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ABSTRACT 

Radiative heat transfer is very important in different fields of mechanical engineering 
and related technologies including nuclear reactors, heat transfer in furnaces, aerospace, 
different high-temperature assemblies. 

In particular, in the course of a hypothetical severe accident at PWR-type nuclear 
reactor the temperatures inside the reactor vessel reach high values at which taking into 
account of radiative heat exchange between the structures of reactor (including core and other 
reactor vessel elements) gets important. Radiative heat transfer dominates the late phase of 
severe accident because radiative heat fluxes (proportional to T4, where T is the temperature) 
are generally considerably higher than convective and conductive heat fluxes in a system. In 
particular, heat transfer due to radiation determines the heating and degradation of the core 
and surrounding steel in-vessel structures and finally influences the composition, temperature 
and mass of materials pouring out of the reactor vessel after its loss of integrity. 

Existing models of radiative heat exchange use many limitations and approximations: 
• approximate estimation of view factors and beam lengths; 
• the geometry change in the course of the accident is neglected; 
• the database for emissivities of materials is not complete; 
• absorption/emission by steam-noncondensable medium is taken into account 

approximately. 
The module MRAD was developed in this paper to model the radiative heat exchange in 

rod-like geometry typical of PWR-type reactor. Radiative heat exchange is computed using 
dividing on zones (zonal method) as in existing radiation models implemented to severe 
accident numerical codes such as ICARE, SCDAP/RELAP, MELCOR but improved in 
following aspects: 

• new approach to evaluation of view factors and mean beam length; 
• detailed evaluation of gas absorptivity and emissivity; 
• account of effective radiative thermal conductivity for the large core; 
• account of geometry modification in the course of severe accident. 
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Special attention is paid to deriving of exact analytical values of view factors and mean 
beam lengths (which are a good tool in radiative heat transfer concerning gas media) for a 
number of “standard” geometries. Generalized Hottel’s method of strings is used for rods of 
finite lengths. Monte-Carlo method is used for validation of new model in application to 
“standard” geometries. 

The developed model is successfully applied for modeling of PARAMETER-SF1 and 
QUENCH-06 tests, which use the triangular and square rod assembly respectively. 

1 INTRODUCTION 

Radiative heat transfer inside the vessel of PWR-type nuclear reactor plays a very 
important role during a hypothetical severe accident. Radiative heat exchange between 
different structures of reactor (radiative heat transfer in a rod geometry of the core, between 
the core periphery and the baffle, between the core and the block of protective tubes (BPT), 
the support grid, the plates of BPT, the corium surface in the lower plenum etc., in much 
extent governs the core center and periphery heat-up dynamics, the heat-up and the extent of 
degradation of surrounding in-vessel steel structures both during initial and late phases of 
severe accidents and finally influences the output of mass, energy and hydrogen after the 
reactor vessel’s loss of integrity. 

It is necessary to note that the exact solution of radiative heat exchange problem in the 
reactor vessel is very complicated due to the following circumstances: 

• the construction of reactor core and in-vessel structures itself is rather complicated for 
rigorous statement and solution of radiative heat exchange problem; 

• non-uniform, non-stationary temperature field spatial distributions arise in the course 
of an accident; the calculation of these temperature fields should be fulfilled self-
consistently with radiative heat exchange problem; 

• severe accident evolution is accompanied by change of emissivity of surfaces and the 
dramatic change of geometry of construction elements up to their total degradation; 

• surrounding gas absorption and emission has considerable effect to radiative heat 
exchange problem; the parameters of steam-noncondensables medium (density, 
temperature, concentration of noncondensables) change also considerably during an 
accident. 

This is why some approximate methods are generally used to estimate the radiative heat 
transfer inside the reactor vessel. These methods are based on different approximation 
approaches to model geometry of elements inside the reactor vessel and to describe 
temperature distribution in them. The approaches and the extent of detailed description of 
core and in-vessel structures accepted for numerical modeling of the accident scenario have a 
considerable impact on methods of radiative heat exchange problem solution. The thing is that 
in numerical modeling of severe accidents the number of calculational elements modeled is 
limited and determined by the general requirement to numerical codes – ensuring of 
acceptable computational speed in the course of joint solution of several problems including 
the thermal hydraulics, the physical and chemical processes description, the core and in-vessel 
structures degradation dynamics and the radiative heat exchange. 

