HORTHAVEST UHpERSITY
YUHIBESTE) YA BOKOHE BOPHIA
| HODROWESANNVERSITEST

APPENDIX A: SUMMARY OF RADIATION EXCHANGE
FACTORS FOUND IN LITERATURE

APPENDIX A: SUMMARY OF RADIATION
EXCHANGE FACTORS FOUND IN LITERATURE

This appendix summarises all the radiation exchange factors and relevant data found in

literature.

Table A.1:

Summary of radiation exchange factors

Chen & Churchill - Need absorption and scattering
(1963:35) dp (a+2b) coefficients for each packing
Waoka & Wato Fe = 2 _
(1968:24) (2/s, —0.264)
Argo & Smith Fooo 1 _
(1957:443) E ™ @z )
Has an empirical parameter
Kasparek & _ function i
Vortmeyer Foofrt B B=f(z,5;). Nogeneral function is
(1976:117) 1-B available to calculate B for different
packings.
Has an empirical parameter
Vortmeyer Fe 2B+5,(1-B) B=f(z,5). Nogeneral function is
(1978:532) 2(1 - B) — & (1 - B) available to calculate B for different
Kings.

Has an empirical parameter
B=7(z5r). Nogeneral function is

. . Ty th(As.5,8)(1+v)
Breitbach (1978:1) Fg = [ 512 -(1 “Tryeh(ar.ere) for £=0.4and 0.48 available to calculate B for different
o packings. Only applicable fora
porosity of 0.2<¢<0.476.
nggﬁgg& R = [1_ (1= 8)] c4 \1(1—8) B+1 1 Model more sensitive to porosity
(1980:392) 2 4 B 41 variations
&
’ [
gr
Has an empirical parameter
A B=f(s,5;). No general function is
. - ) -
Robold (1982:129) Fe=Fe|1-% ke for ¢=0.4380.395 available to calculate B for different
1+ Fo adtoT? packings. Only applicable for a
E,0%0s0 porosity of 0.2 < ¢ <0.476.
. . ~ Ap)P Only valid for £ =0.476 . Constants
81?1939%:558;"93)'“, FE = &, tan 1(32 ( ;r) ]+ ay for £=0476 where obtained using a Monte Carlo

method

Singh & Kaviany
(1991:2869)

Monte Carlo (diffuse)

“ . EMISSIVIEY, .
0.351 0.60 | 0.85

Singh & Kaviany
(1991:2869)

Two-flux (diffuse)

1.06 | 1.11

Kasparek &
Vortmeyer
(1976:117)

Experimental measurements (s = 0.4)

- 054 | - 102 -
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APPENDIX B: SUMMARY OF CORRELATIONS FOUND IN LITERATURE

Table B.1: Summary of correlations found in literature

One-dimensional J %.
. : p y (3.6) Two models act as bounds for effective thermal
Diessler & Boegli (1958) senesl:;gr;saarallel (3.8) N N None Macro conductivity at low temperatures
One-dimensional,
Kunii & Smith (1960) semi-empirical, lumped (3.9) N N None Macro Highly empirical model
parameter
. Two-dimensional, Uses a cylindrical unit cell to do effective
Zehner & Schliinder (1970:933) semi-empirical (3.20) N N None Macro thermal conductivity calculations
One-dimensional, - .
Okazaki et al. (1977:164) structured based, (3.26) N N None Macro gILoncteJ (gxleitr;predlcts effective thermal
semi-empirical
o . One-dimensional, Highly empirical and valid for the bulk region of
Batchelor & O’Brien (1977:313) empirical (3.28) N N None Macro a packed bed
Hsu et al. (1995:265) Two-dimensional, Contact area Obtain empirical constants by comparing model
S u re p find }'M odel) semi-empirical, (3.33) N N calculated Macro to various experimental measurements of
(Square Cylinde lumped parameter empirically different pebble diameters and porosities
. . . (3.41) Contact area Obtain empirical constants by comparing model
l-(l}s_u ef arl. “Er?ds'ﬁ/?) del) T‘gg;r‘di":;n?;l%flll' (3.42) N N calculated Macro to various experimental measurements of
(Circular Cylinder Mo -emp (3.43) empirically different pebble diameters and porosities
] - . Contact area Obtain empirical constants by comparing model
E:subztlslll 52395.267) Thsrzﬁ"g;":'}:fa'}a" (3.44) N N calculated Macro to various experimental measurements of
ube Mo P empirically different pebble diameters and porosities
Model A
(3.51) Need coordinates of a numerical packed bed
i Three-dimensional, (3.54) . ! P
Cheng et al. (1999:4199) N N Contact area Micro and Voronoi polyhedra volumes to do
structured based Model B calculations
(3.62)
(3.55)
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Three-dimensional,

empirical

Two-dimensional,

empirical

Contact area

Does not account for fluid phase; assign a

Siu & Lee (2000:3917) semi-empirical, (3.67) N N Contact area Micro certain structure to a specific porosity range;

structured based use a resistance model.

- Model was developed for small spheres.
. . Two-dimensional, (3.76) Contact area and A Therefore, much attention was given to the
Stavin et al. (2002:4151) semi-empirical (3.77) Y Y roughness Semi -micro Knudsen regime. A view factor of one is
assumed for radiative heat transfer.

Two-dimensional Contact area Model was developed for very smalil spheres.

Shapiro et al. (2004:268) (3.86) Y N calculated Macro Use an empirical constant to fit model to

experimental data.

Model applicable only in the bulk porosity region

One dimensional,

Kunii & Smith (1960:71)

o

Bauer & Schiunder (1978:189) semi-empirical (3.89) Y Y :rarl:;lii'liactaﬁﬁ Macro of a packed bed
. Two-dimensional Use Zehner & Schlunder (1970:933) model with
Hsu et al. (1994:2751) semi-empirical (3.99) N N Contact area Macro different integration parameters.
Kaviany (1991:127) Two-dimensional (3.102) N N Contact area Macro Model only applicable for certain porosity ranges
Three-dimensional, . . .
Bahrami ef al. (2006:3691) semi-empirical, (3.104) Y N Contact area and Micro Very detalled modsl accounting for various
structured based ghness conditions

Same model as Model 2 in Section 3.1.2, only

T g, | ew | e | e | i b s o i e
Chen & Churchill (1963:35) Two :;l";ﬁlf‘csg‘l’“a" (3.134) N Y None Macro g":’;’lgaﬁ:?: g:nxf”me"ta' resuits; not
Vortmeyer (1982:2751) T‘g’g"g;’;s"‘l‘;’;?' (3.144) N Y None Macro | fodel highly g‘;‘r’:r;‘\‘;fgrt on empirical radiation
Breitbach & Barthels (1980:392) T‘g’gﬁ’;ﬂ:‘ (3.150) N Y None Macro mggg%%;’;‘?:g:gt‘ﬁ é:ﬂ;‘:;f Schitinder
Robold (1982:1) T‘;"gﬁ";ﬁ;’:ﬁ%’;‘;" (3.162) N Y Contact area Macro Efgfg%g%ﬁ'ﬁ gi?:&i?é’f Z':xmgll&c%rr:%ztrlggty
Singh & Kaviany (1994:2579) TW%F&";?;:;?“E‘" (3.166) N Y None Macro mﬂ{'e%aﬁf::f;;z;b}j;’fgg‘g ing) fit
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o

Two-dimensional,

structure based model

One-dimensional,

. . . i Discontinuity at the start of the near-wall region;
Yagi & Kunii (1961:760) lu;eg:degglarrlgzlt’e i (3.168) N Y None Macro radiation prediction is incorrect
Robold (1982:1) T\;vtmgin?;i%r:lﬂ, (3.182) N Y None Macro Only applicable for d, = % away from the wall;
P correlation is highly empirical
Two-dimensional, Discontinuities arise for effective thermal
Tsotsas (2002) semi.empirica] (3'183) Y Y None Macro Conductivity at wall
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APPENDIX C: EXPERIMENTAL TEST FACILITIES
FOUND IN LITERATURE

This appendix provides a brief overview of other experimental test facilities used to obtain
experimental data to assist in the validation of the Multi-sphere Unit Cell Model.

C.1 SPHERICAL-FLAT CONTACT EXPERIMENTAL TEST
FACILITY

Kitscha & Yovanovich (1974:93) conducted experiments to obfain the overall thermal
resistances between a steel sphere and a flat surface as presented in Figure C.1. The load
was varied to study the effect it has on the overall solid and gas conduction. For each
constant load, the gas pressure was varied from vacuum to atmospheric conditions. Tests
were conducted using two different gases: air and argon. However, for this study only argon
was considered. The test section was well insulated and tests were conducted in a 70°C to
90°C temperature range. Material properties and experimental and simulation resulfs
considered in this study are presented in Table C.1 and Table C.2.

