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several unit cell approaches in the bulk region of a packed bed, but that significant uncertainty
arises in the near-wall and wall regions. A summary of all the correlations will be presented in

Appendix A and Appendix B.

Chapter 4 presented a broad overview of the newly built HTTU. For the purpose of this study,
experimental results conducted with the vacuum conﬁgurafion to a temperature of 1200°C
were used. The effective thermal conductivity results were extracted using a polynomial
method and an uncertainty analysis was conducted in order to determine the confidence

interval of the experimental results.

Chapter 5 presented the derivation of the Multi-sphere Unit Cell Model. This model was
developed in such a way that it can be seen as a summary of all separate effects found for
heat transfer in a porous structure of mono-sized spheres surrounded by a stagnant gas.
This was achieved by using a thermal resistance network methodology for thé conduction
component and a radiative conductivity for the thermal radiation component. A clear
distinction was made between the bulk and wall regions, for which separate heat transfer
parameters were developed. In addition, a distinction was made between conduction through
spheres with rough surfaces (rough contact network) and pérfectly smooth surfaces (Hertzian
contact network). Thermal radiation was grouped into two components: thermal radiation for
spheres in contact (short-range radiation) and thermal radiation for spheres further apart
(long-range radiation). Some uncertainty arose for the long-range radiation in the bulk, near-
wall and wall regions for temperatures above 1200°C and materials with low conductivity.

Chapter 6 illustrated the validation and verification of the Multi-sphere Unit Cell Model and
widely accepted existing correlations. It was shown that the Multi-sphere Unit Cell Model
conduction component compares quite well with experimental data. For the SANA-I
experimental test facility, the effective thermal conductivity measurements were extracted in a
different manner to that used in past studies with effective thermal conductivity a function of
radial position and not temperature. This illustrated the near-wall and wall effects more
clearly. In addition, this highlighted the contribution of natural convection more clearly,
showing two peaks near the inner and outer wall. Comparison between the Multi-sphere Unit
Cell Model and the IAEA ZS Total correlation demonstrated the breakdown of the IAEA ZS
model in the near-wall and wall region. For the HTTU experimental test facility, the Muiti-
sphere Unit Cell Model (iotal) and the IAEA ZS Total correlation demonstrated good
comparison in the bulk region with experimental effective thermal conductivity values in both
the 20 kW and 82.7 kW steady-states. However, the IAEA ZS Total correlation again
demonstrated breakdown in the near-wall and wall regions where the Multi-sphere Unit Cell
Model slightly under-predicted the experimental effective thermal conductivity results. A
flowchart and summary of the Multi-sphere Unit Cell Model is presented in Figure 7.1 and
Table 7.1.
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Figure 7.1: Flowchart of Multi-sphere Unit Cell Model
MODELLING THE EFFECTIVE THERMAL CONDUCTIVITY IN THE NEAR-WALL REGION 161

