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Abstract: 

In this work, the technology of PBMR, HTR-PM and BWR as well as the nuclear reactor core constitution 

with fuel elements arrangement are presented. The mathematical part: conservation equations for continuity, 

momentum and energy as well as equations of state and boundary conditions, for both porous media theory 

and two-phase flow theory are developed and applied to each type of nuclear reactor. For the case of the 

HTR-PM and PBMR nuclear reactors, two approaches cases are applied. The first approach is the study of 

a channel saturated with a porous medium consisting of fuel spheres and cooled by an inert gas, to approach 

the HTR-PM. The second is an application for a case of porous medium consisting of the same fuel spheres 

but arranged in an annular domain to approach the PBMR. For the case of BWRs, a nuclear thermalhydraulic 

channel is defined and the different two-phase flows presented. The same set-up equation is applied except 

that it is written for each phase and for the interface between the two phases, the specific case of annular 

two-phase flow is studied. The obtained results, presented in figures and physically analyzed, are very 

satisfactory. It can thus be concluded that applying the model of porous media and the two-phase flow one 

for complex flows respectively for PBMR, HTR-PM or BWR power nuclear reactors core can ensure a 

good behavior of the nuclear reactor core thermalhydraulics. 
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1. INTRODUCTION 

 

The cooling of nuclear reactor cores is the keystone of 

nuclear safety. Since the advent of the nuclear technology 

of GEN I, GEN II to GEN III and III+, nuclear reactors 

have evolved continuously. Each line and each generation 

has its own technology, design and nuclear safety 

requirements. An element common to all these generations 

and all these lines is ensuring the nuclear reactor core 

cooling whether in normal operation or in accidental one. 

Nuclear reactors using plate or cylindrical fuels and not 

operating under fluid phase change mode are easier to cool 

than other types of nuclear reactors. One takes the example 

of Pebble Bed Modular Reactors (PBMR), High 

Temperature Reactor-Pebble Modular (HTR-PM) or 

Boiling Water Reactor (BWR). For the first two nuclear 

reactors, the flow is so complex that the porous media 

theory approach has to be applied for all physical and 

thermalhydraulic calculations, whereas for the last nuclear 

reactor the two-phase flow theory approach is the only one 

that can provide a sure answer to physical and 

thermalhydraulic calculations of this type of nuclear 

reactor. 
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2. PBMR, HTR-PM and BWR PRESENTATION 

 

Figures 1 and 2 show the two nuclear reactors PBMR 

by Dudley [1], and HTR PM by Wei [2]. These two 

nuclear reactors use a spherical fuel and are cooled by 

helium. The main difference between these two nuclear 

reactors is at the core level. For PBMRs, the core of the 

nuclear reactor is annular while the core of the HTR-PM 

is cylindrical. The designation of the components of each 

nuclear reactor is given in Figure 1 for the PBMR and in 

paragraph form after Figure 2 for the HTR-PM. 

Cross section of the primary circuit of the HTR-PM. 

(1) Reactor core; (2) side reflector and carbon thermal 

shield; (3) core barrel; (4) reactor pressure vessel; (5) 

steam generator; (6) steam generator vessel; (7) coaxial 

gas duct; (8) water-cooling panel; (9) blower; (10) fuel 

discharging tube. 

Boiling Water Reactor, BWR, is a nuclear reactor that 

uses vapor produced directly in the nuclear reactor core 

without passing through a steam generator. This type of 

nuclear reactor uses cylindrical fuel and light water (H2O) 

as moderator and coolant. A description of the components 

of a BWR is given by Shah, [3]. 

 
 

Figure 3. BWR Vessel Internals 

Figure 1. Longitudinal cross-section of the PBMR 

reactor vessel. 

Figure 2. Cross-section of the primary circuit of the 

HTR-PM. 
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3. THEORIES APPLIED TO COMPLEX FLOWS 

 

In this work, a complex flow is defined as a flow 

where the velocity cannot be calculated in a conventional 

way. 