Table C.1: Physical and thermal properties of test specimens
— Ak D b
0.3 4.35 GPa 17.63 W/imK 0.13 ym
(1020 carbon steel)
Sphere
(1020 carbon steel) 0.3 4.35 GPa 16.76 W/mK -
dp =25.4mm
I<——-———»—— Loading Mechanism
Ge—] Cartridge Heater
,—— Insulation
\ v
°< Source Sample 1020 Carbon Steel
ot Thermocouples
z Contact Zone
« Steel Ball
oo Thermocouples
i o« Sink Sample 1020 Carbon Stesl
N Cooled Brass Plate
Figure C.1: Sphere-flat contact experimental setup
: (Kitscha & Yovanovich, 1974:93)
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Table C.2: Experimental results for argon tests
0.1 52.35 2.43 66.22 20.94
0.147 52.92 2.46 64.49 17.94
0.267 52.73 2.45 62.03 14.99
0.28 50.65 2.36 61.85 18.11
0.613 50.27 2.34 59.00 14.80
16 0.653 51.98 2.42 58.78 11.58
1.333 47.99 2.23 56.50 15.06
10.667 44.96 2.09 50.79 11.49
13.333 44.39 2.06 50.22 11.61
26.667 42.87 1.99 48.51 11.63
53.333 44.58 2.07 46.86 4.87
80 42.30 1.97 45.94 7.92
98.667 44.20 2.06 45.48 2.82
0.00667 57.10 2.65 54.57 4.63
0.024 50.08 2.33 47.67 5.05
0.0933 45.53 2.12 4524 0.63
Argon 55,6 0.32 43.82 2.04 43.39 0.99
2.667 39.65 1.84 40.62 2.40
13.333 37.56 1.75 38.51 2.47
53.333 37.18 1.73 36.65 1.44
98.667 36.99 1,72 35.86 3.15
0.02 34.52 1.61 31.63 9.15
0.0533 33.20 1.54 31.28 6.12
0.16 32.63 1.52 30.95 5.42
185.7 2.667 30.16 1.40 29.92 0.80
13.333 30.16 1.40 28.91 433
53.333 29.97 1.39 27.95 7.23
98.667 29.97 1.39 27.56 8.75
0.08 24.85 1.16 24.12 3.02
0.4 23.90 1.11 24.31 1.68
467 2.667 23.14 1.08 24.08 3.89
14,667 22.76 1.06 23.45 2.93
60 22.95 1.07 22.89 0.27
98.667 22.76 1.06 22.72 0.19

Bahrami et al. (2006:3696) stated that the effective microhardness is H,, =4GPa .

Additional gas parameters were also given by Bahrami et al. (2006:3696), as presented in
Table C.3.
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Table C.3: Gas parameters
(Bahrami et al., 2006:3696)

Kargon (W /mK) = 0.0159 + 4x10°T(K)

66.66 nm

C.2 SPHERICAL-SPHERICAL CONTACT EXPERIMENTAL
TEST FACILITY

Buonanno ef al. (2003:251) conducted experiments to determine the effective thermal
conductivity through 100Cr6 steel and AlMgSi 6060 afuminium alloy spheres. Tests were
conducted using SC- and FCC-packed structures, with air as the interstitial gas at
atmospheric conditions. The effective thermal conductivity results were obtained by varying
the surface roughness of the packings, as well as the average applied force with a specific
surface roughness configuration. In this study, only the experimental results of the 100Cré
steel were considered. Bahrami et al (2006:3696) gave a simplistic description of the

experimental apparatus displayed in Figure C.2.

L~15cm

S0 RBR Spheres, 100Cr8
2 0 d,=19.05mm
X H,,~8.32 GPa
E=200 GPa
k,,=60 W/imK
vs,1=0.3
Gas, Air
R° P=1atm
T=20°C
k=0.027 WimK

Top/Bottom Plates, Copper
E=117 GPa

Figure C.2: Buonanno et al. experimental apparatus for a Simple Cubic packing
(Buonanno et al., 2003:251)

Heat enters the'packed bed at the top copper plate and leaves the packing at the bottom
copper plate. The sides of the packing were well insulated, ensuring a one-dimensional heat
transfer. 1t should be noted, however, that Buonanno ef al. (2003:251) measured the total
effective thermal conductivity of the bed, which included the boundary thermal resistances at
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the top and bottom copper plates. The experimental and the simulation resuilts are displayed
in Table C.4.

Experimental and simulation results for Buonanno ef al. experimental tests
(Buonanno et al., 2003:251)

Table C.4:

OTAL .

0.03 0.465 0.0321 0.4558 2.02

0.16 0.455 0.0314 0.4357 443

Air sSC 0.983 0.97 0.395 0.0273 0.4017 1.67
1.36 0.39 0.0269 0.3935 0.09

1.7 0.365 0.0252 0.3875 5.81

0.983 0.464 0.036 0.4558 1.80

Alr sc 1.96 0.03 0.480 0.0267 0.4866 1.36
2.95 0.505 0.0279 0.5132 1.60

3.93 0.510 0.0281 0.5365 4.94
0.03 0.680 0.0275 0.6014 13.07
0.16 0.670 0.0275 0.5781 15.90

Air FCC 0.783 0.97 0.590 0.0260 0.5368 9.91
1.36 0.550 0.0260 0.5266 4.44

17 0.525 0.0260 0.519 1.16

0.793 0.679 0.0387 0.6019 12.81
Air Fee 1.49 0.03 0.703 0.0363 0.6334 10.99
2.18 0.706 0.0361 0.6607 6.86

2.87 0.718 0.0364 0.6854 476

C.3 HIGH TEMPERATURE OVEN EXPERIMENTAL TEST
FACILITY

Robold (1982:156) and Breitbach & Barthels (1980:396) conducted various experimental tests
on the HTO experimental test facility. The test facility consisted of a cylindrical graphite
vessel containing the randomly packed bed with a diameter of 0.5 m and a height of 0.7 m.
Heat was inserted by an induction-heating coil, situated outside the cylindrical packed bed.
Tests were conducted at two different pressures, which were vacuum and between 70 to
85 kPa, with helium as the interstitial gas. A radial- symmetrical temperature profile was
obtained by limiting the heat loss in the axial direction through the placing of insulation at the
top and bottom surfaces. The test facility is displayed in Figure C.3 and a test summary is
displayed in Table C.5. It is important to note that effective thermal conductivity values were
extracted in the bulk region and wall region between the sphere and graphite reflector.
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_—~Thermal Insulation

A4

72,

7%

—— Graphite Reflector

Vacuum Pump

7z /M/
77

7,

Packed Bed

Pressure Vessel —

H————Inducﬁon Coil
I
[
[
[
i

=
/(M
7
vz

H\ Thermocouples

Figure C.3: High Temperature Oven
(Breitbach & Barthels, 1980:396)

Table C.5: Test summary
(Robold, 1982:109)

T T TEMPERATURE EXPERIMENTA
RACTION REGION, | EMPERATURE EXPERIM
Bulk T =400....1800
Bulk T =400....1200
Graphite d, = 40mm
Wall T =600....1000
Wall T =600....1000
Bulk T =300....1700
i i i Bulk T =300....1700
Zirconium oxide dp —31.6mm
(Zr0,) Wall T =500....1300
Wall T =500....1300
Bulk T =400....600
Steel dp =19mm
Wall T =400....600

It should be noted that Breitbach & Barthels (1980:395) also conducted experimental tests
with ZrO, spheres of d,, = 45mm and with graphite sphere of d, =40mm. However, in this

study the experimental tests conducted with graphite sphere is considered and the relevant

data is tabulated.
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Table C.6: Material property summary
(Robold, 1982:110)

900 | 1100 | 1300

0.9 0.89 0.89 0.88

A transient method described by Robold (1982:103) and Breitbach & Barthels (1980:395) was
used to extract the effective thermal conductivity values. The results of the experimental tests
are tabulated in Table C.7 to Table C.9.

Table C.7: Experimental test and simulation results for bulk region, £ = 0.39, graphite
spheres conducted in the High Temperature Oven
(Robold, 1982:103)

410 0.2 0.01 0.45 55.62 417 1.18 0.03 3.46 65.8
445 0.21 0.01 0.58 63.56 450 1.2 0.03 3.64 67.01
475 0.45 0.01 0.70 35.76 467 1.45 0.04 3.74 61.18
512 0.6 0.02 0.88 31.51 482 1.5 0.04 3.83 60.78
540 0.8 0.02 1.03 22.03 501 1.66 0.04 3.94 57.89
584 1.03 0.03 1.29 20.34 522 1.92 0.05 4.08 £§2.87
630 1.25 0.03 1.62 22.65 550 1.94 0.05 4.27 54.55
668 1.4 0.04 1.92 26.97 570 2.1 0.05 4.41 52.40
685 2 0.05 2.06 3.05 590 2.28 0.06 4.56 50.01
720 2.15 0.05 2.38 9.74 613 2.45 0.06 4.74 48.33
764 2.56 0.06 2.82 9.35 636 2.80 0.07 4.93 43.23
784 2.75 0.07 3.04 9.54 665 3.00 0.08 5.18 42.13
822 3.40 0.08 3.48 2.21 685 3.30 0.08 5.46 39.59
847 3.85 0.10 3.78 1.77 722 3.30 0.08 5.73 42.40
884 3.85 0.10 4.26 971 | 741 3.85 0.10 5.93 35.02
918 4.65 0.12 4.74 1.80 769 4.10 0.10 6.23 34.16
942 4.98 0.12 5.09 2.06 820 4.65 0.12 6.82 31.83
965 5.256 0.13 5.43 3.37 868 5.28 0.13 743 28.97
1003 6.00 0.15 6.04 0.61 922 5.97 0.15 8.18 27.05
1038 6.25 0.16 6.62 5.65 971 6.68 0.17 8.93 25.15
1067 6.60 0.17 7.13 747 1021 7.40 0.19 9.74 24.02
1104 7.35 0.18 7.81 5.93 1060 7.72 0.19 10.42 25.91
1141 7.52 0.19 8.53 11.80 1086 8.28 0.21 10.89 23.97
1160 8.05 0.20 8.91 9.61 1122 9.00 0.23 11.57 22.21
1198 8.80 0.22 9.69 9.18 1165 9.70 0.24 12.42 21.90
1235 9.05 0.23 1049 13.73 1213 10.38 0.26 13.42 22.65
1257 9.76 0.24 10.98 11.11 1266 11.18 0.28 14.60 23.42
1285 10.59 0.26 11.62 8.86 1310 11.85 0.30 15.62 24.14
1328 11.25 0.28 12.64 11.00 1345 12.65 0.32 16.47 23.19
1383 12.11 0.30 14.02 13.62 1382 13.17 0.33 17.40 24.31
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1462 13.50 0.34 16.12 16.25 1453 14.22 0.36 19.28 26.24
1493 14.05 0.35 16.99 17.30 1497 14.90 0.37 20.49 27.28
1528 14.65 0.37 17.99 18.57 1542 15.60 0.39 21.78 28.37
1567 1532 | 0.38 19.14 19.96 1578 16.10 0.40 22.85 29.54
1619 15.80 0.28 20.73 23.78 1623 16.76 0.30 24.21 30.77
1658 16.35 0.29 21.96 25.55 1660 17.20 0.31 25.37 32.20
1700 17.18 0.31 23.32 26.33 1683 17.50 0.32 26.09 32.92
1765 17.85 0.32 25.49 29.97 1700 18.00 0.32 26.64 32.43
1797 18.50 0.33 26.59 30.42 1728 18.05 0.33 27.54 34.46
1837 18.85 0.34 27.98 32.63 1752 18.52 0.34 28.33 34.63
1875 19.45 | 0.35 29.32 33.66 1795 19.00 0.35 29.75 36.13
1835 19.45 0.36 31.10 37.46

