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Abstract —Effective thermal conductivity models which can be used to analyze the 
heat transfer phenomena of a prismatic fuel block were evaluated by CFD analysis. 
In the accident condition of VHTR when forced convection is lost, the heat flows in 
radial direction through the hexagonal fuel blocks that contain the large number of 
coolant holes and fuel compacts. Due to the complex geometry of fuel block and 
radiation heat transfer, the detail heat transfer computation on the fuel block needs
excessive computation resources. Therefore, the detail computation isn't appropriate 
for the lumped parameter code. The system code such as GAMMA+ adopts effective 
thermal conductivity model. Despite the complexity in heat transfer modes, the 
accurate analysis on the heat transfer in fuel block is necessary since it is directly 
relevant to the integrity of nuclear fuel embedded in fuel block. To satisfy the 
accurate analysis of complex heat transfer modes with limited computing sources, 
the credible effective thermal conductivity (ETC) models in which the effects of all of 
heat transfer modes are lumped is necessary. In this study, various ETC models 
were introduced and they are evaluated with CFD calculations. It is estimated that 
Maxwell-based model was the most pertinent one among the introduced ETC models.

I. INTRODUCTION

The Very High Temperature gas-cooled Reactor 
(VHTR) is expected to play a major role in hydrogen 
economy as a cheap and massive hydrogen source 
[1]. In Korea, the Nuclear Hydrogen Development 
and Demonstration (NHDD) project has been 
launched at KAERI (Korea Atomic Enegy Research 
Institute). KAERI has established a plan to 
demonstrate massive production of hydrogen using a 
VHTR by the early 2020s [2]. The GAMMA+ code 
developed to analyze VHTR thermo-fluid transients

at KAERI adopts an effective thermal conductivity 
model to calculate the radial heat transfer in the 
reactor core. For the type of reactor which has a 
prismatic core, the heat flows radially through the 
prismatic core during the High Pressure Conduction 
Cooling (HPCC) or Low Pressure Conduction 
Cooling (LPCC) event. The radial heat transfer cools 
down the reactor core under such conditions [3]. The 
detail calculation on these heat transfer phenomena 
needs excessive calculation resources since it 
contains various heat transfer modes; gas conduction 
in coolant holes, solid conduction in graphite and
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fuel, and radiation heat transfer. Therefore the 
GAMMA+ code chooses effective thermal 
conductivity (ETC) models to analyze these heat 
transfer phenomena. These models regard a fuel 
block including lots of coolant holes and fuel rods as 
one single block that has homogenized thermal 
conductivity. The ETC model necessitates a 
validation study because it is a kind of lumped 
parameter model that includes some assumptions.

In this paper, several ETC models will be 
introduced. The overall or average conductivity of a 
composite medium depends strongly on the 
morphology of the medium. Moreover, there is 
presently no general solution to the problem of 
determining the overall conductivity of a composite 
medium of arbitrary morphology [4]. Therefore, 
several ETC models was compared to CFD 
calculations which had similar condition with the 
fuel block. And then the most appropriate ETC 
models will be suggested for calculating the ETC of 
the fuel block.

For the CFD calculation, unit cell tests with 
simple geometries were conducted. With unit cell 
test, the applicability of the ETC models was 
investigated. And proper ETC models were used to 
calculate the ETC of the fuel block and the results 
were compared to that of CFD calculation on the fuel 
block.

The averaged ETC model is the simplest model 
among the ETC models introduced in this study. 
First, arithmetic mean model and harmonic mean 
model are given by;

kg = V-k- + V2k2

k 1

vj k! + v2/ k2

(eq.1)

(eq.2)

where k is thermal conductivity and v is the volume 
fraction of the material. And the subscript e indicates 
‘effective'. By analogy to the calculation of the total 
resistance in an electrical circuit, arithmetic mean 
model assumes that heat flows through the materials 
in parallel and harmonic mean model assumes that 
the heat flows in series. Therefore, arithmetic mean 
model and harmonic mean model are referred to 
series model and parallel model, respectively. While 
these model is the simplest model, they provides 
theoretical minimum and maximum bounds for the 
effective thermal conductivity [5].

As the intermediate to the arithmetic mean model 
and harmonic mean model, the weighted geometric 
mean model is often used:

ke = kV1 k . (eq.3)

II. INTRODUCTIONS OF ETC MODELS

The ETC models that can be applied to the 
calculation for ETC of prismatic core are 
categorized into three types based on its assumption 
and theory. The first type is the averaged ETC model. 
The averaged ETC model contains harmonic mean 
model, arithmetic mean model, geometric model, 
and other mixed mean models. Another one is 
Maxwell-based ETC models of which theory was
inferred from Maxwell's study on electrical
conduction through the heterogeneous medium. The 
similarity of the governing equations between heat 
conduction and electrical conduction was used. The 
GAMMA+ code adopts this type of ETC model. The 
other one is effective medium theory model. 
Effective medium theory (EMT) is a statistical 
approach that has often been used to model the 
conductivity of random mixtures of component 
materials [5]. Except for that, two additional models 
that are not included in the above categorization will 
be introduced; Russell ETC model and Tanaka & 
Chisaka model. The latter is used as the heat transfer 
model for HTGR core in MELCOR 2.1 [6]. The 
detail descriptions of each model are as follows.

