.1279
.1468
.9533
.1413
.1530

E1l

El

El

El

El
El

El

El

El

El
El

El

El

El

El
E1l

El
El




Table D-5A.
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with N, as the interstitial gas

DYPOW3 output for k, of 1200-um Al,0, spheres

Temperature

(K)

Pressure
(atms)

k solid
(W/mk)

k gas
(W/mK)

Accomodation
coefficient

k

(W/mK)

300.0

500.0

700.0

900.0

0.1

36.0

36.0

36.0

20.2

20.2

20.2

12.6

12.6

12.6

0.0260

0.0260

0.0260

0.0386

0.0386

0.0386

0.0493

0.0493

0.0493

0.0587

0.0587

0.0587

HOOHHOOHFHFOOHOOHOOHOOHOORROOHHROOFOOHOOHOO

OUVMMFEOUVFEFOULFOUVMFEFOWUVFHOUVHFOUVUFOWUMEOUHEHOUEBEBOWIKMKOWPE

[eNeoNoNoNoNoNoNoNoNoNoRelooNoeNoNoNoNoNeNeoNoNeoNoNoNoNoNoNoNoNeoNoNeNoNel o

.1314
.2074
L2467
.1980
.2614
.2836
L2248
.2769
.2917
.1783
.2840
.3376
.2709
.3568
.3840
.3080
.3761
.3932
.2459
.3709
4323
.3555
L4532
L4814
.3988
L4733
.4903
.3502
. 4866
.5519
L4699
.5734
.6013
.5166
.5935
.6099




Table D-5B.
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DYPOW3 output for k, of 1200-pm Al,0; spheres
with He as the interstitial gas

Temperature

(X)

Pressure
(atms)

k solid
(W/mk)

k gas
(W/mK)

Accomodation
coefficient

k

(W/mK)

300.0

500.0

700.0

900.0

0.

1

36.0

36.0

36.0

20.2

20.2

20.2

12.6

12.6

12.6

0.160

0.160

0.160

0.220

0.220

0.220

0.280

0.280

0.280

0.334

0.334

0.334

HOOMMOOFHOOMOOHHOOFOOHOOHODOFOOROO,LOOHOO
OUVMEOUVUMFOUVFOUVFOUMFOWUVMKOUVHEHOULEFOWUMEHOWUMFE OWL M OW

[eReNoNoNoRoNoRoNoReNeNaolaNoNoloBolloBoleRoeReloleloRoNoRoReBoNeNeNeoNoNoNe)

.4518
.8582
.1068
.8067
L1141
.1241
.9523
L1212
L1273
.5260
.1074
.1326
.1007
.1403
.1496
.1192
.1471
.1523
.5372
.1079
.1345
.1010
.1430
.1536
.1202
.1507
.1568
.6210
.1181
.1450
.1109
.1534
.1635
.1307
.1608
.1665

El
El

El
El

El
El
El
El
El
El
El
El

El
El
E-1
E-1
E-1
El
El
El

El
El
El
El
El
El
El
El




Table D-6A.
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with N, as the interstitial gas

DYPOW3 output for k, of 2502-um Al,0, spheres

Temperature

(K)

Pressure
(atms)

k solid
(W/mk)

k gas
(W/mK)

Accomodation
coefficient

k

(W/mK)

300.0

500.0

700.0

900.0

0.1

36.0

36.0

36.0

20.2

20.2

20.2

12.6

12.6

12.6

0.0260

0.0260

0.0260

0.0386

0.0386

0.0386

0.0493

0.0493

0.0493

0.0587

0.0587

0.0587

HPOOFrHOOHHOOHOOHOOMOOHHOOHOOHROOEFOOHOOMROO

laNoNoNoNoNoNoNoNoNoloReBeloNololsNeoRoloNololeNeloNoRloNoNoNeoNoNoNoeNolNeNo

.1700
.2433
.2760
.2348
.2867
.3011
.2584
.2970
.3056
.2569
.3580
L4004
.3465
L4135
L4300
.3779
L4254
L4349
.3932
.5107
.5569
L4977
.5705
.5868
.5328
.5824
.5914
.6039
.7280
L7746
L7146
.7878
.8033
.7506
.7992
.8076




Table D-6B.
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~ with He as the interstitial gas

DYPOW3 output for k, of 2502-pm Al,0, spheres

Temperature

(X)

Pressure
(atms)

k solid
(W /mk)

'k gas
(W/mK)

Accomodation
coefficient

k

(W/mK)

