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Abstract: This paper presents the results of a numerical simulation to determine the hydraulic
resistance for a transverse flow through the bundle of hexagonal rods. The calculations were carried
out using the precision CFD code CONV-3D, intended for direct numerical simulation of the flow
of an incompressible fluid (DNS-approximation) in the parts of fast reactors cooled by liquid metal.
The obtained dependencies of the pressure drop and the coefficient of anisotropy of friction on the
Reynolds number can be used in the thermal-hydraulic codes that require modeling of the flow in
similar structures and, in particular, in the inter-wrapper space of the reactor core.
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1. Introduction

Currently under development are various liquid metal cooled nuclear reactor projects
related to Generation IV reactors. Improving the calculation accuracy when justifying the
thermohydraulic characteristics of a fast reactor is an important applied problem, since this
can affect its reliability and operational safety. On the other hand, the refinement of the
calculation makes it possible to reduce the degree of conservatism in the design. One of the
design features of a typical fast reactor with fuel assemblies of cassette type in the core is
the presence of an inter-wrapper space (IWS) in the core. This actually means the presence
of, simultaneously, two coolant flows in the reactor core: one of them is the main one,
passing inside the fuel assembly and responsible for heat removal from the fuel rods, and
the other, passing through the IWS and usually making up a few percent of the total flow
through the reactor. Both streams, in the course of their movement, exchange heat through
the fuel assembly. The degree of influence of the processes in the IWS on the parameters of
the reactor and the core as a whole depends on the design features of the reactor and the
investigated mode of its operation. This influence was considered in [1].

The fraction of heat removed from the core through the IWS in the rated power mode
of the reactor is usually small, but even in this case, the spatial non-uniformity of the
velocity field in the IWS can noticeably affect the temperatures in some fuel sub-assembles
of the core. The influence of processes in the inter-wrapper space on heat transfer in the
core increases with primary flow rate decrease in the reactor. The need to take into account
the influence of IWS arises when studying transient modes and some beyond design basis
accidents. For example, the key point in the study of a beyond design basis accident caused
by the loss of flow in the primary and secondary circuits of the reactor with a simultaneous
failure of the emergency protection system is the possibility of more accurate modeling
of the effects of reactivity, and, in particular, the effect associated with the shape change
of the core during heating. In this case, the picture of the bends of the fuel assemblies
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largely depends on the azimuthal temperature gradients over the cross section of the
fuel assembly wrapper, which, in turn, depend on variation of the spatial temperature
distribution of sodium that washes the outer surface of the wrapper. Adequate modeling
of the thermo-hydrodynamic processes in the IWS is also important when investigating the
ULOF accident. The sodium boiling in the IWS can make a significant contribution to the
reactivity, and seriously affect the course of the accident and its consequences.

The influence of processes in the inter-wrapper space on heat transfer in the core is
most clearly manifested in the emergency heat removal mode, when there is no forced
circulation along the circuits, and a significant fraction of the heat of the decay heat released
in the fuel elements is removed due to the circulation of sodium in the IWS. This effect
becomes especially significant in the design version of a fast reactor equipped with decay
heat exchangers immersed in the upper reactor plenum. In this case, the “cold” coolant
from the outlet windows of the decay heat exchanger is discharged first into the upper
plenum of the reactor, and then into the peripheral part of the inter-wrapper space, where
it first moves in a radial direction to the center of the core, where it then heats up and
forms an ascending flow. As a result, the efficiency of heat removal from the core and
the prevention of emergency overheating of fuel elements is largely determined by the
resistance to the flow during its horizontal movement towards the center in the IWS.

