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Inherent safety is claimed for gas-cooled pebble bed reactors, such as the South African 

Pebble Bed Modular Reactor (PBMR), as a result of its design characteristics, materials used, 

fuel type and physics involved. Therefore, a proper understanding of the mechanisms of heat 

transfer, fluid flow and pressure drop through a packed bed of spheres is of utmost 

importance in the design of a high temperature Pebble Bed Reactor (PBR). In this study, 

correlations describing the effective thermal conductivity through packed pebble beds are 

examined. The effective thermal conductivity is a term defined as representative of the 

overall radial heat transfer through such a packed bed of spheres, and is a summation of 

various components of the overall heat transfer. 

This phenomenon is of importance because it forms an intricate part of the self-acting decay 

heat removal chain, which is directly related to the PBR safety case. In this study standard 

correlations generally employed by the thermal fluid design community for PBRs are 

investigated, giving particular attention to the applicability of the correlations when simulating 

the effective thermal conductivity in the near-wall region. Seven distinct components of heat 

transfer are examined namely: conduction through the solid, conduction through the contact 

area between spheres, conduction through the gas phase, radiation between solid surfaces, 

conduction between pebble and wall, conduction through the gas phase in the wall region, 

and radiation between the pebble and wall surface. 

The effective thermal conductivity models are typically a function of porosity in order to 

account for the pebble bed packing structure. However, it is demonstrated in this study that 

porosity alone is insufficient to quantify the porous structure in a randomly packed bed. A new 

Multi-sphere Unit Cell Model is therefore developed, which accounts more accurately for the 

porous structure, especially in the near-wall region. Conclusions on the applicability of the 

model are derived by comparing the simulation results with measurements obtained from 

various experimental test facilities. This includes the PBMRs High Temperature Test Unit 

(HTTU) situated on the campus of the North-West University in Potchefstroom in South Africa. 

The Multi-sphere Unit Cell Model proves to encapsulate the impact of the packing structure in 

a more fundamental way and can therefore serve as the basis for further refinement of 

models to simulate the effective thermal conductivity. 
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BCC Body-centred Cubic packing 

BHN Brinell Hardness Number 

CFD Computational Fluid Dynamics 

OEM Discrete Element Method 

FCC Face-centred Cubic packing 

HCN Hertzian Contact Network 

HPTU High Pressure Test Unit 

HTO High Temperature Oven 

HTR High Temperature Reactor 

HTTU High Temperature Test Unit 

KTA Kerntechnischer Ausschuss 

OIBC Oxford International Biomedical Centre 

PBMR Pebble Bed Modular Reactor 

PBR Pebble Bed Reactor 

PFC3D Particle flow code three-dimensional 

PWR Pressurised Water Reactor 

RCN Rough Contact Network 

RDF Radial Distribution Function 

RMS Root Mean Square 

RTC Radiative Transfer Coefficient 

RTE Radiative Transfer Equation 

sc Simple Cubic packing 

SEE Standard Estimate Error 

ZBS Zehner, Bauer, SchiOnder 

VARIABJ;.E~ . ·'"' ;_ <"'. ' ; \j:•:{d}t~~· ,''*~?i> '?'.'· .... _ ... _ .. ····._··-· .--- ~}-~'~_iz,~~: '; •. '<]~";;:,• . ~--?.;1 

A solid Area of solids at a specific radial position, m 2 

Arata/ Total area at a specific radial position, m 2 

A Area, m2 

ar Thermal accommodation coefficient 

aH 
= r0 Hertzian contact area radius Bahrami eta/. (2006:3691) 

and Kaviany (1991:2582) 

aL = ra , Radius of macro-contact, m 

a 
Empirical parameter, Mueller (1992:269) 

Effective length defined by Hsu eta/. (1995:264) 
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a1-a4 

b 

bL 

B 

Bo 

cP 

cv 

c 

c 

c1 

c2 

D 

De 

0, 

om 
qot 

D(r) 

dp 

d 

NOMENCLATURE 

Absorption coefficient 

Contact area radius between two cylinders representing two 

spheres defined by Shapiro eta/. (2004:268) 