300.0

500.0

700.0

900.0

0.1

36.0

36.0

36.0

20.2

20.2

20.2

12.6

12.6

12.6

0.160

0.160

0.160

0.220

0.220

0.220

0.280

0.280

0.280

0.334

0.334

0.334

HO OO OHOOROOHOOHOOHOOHROOROOHROOHOOR OO
O UHOUVHROUHROUKNHOUHOURDODUMOUMOUFROULHOWHOOWL M

0000000000000 000000000OO0O00OO0COODOO

.6183
.1013
L1177
.9686
.1226
.1285
.1091
.1269
.1302
.7089
.1186
.1372
.1133
.1424
.1486
.1276
.1469
.1503
.8369
.1356
.1545
.1300
.1597
.1655
L1449
.1640
.1671
.1020
L1544
.1727
.1489
L1775
.1829
.1635
.1815
. 1844

El
El

El
El
El
El
El

El
El
El
El
El
El
El
El

El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El
El




Table D-7A.
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with N, as the interstitial gas

DYPOW3 output for k, of 3169-um Al,0, spheres

Temperature

(K)

Pressure
(atms)

k solid
(W/mk)

k gas
(W/mK)

Accomodation
coefficient

kﬂ
(W/mK)

300.0

500.0

700.0

900.0

0.1

36.

36.

36.

20.

20.

20.

12.

12.

12.

0

0.0260

0.0260

0.0260

0.0386

0.0386

0.0386

0.0493

0.0493

0.0493

0.0587

0.0587

0.0587

HFOCOROOHOOHOOROOHROOROOFROOHOOHOOHROOR OO
OV O VMO UVUHROUVLHOUVHOUROUHOUHROUROUROWEO WL

.1840
.2556
.2856
L2475
.2951
.3072
.2696
.3038
.3109
.2892
.3874
L4259
.3767
L4373
L4511
.4058
L4474
L4551
.4587
.5713
.6123
.5594
.6237
.6371
.5912
.6335
.6405
.7205
.8375
.8780
.8254
.8889
.9014
.8574
.8981
.9048

[eNoNoNoNoNeNoRoloNoNeReRoNoNolNeoRoloNolojolojojolololoRoNeNeNoNoNoNelole




Table D-7B.
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with He as the interstitial gas

DYPOW3 output for k, of 3169-um Al,0, spheres

Temperature

(X

Pressure
(atms)

k solid
(W/mk)

k gas
(W/mK)

Accomodation
coefficient

k

(W/mK)

300.0

500.0

700.0

900.0

0.

1

36.0

36.0

36.0

20.2

20.2

20.2

12.6

12.6

12.6

0.160

0.160

0.160

0.220

0.220

0.220

0.280

0.280

0.280

0.334

0.334

0.334

HOOHFOOHOOFOOFHODOROQOQOHOOHOOHOOHRQOQOHODORH,OO
OCUVFEFOUVUFOUVUFHFOUVFHFOUKFFOUFODUVHEHOWLEFEFOUFOWMPEOWNMOWL =

[eNeN-NeNeNoNoNoNeNoRoloNoNeNoNoNoNelleNeloleRooRololoeleNoNeNeRoNol ol Nol

.6752
.1059
.1205
.1017
L1247
.1297
.1130
.1283
.1310
.7909
L1251
.1415
.1203
.1460
.1510
.1332
.1497
.1524
.9539
.1451
.1615
.1400
.1660
.1704
.1533
.1692
L1717
.1184
.1678
.1834
.1629
.1873
.1917
.1757
.1905
.1928

El
El
El
El
El
El
El
El

El
El
El
El
El
El
El
El

El
El
El
El
E1l
El
El
El
El
El
El
El
El
El
El
El
El




Table D-8.

with N, as the interior and interstitial gas.
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DYPOW4 output for k, of 500-um Al,0; spheres
Inside