Beside that, radiative heat exchange module should ensure: 
• sufficient accuracy of the radiative heat exchange problem’s solution when the extent 

of detailed description of core and in-vessel structures is given by external thermal 
hydraulic code; 

• high computational speed and stability of running in the integral code designed for 
severe accident description; 
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• some universality which would allow to apply the module to different types of 
reactors and to different nodalizations within the bounds of one type of reactor. 

The purpose of this work is the development of advanced module MRAD which is able 
to model radiative heat exchange in PWR-type reactor vessel. The main application of the 
module MRAD is its using as part of best estimate codes for modeling of severe accidents at 
nuclear power plant with PWR. 

Radiative heat exchange in the reactor vessel is computed in this model using dividing 
on zones (zonal method) as in existing radiation models implemented to severe accident 
numerical codes such as ICARE [1,2], SCDAP/RELAP [3], MELCOR [4]. The zonal method 
means that thermal elements are divided into zones (surfaces) with uniform temperature 
within the bounds of one zone. The interaction of radiation with participating medium is an 
important part of calculations. 

The main differences of modeling methods taken in the model MRAD in comparison to 
above-mentioned models are summarized below: 

• the special logic for computation of view factors and mean beam lengths taking into 
account the complicated character of changing of these parameters as far as geometry 
is changed in the course of an accident; 

• the precise analytical expressions were derived for view factors and mean beam 
lengths for complex systems of interacting surfaces; 

• the geometrical distinctive features of PWR-type reactor are taken into account (for 
example, triangular (VVER) or square set of fuel rods in the core); 

• the principal taking into account of axial radiative heat transfer along with radial 
transfer which corresponds to tensor character of radiative thermal conductivity; 

• the non-stationary heat transfer is modeled in the core periphery (where large 
temperature gradients are present) which makes possible to estimate more adequately 
the radiative heat fluxes from the core periphery to surrounding structures. 

The important parameters of view factor and mean beam length are a good tool in 
radiative heat transfer concerning gas media in a system of surfaces. These parameters are 
used in the system of equations for radiation fluxes. Moreover, the evaluation of these 
parameters is also necessary to determine the radial and axial effective radiative thermal 
conductivities in the core region. 

The fundamental contribution to the development of theoretical basis and computation 
of radiative heat exchange in the system of bodies was given in classical works of Hottel and 
Sarofim [5] and Surinov [6]. These form the basis for development of modern engineering 
zonal methods of radiative heat transfer phenomena in complicated systems of bodies 
surrounding by participating media. 

Some limiting assumptions are generally made to determine analytically view factors 
and mean beam lengths. Hottel’s method of strings [5], for example, is valid when interacting 
bodies have infinite length in one dimension. Another case is the evaluation of mean beam 
length from geometric mean beam length, which is only valid for the optically thin limit. For 
example, the geometric mean beam length between two coaxial cylinders of infinite length 
was obtained by Andersen and Hadvig [7]. 

Some examples of view factor and mean beam lengths evaluation for structures of 
pressurized water reactor are given in the literature [8,9]. The geometry of PWR is 
characterized by a large number of surfaces participating in radiative heat exchange and a 
considerable role of participating medium (especially steam) in absorption and emission of 
radiation. 

New analytical expressions for view factors and mean beam lengths for a number of 
“standard” axial symmetry geometries, including rings of arbitrary finite thickness located on 
cylinder sides and coaxial cylinders of finite length are used in the module MRAD. These 
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expressions do not use the assumption of infinite length in one dimension; also, they allow to 
estimate the mean beam length for arbitrary optical thickness. 