And the simple combinations of averaged ETC 
models were proposed. For the radial heat transfer 
on the VHTR core geometry, it can be thought that 
parallel and series heat flow paths are mixed since 
cylindrical coolant holes and fuel compacts are 
evenly distributed in the graphite block. Therefore, 
the weighted mean of series model and parallel 
model could be employed as an ETC model. 
Krischer proposed the weighted harmonic mean of 
the series model and parallel model [5]:

ke

1 - fK 
V1k1 + V2k2

+ fK

r

V
V+V.J,

k1 k2 )
(eq.4)

where fK is a weighting factor that is determined 
empirically. Chaudhary and Bhandari derived a 
weighted geometric mean of the series model and 
parallel model [7]:

f . \( fCB -1)
ke = [0 - V2 ) k1 + V2k2 ]+ V^ J ,

(eq.5)

II.A. AVeraged ETC Model
where fCB is a weighting factor for Chaudhary and 
Bhandari model, which is the value having the result 
of the model correspond to the empirical ETC results.
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The combinations of averaged ETC model looks 
arbitrary since physical basis does not exist and the 
weighing factor should be determined empirically. 
However, they do provide the form of ETC model 
that could predict the ETC of heterogeneous 
materials based on the previous ETC results.

II.B. Maxwell-based ETC Model

The far-field methodology developed by 
Maxwell [8], is used to estimate effective thermal 
conductivity of cylinder composite. Maxwell 
estimated the effective electrical conductivity of a 
sphere cluster embedded in an infinite medium, 
considering the effect of the cluster on the far-field 
when the system is subject to a uniform electrical 
field [9]. In the Maxwell's methodology, the 
interaction effect among the particle the sizes and 
distribution of the particles must be such that particle 
interaction effects may be neglected and the result 
would be valid only for small volume fractions of 
reinforcing particles [9]. Eucken first applied 
Maxwell's model to a thermal situation for spherical 
coordinates. Hamilton modified the Maxwell-Eucken 
model to allow for non-spherical inclusions in the 
continuous medium [5].

k = k ('-" + k - (’ , (eq.6)
e (n - 1)k + k + (k - ki )v2

where ki is the thermal conductivity of continuous 
phase and k2 is that of dispersed phase. The 
parameter n is a shape factor. When n has a value of 
2, the model can be applied to the domain containing 
cylindrical holes. The substitution of 2 for n in Eq. 6 
gives

k =k k1(1 -v2) + k2(1 + v2) 
e 1 k1(1 + V2) + k2(1 - V2)

(eq.7)

Eq. 7 is the final form of Maxwell-based model to be 
used.

II.C. Effective Medium Theory (EMT) Models

The EMT model is appropriate for obtaining the 
ETC of the random mixtures of which conductivities 
are largely different one another. The EMT model 
assumes that the net influence on the overall 
temperature gradient caused by the local distortions 
from each individual particle does not exist when 
averaged over a sufficiently large volume. It means 
that each particle in the mixture behaves as if it were 
totally surrounded by material that has the overall 
properties of the mixture [5].

Landauer derived an EMT model for obtaining 
the electrical conductivity of alloys [10]. Using 
similarity between heat conduction and electrical 
conduction, this model can be used to predicting the 
ETC of composite material. The model is given by;

i

k - ke

k + 2ke
= 0. (eq.8)

Kirkpatrick extended the Landauer's EMT model 
to a modified form [11]. The parameter Z, called 
coordination number was introduced. It is the 
number of neighboring resistors to which each 
individual resistor in the network connected. For 
Z=4, the model can be applicable to two-dimensional 
analysis. The Kirkpatrick's models is as follows.

Z vi
k - ke

k + (Z /2-1)ke
= 0 (eq.9)

The EMT model does not distinguish the 
continuous material and dispersed material, since it 
assumes that the composite materials are mixed 
randomly. In that regard, the EMT model is different 
from the Maxwell-based ETC model.

II.D. Other ETC models

There are two ETC models that is not included in 
above categorization; Tanaka & Chisaka model and 
Russell's model. The former was derived for 
predicting the effective thermal conductivity of a 
discontinuous solid system in a wide range of void 
fraction [12]. The model is for gas and solid 
mixtures such as packed beds, where the degree of 
particle-to-particle contact depends on the fraction of 
dispersed phase. Tanaka & Chisaka model is given 
by;

ke
k1

1 - 2(1 - v2)
, 2 + V2

+ 2 (! - V2)
2 + V2

1+' (V k -1)log

2(1 - v2) 
3

(1- k1/k2)

(eq.10)

where subscript 1 and 2 indicate the continuous 
phase and dispersed phase, respectively.