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

Temperature Pressure k solid k gas Accomodation k,
(K) (atms) (W/mk) (W/mK) coefficient (W/uk)
300.0 0.1 36.0 0.0260 0.1 0.3184 E-1
0.5 0.3578 E-1
1.0 0.3822 E-1
0.5 36.0 0.0260 0.1 0.3537 E-1
0.5 0.3988 E-1
1.0 0.4491 E-1
1.0 36.0 0.0260 0.1 0.3665 E-1
0.5 0.4283 E-1
1.0 0.4879 E-1
500.0 0.1 20.2 0.0386 0.1 0.5087 E-1
0.5 0.5878 E-1
1.0 0.6126 E-1
0.5 20.2 0.0386 0.1 0.5818 E-1
0.5 0.6253 E-1
1.0 0.6581 E-1
1.0 20.2 0.0386 0.1 0.5982 E-1
0.5 0.6452 E-1
1.0 0.6805 E-1
700.0 0.1 12.6 0.0493 0.1 0.7547 E-1
0.5 0.8921 E-1
1.0 0.9254 E-1
0.5 12.6 0.0493 0.1 0.8821 E-1
0.5 0.9377 E-1
1.0 0.9629 E-1
1.0 12.6 0.0493 0.1 0.9079 E-1
0.5 0.9538 E-1
1.0 0.9774 E-1
900.0 0.1 8.9 0.0587 0.1 0.1099
0.5 0.1310
1.0 0.1361
0.5 8.9 0.0587 0.1 0.1294
0.5 0.1376
1.0 0.1400
1.0 8.9 0.0587 0.1 0.1336
0.5 0.1392
1.0 0.1411




Table D-9.
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Inside

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

DYPOW4 output for k, of 1000-um Al,0; spheres
with N, as the interior and interstitial gas.

Temperature

(K)

Pressure
(atms)

k solid
(W/mk)

k gas
(W/mK)

Accomodation
coefficient

k

(W/aK)

300.0

500.0

700.0

900.0

0.1

36.0

36.0

36.0

20.2

20.2

20.2

12.6

12.6

12.6

0.0260

0.0260

0.0260

0.0386

0.0386

0.0386

0.0493

0.0493

0.0493

0.0587

0.0587

0.0587

HOOROOROOFOOHOOHHFOOROOHOOHHOOROORROOROO
OWMMHFHOUVMMHOUFRFOUVFOWVMMEFROUROUVFODUFRFOUVUEOWMOWUMEOWL

OO0 OOOOCOOOOOO0OO0OOOODOCO0OOODODOOODODO0OO0OCO0DOOOOCOO

.3560
.3838
L4024
. 3807
L4142
L4447
.3905
.4330
L4637
.6504
.7037
.7209
.6997
.7293
L7479
.7110
L7412
.7580
.1096
.1197
.1220
.1190
.1228
.1242
.1208
.1237
.1248
.1760
.1934
.1972
.1922
.1982
.1996
.1954
.1992
.2001

] ] 1 ) + L] I
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Table

with N, as the interior and interstitial gas.
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D-10. DYPOW4 output for k, of 2502-um Al,0; spheres

Inside

gas pressure equals interstitial gas pressure.

Wall thickness 112 pm,

Temperature

(K)

Pressure
(atms)

k solid

(W/mk)

k gas
(W/mK)

Accomodation
coefficient

k

(W/mK)

300.0

500.0

700.0

900.0

0.1

36.

36.

36.

20.

20.

20.

12.

12.

12.

0

0.0260

0.0260

0.0260

0.0386

0.0386

0.0386

0.0493

0.0493

0.0493

0.0587

0.0587

0.0587

HFOOFROOFOOFRPOOHFOOHHFODOFRPROOFFOOHHOOHH,OOHKOOHFHOO
OQCUVFEFOUFOUVMFKOWVMFOWVLEFEOWUMPEFOUVLEFEFOWMMEMOUVMFOWMEOUWVMOWL P

eNeNoNeoNoNoNeNoNoRoNoNoleleleloleBoNeleNeNolleNeoNoNoNoNoloNoNoNoNoNoNoNe

L4436
L4625
L4746
.4603
.4813
.4953
L4671
.4904
.5019
.1005
.1037
.1048
.1035
.1052
.1060
.1042
.1058
.1064
.1989
.2064
.2079
.2059
.2084
.2090
.2059
.2084
.2090
.3559
.3707
.3735
.3697
.3742
.3750
.3722
.3748
.3753
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Table D-11,
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DYPOW4 output for k, of 3169-um Al,0, spheres
with N, as the interior and interstitial gas.