The radiative heat exchange problem is solved in the module MRAD both for intact 
(initial) geometry and for new geometry which is changed from initial one as a result of 
thermal expansion, melting, flowing, degradation, slumping of elements in the course of an 
accident which is described by following means: 

• All participating surfaces are included in the system of equations for heat fluxes from 
the very beginning of computation (even if some surfaces do not participate in the 
radiative exchange yet); 

• At every time step new view factor and mean beam lengths are estimated taking into 
account modified dimensions during thermal expansion, melting and candling; 

• If, as a result of degradation or relocation, some radiation surface disappears and the 
visibility arises between two other surfaces then non-zero view factors are calculated 
for these surfaces; 

• If some surface has disappeared (relocated) then view factors of this surface get equal 
to zero. 

The distinctive feature of the model presented in this paper is taking into account of the 
principally non-uniform temperature profile in the core periphery. The non-stationary heat 
transfer problem is solved in the core region using the energy equation with effective radiative 
thermal conductivity. The radiative thermal conductivity is a tensor value with different axial 
and radial components. 

High computational speed is ensured by using effective iteration method of solving 
radiative heat exchange system and by using analytical expressions for view factors and mean 
beam lengths for a broad range of geometries. 

2 PARAMETER AND QUENCH ROD BUNDLES 

The PARAMETER facility at the scientific and production combine “LUTCH”, 
Podolsk, Russia, is designed for studies of the VVER fuel assemblies behaviour under 
conditions simulating design basis, beyond design basis and severe accidents. 

The test bundle (Fig. 1) of PARAMETER-SF1 test [10] is made up of nineteen fuel rod 
simulators with a length of approximately 3.12 m (heated rod simulators) and 2.92 m 
(unheated rod simulator). The rods are placed in the triangular set. Eighteen fuel rod 
simulators are heated over a length of 1275 mm, the one unheated fuel rod simulator is 
located in the centre of the test bundle. Heating is carried out electrically using 4-mm-
diameter tantalum heating elements installed in the centre of the rods and surrounded by 
annular UO2 prototypic pellets. The rod cladding is identical to that used in VVERs: 
Zr1%Nb, 9.13 mm outside diameter, 0.7 mm wall thickness. The test bundle is instrumented 
with thermocouples attached to the cladding and the shroud at 18 different elevations with an 
axial distance between the thermocouples of 100 mm for most locations. 

The unheated rod simulator is filled with pellets of UO2 (bore size 1.2mm internal 
diameter). In the experiment PARAMETER-SF1 the unheated rod simulator was not filled 
with pellets. For the heated rods 6mm diameter tungsten heating elements are installed in the 
centre of the rods and are surrounded by annular UO2 pellets (bore size 4.2mm internal 
diameter). The tantalum heaters are connected to electrodes made of molybdenum and copper 
at each end of the heater. 

The QUENCH facility at Forschungszentrum Karlsruhe, Germany, is designed to 
investigate the hydrogen source term that results from the water injection into an uncovered 
core of a PWR. 
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Fig. 1. Test rod designation and dimensions of test bundle PARAMETER 

 

The test bundle (Fig. 2) of QUENCH-06 test [11] is made up of 21 fuel rod simulators 
with a length of approximately 2.5 m. Twenty fuel rod simulators are heated over a length of 
1024 mm, the one unheated fuel rod simulator is located in the center of the test bundle. The 
rods are placed in the square set. Heating is carried out electrically using 6-mm-diameter 
tungsten heating elements installed in the center of the rods and surrounded by annular ZrO2 
non-prototypic pellets. The rod cladding is identical to that used in PWRs: Zircaloy-4, 10.75 
mm outside diameter, 0.725 mm wall thickness. The test bundle is instrumented with 
thermocouples attached to the cladding and the shroud at 17 different elevations with an axial 
distance between the thermocouples of 100 mm. 