OF A PACKED PEBBLE BED
Post-graduate School of Nuclear Science and Engineering



B HIORTRAYEST UNIVERSITY
YUIIBESIT YA BEKONE-BOPHENAA

; CHAPTER 7: SUMMARY AND CONCLUSION

Table 7.1: Summary of Multi-sphere Unit Cell Model

e(z)=2.142" -2.53z +1
= | Use when
2(2) = &, +0.29exp(-0.62) @7) ) De Kilerk (2003:2022) Calculation of radial porosity.
x[cos(237(2-0.16))]  z>0.637 z> 3.8 from wall.
1 +0.15exp(-0.92)
Use when
. L Calculation of porosity correction factor in near-wall
£ =-0.012722 + 0.0967z — 0.2011 (2.30) 0.5<z<3.8 in Derived in current study region
near-wall region. i
-
_ L Calculation of average coordination numberin a
N, =25.9525° - 62.36457 + 39.7245 —2.0233 (2.22) (0.2398 < £ < 0.54) Derived in current study
randomly packed bed.
2 Calculation of tact angle i d
- - = . alculation of average contact angle in a random
., =—6.1248N? + 73.419N, —186.68 (2.27) (0.2398 < £ < 0.54) Derived in current study 9 g y
packed bed.
- N
—1
R] = 1 7 + _1_ + L .
1 1 R, Rg L, Calculation of joint thermal resistance with the Rough
R a0 +] — + — (5.3) - Derived in current study .
L12 Ry Rs Contact Network (RCN) configuration.
-1
+ 1 + 1 + 1 }
3 Rin12  Rmidy2 Routi2
*| CRMS 3.105,
R 0.565H ( mRMS) ¢ 55 ) 1.3<Hg <7.6GPa Bahrami et al. (2006:3691) | Calculation of microcontact thermal resistance.
s __i(sF—_— (6.5
r, is calculated with Eq. (3.113), contact area radius is
3.119
Ry 2= 1 ¢ ) — Bahrami et al. (2006:3691) renamed in the Multi-sphere Unit Cell Model as
" 2Kshy (5.6)
a=8
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Rg = (3.123) _ _ Calculation of the thermal resistance of the conduction
3 a, -—_ Bahrami et al. (2006:3691) . N . .
wkgryin{ 1+ ( /2 Vi ) (5.7 through interstitial gas in contact region.
a+\J ORMS
Calculation of the thermal resistance of the bulk solid
d, - ar . . 2
12 = wo) (5.12) — Derived in current study material in the inner region, wg =r /Z’p,eq .
" kgnr2
Tpeq="p -
Calculation of the thermal resistance of the interstitial
) gas in the middle region. A, =2r, + j—ay,
R; =
- — ived i 2 2 2_ 2
kg [ Ayln 2; _22,1 +2B, - Zcﬂ] (5.22) Derived in curent study B, = frp _12,c,= [,p ~r2 and
2
= \/:,3 ~(rp~0.5m -54)
dp - 0’0) L Calculation of the thermal resistance for the middle
Rmig12 = (5.23) —_ Derived in current study o
T ke (rf - raz) solid region.
]
2 Calculation of thermal resistance of the interstitial gas F
Rg = . .
ok | Aginl—2e |25 (5.27) - Derived in current study | ™ e Micro-gap.
g ~2B, ¢ 2_,2
Ag —2Bg Ag =2ry —my, and Bg =[ry -1}
Assume isothermal Calculation of the thermal resistance of the bulk solid
in|Pout * Bout . material in the outer region.
R _ | Aout—Bout (5.32) temperature Derived in current study
U2~ T T Bout boundary. Ayt = Iy —2(0.50p +52) , Byt =+ 212
_“—ﬁ
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1 1 1)
Rj=| —t—t—
/ (RHERTZJ,Z Ry RGJ L Calculation of joint thermal resistance with the Hertzian
5.4) - Derived in current study .
1 1 1 -1 contact network configuration,
+ + + .
Rint2  Rmidt2  Rout2
RuERTZ12= %:r—: (5.8) — Chen & Tien (1973:302) Herizian contact radius r, calculated by Eq. (3.101).
( d 0)0) Calculation of the bulk solid material in the inner
R =~t—L (5.12) — Derived in current study _ )
S kenr? region, ap =2 [2r, .
4 Calculation of the thermal resistance of the interstitial
2 gas in the middle region. A; =2, + j-ay,
Ry =
kg ( Agin 2,1_—55_,1 .28, 201] (5.22) - Derivedin curent study | g, - [Z_2 ¢, - J2—72 and
i —2b)
2
n= Jrg ~(rp - 0.5 -52)
(dp - wo) L Calculation of the thermal resistance for the middle
Rmida2 = 5> (5.23) — Derived in current study o v
kszi ry-rg ) solid region.
Rg, Routi2 (6.27), (6.32) —_ Derived in current study Same as given in block number 3.
S —
Calculation of effective themmal conductivity
N ( d. — wo) (conduction component), (Ec is in degrees).
5 ke =P Dlging, (5.34) — Derived in current study
pj ag = r‘.,,2 /2rp,eq or mg = rc2 /2rp depending on contact
network used.
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o AT AT/T <<1 Calculation of short-range thermal radiation in the bulk
S _ cGpOhs .= g . N
6 A —-———A (2—2‘% , Jfk singde (5.43) 0.01<YAg <10 Derived in current study and near-wall region. F_, =0.0756 ,
r =
ér Fi2 0.2<¢ <1 Ag =47”3 Ar =d§
s
AT/T <<1 forupto |
2.25d,
0.01<Y/As <10 Calculation of long-range thermal radiation in the bulk
T ﬁlong5-32‘1p‘5""‘s7_.3 e 02<g <1 and near-wall region.
e = f
7 2-_2¢ 1 (5.50) _ Derived in current study I 2 2
A [_g_r+ I fi . T staysthe Filoavy =0.0189, As=4zry, A =dy and
r 1-2,avg ’ -
same for thermal Dong =4.7
radiation between
surfaces further
apart than dj, .