Inside
gas pressure equals interstitial gas pressure.
Wall thickness 56 um,

Temperature

(X)

Pressure
(atms)

k solid
(W/mk)

k gas
(W/mK)

Accomodation
coefficient

k

(W/mK)

300.0

500.0

700.0

900.0

0.1

36.0

36.0

36.0

20.2

20.2

20.2

12.6

12.6

12.6

0.0260

0.0260

0.0260

0.0386

0.0386

0.0386

0.0493

0.0493

0.0493

0.0587

0.0587

0.0587

HOOMROOHOOMOOHDODOHOOHOOHOOHOOHOOHROOROO
OV OUNHOUVNNOUVFOUHROUVROUROUWHROUHOWVMFOL MO W -

[eNeNoNoNeloNoNoNoNoNeNeReNolloloRoNo oo BoBo oo leRelelololeNeNeoNoNoNeNe

.4636
.4639
L4660
L4623
L4663
L4666
L4652
L4665
L4667
.1129
.1100
.1147
.1105
.1148
.1149
.1143
.1149
.1149
.2338
.2375
. 2402
.2396
. 2405
.2408
.2139
.2408
. 2409
4299
4438
L4445
L4400
L4453
L4460
.4395
L4458
L4461
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Table D-12.
with N, as the interior and interstitial gas.
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DYPOW4 output for k, of 6000-um Al,0; spheres

Inside
gas pressure equals interstitial gas pressure.
Wall thickness 100 gm.

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

300.0 0.1 36.0 0.0260 0.1 0.4627 E-1
0.5 0.4796 E-1

1.0 0.4899 E-1

0.5 36.0 0.0260 0.1 0.4777 E-1

0.5 0.4953 E-1

1.0 0.5056 E-1

1.0 36.0 0.0260 0.1 0.4836 E-1

0.5 0.5022 E-1

1.0 0.5101 E-1




APPENDIX E

FORTRAN PROGRAM FOR THE ANALYSIS OF HOLLOW SPHERE THERMAL
CONDUCTIVITY USING THE MODIFIED CUNNINGTON-TIEN MODEL
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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 files
are organized as follows.

Line 1. Number of data points, mean temp. (K), sphere diameter (um),
sphere shell thickness (pm), parameter m, solid conductivity (W/mK), gas type
(1 = N,, 2 ="He).

Remaining lines: Pressure (atm), apparent thermal conductivity (W/mK).
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Program DMODEL.FOR
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(1)=1.4
MA(E)=1.67

TG )=3.75E~8

WRITE(5,103)
167 FORMAT (2X, "INFUT ACCOMMODATION (O
REAZ(5.%) ALFHA
WRITE(5,104)
104 FORMAT (2X, "THPUT KRAD COMSTAMT )
READB(S %) ER
JRITE(5,118)
118 FORMAT (2X, " THRFUT VOID FRACTION *./)
READ(S, %) M
101 FORMAT (7%, " FRESSURE K cale ")
335 CONT THUE
WRITE(S,100)
100 FORBAT (2%, " TNFUT ASC")
READ(S,%) ASC
WRITE(S,131)
131 FORMAT (2%, " INFUT THE FRESSURE EXPONENT )
FEAD(5,%) FEX
WRITE(S,137)
[GAS.ER. 1) WRITE(S 175)
CLERLT) MRITE(S,174)
CTHIS TARLE 1
Lo THIS TABLE 1% 7

L1017

EFFICTENT ")
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L Os Y . C oy
l\r ]!El 3,14 o ') f\)(IGhE:i'i ZEL(IGA
| GF FORMATL 2‘«, ‘GAS K CONETANMTS . 2
WRITE(S,108)A5C, BR.ALFHA ML WT
10E Ff'JF"FirﬁTl . CABDY ..E 1G.4, 7 "“:. TERCLEIGLE, S,
& DA IS SR (D .,E.J.Zf G wan, T L ELE
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Table E~1A. Calculated k with pressure exponent n = 1/2
(Parameters for data set 10, m = 0.45)

i

B0
TNRUT WT

Ry

TRFUT VOID Fi
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Calculated k with pressure exponent n = 1/2

Table E~1B.

50)

(Parameters for data set 10, m = 0
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ith pressure exponent n = 1/2

Calculated k w
(Parameters for data set 10

Table E-1C.

m ~ 0.55)

Tk

T

o
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THIG
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Table E-2A. Calculated k with pressure exponent n = 1/2
(Parameters for data set 11, m = 0.45)




THFUT

1.0

TH

113

HGLECOMRODATION COEFFICIENT

CONSTANT

HELTUR
kG

e
LOOGE+C

iy
(:‘-\f.x i e
0. &EA0E
0. A3I0E+00
. 0200E+00
0. 51995400
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Table E-2B. Calculated k with pressure exponent n = 1/2
(Parameters for data set 11, m = 0,50)