The unheated rod simulator is filled with ZrO2 pellets (bore size 2.5mm internal 
diameter). For the heated rods 6mm diameter tungsten heating elements are installed in the 
center of the rods and are surrounded by annular ZrO2 pellets. The tungsten heaters are 
connected to electrodes made of molybdenum and copper at each end of the heater. 
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Fig. 2. Cross-section of QUENCH test bundle 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, Sept. 10-13, 2007 



409.6 

3 BASIC EXPRESSIONS FOR ZONAL METHOD 

3.1 Main Assumptions of Analysis 

The main assumptions under which the analysis is done are as following. We deal with 
homogeneous, absorbing, emitting and non-scattering gas in a system of surfaces. When the 
radiation exchange from one surface to another is considered the gas between these surfaces is 
assumed to have uniform temperature, pressure and concentrations of mixture components. 
The gray medium model is used, that is, the absorption coefficient is averaged on spectrum 
and independent of wave length or only wave length interval with constant absorption 
coefficient is considered. The emissivities of surfaces are also averaged on spectrum. The 
radiation exchange between surfaces takes a diffusive character. 
 
3.2 Governing System of Equations 

For outgoing radiation flux  from an area  the following expression is valid: iSiq−

 
4 (1 )i i i iq Tσε ε− = + − iq+

,    

, (1) 
 
where  denotes incoming radiation flux to an area . In equation (1) the first term in right-
hand side is the emmitance of an area and the second term is responsible for flux scattered by 
this surface. Let us present the incoming flux in the following manner: 

iSiq+

 
                  (2)                        

     
i i

k
q q+ += ∑ k

 
that is as sum of incoming fluxes from individual areas . ikq+

The net balance of radiation fluxes for an area  is written as iS
  

,                            (3) 4exp( )ik i k k ki gki ki gki g k kiq S q S a L T Sϕ ε σ ϕ+ −= − +

  
where  

 
,                               (4) 1 exp( ) 1 exp( )gki gki ki gkia Lε τ= − − = − −

 
is the absorptivity of a medium; a  is the absorption coefficient of a steam-noncondensables 
medium between areas considered taking into account the chemical composition of the 
medium;  is the mean beam length between areas  and  (precise determination of this 
parameter is given in next Chapter). The parameter 

gki

kiL iS kS

gki gki kia Lτ =  is called as the optical 
thickness of medium between area elements  and . In particular, the medium is 
considered as optically thin as 

iS kS
<<1. gkiτ

Remember that for view factors the reciprocity law is valid: 
 

ik i ki kS Sϕ ϕ= .                                                                        (5) 
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Combining (1-5) we will come to the following system of equations to determine the outgoing 
radiation fluxes: 
 

mod 4 4(1 ) (1 )i i ik k i i i g gik ik
k k

q q T Tε ϕ ε σ ε σ ε ϕ− −− − = + −∑ ∑ .           (6) 
 
 
3.3 View Factor and Mean Beam Length 

We proceed from a classical determination of view factor and reduced view factor in the 
presence of gas between two areas. For any two areas  and  the reduced view factor iS kS red

ikϕ  
is determined in general case as fourfold integral on areas considered 

 
 
,                  (7) 

 
where iβ  and kβ  are the angles between the normal vectors in  and kn  to the surface and the 
direction to another surface,  is the distance between points on the surfaces  and . The 
integration is performed on the surfaces  and . The view factor 

ikr iS iS

iS kS ikϕ  is equal to red
ikϕ  when 

 (non-absorbing medium). , 0g ika ≡

The mean beam length  between areas  and  is evaluated from ,m ikL iS kS
 

,                                                (8) 
 

which leads to the expression for mean beam length as follows 
 

( ) ( )ik
red
ikikgikm aL ϕϕ /ln/1 ,, −= .            (9) 

 

4 CALCULATION OF VIEW FACTORS AND MEAN BEAM LENGTHS 

4.1 Application of Generalized Hottel’s Method of Strings for View Factors in a 
Rod Assembly 

The generalized Hottel’s method of strings is developed in this paper. It allows to 
calculate the view factors for any couple of rods of finite length in the assembly (Fig. 2, 3, 4, 
5). 