8 K = Kk5S + k- (5.35) T <1200°C Derived in current study

Summation of short and long-range thermal radiation.

Calculation of effective themmal conductivity due to
thermal conduction and radiation in bulk and near-wall
region. The limiting parameters for the Multi-sphere
Unit Cell Model not reaching temperatures above

9 Kegr = K8° 4 KL ®.1) F <1200°C Derived in current study 1200°C is: 1/As and the long-range radiation
assumptions. The inverse of the dimensionless solid
conductivity 1/As must be extended for lower

conductivity solid materials. The long-range thermal

radiation over estimates kg’L with T >1200°C.
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10

1 1 1
Riw = . 1 i Riw * Rew Calculation of joint thermal resistance with the Rough
Riaz+ (Eg“ + R—sJ (6.51) — Derived in current study Contact Network (RCN) configuration in the wall
-1 region.
1 1 1
+ + +
(Rinn,w Rmiaaw Rout,1,W)
0.565H" | ZRMS Calculation of microcontact thermal resistance.
) MRus (5.53) 1.3<Hg £7.6 GPa Bahrami ef al. (2006:3691) N
Rs = - ks = 2kstksp (Kt + Ks2)
ksF
ry is calculated with Eq. (3.113), contact area radius is
Rig2= o (5.54) — Bahrami ef al. (2006:3691) renamed in the Multi-sphere Unit Cell Model as
sfa
a=4aL
220rys8)
Rg = (3.123) , Calculation of conduction through interstitial gas in
2 ap —_— Bahrami et al. (200€:3691) i
akgrgIn| 1+ —————— 5.7) contact region.
g'a .
a+ (I/ 2~/§<7RMS)
( d —0’0) Calculation of the bulk solid material in the inner
Riniw = _.‘1_2_ (5.56) - Derived in current study i 5 /
2kgrrs region, g =ra /21, .
Calculation of the thermal resistance of the interstitial
gas in the middle region. Ay =1+ j-ay,
1
Riw= o
2k, ( Agin gz,w -iz,w +Byy —C,z,w} (5.61) - Derived in current study Byw = / ,3 - ’%,W . Caw = },3 -r2 and
AW =AW
2
rA,W =\/r3 —(rp - a —101)
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dp—ag Calculation of the thermal resistance for the midd
Rmid;1 = (% > ) > (5.62) — Derived in current study caaion ¢ ) middle
ks (rl,w —rg ) solid region in the wall region.
1 Calculation of thermal resistance of the interstitial gas
Rew = . - -
10 2nkc | Aguyin Acw 5 (5.65) _ Derived in current study in the micro-gap of the wall region.
9\ "W Nl Bew - Ac W - _[z2_2
GwW W Agw=rp—ag and Bgw =\rp ~riw
' Aostwr + Boutwr Assume isothermal Calculation of the thermal resistance of the bulk solid