Russell derived the ETC model by Ohm's law, 
regarding the grid-like bricks that contains cubic 
pore as the network [13]:
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k = k 2

v” - ' +1 (1
(eq.11)

+ '2 - '

where the meanings of subscript 1 and 2 are same as 
those of Eq.10.

II.E. Radiation heat transfer model

In the HTGR core, radiation heat transfer occurs 
through coolant hole and bypass gap. Radiation heat 
transfer was seen as having potential significance at 
high temperatures in larger pores that is greater than 
6.35mm [13]. It could be considered by adding the 
equivalent radiation conductivity, kr, to the 
conductivity of gas. This methodology was 
suggested by Ref. 14. In two opposed black planes, 
the net heat flux by radiation is;

q" = a[T‘-T1] = k, S-Cf (eq.12)
S

where c is the Stefan-Boltzmann constant and S is 
distance between planes. Then kr is given by;

3
kr = 4cST (eq.13)

where T = (T + T)/2 and AT = T -T • The last 
term in brackets can be neglected since it is very 
small in magnitude. To reflect the effect of geometry 
and emissivity, the factor F is multiplied, which is 
defined by;

F= _______ 1_______
2[(1/s) -1] +1/Fu

(eq.11)

where s is the emissivity and F12 is the geometric 
view factor. For the two half circles with different 
temperatures facing each other, F12 is 2/n by 
Hottel's string method [15]. Finally the equivalent 
radiation conductivity is expressed as;

3
kr = 4FcST . (eq.15)

III. COMPARISON OF ETC MODELS WITH 
CFD CALCULATION

The ETC models introduced above were 
evaluated by comparing with the analysis result of

commercial CFD code, CFX-13. CASE-1 is unit cell 
test to test the applicability of ETC models to VHTR 
core heat transfer without regard for radiation heat 
transfer. However, radiation heat transfer play a 
major role in the radial heat transfer of fuel blocks. 
Therefore, CASE-2 includes the radiation effect with 
different sizes of coolant holes. Finally, ETC model 
is applied to fuel block geometry in CASE-3. The 
details on computational condition and results are 
discussed below.

III.A. Computational domain and model

For CASE-1, the computational domain consists 
of 100x100 mm graphite square which containing 
with 19 helium holes. The helium fraction was varied 
from 0.25 to 0.15 with the interval of 0.05. Radiation 
heat transfer was not considered for CASE-1. For 
CASE-2, the number of number holes was varied 
from 1 to 19, with constant helium fraction in order 
to adjust the size of helium holes and the 
accompanying amount of radiation heat transfer. 
Hexahedral mesh was used to the entire domain. The 
thermal conductivity of graphite and helium is fixed 
to 116 W/m-K and 0.31208 W/m-K which are the 
properties of nuclear graphite, IG-110, and Helium 
at 8MPa and 800K. Fig. 1 shows the computational 
geometry of graphite square with 19 helium holes 
and 0.15 of helium fraction.

Adiabatic

Adiabatic
Fig. 1: Calculation geometry for CASE-1 (Helium 
fraction: 0.15)

The boundary condition of this analysis was the 
constant temperatures of the hot wall and the cold 
wall. The operating temperature was 800K and 
temperature difference between hot wall and cold 
wall is 200K. In the CFD analysis, effective thermal 
conductivity was obtained by averaging the 
temperatures of hot and cold walls and averaging 
heat flux perpendicular to hot wall.

For CASE-3, computation domain is as shown on 
Fig. 2. It contains one hexagonal VHTR fuel block 
and four 1/1-fuel blocks. The reference fuel block is 
that of GT-MHR, which has 108 fuel compacts and



216 helium holes in one fuel block. The conductivity 
of graphite was set to temperature-dependent 
properties equal to those of IG-110. The conductivity 
of helium was also set to temperature-dependent 
properties at 8 MPa. There are bypass gaps between 
fuel blocks and the size of that is modeled as 4mm in 
this geometry [16].

The boundary condition of hot wall and cold wall 
was constant temperature with 200K of temperature 
difference. The ETCs were obtained with same 
manner in CASE-1 and CASE-2.

Adiabatic

Fuel compact : Coolant hole: 
D=12.45mm D=15.876mm

Fig. 2: Calculation geometry for CASE-3
Adiabatic

Steady-state and two-dimensional CFD 
simulations were performed with the energy 
conservation equation. RMS residual target for 
closure of energy conservation equation was set to 
10-7. Since the fluid motion by the natural convection 
was neglected, the conduction in graphite block and 
helium hole was modeled. Therefore, the mass and 
momentum equations were not calculated in this 
analysis. For the CASE-2 and CASE-3, the radiation 
in helium hole was modeled. To calculate radiation 
heat transfer, Discrete Transfer Radiation Model 
(DTRM) was employed.

