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Abstract In this study, two modifications are proposed to

mitigate drawbacks of the conventional approach of using

the ‘‘Porous Media Model’’ (PMM) for nuclear reactor

analysis. In the conventional approach, whole reactor core

simplifies to a single porous medium and also, the resis-

tance coefficients that are essential to using this model are

constant values. These conditions impose significant errors

and restrict the applications of the model for many cases,

including accident analysis. In this article, the procedures

for calculating the coefficients are modified by introducing

a practical algorithm. Using this algorithm will result in

obtaining each coefficient as a function of mass flow rate.

Furthermore, the method of applying these coefficients to

the reactor core is modified by dividing the core into sev-

eral porous media instead of one. In this method, each

porous medium comprises a single fuel assembly. PMM

with these two modifications is termed ‘‘multi-region

PMM’’ in this study. Then, the multi-region PMM is

introduced to a new CFD-based thermo-hydraulic code that

is specifically devised for combining with neutronic codes.

The CITVAP code, which solves multi-group diffusion

equations, is the selected as the neutronic part for this

study. The resulting coupled code is used for simulation of

natural circulation in a MTR. A new semi-analytic method,

based on steady-state CFD analysis is developed to verify

the results of this case. Results demonstrate considerable

improvement, compared to the conventional approach.

Keywords Porous media � CFD � Code coupling � MTR �
Natural convection

List of symbols

PMM Porous media model

CFD Computational fluid dynamics

MTR Material test reactor

FA Fuel assembly

RANS Reynolds-averaged Navier-Stokes

TRR Tehran Research Reactor

SAR Safety analysis report

Variables

u Porosity

q Density

D Viscous resistance coefficient

C Inertial resistance coefficient

l Viscosity

k Coefficient of thermal conductivity

cp Specific heat capacity at constant pressure

V Volume of porous medium

L Length of porous medium along the axis of FA

v Velocity

h Specific enthalpy

Prt Turbulent Prandtl Number

P Pressure

T Temperature

(sij)app Apparent stress tensor

b Thermal expansion coefficient

H Active Height (Length) of fuel plates

Subscripts

f Fluid

s Solid
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a or z Average along the axis of FA (z-axis)

E Equilibrium (steady) state of natural convection

1 Introduction

The PMM has found many applications in different

fields of science since the introduction of Darcy’s law [1].

Seepage through soil, packed beds [2], and even biological

tissues [3], flows in tube bundles and alloy solidification

[4], and cooling of electronic components [5] are only a

few examples. There are many analytical and numerical

solution methodologies for this wide range of applications

[5–8]. However the following two criteria specify the best

method for a certain application.

1. The ratio of sensible length scale of the pores to length

scale of the porous region or solution domain.

For many applications, such as flow through filters, this

ratio can be in micro-units (10-6) or even smaller [6]. In

this case, it is not practical to simulate each pore directly.

Therefore all further efforts were focused on improving

simulation in the interior of the porous medium by

including the effects, such as thermal dispersion [9],

variable porosity [10], and non-equilibrium thermal

conditions [11].

But this is not the case for a nuclear reactor because the

ratio is macroscopic [12]. In this case, all efforts should be

focused on obtaining better results on the boundaries of

porous media (the FA regions). Afterwards, a detailed

simulation of a single FA can be devised and by using the

same results on the boundaries of this model and all the lost

data would be retrieved. This is the basic logic behind the

modifications presented in this study.

2. Amount of porosity (u) of the medium

A saturated porous medium is a combination of a fluid

and solid portion. Porosity is the volume fraction of the

fluid portion to the total volume [4]. For a high porosity

medium, such as the core of a nuclear reactor, the solid

matrix will exert force on the fluid in a complex manner.

Therefore, it is not possible to relate velocity and force

field with a simple analytical relation like a low porosity

medium [5]. In this case, these forces should be measured

by appropriate empirical or numerical means.

According to these criteria, there are three major steps

that should be generally taken to fulfill the simulation of a

high porosity medium with the macroscopic pore size ratio.

1. Measuring forces that are exerted on the passing fluid

by the solid matrix at various mass flow rates using

suitable empirical or numerical means and calculating

the resistance coefficients based on these data.

2. Modifying governing equations of pure fluid to include

porosity and adding the measured forces to the

momentum equation as an external source.

3. Solving the modified form of governing equations on

the solution domain that is elaborately divided into the

porous and pure regions.

The method of performing these steps on a nuclear

reactor with the proposed modifications is explained in

Sect. 2. This section also includes the describing

methodology of this study for the simulation of natural

convection. The neutronic and thermo-hydraulic codes

used and the algorithm of combining them are presented

in Sect. 3. It includes introducing a novel CFD-based

code that is time-dependent and three-dimensional and it

has no limitation as to the details of the geometry of the

solution domain.

The combined-code with the new PMM is used for the

simulation of natural circulation in the Tehran Research

Reactor, a typical MTR. Section 4 gives a brief description

of this reactor. The specific requirements for simulation,

such as defining the geometry of the solution domain are

presented in Sect. 5. Despite all the sophistication and

details, it is still possible to solve this problem analytically.

This is the reason for selecting this case to verify the

modified PMM. The novel semi-analytical method for this

purpose is developed in Sect. 6. The results and discussions

are presented in Sect. 7. These results demonstrate the

considerable capabilities of the proposed model.

2 Methodology

2.1 Measuring forces and evaluating resistance

coefficients (step 1)

In a common nuclear reactor, coolant generally flows

along the axis of fuel assemblies, through the core. This is

the dominant direction of flow. Therefore, the porous

media that are replaced with the core are not isotropic and

the measured forces should be adapted to the following

general form (in the Cartesian coordinate system) [5]:

Si ¼ �
Xz

j¼x

Dijlvj þ
Xz

j¼x

Cij

1

2
qjv~jvj

 !
i; j ¼ x; y; z;

ð1Þ

where Si is the external source that should be added to the

momentum equation and Dij and Cij are the tensors of

viscous and inertial resistance coefficients, respectively. If

the positive direction of the z-axis is assumed to be along

the main direction of flow, Eq. (1) can be restated as fol-

lows [12]:
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Sz ¼
Fz

V
¼ DP

L
¼ Dzljvzj þ Cz

1

2
qjvzj2; ð2Þ

where Fz is the force exerted on the fluid by the solid

matrix along the z-axis and DP is its equivalent pressure

drop. V is total volume of the porous region and L is the

length of this region along the main direction of flow. The

force is generally presented as a table of pressure drop data

against mass flow rate or average velocity of flow. If such a

table of data is available, a trend line can be plotted through

them to yield a quadratic polynomial function in the fol-

lowing form, whereby the coefficients a and b are

calculated.