1891 20.05 0.36 33.00 39.24

Table C.8: Experimental test results for bulk region, £ = 0.39, graphite spheres

conducted in the High Temperature Oven
(Breitbach & Barthels, 1980:395)

718.15 2 1355.156 13.4
748.15 2.5 1363.15 11.9
823.15 3.2 1429.15 13.4
873.15 3.5 1448.15 12.95
923.156 5 1450.15 15.7
973.15 5.1 1470.15 14.3
1003.15 5.8 14903.15 14.5
1053.15 6 1553.15 17.4
1088.15 8.1 1583.156 16
1098.16 7.5 1585.15 17.5
1118.15 7.15 1648.15 17.8
1138.156 8.5 1698.15 19.8
1198.16 9.7 1768.15 21.5
1223.15 10.9 1784.15 18.6
1268.15 11.256 1818.15 21.7
1284.15 10.92 1835.15 19.3
1307.15 11.5 1841.15 22.2
1331.15 13.2 1863.15 19.55
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U(Qpeq) = \/ u (Qw' )2 +u (Qtotal,loss )2 (D.7)

where u(QWj) the uncertainty of the heat is extracted through the water jacket and

u(Q,ota,’,oss) is the uncertainty of the heat flux lost trough the top and bottom insulation.

The first component to be considered is u(ij). The heat extracted by the water jacket was

calculated as follows:
ij = mcp (Twe - TWi) (D.8)

where the specific heat capacity ¢, was taken at the average temperature
Ty =(Tye +T,;)/2 and as a constant ¢, = 4.183kJkg™'K™" due to the small temperature

difference between the inlet and outlet water jacket temperatures that were T; ~ 25°C and

Tye = 35°C respectively. The water jacket heat extraction uncertainty was then calculated

u(Qy)= \/[(%JU(M)T + [{ :AQT"V’; JU(ATW]- )Jz (D.9)

The respected partial derivatives were calculated as follows:

as:

0Qy;

e =C,AT,, (D.10)
Q. .

Q = mc (D.11)
OAT,; P

where u(rh) is the statistical variance of the mass flow rate measurements. The uncertainty

of the water jacket temperature difference u(AT,;) was calculated using the following:

u(AT,,) = \ﬂf’a%ﬂj u(Ty, )T {( ZAT:WJ }-u(Twe )JZ (D.12)

The respective partial derivatives were calculated as follows:

OAT,

" _ _1 D.13
oT,,; (D-13)
OAT,,
i/ S (D.14)
EY
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To calculate the uncertainty of the heat lost axially u(Qtota,,,oss) as displayed in Eq. (D.7), the
uncertainty in each increment as displayed in Figure D.1 had to be considered first. This

uncertainty u(Q,-,,oss) was calculated for the top and bottom insulation by:

2
aQi loss > aQi loss
U( i,l0ss,top / bottom ) \/ ( 5Tb Ed U( bed) + aTe,,,, ( env) | ( )

The respective partial derivatives were calculated as follows:

aQi,loss - Kins A (D.16)
6Tbed Lins

OQijoss _ _ KinsA; (D.17)
aTenv LinS

For the environmental temperature uncertainty above the top insulation, the average of the
two thermocouples in the gas environment was used, given by:

U(Tun) = J(%-U(TEMSK))Z + (%-u(TE?SOK))Z (D.18)

where u(TE745K) and u(TE750K) were calculated by:

z (D.19)

2
u (TE745K )=u (TE 750K) = \ﬁ’ (E,statistical) +u (Ti,instrument)
The environmental temperature uncertainty below the bottom insulation was obtained by
considering the temperature measurement at the coldest part of the bottom support plate. It
was chosen as such due to a lack of temperature measurements beneath the bottom. The

uncertainty of the environmental temperature was then obtained as:

2 2
u (Tenv) = \/u (nottom_sup,statistical ) +U (Tboﬂom;sup,instmment ) (D.20)

The uncertainty u(Tbed) was obtained as follows:

u (Tbed ) = \/u (Tbed,statistical )2 +u (Tbed,instrument )2 tu (SEE )2 (D'21 )

where u(Tbed,staﬁsﬁca,) is the maximum statistical variance of the top (level E) and bottom

(level A) temperature measurements respectively. Also u(Tbed,ins,,ument) is the maximum

instrument uncertainty of the top (level E) énd bottom (level A) thermocouples respectively.
The maximum value is chosen in this calculation to be more conservative in the calculation of
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U(Tpeq). The uncertainty u(SEE)is given by Dieck (2007:173) as the Standard Estimate

Error (SEE). The SEE is a description and an estimate of the scatter of the data about a fitted

line or curve, and is given by:

N

2
Z(Ti,exp _Ti,poly)
u(SEE) == D.22
(SEE) N_K (D.22)
where T, is the i-th measurement in the experimental data set, T;,,, is the calculated

value at r; from the polynomial curve fitted, N the number data points in the experimental

data set and K the number of coefficients in the polynomial equation.

Finally, the combined uncertainty of all the increments in the top and bottom insulation was

obtained from:

U(Qtotal,loss )top_ insulation = \E (Q1,Ioss,top )2 +..t+U (Q4O,Ioss,top )2 (D-23)

2 2
u (Qtotal,loss )boitom_ insulation = \[ u (Q1,Ioss,bottom ) +...+U (Q40,Ioss,bottom ) (D-24)

Combining these total top and bottom uncertainties led to:

, 2 2
u (Qtatal,loss) = ﬁ (Qtotal,lass )top_ insutation T Y (Qtotal,loss )boﬂom_ insulation (D.25)

where u(Qugj0ss) Was used in Eq. (D.7).

The next component in Eq. (4.6) to calculate is the uncertainty of the slope u(dT/dr).

However, first to consider is the derivation of the polynomial curve fit through the data set as
discussed by Van Antwerpen H.J. (2009:30). Suppose a function with the form as in Eq.
(D.26), is fitted to a set of data (x; y)). :

y(x)= gakfk (x) (D.26)

where a, are the coefficients associated with each function f . Eq. (D.26) can be written in

matrix as:
g | |%{x) ‘
y0o=| & [ |50 gt ©27)
8 | {fa (%)
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In the case of a polynomial, the functions are as shown in Eq. (D.28), where m in Eq. (D.26)

would be the order of the polynomial.

fi(x)=x" (D.28)

The parameters a, to a,, are determined from the solution of the system of equations in Eq.

(D.29), (Bevington & Robinson, 2003).

p=oa
! Oy - o B
P .- . a (D.29)
=| : .o ,
:ﬂS “mo amm J
: a,
| B | )

For a polynomial, the coefficients of # and « are calculated with Eq. (D.30), where N is the

number of points in the data set.
N N
B = Zy,'xikv Oy = ZX}X,." (D.30)

Let the inverse of the matrix « be given by ¢ so that

a=z8 (D.31)
For a polynomial, the fitted function y(x)is given by Eq. (D.32).

y(x)= & £(x)

M
Lo - Emo )| X (D.32)
y(x)=[ﬂo1ﬂ11ﬂ21ﬂ31,ﬂm] . X2
Com " Emm
| X" |

The next to obtain is the uncertainty on the regression function. The variance in the fit at a

point x , u”(x) is given by Eq.(D.33).

P (X) _ [a}’(x))z u? +(aY(X)J2 u,? _I__”_'_(a}’(x)]z u,?
oy, oy, Yy (D.33)

U7 (x) = i(a}alj(/x)) u?

The derivative in Eq. (D.33) is calculated by substituting the definition of é into Eq. (D.32) to
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obtain Eq. (D.34)

K
Egg v Emo | X
ag_(x) =[x )X ] 2o X (D.34)
Vi Eom " Emm :
—-Xm—
Which can be rearranged to obtain Eq. (D.35)
£ 10X +ep0 X"
&y TERX +EmX"
% “[Axo@exm] : (D.35)
Vi Eop TEWX v AEXT :

Due to the rules of matrix multiplication, it is possible to arrange Eq. (D.35) as shown in
Eq. (D.36).

m .
2 &X'’
j=0

a—“a/;/ﬁ =[1%, %P, x|
i m
(D.36)

.Z EmX’
By(x) _ i[xiki%xj)

a.y i k=0 J

Substitute Eq. (D.38) in Eq. (D.33) to obtain Eq. (D.37)

2

N {m m )

P (x) = Z(Z(x," D g D u? (D.37)
i \ k=0 j=0

The data point uncertainty is the sum of the measurement uncertainty and the scatter

uncertainty, which is the difference between the curve fit and the data point, as shown in

Eq. (D.38).