III.B. Result and discussion

The applicability of the ETC models was 
investigated in CASE-1 . First, the results of the 
averaged ETC models were compared to those of the 
CFD calculation. Fig. 3 shows that ETC profile 
depending on the helium fraction.

Fig. 3: Comparison of the CFD calculation and 
averaged ETC models (CASE-1 )

The results of arithmetic mean and geometric 
mean shows large differences compared to those of 
CFD calculation because these models could not 
reflect the physical phenomena. Since the 
conductivity of helium is very low and the harmonic 
mean is strongly dependent on the lower one, the 
results of the harmonic mean model are below 2 
Wim-K. Therefore, the harmonic mean model is not 
appropriate for the heterogeneous material of which 
components have largely different conductivities. 
Similarly, Krischer model that is weighted geometric 
mean of series model and parallel model is not 
suitable for that case. Chaudhary & Bhandari model 
is the only ETC model that shows reasonable result. 
The average difference between CFD calculation and 
Chaudhary & Bhandari model was 4.42%.

CFD calculation, Chaudhary & Bhandari model 
and other ETC models are compared as shown in Fig. 
4.
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Russell model overestimates the ETC. It is because 
geometric structure on which these models are based 
does not correspond to this calculations. While two
dimensional heat flow occurs on the square domain 
containing helium holes for the CFD calculation, 
Tanaka-Chisaka model is developed for packed bed 
and Russell model is for the continuous grid-like 
matrix. On the other hand, the geometry that 
Maxwell-based model considers as an object is 
cylindrical holes embedded in large domain, which is 
similar to this calculation geometry. As a result, 
Maxwell-based model shows the least difference of 
0.68% from CFD calculation. Though EMT model is 
analogous to Maxwell-based model, it has a contrast 
to Maxwell-based model in the point that it does not 
distinguish the continuous phase and dispersed phase.
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Eq. 9 with Z=4 was used as EMT model and the 
model has the second least difference of 3.51% from 
CFD calculation.

In CASE-2, the effect of radiation heat transfer 
was investigated by adding the equivalent radiation 
conductivity to the gas conductivity as mentioned 
before. EMT model is not shown on the Fig 4 since 
it yielded large ETC values over the conductivity of 
graphite. EMT model is so sensitive to the 
conductivity of dispersed phase that small increase 
of gas conductivity makes significantly large 
increase of ETC. The results of the other models are 
shown in Fig. 5.

No, of Helium holes

Fig. 5: Comparison of the CFD calculation and ETC 
models (CASE-2)

Tanaka-Chisaka model still overestimates the 
ETC. Chaudhary & Bhandari model has 5.10% of 
the average difference from CFD calculation. By 
contrast, the results of Maxwell-based model are 
very similar to the CFD calculation, as it shows 
0.67% of the average difference. It is identified that 
the effect of radiation heat transfer is reflected 
properly in Maxwell-based model.

In CASE-3, CFD calculations were conducted 
with fuel block geometry. Maxwell-based model 
which was the most proper ETC models in CASE-1 
and CASE2 was compared to CFD calculation.

Fig. 6: Comparison of the CFD calculation and 
Maxwell-based model (CASE-3)

The tendency and values of Maxwell-based 
model are close to those of CFD calculations. The 
maximum difference between them was 5.22%. It is 
concluded that Maxwell-based model is the most 
appropriate model for obtaining the ETC of fuel 
block.

IV. CONCLUSION

In this study, the ETC models are introduced and 
the applicability of the ETC models to VHTR fuel 
block was investigated. The results of the ETC 
models were compared to those of CFD calculation. 
The CFD calculations were conducted for square 
graphite block and fuel block geometry. Using the 
square block, the unit cell tests were conducted and 
basic properties of ETC models were identified. In 
the averaged ETC models, the Chaudhary and 
Bhandari model was solely available ETC model. 
However, Chaudhary and Bhandari model showed 
larger differences from CFD calculations than 
Maxwell-based model in CASE-2. EMT model 
showed good agreement with CFD calculation in 
CASE-1, while the model yielded much higher ETC 
values than CFD calculation in CASE-2 where the 
radiation effect was considered. It is because the 
EMT model is so sensitive to the conductivity of 
dispersed phase that it could not reflect the effect of 
radiation heat transfer properly. Tanaka-Chisaka 
model and Russell model constantly overpredicted 
the ETCs constantly. Otherwise, the results of 
Maxwell-based model well agreed with CFD 
calculation in all cases. It could be concluded that 
Maxwell-based model is the most pertinent ETC 
model for the fuel block.
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