Justification of nuclear reactors is currently carried out mainly using computational
codes of varying degrees of detail. Full CFD modeling of a nuclear reactor, taking into
account all the features of its flow path, requires unrealistically large expenditures of
computer resources, therefore, in practice, the porous medium approximation is often
used to describe heat transfer in separate parts of the reactor. At the same time, detailed
modeling of the flow and heat exchange in such small structures as the inter-pin or inter-
wrapper space is abandoned, and the interaction with the “framework” of the porous
medium is described integrally by introducing mass friction forces into the momentum
equations. These friction forces in pin-bundle structures depend on the flow direction;
therefore, the corresponding friction coefficients have anisotropy. Additionally, if the
empirical correlations for determining the friction coefficients for rod bundles, both in the
longitudinal and transverse directions are available, for example [2], then there are no such
correlations for calculating of friction coefficients for the transverse flow of liquid in rod
bundles formed by hexagonal cylinders.

Currently, the idea of replacing full-scale experiments by calculations using precision
codes is actively developing, The use of such codes makes it possible to check the possible
flow modes in various equipment of the reactor plant in a wide range of parameters,
without resorting to the need to construct experimental facility. The obtained results can be
used to develop correlations describing various processes of heat and mass transfer in the
core and circuit elements. The correlations can later be used in engineer codes that use the
subchannel technique or the porous medium approximation.

It is proposed to implement this approach and to use the precision scalable eddy-
resolving CFD code CONV-3D [3,4]. The code is developed at the Nuclear Safety Institute of
the Russian Academy of Sciences (IBRAE) and based on the DNS approximation. CONV-3D
code was validated against the wide set of thermal-hydraulic experiments [5,6]. The code
is intended for performing precision thermo-hydrodynamic calculations in fuel assemblies,
core, and other sections of fast reactor circuits. The computational core of the program is
based on the finite volume method (FVM) and is used to solve the Navier–Stokes equation
with both constant and variable coefficients. The program allows us to carry out calculations
on Cartesian and IBM grids.

Thermo-hydrodynamic processes in the CONV-3D are modeled using nonstationary
Navier–Stokes equations in natural variables together with the energy equation [3–5]:

dρu
dt

= −∂p
∂x

+
∂

∂x
σxx +

∂

∂y
σxy +

∂

∂z
σxz + ρgx (1)
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dρv
dt

= −∂p
∂y

+
∂

∂x
σyx +

∂

∂y
σyy +

∂

∂z
σyz + ρgy (2)

dρw
dt

= −∂p
∂z

+
∂

∂x
σzx +

∂

∂y
σzy +

∂

∂z
σzz + ρgz (3)

divv = 0 (4)

dρH
dt

+ div(ρvH) = div(κgradT) (5)

where ρ is the density; u, v and w are the components of the velocity vector; p is the
pressure; σij are the symmetric components of the symmetric viscous-stress tensor; gi are
the components of the gravitational force vector; t is the time; v = (u, v, w) is the velocity
vector; H =

∫ T
T0

c(ξ)dξ is the enthalpy; κ is the thermal conductivity; T is the temperature;
T0 is the initial temperature; c is the specific heat;

The numerical implementation of splitting schemes for the Navier-Stokes equations in
the CONV-3D is performed in the operator-difference formulation as a two-step procedure
with pressure adjustment. To obtain a time-integrated scheme for the energy equation,
the operators of the equation are split into two parts associated with the enthalpy and
temperature, which gives a two-step procedure. The operators in the equation of motion
are also split into two parts: the transfer of velocity by convection/diffusion, a pressure
gradient. More details about the numerical algorithm implemented in the CONV-3D are
outlined in [4].

2. Problem Statement

The design area was a rectangular domain of the reactor core assembled from fuel
assemblies and cooled by liquid sodium. Taking into account the high requirements
of the CONV-3D code for computing power and assuming the absence of flow in the
vertical direction, the computational domain was constructed as a prism of small thickness
(Figure 1). The design area consisted of 11 complete and 12 incomplete hexagons.