To do this, two major theories of fluid mechanics are 

used. The first is the theory of porous media and applies 

for PBMRs and HTR-PMs knowing that the spherical 

fuel is deposited in the form of clusters respectively in 

the annular part for PBMRs and in the central part for 

HTR-PMs. The flow of the cooling fluid obeys Darcy's 

law, hence the application of this theory. 

 

 
             (a)                                         (b) 

 
(c) 

Figure 4. Porous media. (a) Macroscopic, (b) Pores 

scale, (c) Disposition of fuel spheres 

As for the second theory, it is that of the two-phase 

flow and is applied to BWRs. The water goes through 

several flow configurations before ending up in vapor. 

The presence of a heat flow through the walls of a 

vertical pipe changes the flow patterns from those that 

occur in a pipe with no heat flow for the same flow 

conditions. According to Collier [4], the different flow 

configurations in a heated vertical pipe are presented in 

figure (5) below which gives a schematic representation 

of a vertical pipe heated by a low and uniform heat flow 

fed at the base of the liquid. 

 

 
Figure 5. Ascending flow configurations in a heated 

vertical pipe 

In the first region, a single phase of liquid is heated 

to the saturation temperature for which there is a balance 

between the liquid phase and the vapor phase for a given 

pressure. For a wall temperature higher than the 

saturation temperature of the liquid, the boiling 

phenomenon takes place, it is defined as a change of state 

in which the formation of bubbles occurs within the 

liquid near the wall at a precise temperature, generally at 
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101 ° C and for a given pressure. Steam bubbles develop 

and concentrate in the center of the pipe, giving a bubble 

flow. 

The production of more steam leads to a clustering 

of a large number of vapor bubbles at the center of the 

pipe to form vapor pockets separated by liquid plugs 

from the wall. This configuration is called plug flow. The 

pockets of vapor agglomerate in the center of the pipe to 

form a vapor core surrounded by the liquid which forms 

a film in the form of a ring near the wall. It is the annular 

flow. 

The liquid film vaporizes until it disappears 

completely to form a single-phase vapor flow. 

 

4. PBMR EQUATION SET-UP 

 

In figure 6, is presented a PBMR nuclear reactor 

core. 

 
Figure 6. Views of the porous medium in the studied 

area 

Fuel spheres are disposed in the annular portion. The 

coolant flows from top to bottom by forced convection. 

The equation set-up, Bounar et al. [5] is based on 

continuity, momentum and energy conservation 

equations written in cylindrical coordinates. For 

continuity, one has: 
𝜕

𝜕𝑟
(𝑟∗𝑤∗) = 0                                                                (4.1) 

where r* is the dimensional radial coordinate and w^* 

the axial velocity. 

For momentum conservation: 

 
𝜕𝑝

𝜕𝑟∗
−

𝜇

𝐾
𝑤∗ + (

1

𝑟∗

𝜕

𝜕𝑟∗
(𝑟∗

𝑑𝑤∗

𝑑𝑟∗
) +

𝜕2𝑤∗

𝜕𝑧∗2
) 𝜇𝑒𝑓𝑓 = 0 (4.2) 

 

As 
𝜕2𝑤∗

𝜕𝑧∗2 = 0 and putting 𝐺 = −
𝜕𝑝

𝜕𝑟
, where 𝜇 is the fluid 

viscosity, K the permeability and  𝜇eff the dynamic  

viscosity. Introducing the dimensionless variables:  

𝜂 =
𝑟∗

𝐷
  , 𝑧 =

𝑧∗

𝑃𝑒𝐷𝐷
  ,   𝑤 =

𝑤∗𝜇

𝐺𝐷2   , 𝐷𝑎 =
𝐾

𝐷2   , 𝑀 =
𝜇𝑒𝑓𝑓

𝜇
  ,  

the final equation is written as: 

 

𝑑2𝑤

𝑑𝜂2
+

1

𝜂

𝑑𝑤

𝑑𝜂
−

1

𝑀𝐷𝑎
𝑤 +

1

𝑀
= 0                                (4.3) 

 

The solution of equation (3) requires a homogeneous 

solution and a particular solution. For the conservation of 

energy, and assuming local thermal equilibrium and 

homogeneity, the energy equation is given by Bejan [6], 

Kays et al. [7]: 

 

