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Abstract — A channel box installation in the IEA-R1 research reactor core was numerically investigated to 
increase fluid flow in fuel assemblies (FAs) and side water channels (SWCs) between FAs by minimizing 
bypasses in specific regions of the reactor core, which is expected to reduce temperatures and oxidation effects 
in lateral fuel plates (LFPs). To achieve this objective, an isothermal three-dimensional computational fluid 
dynamics model was created using Ansys CFX to analyze fluid flow distribution in the Brazilian IEA-R1 
research reactor core. All regions of the core and realistic boundary conditions were considered, and a detailed 
mesh convergence study is presented. Results comparing both scenarios are presented in the percentage of use 
of the primary circuit pump. It is indicated that 21.4% of fluid bypass to unnecessary regions can be avoided 
with the channel box installation, which leads to the total mass flow from the primary circuit for all FAs 
increasing from 68.9% (without a channel box) to 77.6% (with a channel box). For the SWCs, responsible for 
cooling LFPs, an increment from 9.7% to 22.4%, avoiding all nondesired cross three-dimensional effects, was 
observed, resulting in a more homogeneous fluid flow and vertical velocities. It was concluded that the 
installation of a channel box numerically indicates an expressive mass flow increase and homogeneous fluid 
flow distribution for flow dynamics in relevant regions. This gives greater confidence to believe that lower 
temperatures, and consequently oxidation effects in LFPs, can be expected with a channel box installation.

Keywords — Research reactor core, flow distribution optimization, computational fluid dynamics, channel 
box.  

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

There are 45 pool-type research reactors in full 
operation,1 and they are normally cooled with deminer
alized light water and can be designed with either positive 
pressure within the elements (upstream coolant flow) or 
relative negative pressure (downstream coolant flow). For 
reactors with downstream flow, some specific scenarios 
may take place. Flow reversal from downward to upward 

flow occurs after reactor shutdown or in the event of 
a loss-of-coolant accident2 due to the transition from 
forced convection to natural convection.3 During this 
process, depending on the intensity of the decay,4 the 
fuel assembly (FA) may exhibit temperature peaks higher 
than steady-state temperature,5 which may result in the 
onset of a two-phase flow behavior for a short period of 
time.6

A second issue may be related to the geometry and 
design of the reactor core. As an example, the IEA-R1 
Brazilian research reactor core, located at Instituto de*E-mail: nikolas.scuro@gmail.com
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Pesquisas Energéticas e Nucleares (IPEN) in São Paulo, 
Brazil, is illustrated in Fig. 1. The core is composed of 20 
standard fuel assemblies (SFAs), highlighted in red, four 
control fuel assemblies (CFAs), and other components such 
as reflectors and irradiation elements, shown in a simplified 
way. All core elements are open-to-pool and with no structure 
guiding fluid flow from upstream to downstream in side 
water channels (SWCs), which is the space between lateral 
fuel plates (LFPs) between all FAs present in the core. In 
addition, there are other regions where flow bypass may take 
place, which can reduce flow from entering FAs, contributing 
to an increase in temperature and possibly oxidation effects.

The present study is part of an extensive investigation 
of the fluid dynamics of the IEA-R1’s research reactor core. 
Previously, the flow dynamics inside SFAs gave enough 
details about flow distribution between fuel plates.7 The 
present study is a second investigation step, which focuses 
on analyzing the influence of bypasses and flow distribu
tion among all FAs in the core. This investigation started 
after 1993 when several modifications were made to the 
original 1957 IEA-R1 core design. Among them, the origi
nal pump was substituted with a 13.3% more powerful 
primary circuit pump (681 to 772 m3/h), the total number 
of FAs was reduced from 30 to 24, and thermal power was 
increased from 2 to 5 MW, resulting in a higher power 

density8 and neutron flux to address local Brazilian demand 
for radioisotope production and academic research.

Proprietary studies were made to assess the impact of 
these changes to safety before the implementation of any 
reactor upgrades. Later, published results have demon
strated some of the points studied by IPEN, by other 
institutes, analyzing the influence of loss-of-flow and 
reactivity insertion accidents.9 However, it was observed 
from subaquatic camera photographs the presence of 
oxidation on LFPs, as shown in Fig. 2. This was only 
present on specific LFPs of some SFA at its end of life, 
which was located in hot channels, after a long operation 
time at full power [5 MW(thermal)].