Empirical constants 

Empirical parameter, Mueller (1992:269) 

Empirical parameter, Suzuki eta/. (1981 :482) 

Scattering coefficient 

Specimen radius defined by Bahrami eta/. (2006:3691) 

Empirical deformation parameter 

Radiation transmission number, B = t(e,e,) 

Radiation transmission number, 80 = t(e,O) 

Specific heat constant pressure, kJ kg-1 K-1 

Specific heat constant volume, kJ ( m3 t K-1 

Constant parameter in oscillatory porosity correlation, Martin 

(1978:913) 

Constant parameter in exponential porosity correlations, Zehner 

& Schlunder (1970:933) 

Contact area/plate thickness defined by Hsu eta/. (1995:264) 

Vickers microhardness coefficient, Pa 

Polynomial coefficients for heat flux distributions C0 ... a 

Vickers microhardness coefficient 

Diameter of cylinder, m 

Diffusivity of a fluid/gas-saturated packed bed 

Diffusivity of a fluid or gas phase 

Molecular diameter, m 

Total geometrical distance between two spheres, m 

Geometrical distance between two surfaces as a function of 

radial position, m 

Diameter of sphere, m 

Distance between sphere centres, m 

Geometric dimension· of a certain void space, m 

de Transformed pebble diameter, m 

de 
f Fluid gap width, m 

dF Distance between two pebbles with applied force, m 
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NOMENCLATURE 

dij 
Distance between centres of spheres i and j [m] (Cheng et 

a/., 1999:4199), m 

dB 
s Solid thickness parameter, m 

EP Young modules, Pa 

E' Effective elastic Young's modulus, Pa 

~-2 Diffuse view factor between two surfaces 

~=2 Long-range diffuse view factor 

~=2.avg Average long-range diffuse view factor 

fk Dimensionless non-isothermal correction factor 

F Collinear force, N 

FE Radiation exchange factor, FE= f(e,e,) 

F.* E Radiation exchange factor, F~ = f(A5 ,e,e,) 

G Conductance parameter 

g3D Radial distribution function in a three-dimensional system 

g2D Radial distribution function in a two-dimensional system 

h, Average height of surface roughness, m 

H8 ,BHN Brinell hardness, GPa and Brinell number 

HBGM Hardness constant H BGM = 3.178 GPa 

H* = c1 {u' I mRMSr2 ,Pa 

h* Contact thickness height Hsu eta/. (1995:264) 

Hmic Vickers microhardness 

Parameter defined by Cheng eta/. (1999:4199), 
h 

h=(d!i -2RP)j2 

H Height of a packed bed, m 

H1r • H2r • Har Geometrical parameters defined by Cheng eta/. (1999:4199) 

1;, ;+ Forward radiation flux 

Jo Bessel function of the first kind 

j 
The j-th sphere centre 

Temperature jump parameter, m 

K;, ;- Backward radiation flux 

k Conductivity 
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NOMENCLATURE 

Boltzmann's constant 1.3806505 x 1 o-23 
[ J J K] 

Spring stiffness, kN/m 

kes 
Apparent effective thermal conductivity of solid part, Okazaki et 

a/.(1977:164), wm-1K-1 

krs 
Thermal conductivity due to radiation from a solid to a solid, 

Kunii & Smith (1960:71) & Yagi & Kunii (1957:373), wm-1K-1 

krv 
Thermal conductivity due to radiation from a void to a void, Kunii 

& Smith (1960:71) & Yagi & Kunii (1957:373), wm-1K-1 

Effective thermal conduction of the inner cylinder of Zehner & 

ksf 
Schlunder (1970:933) model, wm-1K-1 

Effective thermal conductivity of composite layers defined by 

Hsu eta/. (1995:264), wm-1K-1 

Total effective thermal conductivity in a packed bed due to ke,, 
kbed 

k,,e, and ks,eff ' wm-1 K-1 

keff 
Effective thermal conductivity due to thermal conduction and 

radiation, wm-1K-1 

kins Thermal conductivity through insulation, wm-1K-1 

kf,eff 
Effective thermal conduction due to fluid mixing (braiding effect), 

wm-1K-1 

ks,eff 
Effective therm,al conduction due to solid pebble movement, 

wm-1K-1 

k,' kg Thermal conductivity of fluid or gas phase, wm-1K-1 

kG Thermal conductivity with variance in gas pressure, wm-1K-1 

ko 
Thermal conductivity of a thin gap defined by Shapiro eta/. 