DP ¼ ajvzj þ bjvzj2: ð3Þ

By comparing Eqs. (2) and (3), the unknown resistance

coefficients can be calculated as follows:

Dz ¼
a
lL

; ð4Þ

Cz ¼
2b
qL

: ð5Þ

This is the general process of evaluating resistance

coefficients for a high porosity medium with a macroscopic

pore size ratio and with one-directional flow. References

[12, 13] used PMM for a power reactor and a research

reactor, respectively. The procedures of these references

for evaluating the coefficients is reproduced as the con-

ventional approach in Fig. 1a. It is a conception of the

above general process in its simplest form. The modified

approach of this study is represented in Fig. 1b. The key

features of the applied modifications can be declared by the

following remarks.

1. Including any variation in the cross-sectional area of

the solution domain, vertical to the main direction of

flow. It includes spacer grids, nozzles, headers, etc.

Despite how small these variations may seem, they

have significant effect on the accuracy of pressure drop

calculations.

Similar to the current study, Ref. [12] used a numerical

method with a CFD approach for calculating pressure loss

against velocity. However, it reported a 25 % error in

comparison with the experimental results [12]. Investiga-

tions of this study revealed that the main cause of this

considerable error roots in neglecting this remark. A

quantitative proof of this matter is presented in Sect. 5.2.

2. The incorporating solution of the energy conservation

equation and defining all of the thermo-physical

properties as functions of temperature.

In the conventional approach [12, 13], the energy

equation is not solved and by assuming iso-thermal

conditions. Density and viscosity are evaluated at some

presupposed average temperature (which is unknown prior

to the solution). These values remain constant whether the

problem is time-dependent or not. Whereas, in the modified

approach, the energy equation is solved and all thermo-

physical properties are defined as functions of temperature.

This modification has a notable effect on improving the

accuracy of evaluating pressure loss (see Sect. 5.2 for a

quantitative proof) and also provides obvious advantages

for accident analysis.

3. Defining the resistance coefficients as functions of

mass flow rate or average velocity of the flow

In the conventional approach [12, 13], the resistance

coefficients are always constant, whether the problem is

time-dependent or not. It is due to iso-thermal assumption

whereas in the modified approach, by solving the energy

equation, it is possible to calculate average density and

viscosity at each velocity. It results in calculating two

specific coefficients at each velocity by using Eqs. (4) and

(5). For many applications, such as accident analysis and

simulation of pure natural convection, the mass flow rate is

either unknown or changes during the solution. Further-

more, even in the case of a simple steady-state problem, the

average temperature which is required to calculate average

density and viscosity for Eqs. (4) and (5) is unknown prior

to the solution. Therefore, in all cases, it is not accurate to

choose two constant values, prior to the solution. The

method used in this study fits a polynomial function

directly to the data of the resistance coefficients against

velocity (see Fig. 1b). The resulting correlations can be

used for any application.

2.2 Modifying governing conservation equations

(step 2)

As noted in Sect. 1, the core of a common nuclear

reactor is generally categorized as a high porosity med-

ium. When the quantity of porosity is close enough to

unity, it is a common approach to disregard it in all

conservation equations. It means that all of the solid

obstacles in the porous medium are ignored and a pressure

drop is simulated artificially by enforcing an external

source in the form of Eq. (2) to the momentum equation.

This approach is adopted by Ref. [12, 13] for applying

PMM to nuclear reactor analysis. Although it usually

provides a good estimation of pressure and temperature

variation this is not the case for the velocity field.

Ignoring the increase in velocity due to existence of the

solid matrix would also affect the boundary values of

velocity that, according to Sect. 1 are curial to be calcu-

late with the utmost precision for a nuclear reactor anal-

ysis. Therefore, all of the thermo-hydraulic conservation
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equations should be modified for porosity. The final form

of the RANS equation [14] that is modified for porosity

(u) and used in this study is as follows (written for con-

venience in tensor notation):

oðuqfÞ
ot

þ oðuqfviÞ
oxi

¼ 0; ð6Þ

qf
o

ot
uvið Þ þ o

oxj
uvivj
� �� �

¼ � o

oxi
uPð Þ

þ o

oxj
lfu

ovi

xj
þ ovj

xi

� �� �

þ uqfgi þ
o

oxj
uðsijÞapp
� �

þ uSi; ð7Þ

o

ot
uqfhf þ ð1� uÞqshs½ � þ o

oxi
uviqfhfð Þ

¼ o

oxj
keff

oT

oxj

� �
þ Sh: ð8Þ

In which, effective heat conduction coefficient (keff) is:

keff ¼ kf þ
cplt
Prt

� �
uþ ksð1� uÞ; ð9Þ

where, subscripts f and s refer to fluid and solid portion,

respectively, Si is the external momentum source defined

by Eq. (2) and Sh is the heat source evaluated by neutronic

equations. Definitions of other parameters can be found in

Ref. [14] or any other reference that explains Reynolds-

averaging approach for turbulence modeling.

2.3 Preparing reactor core and the algorithm

of conducting solution (step 3)

In the conventional approach [12, 13], the whole reactor

core is simplified to a single porous medium, whereas in

this study, the core is divided into several media that each

comprises an FA. The most obvious advantage that this

modification provides is as follows.

As noted in Sect. 2.1, the resistance coefficients are

calculated for a single FA. These coefficients are verified

by applying them to a porous region with the same scales

and relevant conditions as that of the FA (see Sect. 7). By

this modification, the same porous regions are placed into

the core, one by one, without any changes. Therefore the

same insured level of accuracy would be obtained in the

main simulation. PMM with all the modifications that have

been introduced so far will hereafter be referred to as the

‘‘multi-region PMM’’.

The general algorithm of performing multi-region PMM

is represented in Fig. 2b. The key feature of this model is

that ‘‘it greatly reduces the computational resources

required to conduct a large scale three-dimensional simu-

lation without discarding any geometrical details’’. This

virtue is achieved by imitating the common procedure for

neutronic analysis of the reactor core (shown in Fig. 2a).

The concept of cell-calculation in reactor analysis evalu-

ates macroscopic cross-sections of an FA. Then the core is

divided into several uniform regions where external

dimensions of the FAs and the calculated cross-sections are

applied to them [15].