R _ Acutw—Boutw (5.66) temperature Derived in current study material in the outer region of the wall region.
outiW 2ks7Bout boundary. Aoutw =1p—2(@g +102) and Boysy = J’ﬁ—T.w
—1
= 1 L
4 Ruerrza2 Raw  Rew L Calculation of joint thermal resistance with the Hertzian
(5.62) — Derived in current study L .
1 1 1 -1 contact network configuration in the wall region.
+
[Rinﬂ,W Rmiaaw Rout,1,W]
Hertzian microcontact madified in this equation to
0.64
RrerTza2 =1+ (5.54) — Chen & Tien (1973:302) accommodate k% . Hertzian contact radius r,
sfc
11 calculated by Eq. (3.101).
d. — ﬂ’o) Calculation of the bulk solid material in the inner
Rip 1y = ~———s’. (5.56) — Derived in current study 5
i 2 P =
2kg7rs region, ag =g /2rp .
Calculation of the thermal resistance of the interstitial
gas in the middle region. Ay =rp +j—ayg,
1
R;_,W = . .
2mky [A;,,W In gj‘;"v:::j"v‘; +Byw —CAW] (5.61) - Derived in current study Byw = [,g - ,/%w , Caw = ”3 _ ,g and
2
nw= rg —(rp -y —10/1)
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d — wo « . .
b Calculation of the thermal resistance for the middl
Rmida = ——(—Tl'z— (5.62) -— Derived in current study . . acie
11 2ks7 (’A,W —rg ) solid region in the wall region.
Rew: Routaw (5.65), (5.66) —_ Derived in current study Same as given in block number 10.
(r _ 0’0) Calculation of effective themrmal conductivity in the wall
12 KgeW = ';—— (5.68) -— Derived in current study ] 2
dsRjw region aq =r? /2rp )
_ Calculation of short-range thermal radiation in the wall
rSW 2d,0T° : AT/T «<1 region (Wall to Sphere).
ke' ’ = k . .
13 A [(1 — &1 )+ 1 +[1 -2 H (5.74) 0.01<Ag <10 Derived in current study F2M—/1 =0.01976, A, = d,"; A= 4,,,3 and
W
it ) ARz 2t 0.2<g <1 2
A; =63.68zr,
_ Calculation of shori-range themmal radiation in the wall
=3 AT[T << :
rSW 2dpoT region (Sphere to Wall).
kg™™ = f .
14 Ar[(pgm} '+ +[1_ oo H (5.74) 0.01< /A5 <10 Derived in cument study | £, 0315, A, =d2, A =4zr2 and
sah ) APy \frafe 0.2<¢& <1 5
Ap =63.887rp
AT/T <<1 forup to
2.25d,
Calculation of long-range thermal radiation in the
0.01<1fAg <10 )
(LW Ting 4.536d,0T3 . wall region.
e = k . .
17 Arl:[,l _ afﬂ)_,_ 1 -{1_ £r2 ﬂ (5.81) 0.2<¢ <1 Derived in current study F‘Il:g/avg =0.02356, A, = dg , A= 4,”3 ,
LW ~ :
oAt ) Ao \Frafe f . T stays the ) W
Ay =63.687zry and njgpg =1
same for themal
radiation between
surfaces further
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apart than d, .