𝜌𝑐𝑝𝑤∗
𝜕𝑇∗

𝜕𝑧∗
= 𝑘 [

1

𝑟∗

𝜕

𝜕𝑟∗
(𝑟∗

𝜕𝑇∗

𝜕𝑟∗
)] + ∅∗                    (4.4) 

 

where T is the equilibrium temperature of the porous 

medium, 𝑐𝑝 the fluid specific heat, k the effective thermal 

conductivity of the porous medium and ∅∗ the viscous 

dissipation contribution. One introduces the following 

boundary conditions:  𝑘 [
𝜕𝑇∗

𝜕𝑟∗]
𝑟=𝑟1

= 𝑞𝑤 and 𝑇(𝑟2) = 𝑇𝑤 

and the dimensionless following parameters:  

 

Br=
𝜇𝑊̅2

𝑞𝑤𝐷
 ,   𝜃=

𝑘(𝑇∗−𝑇𝑤
∗)

𝑞𝑤𝐷
 , ŵ =

𝑤∗

𝑊̅
 et α =

1

√𝑀 𝐷𝑎
 ,  

 

one gets: 

 

 

(
1

𝜂

𝜕

𝜕𝜂
(𝜂

𝜕𝜃

𝜕𝜂
)) = 𝑊̂𝑓1 

+
𝐵𝑟

𝐷𝑎
(𝑊̂2 −

1

𝛼2 𝑊̂ (
1

𝜂

𝜕

𝜕𝜂
(𝜂

𝜕𝑊̂

𝜕𝜂
))     (4.5) 

 

To simplify the calculation of equation (5), an 

asymptotic series expansion is applied. 

 

5. HTR-PM EQUATION SET-UP 
 

The physical domain, approached by a channel, 

shown in figure 7, consists of two parallel plates of length 

l distant from 2H filled with a porous medium saturated 

with an incompressible viscous fluid entering at a 

velocity U0 and a uniform temperature T0 with local 

thermal imbalance. The upper and lower walls are 

maintained under a constant flow of heat qw. Due to the 

geometric and physical symmetries, the problem will be 
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solved for the upper part of the studied domain, Necir et 

al. [8]. 

 
Figure 7. Studied configuration 

 

5.1 Calculation of the Dynamic Field 

 

Continuity equation is written: 

 
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
= 0                                                                    (5.1) 

 

The momentum equation is given by : 

 

∇𝑝 + 𝜌𝑔⃗ + 𝜇𝑒𝑓𝑓∇2𝑢⃗⃗ −
𝜇

𝐾
𝑢⃗⃗ = 0                                  (5.2) 

𝜇𝑒𝑓𝑓𝑢
𝑑2𝑢

𝑑𝑦2
−

𝜇

𝐾
𝑢 + 𝐺 = 0                                            (5.3) 

 

where  𝜇𝑒𝑓𝑓 is the effective viscosity, u the filtration 

velocity, 𝜇 the dynamic viscosity of fluid,  𝐾 the 

permeability and 𝐺 the negative pressure gradient (-dp/dx). 

 

5.2 Calculation of the Thermal Field 

 

The energy equations for the solid phase and the 

fluid phase are respectively written as follows: 

 

𝑘𝑠,𝑒𝑓𝑓

𝜕2𝑇𝑠

𝜕𝑦2
− ℎ𝑖𝑎(𝑇𝑠 − 𝑇𝑓) = 0                                   (5.4) 

𝑘𝑓,𝑒𝑓𝑓

𝜕2𝑇𝑓

𝜕𝑦2
+ ℎ𝑖𝑎(𝑇𝑠 − 𝑇𝑓) +

𝜇𝑢2

𝐾
+ 𝜇𝑒𝑓𝑓(

𝑑𝑢

𝑑𝑦
)2 = 

𝜌𝑐𝑝𝑢
𝜕𝑇𝑓

𝜕𝑥
     (5.5) 

 

 

6. EQUATION SET-UP FOR BWR FOR THE 

ANNULAR FLOW CASE 

 

Figure 8 below, shows an annular flow configuration 

in a vertical pipe with heat transfer to the wall, the liquid 

forms a ring glued to the wall, and the gas occupies the 

center of the pipe. 