Fig. 1 Comparison of the procedure for evaluating the correlations of

resistance coefficients. a Conventional approach [12, 13]. b Modified

approach of the current study. A Select appropriate velocities and

operating conditions. B Conduct a detailed simulation of a single fuel

assembly at each velocity. C Extract quantity of pressure loss at each

velocity. D Extract volume average value of density and velocity at

each velocity. E Fit a quadratic curve to the pressure loss data against

velocity. F Calculate resistance coefficients using Eqs. (4) and (5).

G Fit a polynomial curve to the resistance coefficients data against

velocity
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There is an obvious resemblance between this procedure

and the new PMM proposed in this study. In other words,

the multi-region PMM is specifically devised to be the

thermo-hydraulic equivalent of the neutronic procedure.

This process starts with a detailed simulation of an FA and

calculating correlations of resistance coefficients, as

described in Sect. 2.2 (Fig. 1). Then the core is divided

into proper regions. Because these regions are the same for

both neutronic and thermo-hydraulic analyses, they are

solved simultaneously (see Sect. 3.3 for detailed algorithm

of coupling them). It is obvious that this process signifi-

cantly reduces the computational cost of a large-scale

simulation; nonetheless it may seem that this virtue is

gained at the cost of losing all details inside FAs, because

these regions are homogenized. However, as mentioned in

Sect. 1 and explained in the preceding sections, all efforts

in the new PMM are focused on obtaining more accurate

results on the inlet and outlet boundaries of FAs, then after

completing the large-scale simulation, (as Fig. 2b suggests)

these results are mapped onto the corresponding (inlet and

outlet) boundaries of the detailed model of an FA and

whereby all the lost data are retrieved. It makes no dif-

ference whether the problem is time-dependent or not. It

should be noted that although the geometries of the inlet

and outlet boundaries of the detailed model of FA and its

equivalent porous medium (from the large-scale simula-

tion) are almost always identical, but extrapolation should

be anticipated for the data transfer process between them

due to the fact that the applied mesh to these boundaries

could be different.

2.4 Natural convection model

When heat is added to a fluid, temperature gradient

causes density differences in that fluid. The buoyancy force

formed by the density difference can induce a flow in the

fluid. This buoyancy-induced flow is termed ‘‘natural

convection’’ [16]. The following steps should be taken to

include the effects of natural convection in a CFD simu-

lation [14] or any similar approach that solves general

conservation equations on a free geometry.

• Including the buoyancy term (qg) in the momentum

conservation equation [Eq. (7)].

• Solving the energy conservation equation [Eq. (8)].

• Defining density (q) as a function of temperature in a

proper manner.

There are two approaches to perform the last step:

Fig. 2 Demonstrating

resemblance between the

common procedure for

neutronic analysis of a reactor

core and general algorithms of

multi-region PMM proposed in

this study. a Common procedure

for neutronic core calculations

[15]. b General algorithm of

multi-region PMM
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1. The Boussinesq approximation [16]. In this approach,

density is assumed to be a constant value (q0) in all

conservation equations, except for the buoyancy term

in the momentum equation. In this term, density is

defined as a linear function of temperature.

qg � q0bðT � T0Þg; ð10Þ

The constant density, q0 is evaluated at a presupposed

average temperature, T0. Slope of the linear function is

the thermal expansion coefficient (b) that is also an

approximate value, due to the unknown range of

temperature variation, prior to the solution.

2. If a thermohydraulic table is available for the active

fluid, it is possible to extract the variation of density

against temperature directly from the table at the

operating pressure. Obviously, this approach is

expected to have better accuracy. The method used

in this study is to fit a polynomial function through

these data and then use the resulting correlation instead

of density in all conservation equations.

3 The applied neutronic and thermo-hydraulic
codes

3.1 Introduction of the new CFD-based thermo-

hydraulic code

Table 1 gives a brief review of the numerical method

and special treatments implemented into the new CFD code

along with the references in which they are explained.

Many modifications are applied to the original methods

mentioned in the table. These modifications are mainly

focused on two points; reducing computational resources

required and applying these methods to an unstructured and

hybrid mesh grid. The most noteworthy modifications are:

• Improving the method of applying the least-square

scheme for gradients evaluation [24].

• Modifying the PISO scheme for pressure–velocity

coupling [27].

• Using a geometric-based method for the AMG accel-

erator instead of a mathematic-based one [28].

As noted above, the code is developed in order to per-

form on unstructured and hybrid cells on a two or three

dimensional numerical grid, for any free geometry. The

algorithm of this code is represented in Fig. 3. The ‘‘C’’

programming language with double-precision variables

was used for the CFD-code. Thresholds of the residuals for

the convergence assessment were determined in accor-

dance with the instructions of Ref. [14] for all of the rel-

evant dependent variables.

3.2 Verification of the new CFD-based code

The full process of verification and validation of the new

CFD code is beyond the scope of this study. Instead, the

code was tested on 48 standard verification problems from

Ref. [30]. The results of a few of these attempts are pre-

sented in Table 2. Figures 4, 5 and 6 are referred in the

table to compare the results with the references. Other

details can be found in the pertinent references introduced

in Table 2. These examples should cover physical concepts

of the thermo-hydraulic phenomena, which are relevant to

the current study, such as turbulence simulation [31], nat-

ural convection [32], and conjugate heat transfer [33]. Note

that the maximum error is less than 2 % in all 48 cases.

This should be reliable enough for most of the cases.

3.3 Neutronic codes and algorithm of coupling them

with the CFD-code

The CITVAP code from the MTR_PC package [34] is

used for neutronic analysis. It solves one to three-dimen-

sional multi-group diffusion equations in rectangular or

cylindrical geometries. The code WIMSD-5B [35] is also

employed to generate the macroscopic cross-sections

required for these calculations. The structure of the energy

groups used for the analysis is presented in Table 3.

The algorithm of coupling these codes with the CFD-

code introduced in Sect. 3.1 is represented in Fig. 7. It

should be noted that this algorithm is very straightforward.

The output of each code is used to prepare the input of the

next one and iteration continues until the convergence

criteria are met. Similar to CFD-code (Sect. 3.1) the con-

vergence criteria are in accordance with the instructions in

Ref. [14]. As noted in Sects. 2 and 3, by using the multi-

region PMM, the same homogenized regions are used for

both neutronic and thermo-hydraulic analyses. Nonethe-

less, as Fig. 7 suggests, data mapping (extrapolation) is

anticipated in case the numerical grid is different for the

two analyses. It should be noted that in the simulations of

this study, a 64-bit PC platform with Intel’s core i7-980x (6

core) processor and 24 GB of RAM is used.