Summation of short and long-range thermal radiation

19 W _ gt SW o r kW 5.60 T 9 Derived in current stud,
ke’ = k™" +kg (5.69) T<1200°C v in wall region.

Calculation of ef'fective themal conductivity due to
thermal conduction and radiation in wall region. The

limiting parameters for the Multi-sphere Unit Cell Model
not reaching temperatures above 1200°C is: 1/Ag
20 kemf/f = kg,c,W 4 kQW (5.2) 1200°C Derived in current study and the long-range radiation assumptions. The

inverse of the dimensionless solid conductivity 1/A

~|
IA

must be extended for lower conductivity solid
materials. The long-range themmal radiation over

estimates kZ* with T >1200°C .
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7.2 CONCLUSION

It can thus be concluded that all the outcomes defined in Section 1.4 were met.
Comprehensive research was conducted in order to understand and implement the various
porous structure characterisation methods, and to develop a new empirical correlation relating
the various methodologies. It was also demonstrated that the relation between porosity and
coordination number is different in a randomly packed bed to what has been found in other
studies. A new definition and method to calculaie the effective thermal conductivity was
presented that demonstrates relatively good agreement with the various experimental data
sets. However, some additional research should be done expanding the Multi-sphere Unit
Cell Model to calculate effective thermal conductivity beyond 1200°C and materials with low

conductivity.

7.3 RECOMMENDATIONS FOR FURTHER RESEARCH

Recommendations can be made regarding further research with the objective of improving
the Multi-sphere Unit Cell Model:

s Several shortcomings in experimental data sets can be identified in the relation to the
development of a PBR:

o Thermal conductivity tests should be conducted at low temperatures with
graphite spheres. These tests need to be conducted using various applied
forces and different surface roughness for different packings in the wall, near-
wall and bulk regions. This is important because the surface roughness in a
PBR changes with the constant bombarding of neutron flux. This research
should also be conducted at vacuum and elevated pressures with helium as
the gas medium.

o Thermal radiation tests conducted at temperatures above 1200°C should also
be conducted in the bulk, near-wall and wall regions. This is important
because of the uncertainty that arose in effective thermal conductivity
experiments above 1200°C in the HTO experimental test facility. This test
should also be conducted at vacuum conditions and elevated pressure
conditions with helium eliminating natural convection to an extent.

o The impact on the effective thermal conductivity with the presence of a
convex or concave curve should also be investigated at low and high
temperatures. This is important because the HTTU could only achieve higher
temperatures at the inner wall, where in general the outer wall and bulk
regions should achieve equally high temperatures. CFD can possibly be

used.
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+ Further research should also be conducted on the long-range radiation conductivity,
for which the following areas are identified:

(e]

The long-range average diffuse view factor and average geometrical length
needs to be derived as a function of radial position. Currently, the long-range
average view factor is assumed to be the same in the bulk and near-wall
regions, which is not the case in general.

The long-range average view factor must also be weighted according to the
number of spheres that contribute to long-range thermal radiation.

The long-range average diffuse view factor in the wall region for thermal
radiation heat fransfer from a sphere to the wall should be investigated for a
convex curved and a concave curved wall. Subsequently, the simulation
answers need to be compared with relevant experimental data.

A new long-range non-isothermal correction factor needs to be derived using
the same methodology applied for the derivation of the short-range non-
isothermal correction factor. |

The impact of the assumption that the average temperature between spheres
not in contact is the same as that of the adjacent spheres should be further

investigated.

e The non-isothermal correction factor Figure 5.11 should be extended /A, >100 to

accommodate thermal radiation between spheres with lower thermal conductivity.

» A constant emissivity for the HTTU was assumed and therefore the emissivity for the
HTTU graphite needs to be obtained, in order to observe any impact it may have on
simulation results. In addition the sphere conductivity should be obtained for the

HTTU.

e The possibility of natural convection in the HTTU near-vacuum data should also be
investigated, in order to clarify whether there is any increase in the effective thermal

conductivity due to natural convective driven flows.

Lastly, it should be noted that the Mulii-sphere Unit Cell Model can be used in collaboration
with DEM codes, simulating the heat transfer between each and every pebble. This will
enable a reduction in the degree of empiricism in simulating the porous structure. This means
calculating temperatures in each pebble considering a stationary and a moving packed bed.
The challenge lies in determining the heat flux vector through each pebble set in contact and

correctly defining the long-range radiation parameter.
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