 

, ,exp( )red
ik ik g ik m ika Lϕ ϕ= −

,2

cos cos1 exp
i k

red i k
ik g ik ik i k

i ikS S

a r ds ds
S r

β β
ϕ

π
⎡ ⎤= −⎣ ⎦∫ ∫
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Fig. 3. Two rods at the same level 
 

In classical Hottel’s method of strings [5] the view factor between rods A and B is 
determined by lengths of corresponding strings (Fig. 2): 

 

( )1 123 45 125 463
2AB R

ϕ
π

= + − −
,                          (10) 

 
123where  and other designations in right-hand side of Eq. (10) denote the corresponding 

strings lengths. 
In generalized Hottel’s method of strings for a couple of rods from Fig. 3 the view 

factor will be: 
 
 

( )2

1 ( ) ( )
4AB g H g H

RH
ϕ

π
= + −

,                                      (11) 
 

where R – rod diameter, H - rod height, and function g is determined as 
 

( )
( )

2
12

1 2 2
1 2 2

( ) 2 ln
L xx xg x x L arctg L arctg x

L L L x

+⎛ ⎞⎛ ⎞ ⎛ ⎞
= − +⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ +⎝ ⎠ ⎝ ⎠⎝ ⎠ ,   (12) 

 
where L1 and L  are the corresponding string lengths (L > L2 1 2). 
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Fig. 4. Two rods at different levels 

 
The left rod A of length 0.1m from QUENCH facility has the following view factors 

with neighbour rods from Fig. 5: 
 

, , .          (13) 0.00717ABϕ = 0.00413ACϕ = 0.000363ADϕ =
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Fig. 5. Square rod grid of QUENCH bundle 
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4.2 Radiation Absorption in a Steam-Noncondensables Medium for Mean Beam 

Length Calculation 

For mean beam lengths evaluation the gas radiation absorption coefficient must be 
evaluated. 

The basic feature of absorption (and emission) of gases is the selective character of their 
radiation as lines and bands. The location and form of lines and bands depend on temperature 
and concentration of each gas phase in the mixture. The major impact to the absorption 
coefficient is brought by tri-atomic molecules (steam) in comparison to diatomic molecules 
(hydrogen H , nitrogen N  etc.) due to the presence of vibration and rotational bands. 2 2

2HpFor pressure = 1 bar, tempearature T = 1000K and mean beam length L = 0.0085m 
the integral absorptivity of hydrogen [12] will be 

 
 

,                                          (14) 
2

2

5
4 5 10

a a

H
H g

B g

c u S L
T ν λε

σ
−≈ ≈ ⋅

 
while for steam at the same parameters [5] we obtain 

 
.                                                              (15) 

2

21.9 10H Oε −≈ ⋅

 

5 RESULTS OF PARAMETER-SF1 AND QUENCH-06 EXPERIMENTS 
MODELING 

 
The PARAMETER-SF1 experiment consisted of 4 phases: 

• First heat-up (preparatory) phase (0÷11000s), the stabilization of steam and Ar mass 

flow rates and cladding temperatures (mass flow rates 2
3 /H OA g s≈ 2 /ArA g s≈ and , 

T≈500°C), the heat-up to T≈1200°C in hot region; 
• Pre-oxidation phase (11000÷14450s), the cladding temperature T≈1200°C in hot 

region; 
• Transient phase with heat-up to ∼2000°C (14450÷14845s); 
• Top flooding phase (14890÷15400s), water mass flow rate A≈40g/s. 

The QUENCH-06 experiment consisted of several phases: a first heat-up phase, a 
thermal equilibrium phase, a second heat-up phase, a pre-oxidation phase, a transient phase, 
and a quenching phase. 

During the preliminary heating and heat-up transient phases, superheated steam together 
with the argon as carrier gas enters the test bundle at the bottom end and leaves the test 
section at the top together with the hydrogen that is produced in the zirconium-steam reaction. 

The quench phase was initiated by turning off the argon and steam flow, filling the 
lower plenum with quench water at a high rate (90 g/s), and injecting argon at the bundle 
head. About 25÷30s later the test section was reflooded from the bottom at 40÷50 g/s H2O 
achieving an injection velocity of several cm/s. During the flooding phase the electrical power 
was reduced to approximately 4 kW to simulate the decay heat level. 