4 Brief description of Tehran Research Reactor
(TRR)

TRR is a typical pool-type MTR. The relevant specifi-

cations of this reactor are presented in Table 4. A sche-

matic diagram of TRR is illustrated in Figs. 8 and 9

demonstrates a symbolic view of the pool, including the

core, gird plate, plenum chamber, and flapper valve. Under

normal operational conditions, coolant flows downward

through the core by the primary cooling circuit pump.
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However when shutdown or scram commences, the direc-

tion of flow reverses after a specific amount of time (hence

it flows upward) and the residual heat would be removed

by pure natural convection [36]. More information required

for this study is presented in Sect. 5.1.

5 The specific requirements of simulation

5.1 Description of the case studies

According to the SAR of TRR [36], when the shutdown

commences, all of the control rods fall into the core. It

causes an almost instantaneous drop in total power from

the initial value of 5 MW–400 KW, while the average

temperature of the pool is 37.8 �C. Afterwards, it takes

25 min for the holdup tank to be filled. At that moment, the

coolant ceases to flow out of the pool and then the flapper

valve opens, direction of flow reverses, and equilibrium

condition of the pure natural convection are achieved.

During this period, the total power drops to 100 KW and

the average temperature of the pool reduces to 30 �C.
According to this information, two cases are selected to be

Table 1 Brief review of numerical method and special treatments implemented into the new CFD code

Title Applied method

Numerical method Finite volume [17]

Solver approach Pressure-based (segregated) [18]

Turbulence model Simple General Standard k - e [19]

Wall

modeling

Standard wall-

function [19]

Advanced General Realizable k - e
[20]

Wall

modeling

Enhanced wall-

treatment [21]

Linearization shape function Second-order linear function [17]

Method of evaluation of dependant variables on

faces of a numerical cell

Convection terms (except for pressure term in the

momentum equations)

Second-order upwind [22]

Diffusion terms Central-difference [23]

Pressure interpolation scheme (including the

momentum equations)

Natural-convection dominated problems Body force weighted model [16]

Other problems Central-difference [23]

Gradients evaluation method Least squares cell-based [24]

Gradient (slope) limiter Differential type [25]

Pressure–velocity coupling scheme (pressure-

corrction equation)

Steady-state problems SIMPLE [26]

Time-dependant problems PISO [27]

Under-relaxation method Variables (explicit) relaxation scheme [17]

Solution accelerator Algebraic Multi-Grid (AMG) with V-cycle recursive procedure [28]

solution method of linear algebraic equations (LAE)

set

LU decomposition with partial implicit pivoting [29]

Fig. 3 General algorithm of the CFD-based thermo-hydraulic code

An improved porous media model for nuclear reactor analysis Page 7 of 24 24

123



studied. The conditions of these cases are presented in

Table 5. Case 1 represents the actual conditions of pure

natural circulation, while case 2 can be considered as the

upper limit of the safety margin.

5.2 Geometry and verification of the detailed model

of a FA

The geometry of the solution domain for the detailed

model of an FA is represented in Fig. 10. It includes a

scattered view of essential consisting parts (Fig. 10a). The

central part consists of fuel meat and clad plates as solid

regions and passages between these plates and upper and

lower plenum as fluid regions. The side part is a flow

passage for cooling the outer side of the side plates. As

Fig. 10 shows by four thin legs, this region continues to the

end of the narrow passages that have been implemented in

the grid plate for passing this cooling flow [36]. The top

and bottom part are actually parts of the pool and plenum

medium, respectively. These parts are included to simulate

Table 2 Results of testing the new CFD-code on three standard verification problems

Test case

no.

Description Ref. Ref. result(s) Current study result(s) Error (maximum value)

(%)

1 Turbulent heat transfer in a pipe

expansion

[31] Figure 4a Figure 4b 1.79

2 Natural convection in a concentric

annulus

[32] Figure 5a Figure 6a Figure 5b Figure 6b 1.07 1.91

3 Conjugate heat transfer in a

composite solid block

[33] The cooled

wall

The

Adiabatic

wall

The cooled

wall

The

Adiabatic

wall

The cooled

wall

The

Adiabatic

wall

378 K 413 K 378.150 K 413.121 K 0.04 0.03

Fig. 4 (Color online)

Comparison of Nusselts number

variation along the heated wall

(current study and Ref. [31])

Fig. 5 (Color online)

Comparison of temperature

distribution on the bottom wall

of symmetry (current study and

Ref. [32])
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the effects of flow mixing and separation between the

central and side parts and also for answering the question

of how flow-rate divides between these two passages.

To verify this model and also to assess the importance of

including all of these geometrical details, normal opera-

tional conditions of the reference core configuration

(Fig. 11) are selected to test this model. Boundary condi-

tions, thermo-physical properties, and the total mesh size

that are used for this simulation are tabulated in Table 6.

The results of the temperature rise and pressure drop are

presented in Table 7. These results are sorted in a

descending manner, from left to right, based on the

numerousness of the error imposed from different geo-

metrical and physical assumptions. The complete model is

the result of discarding all of these assumptions. The results

are compared to the counterpart data from the SAR of

TRR [36], which are presented in the last column of

Table 7 as the target results. It should be noted that every

individual run of the detailed model on the system

described in Sect. 3.3 took almost 3 h to reach the desired

convergence state.

These results show that the largest amount of error

occurs when the effects of flow mixing and separation are

ignored by omitting the side, top, and bottom parts. From a

total flow rate of 8.521 kg/s that enters domain, share of

side part is 0.0107 kg/s which means 0.126 %. This

amount is 27 % lower than 0.0172 kg/s that is obtained

from the fraction of cross sectional area of these two pas-

sages. Therefore, pressure loss and temperature rise in the

side part are always higher than the central part. For this

reason, passage of the side part is the hot channel. This

matter can be observed more clearly in Fig. 12, in which

counters of temperature distribution on some virtual cross-

sections, vertical to the axis of the fuel assembly, are

shown. The second recognized source of error is applying

the simple turbulence model instead of the advanced one

(see Table 1). The third source of error roots in disre-

garding 38 very narrow passages that exist at the both end

of each plate. Cross sectional dimension of these passages

is only 0.75 9 1.5 mm2. Comparing the results of the fifth

column of Table 7 with the data of the last column prove

Fig. 6 (Color online)

Comparison of temperature

distribution on the top wall of

symmetry (current study and

Ref. [32])

Table 3 Structure of the energy

groups used for the neutronic

calculations

Energy group 1 2 3 4 5

Energy range 10–0.821 MeV 0.821–0.00553 MeV 5530–0.625 eV 0.625–0.08 eV 0.08–0.00 eV

Fig. 7 Algorithm of coupling thermo-hydraulic and neutronic codes

(average thermo-hydraulic data are average temperature of fuel and

coolant and average density of coolant)

An improved porous media model for nuclear reactor analysis Page 9 of 24 24

123



the importance of including temperature-dependent mate-

rial properties and, according to the errors reported in

Table 7, using constant thermo-physical properties is rec-

ognized as the fourth source of error.