FE R R TR S LI NS (IR B U R K AR R

INFUT YOTL

ONONOL D
ITNFUT At
1.E-4
INFUT THE FRESSURE EXFONENT
j.5
FOE R EORFOR E ROR HOE N A E AOE KR OR R RKROR AR ROR R Ok

-

U

THIS TakLE IS FOR HELIUM
FRESSURE K CaLC

¢L1000E+0L  Q.FZYVLIE+O0
0.7500E+00 0.7221E+00
GL.O000E+0N 0. T1S5BE+00
0.7 113E+00
TOR4E+00
3 EQYZE400
EFZRE+OC
GR00E+00 0.4BREEHOC
GOOE4D0  §.6FF7EHQO
0.5300E+00  0.8695E400
e}

G SGO0E+00

)
GL.7000E+00 O,

[
€

LHEDAE+G0

éad

SE+GQO

QL8010+ 00

O+ 7301

AGGOE 01 0LdRATEHDO

Lo
il

G 1 LOOOOE+GE

CO201E-0C

k
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Table E-2C. Calculated k with pressure exponent n = 1/2
(Parameters for data set 11, m = 0,55)

INFLT WY

THFLT THE FREBEURE EXPOMENT

I8 FORE HELIUM
K CALC

F R

el

oy s
f:l b

L 45000400

WL

S A0QOE+00 o0

)
<2

(. 4732E+00
0L AdESEL OO
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Table E-3A. Calculated k with pressure exponent n = 1/2
(Parameters for data set 12, m = 0.4 and ASC = 1 x 107%)
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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 = 1 x 1073)

1

1

L PEBRE400

om0

P
L L L
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Table E-~4A. Calculated k with pressure exponent n = 1/2
(Parameters for data set 13, m = 0.4 and ASC = 1 x 107%)




119

Calculated k with pressure exponent n = 1/2

Table E—4B.

(Parameters for data set 13)
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Table E-5A. Calculated k with pressure exponent n = 1/2
(Parameters for data set 14, m = 0.4 and ASC = 1 x 107%)
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Table E-5B. Calculated k with pressure exponent n = 1/2
(Parameters for data set 14, m = 0.4 and ASC = 1 x 1073)
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Table E-6A. Calculated k with pressure exponent n = 1/2
(Parameters for data set 15, m = 0.4 and ASC = 1 x 107%)

L
TREUT

C
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Table E-6B. Calculated k with pressure exponent n = 1/2
(Parameters for data set 15, m = 0.4 and ASC = 1 x 107%)
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Table E-6C. Calculated k with pressure exponent n = 1/2
(Parameters for data set 15, m = 0.4 and ASC = 1 x 1073)
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Table E-7A. Calculated k with pressure exponent n = 1/4
(Parameters for data set 17, m = 0.41 and ASC = 1 x 107%)
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Table E-7B. Calculated k with pressure exponent n = 174
(Parameters for data set 17, m = 0.42 and ASC = 1 x 107%)
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Table E-7C. Calculated k with pressure exponent n = 1/4
(Parameters for data set 17, m = 0.43 and ASC = 1 x 107%)
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ith pressure exponent n = 1/3

Calculated k w
(Parameters for data set 17, m =~ 0.41 and ASC = 1 X 107%)
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Table E-7E. Calculated k with pressure exponent n = 1/3
(Parameters for data set 17, m = 0.42 and ASC = 1 x 107%)
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Table E~7F. Calculated k with pressure exponent n = 1/2
(Parameters for data set 17, m = 0.40 and ASC = 1 x 107%)
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Table E-8A. Calculated k with pressure exponent n = 1/2
(Parameters for data set 16, m = 0.4 and ASC = 1 X 10™)
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Table E-8B. Calculated k with pressure exponent n = 1/2
(Parameters for data set 16, m = 0.4 and ASC ~ 1 x 1079)




133

Table E-9A. Calculated k with pressure exponent n = 1/2
(Parameters for data set 18, m = 0.4 and ASC = 1 x 107%)
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Table E-9B. Calculated k with pressure exponent n = 1/2
(Parameters for data set 18, m = 0.4 and ASC = 1 x 1079)
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Table E~10A. Calculated k with pressure exponent n = 1/3
(Parameters for data set 25, m = 0.4 and ASC = 1 x 107%)
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Table E-10B. Calculated k with pressure exponent n = 1/2
(Parameters for data set 25, m = 0.4 and ASC = 1 x 107%)
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Table E-10C. Calculated k with pressure exponent n = 1/2
(Parameters for data set 25, m ~ 0.4 and ASC = 1 x 107%)
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Table E-10D. Calculated k with pressure exponent n = 1/2
(Parameters for data set 25, m = 0.4 and ASC = 1 x 107%)
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