 
Figure 8. Annular configuration flow 

In what follows one presents the different 

conservation equations, and the empirical relationships 

used in this model for the prediction of pressure drop, 

film thickness and heat transfer coefficient, Yasri et al. 

[9]. The following assumptions are made: the flow is 

incompressible, the thickness of the liquid film is 

uniform around the device of the pipe, the pressure is 

uniform in the radial direction, evaporation occurs at the 

vapor / liquid interface and last droplets of liquid are 

distributed uniformly in the core. 

At static equilibrium, a balance of the forces exerted 

on the film is established, Hewitt [10]: 

 

𝑑𝑃
𝜋

4
[(𝐷 − 2𝛿)2 − (𝐷 − 2𝑦)2] = −𝜏𝑖𝜋 𝑑𝑧 (𝐷 − 2𝛿) + 

𝜏𝐿  𝜋 𝑑𝑧 (𝐷 − 2𝑦) − 𝜌𝐿𝑔 
𝜋

4
 𝑑𝑧 [(𝐷 − 2𝛿)2 − (𝐷 − 2𝑦)2] (6.1) 

 

With 𝜏𝐿 the shear stress at the wall, 𝜏𝑖  the shear 

stress at the interface, 𝑑𝑃 the axial pressure difference 

between the inlet and the outlet of the pipe, 𝜌𝑙  the liquid 

density, g the gravitational acceleration, D the pipe, y 

The distance from the wall, δ 𝛿 the film thickness and 𝑑𝑧 

the pipe length. 

According to equation (11) the wall shear stress can 

be derived from:  

 

𝜏𝐿 =
1

2
[
𝑑𝑃

𝑑𝑧
+ 𝜌𝐿𝑔] [

(𝑟0 − 𝛿)2 − (𝑟0 − 𝑦)2

(𝑟0 − 𝑦)
] + 𝜏𝑖  [

𝑟0 − 𝛿

𝑟0 − 𝑦
] (6.2) 

 

With 𝑟0 the radius of the pipe and 𝑑𝑃/𝑑𝑧 the axial 

pressure gradient. 
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The shear stress at the interface can be defined using 

the equilibrium of forces in the steam core: 

   
𝑑𝑃

𝑑𝑧
 
𝜋

4
[(𝐷 − 2𝛿)2 − (𝐷 − 2𝑦)2]

=   𝜏𝑖𝜋  [(𝐷 − 2𝛿) − (𝐷 − 2𝑦)]

+ 𝜌𝑣𝑔 
𝜋

4
  [(𝐷 − 2𝛿)2 − (𝐷 − 2𝑦)2] (6.3) 

 

With 𝜌𝑣 the vapor density. 

Equation (13) can be written by replacing the pipe 

diameter by (2𝑟0) where r is the pipe radius and dividing 

by 𝜋(𝐷 − 2𝛿), one obtains the equation of the interface 

shear stress in the form of: 

 

𝜏𝑖 =
1

2
(

𝑑𝑃

𝑑𝑧
− 𝜌𝑣𝑔) [

(𝑟0 − 𝛿)2 − (𝑟0 − 𝑦)2

(𝑟0 − 𝑦)
]            (6.4) 

 

The interface shear stress can also be predicted using 

the correlation given by Wallis [11], which is given by: 

 

𝜏𝑖 =  𝑓𝑖   
1

2
  𝜌𝑣 𝑢 𝑣

2                                                           (6.5) 

 

With 𝑢𝑣 the vapor phase velocity and which is 

worth[𝐺 𝑥 𝜌𝑣]⁄ . 