5.3 Geometry and conditions for simulation

of natural convection in the whole pool

of reactor

Geometry of the solution domain for the simulation of

natural convection in the pool of TRR is shown in

Fig. 13. It includes the core [with the configuration of the

reference core (Fig. 10)], plenum chamber, flapper valve,

and the guide tube (see Fig. 9). This geometry took

almost 11 million unstructured hexahedral meshes. The

simulation is performed in two modes. First, when the

whole core is simplified to a single porous medium

(Fig. 13a) same as Ref. [12, 13] and second, when the

core is divided into several media that each comprise an

FA (Fig. 13b), as the methodology of this study (Sect. 2)

suggests.

6 A semi-analytical method for evaluating
the equilibrium velocity of natural convection

The equilibrium velocity of pure natural convection in

the steady-state condition can be evaluated by the follow-

ing equation [38]:

DPloss ¼ DPBuoyancy: ð11Þ

In the case of a pool-type reactor, each side can be

estimated as follows:

DPlossðvEÞ ¼ DPfriction loss þ DPform loss þ DPflow acceleration;

ð12Þ

DPBuoyancyðvEÞ ¼
I

loop

qgol ¼ �
Z b

a

qgdz�
Z c

b

qgdz

�
Z d

c

qgdz�
Z a

d

qgdz ¼ �qPool � qa vEð Þð ÞgH:

ð13Þ

The convention of direction for the loop integration of

Eq. (13) is presented in Fig. 14. If it is possible to state

Table 4 Specifications and main operating conditions of TRR [36]

General

Thermal power 5 MW

Core dimensions (first operating core) 40.5 9 38.54 9 89.7 cm

Grid plate locations for fuel assemblies 9 9 6

Each location cross-sectional dimensions 7.71 9 8.1 cm

Reflector material Graphite/Light water

Control elements 4 Ag-In-Cd shim safety rods

1 stainless steel regulating rod

Thermo-hydraulics

Coolant material Light water

Cooling method Operational condition Forced flow primary loop

Full shutdown condition Natural circulation

Operating pressure 0.171 Mpa

Primary coolant flow rate 500 m3/h (2200 gpm)

Coolant inlet temperature (full power) 37.8 �C (100�F)
Coolant outlet temperature (full power-reference core) 46.1 �C (113.9�F)

Fuel assembly

Fuel Plate type (MTR), LEU 20 %, Al Clad

Fuel assembly dimensions (max.) 7.6 9 8.01 9 87.8 cm

No. of fuel plates in standard fuel assembly 19

No. of fuel plates in control fuel assembly 14

Coolant passage thickness 0.27 cm

Fuel meat material U3O8–Al

Fuel plate dimensions 0.15 9 7.05 9 65.5 cm

Fuel meat dimensions 0.07 9 6.00 9 61.5 cm
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pressure drop in Eq. (12) and average density (qa) in

Eq. (13), as a function of the equilibrium velocity (vE), this

velocity can be easily calculated by solving Eq. (11). For

this purpose, a detailed simulation of an FA (Fig. 10) is

used. This model is subjected to different reverse (upward)

velocities for the two cases defined in Sect. 5.1. The results

Fig. 8 (Color online) Schematic diagram of Tehran Research Reactor [36]

Fig. 9 (Color online) A

symbolic view of TRR’s pool,

including the core, gird plate,

plenum chamber and flapper

valve
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are tabulated in Table 8. Then a polynomial curve is fitted

to the data of the pressure drop and average density, as

Fig. 15 serves as an example for case 1. If these polyno-

mial functions are used in Eq. (11), the unknown velocity

will be obtained. The results are 0.01613 and 0.02408 m/s

for cases 1 and 2, respectively.

7 Results and discussions

The process of presenting the results starts with the steps of

the procedure for evaluating resistance coefficients, explained

in Sect. 2.1, for the two cases of this study, introduced in

Sect. 5.1. Table 8 presents temperature and pressure varia-

tions and also the average density and viscosity of the coolant

in the detailedmodel of an FA (see Sect. 5.2) when thismodel

is subjected to ten velocities in the range of 0.01–0.1 m/s. An

example of fitting a quadratic function to the data of pressure

loss against velocity is shown in Fig. 16 for the case 1. The

resulting correlation is compared with Eq. (3), whereby

coefficients a and b are obtained. The results of calculating

resistance coefficients using this data at each velocity via

Eqs. (4) and (5) are tabulated inTable 9 for the both cases.An

example of fitting polynomial functions through this data and

deriving the final correlations of the resistance coefficients is

presented in Fig. 17 for the case 1.

Table 5 Conditions of the two test cases of the current study

Test cases Case 1 Case 2

Total heat source (kW) 100 400

Average temperature of pool and the inlet temperature for

evaluating the resistance coefficients (K)

303.15 310.95

The average inlet velocities for evaluating the resistance

coefficients

Ten velocities in the range of

0.0–0.1 m/s (see Table 8)

Ten velocities in the range of

0.0–0.1 m/s (see Table 8)

Operational mode Steady-state natural convection after

shutdown

Steady-state natural convection after

shutdown

Operating pressure (bar) 1.71 1.71

Thermo-physical properties (both solids and fluid) Same as Table 6 Same as Table 6

Fig. 10 (Color online)

Geometry of solution domain

for the detailed simulation of a

FA
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To verify the accuracy of these correlations, a porous

medium in the shape of a box with the external dimensions

of an FA is modeled. The correlations are applied to this

medium and it subjected to the same velocities and con-

ditions. The results of the temperature and pressure varia-

tions along with their counterparts from the detailed

simulation are presented in Table 10 for the case 1. Note

that the maximum error is less 0.5 % in all cases. As noted

in Sect. 2.3, such a high level of accuracy is transferred to

the simulation of the whole reactor pool (or any similar

large-scale simulation) because these media are placed into

the core without any changes.