(2004:268) 

ka 
Thermal conductivity of a contact point defined by Shapiro et a/. 

(2004:268) 

k' e Effective thermal conductivity due to radiation, wm-1K-1 

k'·s 
Effective thermal conductivity due to short-range radiation, 

e 
wm-1K-1 

k'·s 
Effective thermal conductivity due to short-range radiation 

e 
vector, wm-1K-1 

kr,L Effective thermal conductivity due to long-range radiation, 
e 

wm-1K-1 

kc e Effective thermal conductivity through contact area, wm-1K-1 
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j(g,c 
e 

kg 
e 

kg,c 
e 

kg,c,W 
e 

kr,W 
e 

K 

k':, 

ks 

Kn 

L 

Lins 

I 

L, 

Lr,avg 

fv '/s 

m 

m 
mRMS 

Mg 

Ms 

M* 

N 

NOMENCLATURE 

Effective thermal conductivity point and contact area vector, 

wm-1K-1 

Effective thermal conductivity through fluid/gas and point 

contact, wm-1K-1 

Combination of effective thermal conductivity k: and k: , 

wm-1K-1 

Effective thermal conduction in wall region, wm-1W 1 

Effective thermal conductivity due to radiation in wall region, 

wm-1K-1 

The number of coefficients in the polynomial equation. 

Effective thermal conductivity due to thermal conduction and 

radiation in wall region, wm-1K-1 

Thermal conductivity of solid phase, wm-1K-1 

= A,jd Knudsen number 

Length of packed bed 

Length of unit cell 

Length of cylinder defined by Shapiro et a/. {2004:268) 

Height of insulation material, m 

Gap between spheres at the point of interest 

Modified free path of gas molecules 

Radiation distance 

Average radiation distance 

Effective lengths 

Empirical parameter, Zehner & SchiOnder {1970:933) 

Mass flow, kg Is 

Combined root mean squared surface slope 

Molecular mass of gas, kg kmo/-1 

Molecular mass of solid surface, kg kmo/-1 

Effective molecular mass, kg kmo/-1 

' 
Parameter in exponential porosity correlations 

Parameter, ZBS 

Number data points in an experimental data set 

Nc Average coordination number 

NA Number of spheres per unit area 
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NOMENClATURE 

NL Number of spheres per unit length 

n Coordination flux number 

nm Number of gas molecules per unit volume 

ns 
Number of spheres in a unit cell defined by Siu eta/. 

(2000:3917) 

n(r) Number of spheres in a considered radial slice 

n Average coordination flux number 

nlong Effective long-range coordination flux number 

Pp Pressure due to an external force, Pa 

pg Gas pressure, Pa 

Po Atmospheric gas pressure 

Po,c Maximum contact pressure, Pa 

Po,H Hertzian contact pressure, Pa 

Pr Prandtl number 

Qij 
Heat flux through the i-th and j-th sphere, W (Cheng eta/., 

1999:4199) 

Qbed Extracted heat flux through HTTU packed bed, W 

QG 
Heat transfer through interstitial gas within macro-gap 

(Bahrami eta/., 2006:3691) 

Qs 
Heat transfer through micro-contacts (Bahrami eta/., 

2006:3691) 

O;,toss Heat flux lost in the axial direction of the ith increment, W 

Qwj Heat flux extracted by water jacket, W 

O;n Heat flux through bed at 'in , W 

Qtotal,loss 
The summation of all the heat fluxes lost in the axial direction, 

w 
q; Heat flux through gas, WI m2 

qfm Heat flux through gas in free-molecule region, WI m2 

qtr Heat flux through gas in transition region, WI m2 

qs/ Heat flux through gas in slip region, WI m2 

qcont Heat flux through gas in continuum region, WI m2 

R 
Outer radius of cylindrical packed bed, m 

Unknown radial parameter Zehner & SchiOnder (1970:933) 
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NOMENCLATURE 