 

 

7. APPLICATIONS 

 

7.1 Results and Discussions for PBMR 

 

The obtained results for the dynamic field and the 

thermal field are presented respectively in figures (9) and 

(10). In figure (9), for different values of Da = 0.1, 0.3 

and 0.5, the distribution of the dimensionless velocity 𝑤 

is obtained as a function of the dimensionless transversal 

direction η (eta) which varies from 0.27 to 0.5 with a 

pitch of 0.0575. For a Darcy number equal to 0.1, the 

variation of the dimensionless velocity increases as a 

function of η. The dimensionless velocity reaches the 

maximum value of 0.0075 at η = 0.37 and then decreases 

as a function of η up to a value that tends to 0. When the 

Darcy number is equal respectively to 0.3 and 0.5, the 

value of the dimensionless velocity increases 

respectively as a function of η up to maximum values of 

0.013 and 0.010. This is valid for η = 0.37, then these two 

curves decrease as a function of η up to a value that tends 

to 0. Note that the value of the dimensionless velocity 𝑤 

reaches the maximum for different Darcy values at η = 

0.37 (center of the channel). In figure (10), the evolution 

of the dimensionless temperature θ (teta) is presented as 

a function of the dimensionless transversal direction η 

(eta) which varies in the same points as for the dynamic 

field and for a fixed Darcy of 0.001. One notices two 

things: the first is that when η increases, θ decreases 

linearly. The second is that the variation of θ is 

practically the same for the three Brinkman numbers. 

 

 

 
Figure 9. Variation of the dimensionless velocity as a 

function of η for different Da. 

 
Figure 10. Variation of θ as a function of η for different 

values of Br and for Da = 0.001. 

 

 

7.2 Results and Discussions for HTR-PM 

 

The variation of the dimensionless temperature for 

the two phases θf, θs as a function of the dimensionless 
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transverse direction η, Bi, Br, S, k. Each time we vary a 

dimensionless number and we draw a new curve. We also 

represent the variation of the number of Nusselt Nu as a 

function of Br, Bi, S and k, each time we vary a number 

and we draw a new curve. The obtained results are 

represented in the following graphs: 

 

 
Figure 11. Fluid temperature profile for different Biot 

number, K=0, 01, S=10, Br=10 

 
Figure 12. Solid temperature profile for different Biot 

number, K=0, 01, S=10, Br=10 

For both figures (11) and (12), k = 0.01 indicates a 

high thermal conduction resistance for the fluid relative 

to that of the solid, S = 10, the flow velocity is nearly 

uniform except in the thin layer near the walls. The 

temperature for the solid phase decreases while the 

temperature of the fluid phase increases for an increase 

in Biot number. Bi indicates the relative heat resistance 

of solid conduction to the exchange of internal heat 

between fluid and solid. For a large Biot value, the 

external thermal contact is good and the internal heat 

exchange is efficient. For a small value of Biot the 

temperature difference between the fluid and the solid 

becomes smaller. To increase the heat flux transferred 

from the solid to the walls, there is an increase in the 

number of Biot or a decrease in the thermal resistance of 

the internal heat exchange. This lowers the temperature 

of the solid while the fluid temperature increases and 

approaches the temperature of the solid for an increase in 

the number of Biot. Hence, the transfer of total heat is 

dominated by solid conduction when 𝑘 ≪1 and an 

increase in Biot number. 

 

7.3 Results and Discussions for BWR (annular flow 

case) 

 

In figure (13) and (14) one sees the evolution of the 

pressure gradient as a function of the mass velocity at 

different quality values ranging from 0.05 to 0.15 with a 

pitch of 0.02 and vice versa. This variation is given at a 

mass velocity varying from 1 Kg/m2s up to 400 Kg/m2s. 

As the mass velocity increases, the pressure gradient 

increases and it also increases as the vapor quality 

increases.  

 
Figure 13. Pressure gradient evolution function of 

quality for different massic velocities 
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Figure 14. Pressure gradient evolution function of 

massic velocity for different qualities. 

 

Figure (15) below, shows the evolution of the liquid 

film thickness as a function of the vapor quality at 

different values of the mass velocity. 