Fig. 11 (Color online)

Configuration of the reference

core of Tehran Research

Reactor [36]

Table 7 Pressure drop and temperature rise in the normal operational

conditions of the TRR reference core in comparison with numerical

results by enforcing different geometrical and physical assumptions

(the complete model is the result of discarding all of the assump-

tions—each assumption is enforced separately)

Applied

assumptions and

simplifications

Discarding the side,

bottom and top parts

from Fig. 10

Using the simple

turbulence model (see

Table 1)

Discarding passages at

ends of fuel plates from

Fig. 10

Using constant

thermo-physical

properties

Complete

model

Target

results

[36]

DP (kpa) 6.017 9.408 6.889 7.286 7.981 & 8

Error (%)

(relative to the

target results)

24.79 17.60 13.89 8.93 0.24 —

DT (K) 9.392 8.403 9.372 8.204 8.386 8.3

Error (%)

(relative to the

target results

13.16 1.24 12.92 1.16 1.04 —

Table 6 Boundary conditions and thermo-physical properties used for verification of the detailed model of a FA

Inlet temperature (average temperature of

coolant in the pool)

310.95 (K)

Average inlet velocity of coolant 0.7943 (m/s)

Operating pressure (pressure at outlet) 0.171 (Mpa)

Heat source Cosine function of axial direction with the average value of the reference core configuration (see

Fig. 10) in full power (5 MW)

Coolant thermo-physical properties (q, l, k,
Cp)

Temperature-dependant polynomials that are fitted to the data extracted from the steam table at

the operating pressure.

Fuel and clad thermo-physical properties (q,
k, C)

From Ref. [37]. (thermal conductivity of fuel should be defined as a function of temperature)

Total mesh size Approximately 4.6 million unstructured hexahedral cells
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Fig. 12 (Color online) Counters of temperature (K) distribution on some virtual cross-sections, vertical to the axis of fuel assembly

Fig. 13 (Color online)

Geometry of the solution

domain for both single-region

and multi-region PMM.

a General geometry of the

solution domain for simulation

of natural convection in the

whole pool of TRR. b Geometry

of the core for single-region

PMM. c Geometry of the core

for multi-region PMM
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Now, the results of simulating natural convection in the

whole pool of TRR are presented. In this simulation, the

instructions explained in Sect. 2.4 by the procedures

depicted in Fig. 2 and the algorithm of coupling neutronic

and thermo-hydraulic analyses represented in Fig. 7 are

followed. It should be noted that every individual run of the

whole pool model on the system described in Sect. 3.3 took

almost 17 h to reach the desired convergence state. The

average power production in all the FAs and the axial

shape of the power distribution in the hot FA are demon-

strated in Fig. 18. These are the final results of the neu-

tronic analysis that are transferred to the thermo-hydraulic

one for the case 1. Table 11 presents temperature and

pressure variations and the average velocity in all FAs from

the results of the thermo-hydraulic analysis. A general

pattern of all thermo-hydraulic output variations are con-

sistent with the distribution of the average power presented

in Fig. 18a. Furthermore, Average velocities of the coolant

in the whole core, tabulated in the last row of Table 11, for

the both cases, are in a very good agreement with their

counterpart analytical results, presented in Sect. 4. These

results are directly compared in the second row of Table 12

for case 1. Note that the calculated error is only 0.31 %.

Contours of temperature distribution on the three verti-

cal cross sections that cut through the center of the core are

represented in Fig. 19 for the case 1. It describes how a

current of natural convection transfers the residual heat

form the core to the pool and dissipates this heat by mixing

with the relatively cooler flow in the pool. Stream-lines in

the pool of TRR colored by the velocity magnitude of flow

are shown in Fig. 20. These lines are obtained by tracking

some inert and massless particles released from the surface

of the flapper valve (see Fig. 9). These type of results can

be used to improve the quality of current and future

designs. For example, it can be used to minimize pressure

losses by streamlining a technique. It can also be used to

achieve a better physical understanding of the general

pattern of flow in a large-scale simulation. For example, for

any pool-type reactor, avoiding direct flow of coolant,

which just passed through the core to the free surface of the

pool, is an obvious goal because it can contaminate the

workspace under the containment by increasing the level of

activity. Paths of stream-lines in Fig. 20 prove that the

design of the TRR is adequate for this purpose.

The results of the simulation using the conventional

single-region PMM are presented in Table 12. This simu-

lation is conducted using the geometry depicted in Fig. 13a

and in the following two modes.
Fig. 14 (Color online) The convention of direction for the loop

integration of Eq. (13)

Table 8 Variations of temperature and pressure and average density and viscosity against average velocity of coolant for the two cases of

natural convection

Va (m/s) 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Case 1

DP (pa) 17.376 34.318 56.927 81.233 104.720 131.001 160.920 194.000 229.507 267.070

DT (K) 13.574 6.677 4.482 3.363 2.691 2.237 1.913 1.672 1.485 1.336

qa (kg/m
3) 993.169 994.549 994.997 995.226 995.361 995.449 995.512 995.558 995.594 995.622

la 9 104 (pa.s) 5.9848 6.3575 6.4986 6.5736 6.6190 6.6495 6.6715 6.6880 6.7009 6.7113

Case 2

DP (pa) 27.868 35.347 49.198 67.455 89.812 116.134 146.947 181.082 219.087 261.075

DT (K) 54.938 27.627 18.535 13.891 11.091 9.185 7.849 6.866 6.108 5.508

qa (kg/m
3) 975.120 986.419 988.647 989.820 990.524 990.981 991.301 991.535 991.714 991.857

la 9 104 (pa.s) 4.2222 5.3462 5.7110 5.9387 6.0932 6.2022 6.2828 6.3444 6.3929 6.4325
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1. When all instructions in Ref. [12, 13] are followed to

the letter, excluding simplifications of the detailed

model of an FA, because they clearly had a devastating

effect on the accuracy of simulation (25 % of error in

initial evaluation of pressure losses is reported by Ref.

[12]).