Thermal resistance 

Radiation reflection number 

Rt Inner radius of annulus, m 

Ro Outer radius of annulus, m 

Rii Parameter defined by Cheng eta/. (1999:4199) 

Ri Thermal resistance of joint, K/W 

Rin,1,2 Inner solid material resistance, K/W 

RL,1,2 Macro-contact constriction/spreading resistance, K/W 

Rs Micro-contact constriction/spreading resistance, K/W 

Rg Resistance of the interstitial gas in the micro-gap, K/W 

Rmid,1,2 Middle solid material resistance, K/W 

RA. 
Resistance of the interstitial gas in the Knudsen regime 

(Smoluchowski effect) of the macro-gap, K/W 

Rout,1,2 Outer solid material resistance, K/W 

% Resistance of the interstitial gas in the macro-gap, K/W 

RHERTZ,1,2 Hertzian microcontact, K/W 

ro,j Distance in contact angle calculations, m 

r Radial coordinate, Radius m 

'in Radius at inner annulus 'in = 0.3m 

rout Radius at outer reflector rout = 1· 15m 

A.r Radial difference, m 

rP Radius sphere, m 

rc Hertzian radius of the contact area, m 

'a 
= aL , Radius of the contact area with consideration of surface 

roughness, m 

rp,eq Equivalent pebble radius, m 

r;. Mean free-path radius between two spheres, m 

rst Parameter defined by Cheng et aL (1999:4199) 

s Packing variable 

SF Packing variable 

s Contact area parameter, Robold (1982:102) 

T Temperature, K 
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Twe Exit temperature of water jacket, "C 

Twi Inlet temperature of water jacket, "C 

ATwi 
Difference between outlet and inlet temperatures of water 

jacket, "C 

T;,exp The i-th measurement in the experimental data set, "C 

T;,paty The calculated value at 'i from the polynomial curve fitted, "C 

Tenv 
Temperature in the environment or near environment above or 

below thermal insulation, K 

Tbed Temperature at top/bottom of bed near thermal insulation, K 

Ts Solid surface temperature, K 

To =273K 

T Average temperature, K 

AT Temperature difference, K 

u(T) Uncertainty of temperature measurements, "C 

u(keu) Uncertainty of effective thermal conductivity, wm-1K-1 

u(TE745K) 

u(TE750K) 
Uncertainties of thermocouples in top insulation, "C 

u( Qbed) Uncertainty of heat flux through the bed, W 

u(dT/dr) Uncertainty of the polynomial curve fit slope, "C/m 

u(Qwj) Uncertainty of heat flux extracted by water jacket, W 

U ( Qtatat,fass) 
Uncertainty of total heat flux through top and bottom 

insulation, W 

u(m) Uncertainty on mass flow through water jacket, kgfs 

u(Twi) Uncertainty of water jacket inlet temperature, "C 

u(Twe) Uncertainty of water jacket exit temperature, "C 

U ( Tbed ,statistical ) 
Maximum statistical variance of the top (level E) and bottom 

(level A) temperature measurements, "C 

U ( Tbed,instrument ) 
Maximum instrument uncertainty of the top (level E) and bottom 

(level A) temperature measurements, "C 

u(SEE) Standard estimate error, "C 

U {Xi ,instrument) 
The instrument uncertainty for a specific instrument obtained 

from the manufacturer, "C 
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U (X i,drift ) 

U (Xi ,statistical ) 

u(keff) 

Vvoid 

VTotal 

v 

w 

X 

y 

z 

NOMENCLATURE 

Uncertainty obtained from difference between measurements 

and measurements from a secondary standard instrument after 

each major calibration, oc 

Statistical variance in a specific data set, oc 

Uncertainty of effective thermal conductivity, wm-1K-1 

Void volume, m3 

Total volume, m3 

Volume, m3 

= ( R
0 

- Ri) Width of annular packed bed, m 

Dimensionless distance 

Coordinate in the x direction 

Coordinate in y direction 

Pebble diameters from a wall 

Coordinate in z direction 

Gf,{EEK$YMBPJ..§''··· ,_;::· ~';,'_-'\' ':. ·. ·· '• ; __ . .:·- . . ( -,. 
i i' '-~. ·:. ,c/::-.....• G.\ _: "f. • .);': ·: .•. • <~:'• :~:~• ::•·' >;: . : ; -~·;,,~\' 'i', . ''' _ ,k ·· _.-._ 1L __ . .•• ·;, < 

a = 900 -(A 

ao Deformation factor defined by Hsu eta/. {1994:2751) 

Geometrical correction factors defined by Slavin et a/. 