Fluids 2021, 6, x  3 of 6 
 

𝑑ρ𝑢

𝑑𝑡
= −

𝜕𝑝

𝜕𝑥
+

𝜕

𝜕𝑥
σ𝑥𝑥 +

𝜕

𝜕𝑦
σ𝑥𝑦 +

𝜕

𝜕𝑧
σ𝑥𝑧 + ρ𝑔𝑥 (1) 

𝑑ρ𝑣

𝑑𝑡
= −

𝜕𝑝

𝜕𝑦
+

𝜕

𝜕𝑥
σ𝑦𝑥 +

𝜕

𝜕𝑦
σ𝑦𝑦 +

𝜕

𝜕𝑧
σ𝑦𝑧 + ρ𝑔𝑦 (2) 

𝑑ρ𝑤

𝑑𝑡
= −

𝜕𝑝

𝜕𝑧
+

𝜕

𝜕𝑥
σ𝑧𝑥 +

𝜕

𝜕𝑦
σ𝑧𝑦 +

𝜕

𝜕𝑧
σ𝑧𝑧 + ρ𝑔𝑧 (3) 

div𝐯 = 0 (4) 

𝑑ρ𝐻

𝑑𝑡
+ div(ρ𝐯𝐻) = div(κgrad𝑇) (5) 

where ρ is the density; u, v and w are the components of the velocity vector; p is the pres-

sure; σ𝑖𝑗  are the symmetric components of the symmetric viscous-stress tensor; 𝑔𝑖 are 

the components of the gravitational force vector; t is the time; v = (u, v, w) is the velocity 

vector; 𝐻 = ∫ c(ξ)𝑑ξ
𝑇

𝑇0
 is the enthalpy; κ is the thermal conductivity; T is the temperature; 

𝑇0 is the initial temperature; c is the specific heat; 

The numerical implementation of splitting schemes for the Navier-Stokes equations 

in the CONV-3D is performed in the operator-difference formulation as a two-step proce-

dure with pressure adjustment. To obtain a time-integrated scheme for the energy equa-

tion, the operators of the equation are split into two parts associated with the enthalpy 

and temperature, which gives a two-step procedure. The operators in the equation of mo-

tion are also split into two parts: the transfer of velocity by convection/diffusion, a pres-

sure gradient. More details about the numerical algorithm implemented in the CONV-3D 

are outlined in [4]. 

2. Problem Statement 

The design area was a rectangular domain of the reactor core assembled from fuel 

assemblies and cooled by liquid sodium. Taking into account the high requirements of the 

CONV-3D code for computing power and assuming the absence of flow in the vertical 

direction, the computational domain was constructed as a prism of small thickness (Figure 

1). The design area consisted of 11 complete and 12 incomplete hexagons. 

 

Figure 1. Calculation area and cross-sections for measuring pressure drop. 

The fuel assembly width across flats was equal to 181 mm, and the size of the inter-

cassette space was up to 5 mm. The sodium coolant temperature was maintained equal to 

723 K. The parametric calculations were performed, where the sodium flow rate at the 

domain inlet was varied in the range of 0.25–2 m/s. 

3. Computational Mesh and Boundary Conditions 

The geometry of the computational domain (Figure 2) was constructed using the Ge-

ometry Editor embedded in the code. As boundary conditions, slip conditions were set on 

the lateral, lower and upper surfaces of a rectangular prism, and “pumps” with positive 

and negative flow rates were set at the inlet and outlet of the design area, which provided 

Figure 1. Calculation area and cross-sections for measuring pressure drop.

The fuel assembly width across flats was equal to 181 mm, and the size of the inter-
cassette space was up to 5 mm. The sodium coolant temperature was maintained equal
to 723 K. The parametric calculations were performed, where the sodium flow rate at the
domain inlet was varied in the range of 0.25–2 m/s.