Fig. 15 (Color online) Variations of average density and pressure drop against equilibrium velocity of natural convection mode for the case 1

[the fitted correlations are to be substituted in Eqs. (12) and (13)]. a Average pressure loss along the fuel assembly. b Volume averaged density

Fig. 16 (Color online) Pressure

drop against average velocity

for the case 1 [the fitted function

is to be compared with Eq. (3)]

Table 9 Variations of the

resistance coefficients against

average velocity for the two

cases of this study

Inlet velocity (m/s) Case 1 Case 2

Cz [1/m] Dz [1/m
2] Cz [1/m] Dz [1/m

2]

0.01 26.362 2,435,764.801 27.211 3,059,502.594

0.02 26.325 2,283,185.812 27.004 2,559,249.639

0.03 26.313 2,230,476.945 26.947 2,377,489.594

0.04 26.307 2,202,839.890 26.921 2,283,411.092

0.05 26.304 2,186,366.416 26.905 2,226,685.155

0.06 26.302 2,175,499.402 26.895 2,188,836.942

0.07 26.300 2,167,776.079 26.888 2,161,466.842

0.08 26.299 2,162,001.777 26.883 2,141,048.275

0.09 26.298 2,157,520.607 26.879 2,124,844.340

0.10 26.297 2,153,938.994 26.876 2,111,836.963
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2. When the correlations of resistance coefficients calcu-

lated in this study (see Fig. 17) are applied to the single

porous medium.

The results of simulation for these two modes are also

compared in Table 12 with their counterparts from the

multi-region PMM (the last row of Table 11) and the

analytical results evaluated in Sect. 4. Results presented in

this table demonstrate that by applying the correlations, the

accuracy of the estimation of the single-region model

improves significantly but the errors are still considerable.

Overall, using single-region PMM, regardless of the

selected technique, would lead to losing all details inside

the core and impacts of the core flow on the surrounding

regions would suffer from significant inaccuracy due to

unrealistic simplifications described in Sect. 2. These are

the reasons for the considerable amount of errors tabulated

Fig. 17 (Color online) Deriving the correlations of resistance coefficients for the case 1. a Inertial resistance coefficient (Cz) against average

velocity along the axis of FA. b Viscous resistance coefficient (Dz) against average velocity along the axis of FA

Table 10 Comparison of temperature and pressure variations between the detailed model of a FA and the simple porous medium replaced it, in

the multi-region PMM, for the case 1

Va [m/s] 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

DT (K)

Detailed model 13.574 6.677 4.482 3.363 2.691 2.237 1.913 1.672 1.485 1.336

Replaced porous medium 13.573 6.679 4.480 3.366 2.689 2.239 1.912 1.672 1.484 1.336

DP (pa)

Detailed model 17.376 34.318 56.927 81.233 104.720 131.001 160.920 194.000 229.507 267.070

Replaced porous medium 17.058 34.540 56.432 80.526 104.373 131.860 161.076 194.417 229.075 266.059

Fig. 18 (Color online) Final results of power distribution in the reference core of TRR for the case 1. a Average power distribution in the core

[KW]. b Axial shape of power distribution in the hot fuel assembly (position D4 from Fig. 12)
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Table 11 Pressure and

temperature variation and

average velocity (along the z-

axis) of all FAs for the two

cases of this study (for

definition of positions see

Fig. 12)

Position of FA in the core Case 1 Case 2

DP (pa) DT (K) Vz (m/s) DP (pa) DT (K) Vz (m/s)

A3 25.899 7.904 0.01502 37.811 21.278 0.02256

A4 27.463 8.381 0.01593 40.094 22.563 0.02392

A5 26.570 8.109 0.01541 38.791 21.829 0.02314

B2 25.835 7.884 0.01498 37.718 21.226 0.02250

B3 27.213 8.305 0.01578 39.730 22.358 0.02370

B4 27.676 8.446 0.01605 40.406 22.738 0.02410

B5 26.678 8.142 0.01547 38.948 21.918 0.02323

B6 26.124 7.972 0.01515 38.139 21.462 0.02275

C2 26.867 8.199 0.01558 39.224 22.073 0.02340

C3 30.419 9.283 0.01764 44.410 24.991 0.02649

C4 26.761 8.167 0.01552 39.070 21.987 0.02331

C5 30.896 9.429 0.01792 45.106 25.383 0.02691

C6 27.177 8.294 0.01576 39.677 22.328 0.02367

D2 27.757 8.471 0.01610 40.523 22.804 0.02417

D3 26.462 8.076 0.01535 38.633 21.741 0.02305

D4 34.218 10.443 0.01984 49.956 28.113 0.02980

D5 26.947 8.224 0.01563 39.341 22.139 0.02347

D6 28.031 8.555 0.01626 40.924 23.030 0.02441

E2 27.671 8.445 0.01605 40.398 22.734 0.02410

E3 32.224 9.834 0.01869 47.045 26.475 0.02806

E4 27.122 8.277 0.01573 39.596 22.283 0.02362

E5 32.463 9.907 0.01882 47.393 26.670 0.02827

E6 27.120 8.301 0.01577 39.710 22.347 0.02369

F2 25.558 7.800 0.01482 37.313 20.998 0.02226

F3 25.744 7.857 0.01493 37.584 21.150 0.02242

F4 27.477 8.385 0.01593 40.114 22.574 0.02393

F5 26.124 7.972 0.01515 38.139 21.463 0.02275

F6 25.846 7.888 0.01499 37.734 21.235 0.02251

Arithmetic average 27.729 8.462 0.01608 40.483 22.782 0.02415

Table 12 Results of simulation using single-region PMM for the case 1 and for two different conditions (second and third column) in

comparison with averaged results of multi-region PMM and semi-analytical results

Conditions Following the instructions of

Ref. [12, 13] except for the

simplifications of the detailed

model

Using correlations of

resistance coefficients

evaluated

in this study (see Fig. 17)

Averaged results of

multi-region PMM

from

last row of Table 11

Semi-

analytical

result from

Sect. 6

Vz (m/s) 0.01364 0.01467 0.01608 0.01613

Error (%) (relative to last column) 15.44 9.05 0.31 –

DP (pa) 23.525 25.240 27.729 –

Error (%) (relative to fourth

column)

15.16 8.40 – –

DT (�C) 9.711 9.213 8.462 –

Error (%) (relative to fourth

column)

14.76 8.87 – –
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in Table 12 for the both modes of single-region PMM and

even more serious errors reported in Refs. [12] and [13].

Another noteworthy result in regards to the simulation

of natural circulation is represented in Fig. 21. As noted in

Sect. 2.1, subjecting the detailed model of FA to different

velocities in order to estimate the relationship between the

pressure (force) and velocity fields is the main step in the

process of evaluating the resistance coefficients (see

Fig. 1). Figure 21 demonstrates that by reducing the

average inlet velocity, the position where the minimum

pressure occurs gradually moves from the top of the fuel

plates toward the center of it. Meanwhile, the maximum

temperature occurs around the center of plates and this

position does not reveal any significant movement by

variation in velocity. The intriguing fact is that when

velocity approaches the values pertaining to natural con-

vection equilibrium (i.e. 0.0161 and 0.0241 m/s for the

cases 1 and 2 respectively) these two positions (i.e.