The study of corrosion of fuel plate aluminum clads11–13 

and minimization of oxide formation14 is known under sev
eral scenarios, such as the pH influence15,16 and its effects 
under heat transfer conditions for Al-6061 (Refs. 17, 18, and 
19), which is the same alloy being used for more than 60 
years in the IEA-R1 without major issues. The purpose of this 
work is not to discuss fuel chemistry or oxidation phenomena 
in Al-6061 alloys but rather to understand the fluid flow of 
the IEA-R1 research reactor core. Optimizing core flow 
dynamics can maximize heat removal in LFP, which is 
speculated can help reduce oxidation effects.

Figure 3 shows the dimensions of LFPs and SWCs in 
a cross-section view. The xz-plane opening region is respon
sible to cool LFP and visually has a larger pressure drop 
when compared to the α-region shown in Fig. 4. 
Additionally, it is important to note that the flow in the yz- 
direction is probably null since the assembly tolerance of the 
elements in the core suggests that this measure should be 
less than 1 mm. However, visual observations in the IEA- 
R1 core indicate that this dimension is heterogeneous. 
A considerable number of fuel elements physically touch

Fig. 1. Simplified three-dimensional model of the IEA- 
R1 reactor core. 

dd/mm/yy

Fig. 2. Fuel assembly LFP photograph showing oxida
tion layer.10 
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Fig. 3. Dimensions of the lateral channel. 

Fig. 4. Schematic velocity profile of SWC and core bypass regions. 
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each other, blocking the fluid flow in the yz-direction. 
Consequently, a larger fluid flow is expected to enter the α- 
region, which will be discharged among 56 orifices, high
lighted as the β-Region in Fig. 4. This way, it is easier for 
coolant to enter the α-region rather than from SWCs (from 
both top vz and sides vx), which probably decreases LFP’s 
cooling capacity. It is believed that this insufficient cooling 
in LFP can contribute to oxidation, as this effect was not 
observed in internal fuel plates for all other FAs.

Two studies were conducted to reduce oxide formation 
on LFPs as it was believed they were the only ones affected by 
high temperatures imposed by reactor power upgrade. The 
first was reducing the dispersion of nuclear fuel (U3Si2-Al) in 
LFPs by 50% (Ref. 20). Adjustments would be needed to 
achieve reactor criticality, and it was concluded that unfavor
able effects would lead to this action. The second study 
focused on a geometrical modification of the core to improve 
cooling of LFPs by installing a channel box around the reactor 
core, limiting gaps and bypass fluid flow. The intent is to 
maximize mass flow to FAs instead of to unnecessary regions 
of the core. A channel box was first implemented for the 
German FRG-01 Reactor in 1999 (Ref. 21), shown in 
Fig. 5, which was designed for the purposes as described for 
the IEA-R1 reactor. However, because of the numerous 
instrumentation difficulties for measuring mass flow and 
fluid velocity in each FA, it was not possible to quantify the 
benefits of implementing such a device.21

To make progress in SFA’s temperature recording during 
real operating conditions, the IPEN built an instrumented fuel 
assembly (IFA) in 2010, with 15 thermocouples.22 The IFA 
led to the publication of an extensive experimental database23 

that allowed the validation and comparison of one- 
dimensional computer codes for the prediction of a slow loss- 
of-flow accident.24 In the following year (2011), Umbehaun25 

with many other professionals at IPEN, designed and installed 
an Al-6061 channel box for the IEA-R1 similar to the German 
FRG-01 reactor.21 Temperature recording results showed the 
direct influence of the channel box in IFA’s fuel plate 
temperatures.23 A temperature decrease between 7.7% to 
27% was observed for many thermocouples.23 However, as 
it was not possible to quantify the long-term influence of the 
channel box, it had a limited time operation, which did not 
allow observing the influence on oxide formation in LFP. In 
addition, it is not possible to record IFA-LFP’s temperature as 
there are no thermocouples installed on LFPs due to the 
detachment possibility during movement of the IFA. In this 
way, a computational fluid dynamics (CFD) analysis may 
help to better understand the direct influence of the channel 
box in core flow dynamics and mass flow distribution.