 
Figure 15. Film thickness evolution function of 

quality for different mass velocities 

 

 
Figure 16. Temperature distribution function of the 

distance from the wall to the liquid-vapor interface 

 

It can be seen that the thickness of the film decreases 

when the quality of vapor increases and it also decreases 

when the mass velocity is increased, this is due to the 

increase in the flow rate of the vapor and the decrease in 

that of the liquid by evaporation which causes the 

decrease of the thickness of the film. At a saturation 

temperature of 393 K, a vapor quality of 0.1 and a mass 

velocity of 35 Kg/m2s, we have the distribution of the 

temperature in the film which is presented in figure (16) 

as a function of the distance y which varies from the wall 

to the thickness of the film and which is 0.000695 m and 

by varying the heat flux at the wall from 10 KW/m2 up 

to 30 KW/m2. The evolution of the temperature varies 

linearly until it reaches the saturation temperature which 

is 393 K. The decrease of the temperature is proportional 

to the quantity of heat flux, the more the heat flow is 

increased the more the temperature of the wall increases. 

Figure (17) shows the evolution of heat transfer 

coefficient as a function of the vapor quality for several 

values of the mass velocity. By making the mass velocity 

vary from 35 Kg/m2s up to 85 Kg/m2s and the quality 

from 0.1 up to 0.9 the heat transfer coefficient increases 

with the increase of these, it is due to the decrease of the 

film thickness. 
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Figure 17. Heat transfer coefficient variation 

function of quality for different mass velocities 

 

8. CONCLUSIONS 

 

8.1 For PBMR 

 

Using asymptotic methods, the dynamic and thermal 

fields were determined in a porous medium contained in 

an annular configuration corresponding to the PBMR 

nuclear reactor core. The results obtained showed that the 

dynamic field evolves according to the evolution of the 

Darcy number whereas the thermal field, for a constant 

Darcy, decreases linearly for increasing values of η. It 

has also been found that the Brinkman number for a 

constant Darcy does not affect the variation of the 

dimensionless temperature θ. The model developed and 

solved gives physically valid results.  

 

8.2 For HTR-PM 

 

Convective heat transfer in a channel filled with a 

porous medium depends on several parameters such as 

the Biot number Bi, the ratio of the effective thermal 

conductivities k, the Brinkman number Br and the porous 

medium form factor S. Nu variation depends on the 

thermal resistance of the fluid and solid conduction and 

also on the interstitial heat exchange. The strong 

dependence of Nu on Br, S, Bi, and k verifies the 

significance of considering the viscous dissipation 

effects in the thermal energy equation for a model of two 

equations. It is stated that the frictional heat generation is 

confined in the vicinity of the walls while the heat 

generation due to the internal heating occupies a large 

portion of the porous medium from the center of the 

channel. 

 

8.3 For BWR 

 

In order to predict the pressure drop, film thickness 

and heat transfer coefficient in an upward annular two-

phase flow in a vertical pipe with wall heating, the phase-

separated model was used, the equations of Continuity, 

momentum and energy are used to calculate the pressure 

gradient and the heat transfer coefficient, they have been 

solved analytically. 

 

The presence of a heat flux at the wall modifies the 

main parameter of the flow which is the film thickness, 

the results obtained show the influence of the vapor 

quality and the mass velocity on the heat transfer 

coefficient and the film thickness as well as on the 

pressure drop. The pressure gradient and the heat transfer 

coefficient increase with the increase of the vapor quality 

and the mass velocity while the thickness of the film 

decreases with the increase of the latter, the temperature 

profile decreases linearly from the wall temperature up 

to the saturation temperature. This physically correct 

behavior makes it possible to predict the amount of steam 

produced as a function of all the physical quantities 

studied in this work. 

 

9. GENERAL CONCLUSION 

 

The results show that the Darcy number and the 

Brinkman number have a direct influence on the fluid 

temperature and velocity in a PBMR. This can be 

extrapolated to any type of nuclear reactors using pebble 

bed configuration. For HTR-PM, it can be said that in the 

case of a thermal non-equilibrium, the dimensions ratio 

plays an important role in monitoring the temperature of 

the coolant and the temperature of the fuel. As for BWR, 

the results during the annular flow show that the liquid 

thickness is the main parameter which governs the 

evolution of all the thermal hydraulic parameters. The 

obtained results, presented in figures and physically 

analyzed, are very satisfactory. It can thus be concluded 
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that applying the model of porous media and the two-

phase flow one for complex fluid flows respectively for 

PBMR, HTR-PM or BWR power nuclear reactors cores 

can ensure a good thermal hydraulics behavior. 
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