Fig. 19 (Color online)

Contours of temperature

distribution (K) in the pool of

TRR on three vertical cross

sections that cut through the

center of core for the case 1

Fig. 20 (Color online) Stream-

lines in the pool of TRR colored

by the velocity magnitude (m/s)

of flow for the case 1
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positions where maximum temperature and minimum

pressure occur) coincide. This position also becomes the

place where coolant velocity has its maximum value.

Therefore, in the view of the whole circulation path (whole

pool of the reactor), it is as if a hypothetical pump is

located at this position which works as a ‘‘driving force’’

for natural convection. Furthermore, this process can be

used as an alternative method for estimating equilibrium

velocity of natural circulation, instead of modeling a whole

reactor pool or semi-analytical method presented in

Sect. 6. Comparing Fig. 21b and c demonstrates that after

reaching the equilibrium velocity, the position where the

minimum pressure occurs does not move any further by

reducing velocity but the minimum pressure becomes a

larger negative value rapidly. Moreover, if the average inlet

velocity is larger than the values mentioned in Fig. 21, the

position where minimum pressure occurs (also known as

the point of pressure gradient reversal [39]) will never

appear on the fuel plates. This means that in these situa-

tions, momentum of the coolant due to forced convection is

large enough to overcome all drag forces (including the

effects caused by natural convection) and avoid separation

of flow [39].

The result of calculating some well-known dimension-

less numbers regarding natural convection in different

velocities are presented in Table 13. The definition of the

dimensionless numbers can be found in Ref. [16]. These

numbers measure importance and strength of natural con-

vection [16]. It should be noted that all quantities used for

these calculations are a volume-weighted average of the

relevant material properties, such as density, viscosity, and

thermal conductivity on the volume of the coolant in the all

passages between fuel plates. These results demonstrate

that when velocity approaches the value corresponding to

bFig. 21 (Color online) Gradual movement of the location where

minimum pressure occurs toward the center of plates by reducing

velocity for the case 2. a Pressure distribution (pa) for inlet velocity of
0.03 (m/s). b Pressure distribution (pa) for inlet velocity of 0.02 (m/s).

c Pressure distribution (pa) for inlet velocity of 0.01 m/s

Table 13 Variation of some

well-known dimensionless

numbers regarding natural

convection [16] against average

inlet velocity for both cases

Inlet velocity (m/s) Case 1 Case 2

Gr Gr/Re2 Ra Gr Gr/Re2 Ra

0.01 2.433E?10 233.58 1.126E?11 2.240E?11 1651.60 7.507E?11

0.02 1.004E?10 27.12 4.998E?10 6.593E?10 171.07 2.692E?11

0.03 6.328E?09 7.93 3.234E?10 3.488E?10 46.41 1.547E?11

0.04 4.593E?09 3.31 2.381E?10 2.280E?10 18.46 1.058E?11

0.05 3.601E?09 1.68 1.882E?10 1.713E?10 9.33 8.178E?10

0.06 2.954E?09 0.97 1.553E?10 1.369E?10 5.35 6.664E?10

0.07 2.503E?09 0.61 1.321E?10 1.140E?10 3.36 5.628E?10

0.08 2.172E?09 0.41 1.150E?10 9.766E?09 2.24 4.873E?10

0.09 1.919E?09 0.28 1.018E?10 8.530E?09 1.57 4.293E?10

0.10 1.718E?09 0.21 9.136E?09 7.565E?09 1.14 3.834E?10

Fig. 22 (Color online)

Variation of Rayleigh (Ra)

number against average velocity

for both cases of this study

(equilibrium velocities of

natural circulation are also

indicated for both cases)
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the natural convection equilibrium from larger values, a

rapid growth in all of the dimensionless numbers can be

detectedwhich indicates a significant increase in the strength

of the buoyancy-induced flow [16]. Figure 22 represents the

variation of Rayleigh (Ra) number against average velocity

for both cases in this study. Note that equilibrium velocities

of natural circulation are also indicated for both cases on this

diagram for comparison. These results indicate that moni-

toring the variation of the dimensionless numbers against

velocity can be used as another alternative method for esti-

mating equilibrium velocity of natural circulation in a

qualitative manner. Although it should be obvious that this

method only specifies an approximate range for equilibrium

velocity and it is not as accurate as the former methods

proposed for this purpose.

In the end, to practically demonstrate how the detailed

results are retrieved by the multi-region PMM of this

study, the values of all relevant variables on the inlet and

outlet boundaries of the hot FA of case 2 from the sim-

ulation of the whole pool (located at position D4 from

Fig. 11) are mapped onto their counterparts in the detailed

model of a single FA. Note that the power source and the

pertinent shape of distribution should be taken from

neutronic part of the simulation (see Fig. 18). Contours of

temperature and pressure distribution on the outer surface

of this FA (the hot FA), that include the walls of the hot

channel, are represented in Fig. 23. The results show that

even in the intense conditions of case 2, the pure natural

convection still has the capability of removing the resid-

ual heat safely, because there is a significant difference

between the maximum temperature of the coolant in the

hot FA (354.360 K) and the saturation temperature cor-

responding to the operating pressure of the system

(388.478 K).

Fig. 23 (Color online)

Contours of temperature and

pressure distribution on the

outer surface of the hot FA

(position D4 from Fig. 11) for

the case 2. a Temperature

distribution (K). b Pressure

distribution (pa)
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8 Conclusion

As noted in Sect. 2.3, the multi-region PMM introduced

in this study was inspired by the conventional procedures

for neutronic core calculations. In other words, the new

PMM is specifically developed to be a thermo-hydraulic

analog of the neutronic procedure in order to achieve an

equivalent neutronic and thermo-hydraulic solution

method. This method facilitates the use of the CFD

approach in the coupled neutronic-thermohydraulic simu-

lation of a large-scale system for an average researcher

because it reduces computational cost significantly. How-

ever, the main feature of the modified method, as explained

in Sects. 2 and 3 (see Fig. 2b) and practically demonstrated

in Sect. 7, is the capability of retrieving all the detailed

results that seem to be lost by using the PMM. In this study,

the multi-region PMM was applied to simulate natural

circulation in a typical MTR because it has all the

requirements to test and verify the new model. Nonethe-

less, it should be clear that the multi-region PMM can be

used for a wide range of applications in PWR, BWR,

WWER, etc. This matter will be the subject of our future

studies.
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