The total amount of hydrogen released during the PARAMETER-SF1 and QUENCH-
06 experiments was 90g and 36g, respectively. 
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In Fig. 6 the bundle temperature at 400mm elevation versus time for PARAMETER-
SF1 is presented. Fig. 7 and 8 show the temporal dependence of temperature for different 
axial locations: 800 mm and 1250 mm (near the upper part of heated zone). 

The thermal problem is mainly influenced by heat fluxes in a system. The thermal 
conductivity of the isolation is one of the most pronounced factors. In both tests the thermal 
conductivity data for ZYFB isolation (www.zircarzirconia.com) were used in the modeling. 
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Fig. 6. PARAMETER-SF1: temperature at elevation 400 mm: 
1 –experiment (T224), 2 - calculation 

 

0 4000 8000 12000 16000 20000
Time, s

0

1000

2000

3000

T
em

pe
ra

tu
re

, C

1

2

 

Fig. 7. PARAMETER-SF1: temperature at elevation 800 mm: 
1 –experiment (T258), 2 - calculation 
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Fig. 8. PARAMETER-SF1: temperature at elevation 1250 mm: 
1 –experiment (T2212.5), 2 – calculation 

 
In Fig. 9 the heat balances are presented. It is seen that heat flux to shroud due to 

radiation dominates in comparison to convective heat flux to shroud, which is indicative of 
importance of adequate radiative transfer calculation for a test. 
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Fig. 9. PARAMETER-SF1 calculation heat balances: 
1 – total electric power, 
2 – radiative heat to shroud, 
3 – convective heat to shroud, 

 

In Fig. 10 the temperature data are presented for levels 950mm (most heated level) and 
550mm for QUENCH-06. 
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Fig. 10. QUENCH-06: temperature at elevations 950 mm: 

1–experiment (TFS3/13), 2–calculation; and 550 mm: 3 –experiment (TFS4/9), 4 – 
calculation 

Calculated and experiment hydrogen integral production is presented in Fig. 11. 
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Fig. 11. QUENCH-06 calculated hydrogen production: 
1 – experiment, 2 – calculation 

 

Fig. 12 shows the net heat balances in a system. The major part of heat to surrounding 
shroud is due to radiative heat transfer. The heat transferred by steam-argon mixture is the 
least part of integral heat balance, which is a characteristic feature of QUENCH-06 
experiments. 
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Fig. 12. QUENCH-06 calculation heat balances: 
1 – total electric power, 
2 – radiative heat to shroud, 
3 – convective heat to shroud, 

 

Let us summarize the main results of investigation. The basic thermal parameters of 
experiments PARAMETER-SF1 and QUENCH-06 are adequately reproduced by the code. 
Integral hydrogen production is in a good agreement with the experimental value. Because of 
strong influence of main radiative exchange parameters on thermal response, the adequacy of 
calculated and experimental data looks optimistic for justification of implemented radiation 
model. 

6 CONCLUSIONS 

The paper presents some results of advanced module development for numerical 
modeling of radiative heat exchange in reactor vessel during in-vessel stage of severe 
accident. The basic purpose of the module is its using in best estimate codes for severe 
accident analysis at PWR-type reactors. 

The application of known classical principles and introducing of some special methods 
allowed to describe the radiative heat transfer self-consistently in the following cases: 

• Intact geometry; 
• Partially or totally degraded core and in-vessel structures; 
• Energy exchange in the cases of considerable zones of degradation including the 

exchange with the melt in core and in lower head. 
Currently, radiation exchange module MRAD is implemented in the Russian best 

estimate code SOCRAT-V1. The numerical code SOCRAT-V1 was developed for 
modeling of thermal hydraulics and the late phase of severe accident at nuclear power plant 
with VVER. 

SOCRAT-V1 with the module MRAD was successfully applied for computations of 
integral experiments PARAMETER-SF1 and QUENCH-06 which use the triangular and 
square rod assembly respectively. 
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