Another important phenomenon related to the thermal- 
hydraulic safety criteria, which also justifies the performance 

of this study, is related to the mass flow distribution among all 
FAs. Because of the asymmetrical installation of FAs, one 
could expect a mass flow deviation among them, which could 
influence the temperature of individual FAs (Ref. 26). 
However, it is not known how significant this phenomenon 
can be. A numerical study quantifying mass flow distribution 
among FAs (Ref. 27) showed a deviation of 2% among FAs. 
However, other studies28 showed that unequal distribution of 
mass flow is responsible for the corresponding unequal power 
distribution in the nuclear reactor.29

In addition, it is expected that SWCs have a complex 
three-dimensional behavior as they are open-to-pool in IEA- 
R1 and cannot be determined by a one-dimensional analysis 
without prior knowledge of the pressure loss behavior.

For these reasons, this paper describes the elaboration 
of a three-dimensional numerical analysis with the Ansys- 
CFX (Ref. 30) commercial software to study the flow 
characteristics and influence of the installation of 
a channel box surrounding the reactor core of IEA-R1. It 
will also be possible to understand the hydraulic advan
tages of using the channel box and compare the mass flow 
distributions for all SFAs. The proposed mathematical 
modeling includes a hybrid model in which the flow 
regions are fully discretized and other regions are replaced 
by one-dimensional modeling with an equivalent head loss 
coefficient, assuming a simplifying hypothesis of one- 
dimensional flow in these regions.

II. CFD ANALYSIS

This section will present all necessary assumptions 
made for the mathematical model of the IEA-R1 reactor
core’s simulation.

Fig. 5. German FRG-01 aluminum channel box.21 
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II.A. Boundary Conditions and Simplification 
Hypotheses

The IEA-R1 (Ref. 31) reactor core is mainly 
composed of 20 SFAs, 4 CFAs, one central beryllium 
irradiation device, reflector elements, irradiation ele
ments for radioisotope production, temperature and 
pressure drop monitors, and other components. All 
these components are shown in a simplified way in 
Fig. 6. All the reactor core’s elements are attached to 
a matrix plate, a rectangular metal device with 80 
spots where all elements are attached and fixed. This 
matrix plate is directly attached to a pyramid trunk 
duct, a simple transformation of a rectangular cross 
section to a circular cross section, connecting to the 
primary circuit pump. This pyramid trunk is coupled 
with a natural convection valve (NCV), which is con
nected to the core by a pressure difference imposed by 
forced convection. This way, when the reactor is shut 
down, static pressure is null, and the NCV opens 
automatically, allowing stagnant water from the pool 
to enter the core to remove heat decay by natural 
convection.

All simplification hypotheses are presented as 
follows:

1. Since the whole reactor core is being analyzed, 
the discretization of internal regions of all SFAs and 
CFAs would require unnecessary computational expense 
as SFA’s flow dynamics and validated head loss curve7,32 

are already known For this reason, SFAs and CFAs were 
replaced by a small portion of its outlet region (22.2-mm 
hole in Fig. 6) to an adaptive boundary condition, taking 
under consideration SFA and CFA hydraulic resistance 
using the Fig. 7 curve, also represented by Eq. (1):

K ¼
2ΔPρA2

nozzle
·m2 : ð1Þ

2. The same methodology of the SFA’s study7 was 
repeated for the CFA, and an average 7% higher head loss 
was adopted in this study (Fig. 7). 

Therefore, all SFA and CFA head losses are consid
ered in Ansys-CFX as a unidimensional pressure drop 
coefficient K, as a function of the pressure drop curve 
δp and mass flow rate ·m, with a constant density ρ and 
outlet nozzle area of FAs, obtained from Fig. 6. In this 
way, we can include the hydraulic resistance curve of 
each SFA and CFA in the core model without the need 
for internal modeling of each FA. The only information 
required is the fluid density ρ (in kg/m3) and a cross 
section Anozzle (in m2).

3. The other components of the reactor core that 
do not require cooling have been suppressed because they 
have no effect on hydrodynamics. These include irradia
tion elements, reflectors, neutron flux meters, pressure 
gauges, fission chambers, and other components.