{2002:4151) 

Non-dimensional parameter defined by Bahrami eta/. 
a 

{2006:3691) 

Absorptivity of radiation 

Contact point parameter defined by Shapiro et a/. {2004:269) 

f3 
Empirical parameter, Kunii & Smith {1960:72) 

Contact angle defined by Siu eta/. {2000:3917) 

lf/ Radiation reflection and transmission parameter ratio 

lf/, Heat transfer parameter, Kunii & Smith {1960:72) 

Heat transfer parameter, Kunii & Smith {1960:72), calculated by 
lf/1 

ljf10, 2 with n = 1.5 

Heat transfer parameter, Kunii & Smith {1960:72), calculated by 

lf/2 
IJI1or2 with n = 4.J3 

lf/1or2 Heat transfer parameter, Kunii & Smith {1960:72) 

s Porosity or void fraction 

s . Porosity correction factor 

6 min Minimum porosity in near-wall region 
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NOMENCLATURE 

&b Bulk porosity 

&a Reference porosity 

& Average porosity 

&"' Porosity of infinite bed 

&, Emissivity 

8 wa11 Constant porosity in the near-wall region 

7( Pi 

'Pc Average contact angle in the radial position, deg 

(F Stephan-Boltzmann constantu = 5.67x10-s, wm-2K-4 

(FRMS Combined root mean squared surface roughness, m 

()0 
Angle corresponding to boundary of heat flow area for one 

contact point [radians] 

B;., Polar angle defined by Slavin eta/. {2002:4151) 

()c Contact angle [radians], Hsu eta/. {1995:264) 

As Dimensionless solid conductivity 

11-m = M
9
/Ms Molecular mass ratio between gas and solid surface 

llp Poisson ratio 

1C = k
5
/k, , Dimensionless parameter 

K, Radiation ratio parameter 

KG Gas conduction ratio in Knudsen regime parameter 

Kp 
Non-dimensional parameter defined by Bah rami eta/. 

{2006:3691) 

Ao Dimensionless weighting function defined by Rabold (1982:129) 

A. 
Mean free path of gas molecules, m 

Radiation wavelength 

Packing density 

0 
Contact area between two spheres 

Contact thickness between two cylinders representing two 

spheres defined by Shapiro et a/. {2004:268) 

mo Deformation depth at origin, m 

Parameter defined by Kunii & Smith {1960:72) 

r Specific heat ration = cPJcv 

Contact radius ratio Siu & Lee {2000:3920) 

Ya Effective length ratio defined by Hsu eta/. {1995:264) = a/ L 
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NOMENCLATURE 

Yc Effective length ratio defined by Hsu eta/. (1995:264) =cfa 

(/J Surface fraction parameter 

v Average molecular velocity 

Deformation ratio z 
Radiation exchange ratio Rabold (1982:39) 

SUBSCRIJ)TS 
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c, cont Contact 

cp Closed-packed region of a unit cell 

gv Gas conduction across void 

i Pebble/, Inner gap, Increment 

j Pebblej 

0 Outer gap 

p Pebble 

r Radiation 

TV Radiation across void 

RMS Root Mean Square 

s Solid 

sf Solid fluid region 

v Void 

1 Pebble number one 

2 Pebble number two 

&!~~-~~~~~~-~~~--~~~~ L ' · .;~-:r).rf. ' '"'~ •· •·•·· ~~-,._ ;;;:·~~~~-~: '< .•. -• .,, -· ''- ~;-;,_·:~~ >L ~ 'j, ...... ·•• ~ '"" "+·• 
L Long-range 

w Wall 
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