+uszcatteri

\ T, (D.38)

= umeas,i +ly(x)-yi|

u? =u?

i meas,i

Instrument, drift and statistical variance are all included in the measurement uncertainty,

similar to Eq. (4.5).

With the uncertainty in the data point known one must calculate the uncertainty in the
derivative (slope) of the regression polynomial. Again this is adopted from Van Antwerpen
H.J. (2009:32).
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The derivative or slope a(x) of the regression polynomial y(x) is found by differentiating

Eq. (D.32), as shown in Eq. (D.39)

€00
a0 =22 - L 5, 5, 5o B ]
gOm
[0
1
Soo Emo || 2x
=B Bos B ]| 3
Som " Enm )
| mx

The uncertainty in the slope a(x)is then given by Eq. (D.40).

o?(a(x)) = i[___agj(/x)J o/’

Similar to the procedure followed for the uncertainty in y(x) , the derivative

calculated in Eq. (D.41).

This can be rearranged to obtain Eq. (D.42)

+£,,2X
+5,,2x

+g,,2X
da(x) .

oy,

=I:1,xi,xi2,...,xi’"]
+8,,2X

\

1
Emo || X
. X2
Emm |
. (D.39)
m-1
(D.40)
oa(x) is
Yi
0
1
2x
o (D.41)
mx™" |
+EomMX™
+&,,mx™"
+&,,MX™
: (D.42)
+EyMX™

Due to the rules of matrix multiplication, it is possible to arrange Eq. (D.42) as shown in

Eq. (D.43).
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m .
2 8oy X"
=
8a(X) = [1 : 2 . Xm
ay’- EATEEAY I RS Ra ¥/ i
ye (D.43)

=

Substitute Eq. (D.43) in Eq. (D.40) to obtain Eq. (D.44)

i =0

o (x) = i(i(x"i% o )) o (D.44)

Thus, Eq. (D.44) gives the uncertainty in the slope of the fitted curve as a function of x. Note
that Eq. (D.44) retains the locality of the input uncertainty information, while simuitaneously
taking into account the effect of all the other input data points on the local uncertéis'sty.
Ultimately, the following can be written to be substituted into Eq. (4.6):

ar
u(——(r) - o(x) (D.45)
dr
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D.4 TEMPERATURE AND EFFECTIVE THERMAL
CONDUCTIVITY RESULTS

This section summarises the relevant temperature measurements and the extracted effective
thermal conductivity results. Temperature measurements with their standard deviation are
shown for the various steady-state tests in Table D.3 and Table D.4. The extracted effective
thermal conductivities for all the tests are shown in Table D.5 to Table D.9. ‘

Table D.3: Temperature measurements for both tests on Level C for the 20 kW steady-
state
Uncertainty Uncertainty
Radius (m) Temp. (‘C) (°C) Radius (m) Temp. ("C) ("C)
0.300 544.20 3.442 0.300 553.68 3.442
0.300 545.14 3.453 0.300 559.81 3.444
0.300 555.71 3.442 0.300 557.91 3.443
0.300 548.55 3.442 0.330 523.91 3.451
0.300 549.24 3.452 0.330 526.29 3.450
0.330 513.91 3.451 0.338 530.54 3.453
0.330 517.51 3.451 0.377 493.71 3.451
0.338 529.43 3.455 0.383 496.64 3.452
0.377 483.08 3.455 0.437 455.55 3.457
0.383 490.99 3.456 0.442 459,32 3.453
0.437 442.45 3.455 0.451 448.61 3.453
0.442 447.30 3.452 0.494 420,14 3.452
0.451 433.57 3.456 0.521 403.43 3.461
0.494 405.23 3.457 0.571 383.17 3.464
0.521 388.98 3.460 0.616 348.13 5.762
0.571 368.03 3.471 0.618 346.56 5.762
0.616 332.92 5.762 0.666 326.99 5.762
0.618 330.16 5.762 0.674 317.62 5.762
0.666 310.30 5.762 0.688 308.89 5.762
0.674 302.24 5.762 0.720 281.95 5.762
0.688 296.26 5.762 0.752 274.09 5.762
0.720 266.58 5.762 0.758 267.29 5,762
0.752 255.40 5762 0.775 25215 5.762
0.758 254.30 5.762 0.795 247.44 5.762
0.775 238.41 5.762 0.820 238.00 6.269
0.795 232.93 5.762 0.824 226.16 5.762
0.820 228.M 6.257 0.842 221.51 5.762
0.824 213.62 5.762 0.874 200.37 5762
0.842 206.84 5.762 0.896 190.75 5.762
0.874 190.85 5.762 0.931 172.98 5.762
0.896 176.10 5.762 0.932 172.25 5.762
0.931 156.96 5.762 0.955 158.90 3.603
0.932 158.48 5.762 0.967 154.54 3.603
0.955 151.49 3.603 0.992 146.64 3.603
0.967 143.22 3.603 1.022 126.42 3.603
0.992 138.43 3.603 1.025 122.71 3.603
1.022 117.14 3.603 1.052 108.91 3.603
1.025 115.72 3.603 1.079 91.13 3.603
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TEST 2LEVEL
] Uncertainty ] [ Uncertainty
Radius (m) Temp. (*C) (‘C) Radius (m) Temp. (°C) ("C)

1.052 102.11 3.603 1.084 85.49 3.603
1.079 83.82 3.603 1.103 73.18 3.603
1.084 81.25 3.603 1.150 44.31 3.603
1.103 70.04 3,603 1.150 43.07 3.603
1.150 43.63 3.603 1.150 48.73 3.603
1.150 42.48 3.603 1.150 48.90 3.603
1.150 47.39 3.603 1.150 46.49 3.603
1.150 47.46 3.603 1.150 46.26 3.603
1.150 45.60 3.603

1.150 45,44 3.603

Table D.4: Temperature measurements for both tests on Level C for the 82.7 kW steady-

1182.10
1187.88
1182.36
1124.23
1130.58
1130.10
1076.09
1079.77
1020.88
1019.30
1013.30
970.12
943.77
911.83
902.73
844.78
848.65
807.67
796.50
786.04
739.92
715.72
717.09
687.09
675.62
635.76
620.92
590.83
555.44
514.88
528.48
487.59
466.13
455.96

3.442
3.442
3.442
3.445
3.445
3.445
3.445
3.459
3.445
3.445
3.445
3.445
3.444
3.445
3.445
5.762
5.762
5762
5.762
5.762
5.762
5.762
5.762
5.762
5.762
5.762
5.762
5.762
5.762
5.762
5.762
3.603
3.603
3.603

state

mp, (¢
1167.88
1179.22
1176.17
1121.55
1129.20
1128.67
1075.03
1071.95
1018.82
1018.05
1012.49
968.63
982.08
943.39
921.02
902.29
844.44
848.73
807.98
795.32
784.50
739.95
716.14
714.96
685.90
675.58
633.90
621.19
588.52
553.51
514.92
525.55
487.00
465.68

3.442
3.442
3.442
3.445
3.445
3.446
3.445
3.469
3.446
3.445
3.445
3.445
3.446
3.446
3.447
3.446
5.762
5.762
5.762
5.762
5.762
5,762
5.762
5.762
5.762
5.762
5.762
5.762
5.762
5.762
5.762
5.762
3.603
3.603
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Table D.5: Effective thermal conductivity exiracted values for Test 1 on Level C for the
20 KW steady-state

0.300 548.202 2,

0.360 499.952 2.814 5.973 0.375

0.420 457.187 2685 5642 '  0.354
0.480 417.762 2.147 5.249 0.354
0.540 380.295 2.203 4.841 0.304
0.600 344,017 2.418 4.463 0.259
0.660 308.618 2322 4.144 0.247
0.730 268,439 2.056 3.858 0.243

0.790 235.140 2.075 3.682 0.229

0.850 203.046 2178 3.548 0.210
0.910 172125 2.021 3.423 0.211

0.970 142.022 1.698 3.259 0.223

1.030 111.901 1.778 3.002 0.200

1.090 80.295 1.826 2.623 0.168
1.150 44.955 1.648 2.149 0.259
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Table D.6: Effective thermal conductivity extracted values for Test 1 on Level D for the
20 kW steady-state
(m) |'spherediameter | T [ um | ke | ucem.
0.300 0.000 573.703 3.421 5.404 0.578
0.360 1.000 521.300 2.420 5.830 0.396
0.420 2.000 479.142 2.414 5.900 0.371
0.480 3.000 441.860 2.216 5.568 0.364
0.540 4.000 406.210 2.309 5.020 0.306
0.600 5.000 . 370.620 2.346 4.471 0.258
0.660 6.000 334.761 2.095 4,039 0.241
0.730 7.167 293.229 1.789 3.720 0.231
0.790 8.167 258.826 1.865 3.588 0.217
0.850 9.167 228.250 1.979 3.538 0.207
0.910 10.167 195.572 1.812 3.477 0.220
0.970 11.167 165.818 1,669 3.255 0.230
1.030 12.167 134.529 2,123 2.752 0.180
1.080 13.167 97.320 2.321 2.052 0.123
1.150 14.167 47.437 1.681 1,387 0.126
Table D.7: Effective thermal conductivity extracted values for Test 2 on Level C for the
20 kW steady-state
(m) | Spherediameter | T [ wmn |k
0.300 0.000 556.462 2.837 6.258 0.655
0.360 1.000 509.811 2.623 6.110 0.361
0.420 2.000 468.990 2.310 5.802 0.347
0.480 3.000 431.327 1.897 5.362 0.339
0.540 4.000 395.139 2.124 4.874 0.281
0.600 5.000 359.533 2.381 4416 0.235
0.660 6.000 324.206 2.287 4,035 0.221
0.730 7.167 283.476 2.005 3.700 0.215
0.790 8.167 249.309 1.978 3.496 0.199
0.850 9.167 216.102 2.031 3.344 0.182
0.910 10.167 183.877 1.854 3.201 0.182
0.970 11.167 152.215 1.569 3.013 0.188
1.030 12167 120.067 1.719 2.724 0.164
1.090 13.167 85.547 1.806 2.316 0.135
1.150 14.167 45.738 1.713 1.836 0.191
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Table D.8: Effective thermal conductivity extracted values for Test 1 on Level C for the
82.7 kKW steady-state
. Sphere diameter T ket