3. Computational Mesh and Boundary Conditions

The geometry of the computational domain (Figure 2) was constructed using the
Geometry Editor embedded in the code. As boundary conditions, slip conditions were
set on the lateral, lower and upper surfaces of a rectangular prism, and “pumps” with
positive and negative flow rates were set at the inlet and outlet of the design area, which
provided a constant flow simulation. The meshing of the computational domain consisted
of 4099 cells in the longitudinal direction, 1025 cells in the transverse direction and 9 cells
in the vertical direction. All calculations were carried out on a SENPAI computing cluster,
(4 nodes, 160 cores, 1.5 TB RAM, 8 TB HDD, 10 TFLOPS, Intel ® Xeon ® Gold 6230 CPU
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2.1 GHz) with parallelization into 32 physical cores. The time spent on one iteration was
approximately 10 s.
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Figure 2. General view of the geometry of the computational domain.

The calculation began with an initial approach and continued until the stationary
regime was reached. The solution was considered as steady after calculation, during a time
interval that was equal to double transport time of passing the domain by coolant. Then,
one more transport interval was calculated for the control of stability and calculations of
time-averaged parameters of the flow.

4. Calculation Results

Eight calculations were performed with different values of the coolant velocity at the
entrance to the computational domain. For each series of calculations, the pressure drop
was determined between sections A and B, B and C, C and D, as shown on Figure 1.

The calculated pressure drops for various values of the flow rate at the entrance are
presented in the Table 1.

Table 1. Pressure drops between sections.

v, m/s Re ∆pA–B, Pa ∆pB–C, Pa ∆pC–D, Pa

0.264 8550 383 368 380

0.529 17,133 2194 2117 2186

0.795 25,748 5493 5293 5470

1.06 34,330 10,248 9870 10,213

1.326 42,945 16,821 16,282 16,747

1.592 51,560 24,671 23,864 24,544

1.854 60,046 34,182 33,047 34,127

2.118 68,596 45,014 43,728 44,902

The influence of the boundary conditions can be seen from the results, since the
pressure drop in sections A–B and C–D differs from the difference between sections B and
C. However, the deviation in the entire investigated range of Reynolds numbers is less
than 3%.

The coefficient of anisotropy of friction in the bundles is usually defined as the ratio of
pressure drops:

Krz = ∆pr/∆pz (6)

where ∆pr and ∆pz indicate the pressure drops per unit length in the transverse and
longitudinal directions, respectively.
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Calculated with CONV-3D, the pressure drops ∆pr were compared with the pressure
losses ∆pz, calculated using the known empirical relationship [2] to determine the hydraulic
resistance of a flat channel:

∆pz = 1.1·ξ· l
dH

·ρ·u
2

2
(7)

where ξ = 0.3164/Re0.25 and hydraulic diameter dH is equal to double width of inter cas-
sette gap.

The results of calculating the coefficient of friction anisotropy from the Reynolds
number are presented in Table 2.

Table 2. Dependence of the coefficient of friction anisotropy on the Reynolds number.

Re ∆pz, Pa KrzA–B KrzB–C KrzC–D

8550 34 11.22 10.77 11.12

17,133 115 19.03 18.36 18.96

25,748 235 23.36 22.51 23.26

34,330 389 26.34 25.37 26.25

42,945 576 29.22 28.29 29.09

51,560 793 31.12 30.11 30.96

60,046 1035 33.03 31.93 32.98

68,596 1306 34.46 33.47 34.37

The results of calculating of the friction anisotropy coefficient versus Re number are
approximated by a polynomial of the 2nd degree:

Krz(Re) = 4.532 + 8.518·10−4·Re − 6.314·10−9·Re2 (8)

and are shown on Figure 3. The maximum deviation of the approximating curve from the
calculated values is less than 6%.
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5. Conclusions

The dependencies on the Reynolds number of the pressure drop and the coefficient of
friction anisotropy in the transverse flow of a liquid in a rod bundle formed by hexagonal
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cylinders are obtained by using the CFD code CONV-3D based on the DNS approximation.
This dependence can be recommended for use in thermal-hydraulic analysis codes that
require simulation of the flow in similar structures, for example, in the inter-fuel-assembly
space of the core of SFRs. It should be noted that further refinement of the obtained
dependencies is possible on the basis of the stochastic relations presented in [7–9].
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