0.300 0.000 1180.267 18.908

0.360 1.000 1100.334 21.157 1.101
0.420 2.000 1037.592 21.674 1.122
0.480 3.000 981.917 20.135 1.085
0.540 4,000 927.234 17.574 0.880
0.600 5.000 870.585 15.077 0.718
0.660 6.000 811.203 13.096 0.636
0.730 7.167 739.157 11.440 0.568
0.790 8.167 675.942 10.377 0.509
0.850 9.167 611.458 9.378 0.455
0.910 10.167 544,064 8.184 0.408
0.870 11.167 469.510 6.678 0.336
1.030 12.167 380.003 5.019 0.240
1.090 13.167 263.286 3515 0.168
1.150 14,167 101.703 2.361 0.132

Table D.9: Effective thermal conductivity extracted values for Test 2 on Level C for the
82.7 KW steady-state
SEY — 3 - % X 5 i, T T
_Radius (m) | Spherediameter | T o Cum | kceff

0.300 0.000 1171.466 3.552 21.055

0.360 1.000 1098.036 2.524 23.031 1.308
0.420 2.000 1038.769 2.793 22.869 1.235
0.480 3.000 984.520 2.982 20.653 1.124
0.540 4.000 929.970 3.312 17.705 0.887
0.600 5.000 872,723 3.331 15.062 0.726
0.660 6.000 812.407 2.909 13.052 0.648
0.730 7.167 739.188 2.373 11.414 0.578
0.790 8.167 675.070 2.387 10.380 0.513
0.850 9.167 609.861 2.589 9.412 0.452
0.910 10.167 541.954 2.611 8.245 0.404
0.970 11.167 467.128 2.695 6.755 0.337
1.030 12.167 377.644 3.104 5.096 0.243
1.090 13.167 261.346 2.923 3.579 0.170
1.150 14.167 100.767 2.705 2.410 0.135
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D.5 CONTACT FORCE DISTRIBUTION

The same numerically packed bed data set used for calculating the radial porosity,
coordination number and contact angles are used to calculate the average contact force on
each pebble as a function of pebble bed depth. Polson (2006) who generated the numerically
packed bed ftreats the contact region as two springs that compresses against each other
(Figure D.6). It was experimentally found by Polson (2006) that the spring stiffness for the
HTTU graphite sphere results in a linear relationship and found the spring stiffness to be
k, =k, =15000 kN/m. The combined stiffness between two spheres can be calculated by:

kk :
k=—1+2_ . D.46
k +k, ) ( )

where k is the combined stiffness between sphere one and two. The deformation depth =,
can be calculated using:
0, =d,~d, (D.47)

where d, is the pebble diameter and d. =d, -, the distance between the two pebble

centres due to an external force acting on the pebbles. The contact force can then be

calculated by:

F = ok (D.48)

!

Figure D.6: Spring representation of contact force calculations

The distance between spheres in contact for the numerically packed bed was calculated
using the C++ program presented in Appendix G.1. The contact force between each pebble
was then further calculated in an Excel sheet. The first analysis done was to determine if the
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wall has an effect on the contact force distribution. Portions of the bed (100mm) were taken
and averages calculated with pebbles falling inside a radial slide with a thickness of 1/4d,,.

The result is presented in Figure D.7. From Figure D.7 no real distinction can be seen
between the near-wall and the bulk region.
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Figure D.7: Contact force radial distribution for different height portions in HTTU

A further analysis was done calculating an average contact force as a function of depth. This
was achieved by calculating an average contact force for pebble centres falling in increments
of 1/4dp increasing in height. The result is presented in Figure D.8 and a linear curve fit was
obtained given by:

| F =72.307-Z,,, +7.8716 (D.49)
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Figure D.8: Contact force as a function of height in HTTU
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APPENDIX E: INTEGRATION PROCESSES OF
MULTI-SPHERE UNIT CELL

This appendix presents the integration processes of several thermal resistances derived in

this study.

BULK REGION:

THERMAL RESISTANCE OF THE INTERSTITIAL GAS IN THE SMOLUCHOWSKI
REGIME:

The thermal resistance of the interstitial gas in the Knudsen regime (Smoluchowski effect) of
the macrogap R, is derived by the procedure displayed-below. The integration parameter

displayed in Eq. (5.21) is:

n r
2mk,R, =| | dr E1)
% 2r, — @y~ 212 —r? +j

If Ay =2r, + j—a,, the indefinite integral is given as:

aln'a—b\/cz—x2 2 .2

X c? —x
dx + (E2)
-[a _ b\/cz _ X2 bz b
Thus:
r,
[ rdr Aﬂ'"‘Al 2 -t JE-r (E.3)
= ! + .
% A, ~2)[r2 -7 4 2
a
AgInlA, —2,/r2 —r? 22 AﬂlnlA,l—Z,/r:—af [
- ¥ | - (E4)
4 2 4 2
If B, = r?—r2 and C, =[r? -a? :
A B, C
= —4l(ln|Aﬂ -2B,|-In|A, —ZCA|)+7'1——24 (E.5)
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Substituting Eq. (E.6) into Eq. (E.1) vields:

wkg (A,l (In }r 2B, — ZCAJ

THERMAL RESISTANCE OF THE INTERSTITIAL GAS IN THE MACRO GAP:

A, 2B,

]+ 28, —204 (E.6)

2
A, -2B,

R, = (E.7)

The integral of the thermal resistance in the interstitial gas situated in the macrogap R; is

derived as follows:

The integration parameter displayed in Eq. (5.26) is:

1 h r
Rs = dr (E.8)
2mky J-’ﬂ 2r, — @y —2,fr? —r?

If Ag =2r, —a,, the indefinite integral is given by Eq. (E.2), thus:

[ o rdr __ N (E.9)
T Ag —2,r2 —r? 4 2
4
2 2
_AGIn’AG—-Z ry-r . rpz—rpz AGInlAG—Z Iy =Ty ,:__,ﬂ E10)
B 4 2 4 2 '
If Bg =4/r; —r7 , then:
_As Bg
—T(lnIAG|—In|AG—ZBG|)——2— (E11)
1 As
=— In———|-28 E.12
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Substituting Eq. (E.12) into Eq. (E.8) yields:

Ry = 2 (E.13)
7k, [AG (ln XG%ED - 256]
THERMAL RESISTANCE OF THE OUTER SOLID REGION:
The bulk outer solid resistance R, ., is derived by the following procedure:
The integration parameter displayed in Eq. (5.31) is:
’Z_:f I;p-zgwm oy =— jT:‘ oT (E.14)

where L, =(‘O.5a)o +5,1) with T; the temperature in the centre of the pebble and T, the

temperature at a distance 2L, from the origin in the y direction, as displayed in Figure 5.3.

The indefinite integral is given as:

|n|y+Ja_—FJtH_a —Inly—\/Tb\/—bE

1
d (E.15)
J.az—bz-yz 4 2Ja-b+b+a
Thus:
B Tp—2hkout
. y+rz—r?
rp—2L,,,,t 1 Qy y_Jr: _rﬂ?
_[ s dy = — (E.16)
0 Iy =r;=y ksm 2\/fp -r
L. 40

If Agyt =1, —2Lyy =1, —2(0.504 +51) and B, = «/rpz —rZ , then the thermal resistance in
the outer bulk solid region for one sphere is:

Aout + Bout
A out 'Bout

R .=
outd 2k B,

In

(E.17)

where r; is the mean free-path radius, defined in Eq. (5.17).
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However, the thermal resistance for both spheres is:

Aout + Bout
A out —Bout

ks” Bout -

In

(E.18)

Rout,1,2 =

WALL REGION:

THERMAL RESISTANCE OF THE INTERSTITIAL GAS IN _THE SMOLUCHOWSKI
REGIME:

The integral of the thermal resistance of the interstitial gas in the Knudsen regime
(Smoluchowski effect) of the macrogap in the wall region R,y is derived by the procedure

displayed below. The integration parameter displayed in Eq. (5.60) is:

27k Ry =| [ ! dr (E.19)

2 2 ;
) —Mrp -r-+j

O

If Ayw =1, +j—ay, the indefinite integral is given as:

I;ﬁ__r—zdr = aln'\/b2 ~r? —al ++/b?% —r? (E.20)

Thus:

J‘rﬂ"w r dI' =[A/1,W |n|1’rp2 - 2 —A/’L,W

r, 2 2 ;
2 rp—a)o—\[rp —~re+j

. w
£ Jr2 —rz]l (E.21)
/a

=[A'%W '"I\/’Pz ~iw ‘AA,WIJF\/pr _r/lz,W]_[Aﬂ,W |n|\/f§ -7 -Aﬂqw|+,/r§ —raz] (E.22)
If By =12 —rfw and C, =,[rZ —12 , then: )

=[Auw By = Asw]+Bow |~[ Asw n[Co = Asw |+ Cor | (E.23)
= [AW in|22 ~Aaw | B,w -Cﬂw} (E.24)
aw —Aaw ' '
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Thus, substituting Eq. (E.24) into Eq. (E.19) yields:

1 (E.25)

B,y —A .
AW AW +B,1,w —Cn,w]

R/m,w =

Cow —Aw

27k, (AW In

THERMAL RESISTANCE OF THE INTERSTITIAL GAS IN THE MACRO GAP:

The integral of the thermal resistance in the inierstitial gas situated in the macrogap at the

wall region Rg,, is derived as follows.

The integration parameter displayed in Eq. (5.64) is:

1 p r
- dr (E.26)
Gw

27k, '[’Lw r, -, —\/rp2 -r?

If Az =1, —ay, the indefinite integral is given by Eq. (E.20), thus:

(E.27)

_frp 4 dr =[AG,W In,‘/rpz—r2 —AG,W’+1/rp2—r2]

o
hw I, —ag —\/rpz -r? nw
= [Ae,w Inl,/rj -r? - Ae,w' +yr2-r2 ] —[Ae,w In’,/r;Z —riy - AG,Wl + ,}r,f -rZw J (E.28)
If Boyw =+rg —Ia » then:

=Asw |“|AG,W| -Agwin IBG,W - AG,WI -Bw (E.29)
_ Ao |
= [Ae,w In Bow - Aoy BG,W} (E.30)

Thus, substituting Eq. (E.30) into Eq. (E.26) vields:

1 (E.31)
Aw | BG,W]

BG,W - AG,W
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THERMAL RESISTANCE OF THE OUTER SOLID REGION:

The bulk outer solid resistance R,,,,, is derived by the following procedure:

The integration parameter displayed in Eq. (5.31) is rewritten as:

Q, rr-2L 1 T
y .Lp ut (r: - rﬂZ’W - y2) oy = _.“7-21 oT (E32)

where Ly, =2(w, +104) with T, the temperature in the centre of the pebble and T, the

temperature at a distance 2L, from the origin in the y direction, as displayed in Figure 5.3.

The indefinite integral is given as:

1 ln|y+\/a—b\/b+a —Inly-\/ -bJb+a
j y = , (E.33)
a?-b?-y? 2Ja-bb+a
Thus:
I Irp—2Lout
n Y+ 2y
° rZ-riw-y? ksm| 2 rZ—riw
L A0

If Aoutw =Ty —2Loys =y —2(@g +104) and By =4Jr2 —rZ, . then the thermal resistance

in the outer bulk solid region for one sphere is:

Aout,W + Bout,W
A out W _Bout,W (E 3 5)
2ks” Bout,W

In

Rout,1,W =

where r,,, is the mean free-path radius, defined in Eq. (5.59).
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APPENDIX F: DEVELOPMENT OF THE NON-ISOTHERMAL CORRECTION
FACTOR

For each emissivity, a data table was constructed. T,,,, and T, represent the outer and middle temperature on the flat surface of sphere 2, respectively.

Grid independence was also tested in the CFD calculations and it was found that a mesh size of 4 mm would be sufficient. A comparison between the

obtained reworked CFD results and the proposed curve-fit correlation displayed in Eq. (5.84) is shown in Figure F.1. The empirical constants’ formulas and
values are displayed in Figure F.2 and Table F.1. The derivation of the non-isothermal correction factor for the various emissivities is shown in Table F.2 to

Table F.6.
Table F.1: Empirical constants for the non-isothermal correction factor
-0.40328 | -0.35243 | -0.32617 | -0.29790 | -0.22449
a 0.74933 | 062742 | 050588 | 0.38431 | 0.26152
a3 0.58119 | 063771 | 0.65059 | 0.67257 | 0.94184
EN 1.04946 | 1.02342 | 1.01016 | 1.00198 | 0.99678
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Table F.2: Derivation to calculate the non-isothermal correction factor for £, =1.0
F
0.001 1200 630.920 631.580 631.250 915.625 0.023 1000.000 0.10549
500.0 0.002 1200 625.880 627.180 626.530 913.265 0.045 0.10463 0.992
300.0 0.003 1200 618.600 620.690 619.645 909.823 0.075 ‘ 0.10338 0.980
200.0 0.005 1200 610.110 613.130 611.620 905.810 0.112 0.10197 0.967
100.0 0.010 1200 587.150 592.570 589.860 894.930 0.217 0.09834 0.932
80.0 0.013 1200 576.660 583.110 579.885 889.943 0.268 0.09676 0.917
60.0 0.017 1200 560.750 568.720 564.735 882.368 0.350 0.09445 0.895
50.0 0.020 1200 549.750 558.800 554.275 877.138 0.414 0.09292 0.881
40.0 0.025 1200 534.000 544.450 539.225 869.613 0.508 0.09080 0.861
30.0 0.033 1200 511.720 524,150 517.935 858,968 0.658 0.08797 0.834
20.0 0.050 1200 475.850 491.240 483.545 841,773 0.943 0.08375 0.794
10.0 0.100 1200 404.890 425,330 415.110 807.555 1.718 0.07644 0.725
5.0 0.200 1200 326.610 351.210 338.910 769.455 3.085 0.06968 0.661
2.0 0.500 1200 221.240 248.480 234,860 717.430 6.614 0.06217 0.589
15 0.667 1200 188.840 215.950 202.395 701.198 8.392 0.06014 0570
1.0 1.000 1200 143.880 169.730 156.805 678.403 11.725 0.05752 0.545
0.5 2.000 1200 68.321 88.078 78.200 639.100 20.663 0.05349 0.507
0.4 2.500 1200 43.725 60.143 51.934 625.967 24.729 0.05226 0.495
0.3 3.333 1200 11.192 21.908 16.550 608.275 31.064 0.05070 0.481
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Table F.3: Derivation to calculate the non-isothermal correction factor for ¢, =0.8
1000.0 0.001 1200 589.230 589.670 589.450 894.725 0.022 1000.000 0.098 1.000
500.0 0.002 1200 585.230 586.090 585.660 892.830 0.043 0.098 0.994
300.0 0.003 1200 577.670 579.070 578.370 889.185 0.071 0.097 0.982
200.0 0.005 1200 568.630 570.640 560.635 884.818 0.106 0.095 0.969
100.0 0.010 1200 553.670 557.390 555,530 877.765 0.207 0.093 0.947
80.0 0.013 1200 545,520 549,990 547.755 873.878 0.257 0.092 0.936
60.0 0.017 1200 532.040 537.600 534.820 867.410 0.337 0.080 0.918
50.0 0.020 1200 522.440 528.810 525,625 862.813 0.399 0.089 0.905
40.0 0.025 1200 509.600 517.050 513.325 856.663 0.491 0.087 0.889
30.0 0.033 1200 490.990 499,980 495.485 847.743 0.639 0.085 0.867
20.0 0.050 1200 459.730 471,100 465.415 832.708 0.920 0.082 0.831
10.0 0.100 1200 395.850 411,500 403.675 801.838 1.691 0.075 0.767
5.0 0.200 1200 322,630 342.060 332.345 766.173 3.056 0.069 0.704
2.0 0.500 1200 220.250 242.420 231.335 715.668 6.579 0.062 0.630
1.5 0.667 1200 187.850 210.040 198.945 699.473 8.348 0.060 0.610
1.0 1.000 1200 142.280 163.540 152.910 676.455 11.653 0.057 0.583
0.5 2,000 1200 63.188 79.382 71.285 635.643 20.429 0.053 0.541
0.4 2.500 1200 36.581 49,924 43.253 ~ 621.626 24.373 0.052 0.528
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Table F.4: Derivation to calculate the non-isothermal correction factor for £, =0.6

1000.0 0.001 1200 542.000 542.270 542,135 - 871.068 0.020 1000.000 0.091 1.000
500.0 0.002 1200 535.050 535.560 535.305 867.653 0.040 0.090 0.990
300.0 0.003 1200 528.570 529.410 528.990 864.495 0.067 0.088 0.980
200.0 0.005 1200 523.100 524.320 523.710 861.855 0.00¢ 0.089 0.973
100.0 0.010 1200 511.000 513.280 512.140 856.070 0.196 0.087 0.956
80.0 0.013 1200 504.270 507.020 505.645 852.823 ' 0.243 0.086 0.947
60.0 0.017 1200 494.120 497.600 485.860 847.930 0.320 0.085 0.934
50.0 0.020 1200 487.040 491.060 489.050 844.525 0.380 0.084 0.925
40.0 0.025 1200 477120 481.880 479.500 839.750 0.469 0.083 0.813
30.0 0.033 1200 461.430 467.260 464.345 832.173 0.613 0.082 0.894
20.0 0.050 1200 435.850 443.420 439.635 819.818 0.888 0.079 0.865
10.0 0.100 1200 380.520 391.400 385.960 792.980 1.649 0.074 0.808
5.0 0.200 1200 313.700 327.730 320.715 760.358 3.005 0.068 0.748
2.0 0.500 1200 215,170 231.740 223.455 711.728 6.500 0.061 0.674
1.5 0.667 1200 182,790 199.460 191.125 695.563 8.247 0.059 0.652
1.0 1.000 1200 135.990 152.000 143.995 671.998 11.490 0.057 0.623
0.5 2.000 1200 50.560' 62.530 56.545 628.273 19.936 0.052 0.575
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Table F.5: Derivation to calculate the non-isothermal correction factor for &, = 0.4
1000.0 1200 474.700 474.830 474.765 837.383 0.019 1000.000 0.083 1.000
500.0 0.002 1200 468.490 468.730 468.610 834.305 0.037 0.082 0.992
300.0 0.003 1200 463.160 463.560 463.360 831.680 0.061 0.081 0.985
200.0 0.005 1200 458.880 459.470 459.175 829.588 0.091 0.081 0.979
100.0 0.010 1200 447.560 448.670 448.115 824.058 0.180 0.080 0.965
80.0 0.013 1200 443.580 444.940 444,260 822.130 0.224 0.079 0.960
60.0 0.017 1200 437.860 439.600 438.730 819.365 0.296 0.079 0.953
50.0 0.020 1200 433.280 435.330 434305 817.153 0.353 0.078 0.947
40.0 0.025 1200 425.180 427.630 426.405 813.203 0.436 0.078 0.937
30.0 0.033 1200 414.600 417.660 416.130 808.065 0.573 0.077 0.925
20.0 0.050 1200 395.690 399.800 397.745 798.873 0.838 0.075 0.904
10.0 0.100 1200 351,100 357.340 354.220 777.110 1.577 0.071 0.857
5.0 0.200 1200 292.810 301.250 297.030 748.515 2.903 0.066 0.803
2.0 0.500 1200 198,220 208.550 203.385 701.693 6.304 0.060 0.728
1.5 0.667 1200 165.140 175.570 170.355 685.178 7.985 0.058 0.704
1.0 1.000 1200 114.570 124.460 119.515 659.758 11.049 0.056 0.671
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Table F.6: Derivation to calculate the non-isothermal correction factor for ¢, =0.2
1000.0 0.001 1200 342.920 342,950 342.935 771.468 0.016 1000.000 0.070 1.000
500.0 0.002 1200 341.100 341.170 341.135 770.568 0.031 0.070 0.998
300.0 0.003 1200 337.760 337.870 337.815 768.908 0.051 0.070 0.994
200.0 0.005 1200 335.950 336,100 336.025 768.013 0.077 0.069 0.992
100.0 0.010 1200 331.310 331.620 331.465 765.733 0.153 0.069 0.987
80.0 0.013 1200 329.150 329.520 329,335 764.668 0.190 0.069 0.984
60.0 0.017 1200 325.400 325.880 325,640 762.820 0.252 0.069 0.980
50.0 0.020 1200 322.690 323.270 322,980 761.490 0.301 0.068 0.977
40.0 0.025 1200 318.410 319.110 318.760 759.380 0.375 0.068 0.973
30.0 0.033 1200 311.520 312.410 311.965 755.983 0.494 0.068 0.965
20.0 0.050 1200 299,180 300.410 299.795 749.898 0.729 0.067 0.952
10.0 0.100 1200 267.250 269.250 268,250 734,125 1,391 0.064 0.920
5.0 0.200 1200 217.540 220.410 218.975 709.488 2.582 0.061 0.874
2.0 0.500 1200 114.450 117.980 116.215 658.108 5.495 0.055 0.791
1.5 0.667 1200 65.756 69,173 67.465 633.732 6.767 0.053 0.771
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APPENDIX G: COMPUTER CODES

G.1 COORDINATION AND CONTACT-ANGLE CALCULATION
CODE

This section presents the code for calculating the coordination number and the average
contact angle for the given coordinates of a numerical packed bed.

// CONumber.cpp : Defines the entry point for the console
application.

/7

#include "stdafx.h®
#include "math.h”

const int MAXSIZE =20635;
const int BALL = 12;
int _tmain(int argc, _TCHAR* argv[])
{
FILE *hFile;
hFile = fopen("D:\\University\\PhD
Studies\\Werner\\CONumber\\CONumber\\Debug\\coord. txt", "r");
double *x = new double[MAXSIZE]:;
double *y = new double[MAXSIZE];
double *z = new double[MAXSIZE]:;
double **dist = new double*[MAXSIZE]:;
for (int i=0; i<=MAXSIZE;i++)
{
dist[i] = new double[l2]:
}

int **bnr = new int*[MAXSIZE]:
for (int i=0; i<=MAXSIZE;i++)
{
bnr[i] = new int[12];
}
double Co dist=60.002;
double pi=3.141592654;
int p;
double distance;
double rl;
double r2;
double difference;
double theta:;
double heat flow_angle;
double Co_num;
double conl=l;
double con2=0;
int sum=MAXSIZE+1;:

for (int i =0 ; i<=MAXSIZE;i++)

{
fscanf ( hFile, "$%1f", (x+i) );
fscanf( hFile, "%1f", (y+i) ):

fscanf( hFile, "%1£™, (z+i) );
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}

FILE *outFile;

outFile = fopen("output.txt","w");
FILE *outFile2;

outFile2 = fopen("outputZ.txt®,"w");
int 1 =0;

for{int j=0;j<MAXSIZE;Jj++)
{
for(int k=0;k<MAXSIZE:k++)
{
distance=sqrt (pow((x[Jj]1-x[k]),2)+pow ((y[j]-
ylkl),2)+pow((z[jl-z[kl),2));

if (distance <= Co_dist)

‘ 4
dist[j]l[1l]=distance;
bnr[j][1]=k;

rl=sqrt(pow(x[jl,2)+pow(y[]l,2));

r2=sqrt (pow(x[k], 2) +pow(y[k],2) +pow((z[j]-
z[k1),2)):

theta=asin( (pow(r2,2)-pow(rl,2)-
pow(distance,2))/(-2*rl*distance)); //Law of cosine

theta=theta*180/pi;

. theta=abs(theta); //To calculate average

contact angle

//fprintf{outFile, "%1i %1f
Tybnx[J1 (11, dist[311L]) s

if (theta>0)

{

fprintf (outFile, ¥%i %1f

", bnr[j][1],theta): //Print Ball number and contact angle out
outputl.txt

}

1++;

Co_num=1-1; //Subtrackting 1
fprintf (outFile2, "3i $1f *,j,Co num);
fprintf (outFile2, "\n");

1=0;
fprintf (outFile, "\n");

}

fclose (hFile):;
fclose{outFile):;
fclose (outFile2);

return 0O;

to
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G.2 MULTI-SPHERE UNIT CELL CALCULATION CODE

Analysis of the effective thermal conductivity against the various experimental data sets was
conducted by programming the Multi-sphere Unit Cell in Engineering Equation Solver (EES).
The same flowchart as presented in Figure 7.1 was used to program the Multi-sphere Unit
Cell Model. This section presents the EES code used to simulate the HTTU experimental test

facility.

PROCEDURE MacroContact(r_eq,F_bah,E_young 1,E_young_2mu_1,mu_2k_1k 2:R_L,a H)

117 3
075 - Fpapy * Teqg * (1 - p12) ( )

Ey oung,1

ap =

0.64
ki - ap
End MacroContact

RL =

PROCEDURE InnerBulk(a_H,k_s,d_p,omega_0:R_B_in1_2)
d, —

Rpinm,2 = o0 3

s * W 8H

End InnerBulk

PROCEDURE MidBulk(a_H,r_eq,k_s,d_p,omega_0,radius_lambda:R_B_mid1_2)
dp - ®0

Rg,mid1,2 = - 2 3
ks - @+ (radiuSjgmpda ~ — @H")

End MidBulk

PROCEDURE LambdaGas(k_f,omega_0,j_gas,r_p,radius_lambda,a_H:R lambda)
AN = 20 Tp + jgas — @0

BB = rp2 — radius pmbda 2
CC = 4/r,? — ay?
2
Riambda = A - 2 - BB
N'kf'[AA'In m)+2'BB—Z'CC:|

End LambdaGas

PROCEDURE BulkGas(r_p,omega_0,radius_lambdak_fR_G)
- Ag = 21— ao

Bg = rp2 — radius gmbda 2
Re = 2
e = v
% ki [Ag - In m - 2+ Bg
End BulkGas

PROCEDURE OuterBulk(r_p,omega_0,radius_lambda,lambda_meanfree k_s:R_B_out1_2,A_out,B_out)
Aot = rp = 2+ (05 - wo + 5 * Xneanireo )

|

PROCEDURE InnerBulkWall(a_H,k_s,d_p,omega_0:R B_in1_2)

dp - @o
Rpini,2 = —
2 ks -1 - ay

Box = r,,2 ~ radius mpda

In Aot + Bout
Aot — Baut
ks L Bcut

Rp,out1,2 =

End OuterBulk

End InnerBulkwall
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PROCEDURE MidBulkWall(a_H,r_eq,k_s,d_p,omega_0,radius_lambda:R_B_mid1_2)

dp - wo

Rpmidt2 = - 2
2 - ks - - (radiuSgmbda — aH)

End MidBulkwall
PROCEDURE LambdaGasWall(k_f,omega_0,j_gas,r_p,radius_lambda,a_H:R_lambda)

AA = fp + jges — o0

BB = 4/r,? - radiusimpea 2
cC = rpz - aHz
R 1
lambda BB — AA
2@ ke [AA In oC = A +BB—ch
End LambdaGasWall
PROCEDURE BulkGasWall(r_p,omega_0,radius_lambda,k_f:R_G)
Ag = o — oo
Be = 4/rp? - radiusiama 2
Rg = L
¢ 2 - . k . . II'I ._AE_ B
n f | As Be - Ac - Bg

End BulkGasWall

PROCEDURE OuterBulkWall(r_p,omega_0,radius_lambda,lambda_meanfree k_s:R_B_out1_2,A_out,B_out)
Act = fp— 2 (@0 + 10  Xmeanfree )

Boyt = rpz — radius jambda 2
Aot + Bout
n||—
R - Aoatt — Bout
B,out1,2 .~ 2 - K - 7 - Bog
End OuterBulkWall

PROCEDURE RadiationShortBulk(N_c,d_p,sigma_r,T_K,epsilon_r,F_12,f k,phi_rad:k_e r_S)

2
As;=4.,,.[dz_PJ

3
2N .d - A -T
Ko i= o Tp Ot s K . - sin (daa)
i A [2-2-5, 1 J
T

+
er Fi2

End RadiationShortBulk
PROCEDURE RadiationLongBulk(d_p,sigma_r,T_K,epsilon_r,F_12f kik_e_r L)

2
As;=4.,,.[d_P}

2
A = dpz
47 - 532 - dp - or - A - Tx®
ke = - fk .
2- 2. ¢ 1
A | — s —
€r F12

End RadiationLongBulk

PROCEDURE
RadiationShortwall(d_p,sigma_r,T_K,epsilon_r_1,epsilon_r_2,f k,SW_WS,F_12_wall_short,F_21_wall_shortk_e_r_
s_wW)

2
— ———dp
Al =41 [2 }

2
dP
Ay = 6368 ' 1 - I:Z—:I
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A = dp?

F ( SWws

= 1) Then

2-dy - oo Tk®

k = - i
onSW A 1= & . 1 . 1= gp2 k
" ertt A1 A1 - Fiawallshort erz2 Az
2-dy- g Tk
kersw = (3
A 1 — sr2 . 1 . 1~ e
er2- Az Az - F21uallshart en1 A

End RadiationShortWall

PROCEDURE RadiationLongWall(d_p,sigma_r,T_K.epsilon_r_1,epsilon_r_2,F_12_wall_efff kkk_e_r_L_W)

2
d
-

d 2
Ay = 6368 - x - [2—”}

A = dpz

4536 - dp - or- Tk

3
- Ay

1 - &

1

1 - &x2

Ke,rLw =
A
' Lm " A

End RadiationLongWall

A1+ Frzwanert

sr2° Az

PROCEDURE Contact_Kavainy(epsilon,d_p:5,S_F,N_A1,N_L1)

dp
R = 2

If (g >= 0.35) Then

8§ =1
Sg = 1
Nag = 12
4 - R
Nyt = !
2-R

F ((¢ < 0.35) and (¢ >= 0.2595)) Then

S = 025
s 3
Fo g
N 3
Al =
16 - R?
N 2
U= 3R
S =173
1
S = =
F '\/—6—
1
Nag = ————
243" R

Ny = @

End Contact_Kavainy

If {(r>= Rih) and [r <=

r = Rin
Zpall =
dp

2

Rat + Rin ” Then
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e = = 00127 -« zyey ° + 00967 - zewy + 0.2011
End PorosityCorrection

ks,star,sphere = 60

2 ks,star,sphere b ks,plate

- [1 - exp

3

3

o 152

k 8P =
>.star ks,star,sphere + ks,plate
Tk = k(N2 T=Tg)
Ks,spnere = 147.086 — 0.229541 - T¢ + 0.000206027 - Tc2 - 7.1529x107% - T¢
Tk = Tg + 27315
Ksplate = 147.096 — 0228541 - T + 0.000206027 - T(;2 - 7.1529x107% . Te
Fpanh = 72.307 - BedDep,h + 7.8716
Bedpeptn = 1.2 — Bedyeignt
BedHeight = 06
Eyoung,sphere = 74x10°
Eyaung,plate = 7.4)(109
P sphere = 0.3
Hoplate = 03
Pr = Pr('N2',T=Tk)
cp
(U
cp = Cp('N2 ,T=Tk)
cv = Cv{N2 ,T=Tk)
-7
Aneanfree,0 = 0.7387 - 10
Py Tq :
Mneanfree = F;—To Mmeanfree,0
Py = 85000
Pg = 10000
To = 20 + 273.15
Tg = TK
Mgg = MolarMass ( Nitrogen')
Mgs = 12
Bvis = Mog
vis Mes
Mow = 14 - Mg
Too = 273.15
an = exp [— 057 - [k~ Tw H - [ Matar }+ 24 - By
Too 6.8 + Msiar (1 + pus)
arz = om
: 2 —~ am 2 ~ ap 2 - yn 1
= + . .
lgas |: po p J T+ qn Pr Mmeanfres
dp = 0.06
dp
"2
Rin = 03
Rot = 1.15
Teqbuk = Tp
Feqwall = Tp
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@bk = 5 Teqbulk
2
o, = Gnw
wall 2 Toqul
radius = 2 . . 2
Abulk Ip" = (rp— 05 * wobuk = 5 ° Hmeanfree )
i = 2
radiusyyan = '\/"p2 — (rp = oowal = 10 * Jmeanfres )
- Ent + gr2
€ star 2_'
1 Pss
fk = aq - a!'ctan[agz . (I) }+ a4

a1 = 0.0841 - goter” — 0307 * goter — 0.1737
am = 06094 - eqm + 0.1401

as = 05738 - gepar OO0 o~

84 = 0.0835 - ggor’ — 0.0368 - gotor + 1.0017

1
Ain = "A—
g1 = 08
ez = 08

or = 5.670E-08

Fizpuk = 0.0756

Fizbuikers = 0.0199 .
Fiowanshot = 0315

F21watshat = 0.01976

Fizwarers = 0.02356

Call PorosityCorrection ( Radius agial » Rin, Routs dp @ fics Zpan )

e = If (Zoan , 3.8, €corection , 0.385 , 0.385)

Ne = 25952 - g — 62364 - g2 + 39724 - ¢ — 20233

& = —6.1248 - N,® + 73419 - N, - 186.68

k1
forad = &t an”
Call MacroContact ( reqbulk » Fbah » Eyoungsphere : Eyoungsphere » W sphere » M sphere s Kssphere » Kssphere @ Tk ay)
Call InnerBulk ( ay , Kssphere » dp, @opuk © Rpint2)
Call MidBulk (ay, legbuk » Kssphere » dp, @opuk. radiuspux : Rp,mia1,2)
Call LambdaGas ( ki, wopuk, Jgas » fp. TadiuSypuk, @H : Riambda )
Call BulkGas (rp, @opuk, radiusypux, ki: Rg)

Call OuterBulk (rp, wopuk, radiuSipuk, Ameanfree s Ks,sphere : Re, 8n, Baut)

Ry = { 1 + 1 + 1 }—1
RBg,int,2 RB,mid1,2 Rp,autt,2
Rm,comb = [1—"' '1—+ 1—]”
! R. R, Re
R;j = Rt + Rpcomb
Call MacroContact ( reqwan » Foan » Eyoung.sphere s Eyoungptate » I sphere » W plate » Ksstar,s,p» Kspate : Ra, anw)
Call InnerBulkWall { ay,w, Kssphere » dp: oowat © Rejint,2w)
Call MidBulkWall (ay,w, feqwal » Ks,sphere s dp, ®owal, radius,wan : Rpmidt,2w)
Call LambdaGasWall (K¢, oowan, Jgas » Tp, TadiUS,yan, aHw : Riambaaw )
Call BulkGasWall (rp, oowan, radius,wai, ki : Rew)
Call OuterBulkWall (rp, oowan . radiuS,wai, *meanfree » Kssphere : Rew. anw. Botw )
1 1 1 -

Rtw = + +
Rpint,zw Rg,midt 2w Rp,out1,2,w
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Rm,combw = [ ! * 1—"‘ 1—}_1
~eomb: Riw Ryw Rew
Riw = Rtw * Rm,combw .
Call RadlationShortBulk (Ng, dy, or, Tk, &r1: Fizbuk s Tk doead © Kers)
Call RadiationLongBulk (d,, or, Tk, €r1: Fizbukert: Tk © Kerl)
Call RadiatlonShortWall (d,, or, Tk, &r1. €r2, fk. SWws , Fizwalshot » Fatwanshot : Kersw)

Call RadlationLongWall (dp, or, Tk, er1, £r2, Frawalerts Tk © Keriw)

A, = dg?
N dp = ®o,bulk .
kee = ; . [—p}.‘iTu * 8in ( do,rad)
ke,r = Kers * KerL
Kertpuk = Keo + Ker

ke,r,W = If(SWws . 1, ke,r,S,Wx ke,r,S,W"‘ ke,r,L,W: I(e,r,S,W”" ke,r,L,W)

fp = ®@owall
ke,c,W = 2 -
dp” - Rjw
keff,wal = ke,r,W"' ke,c,w
Kettzs _ ek 2- (J1-5) (1-«" B " 1 B+1) (_«__§3—1 )
Zeff,zS - — — . . — - - =
ke 1-x ' B (1_K—1 B)z) « 1B 2 1- %  -B
[+
1= —_—
B = 125 - { E} s
€
Kozscond = Keff,zs * Keff,contact
ks,sphere
3 _kf
2 173
Keft, contact = |3- ( 1 = U sphere St ( ) 1 . Nai
Ks,sphere 4 - Eyoung,sphere P 0531 - S N1
Call Contactgayainy (&, dp : KerLw aHw, Boutw, Np1)
f = Fpan
0.5

1 - B + 1 1 3
Krzs = (1= (1-8)")- ¢+ (28) [ B } p 4o Tk - dp

PRV L I

er1 { _ 1:| A

er1

A = ks,sphere

3
4 or- Tk - dp
Keffzstot = Kezs,conda * Krzs

® . 00828521 - srit

Br = 00949306 — 0.14456 - g1+ 0.106837 - g.1° + 0.0159144 - gy
Bro = 0.08

2-Br * g1 (1 - Br)

FE =
E (1-Br) (2~ &10)
€r,1
Feo = :
EO 2 - €r1
Fg - (1 = Bro) -~ Bg,
Ao = B 0) R,0

Feo » (1 = Bgrp)

0523
dg = |———|- dp

1- =
dp
dot = T4 .
n - dg
_ Feo
X Fe
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= 4 Fr o oore der Te? - . Ao .G, - Ao
Kettro = 4+ Fg - or+ dp - Tk 1-x Ke,sphore ¥k dgt ! Ka,sphere
de.a de,s
1 + N e 1+ K
4 Feo* or Tk +E 4 - Fg - op- Tx d—“
SRO = 0.0085
kefiRos = (1 — SrRo) * Kefi,ro* SRoO * Ks.sphers
k
ke,RO - eflf(,fRO,s
A
Fro = Fe 1 -9 kO
1+ s,sphere
4 Fgo* or- T - dos
kro = Fro - 4+ dg - or Tk®
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