4. The SWCs between the FAs (xz-plane) (Fig. 3) 
were not simplified; all different thickness levels and 
lengths were considered and discretized with the same 
validated patterns for head loss calculation as considered

Fig. 6. Representation of the matrix plate and other 
components. 

Standard Fuel Assembly

Control Fuel Assembly

Fig. 7. Head loss of SFA (Ref. 7) and CFA. 
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in Scuro et al.7 This means that cross flow between 
SWCs is taken under consideration.

5. The SWCs between the FAs (yz-plane in Fig. 3) 
were suppressed for two main reasons: (a) there is no 
significant flow in this region and (b) it is not directly 
responsible for cooling the fuel plates; i.e., the main flow 
occurs essentially in the xz-plane.

6. The region between the core components 
and the base of the matrix plate (see α-Region in 
Fig. 4) has minor simplifications, such as suppression 
of small wrinkles and regions where screw heads are 
located.

7. The NCV has been suppressed because it is 
relevant only after reactor shutdown. Therefore, since it 
is coupled when the reactor is operational, it has no 
influence on the fluid domain and flow dynamics.

8. The contact between the core components 
(FAs, control elements) with the matrix plate and other 
contacts is assumed to be perfect; i.e., leaks due to instal
lation gaps are considered negligible.

9. The primary circuit pipe is just 
a 1-m simplified domain representation. Its function in 
this CFD model is only to impose the mass flow bound
ary condition of the primary pump.

10. The computational pool domain was not con
sidered; this imposes that three-dimensional effects that 
occur at the entrance of the fuel elements or in the lateral 
channels are not captured. This simplification can influ
ence the flow redistribution in the reactor core and 
increase the flow in the situation where the box is 
applied.

The computational domain is represented by a three- 
dimensional region through which fluid flows into the 64 
SWCs, the opening region between the core elements and 
the matrix plate, and the pyramid stem with the primary 
channel section. For simplicity, the pyramid trunk and 
primary channel section are referred to as the coupling 
domain. The fluid is demineralized light water in the 
thermodynamic state of a subcooled liquid. The water 
inlet temperature is equal to the average operating tem
perature of the pool (32.7°C). The reactor core is located 
at a depth of about 6.89 m, the vertical distance from the 
surface of the pool to the top of the SWCs, resulting in an 
average hydrostatic pressure of 0.169 MPa. Water proper
ties for the specified conditions were determined using 
the IAPWS-97 (Ref. 33). Figure 8 shows a representative 
schematic of some boundary conditions (the separation 

between the side channel domains, the opening to the 
pool, and the coupling domain).

In addition, some characteristics of the flow and 
boundary conditions are given as follows:

1. All surfaces in the computational domain are 
adiabatic and have no-slip wall conditions.

2. The average roughness of SWCs is 4 µm; other 
walls are 20 µm.

3. The primary suction flow is fixed at 211 kg/s.

4. The open pool regions have zero static pressure.

5. The free opening areas on the sides of the SWCs 
and the opening of the pool are considered as the wall for 
the box condition.

6. The pressure drop curves of the SFA and CFA 
were taken into the inlet area of each small representative 
extension of the outlet nozzle, i.e., the 50.8-mm cylinders, 
since the smaller ones of 22.2 mm represent the holes for 
cooling the SWCs.

7. The flow was considered isothermal.

III. MATHEMATICAL MODEL

The mathematical model considers single-phase light 
water flow in steady state. The hypotheses of (1) Newtonian 
fluid, (2) incompressible and isothermal flow, (3) validity of 
the Stokes’ hypothesis,34 and (4) negligible influence of vis
cous dissipation are assumed. Thus, the equations for con
servation of mass and momentum are described by Eqs. (2) 
and (3), considering a Cartesian coordinate system xi:

δUi

δxi
¼ 0 ð2Þ

and

�
1
ρ

qp
qxi
þ 2

q

qxj
ðνSijÞ ¼ 0 ; ð3Þ

where 

p = static pressure

ν = dynamic viscosity

Ui = velocity component in direction i

ρ = fluid density

Sij = rate-of-strain tensor, represented by Eq. (4):
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Sij ¼
1
2

qUi

qxj
þ

qUj

qxi

� �

: ð4Þ

In order to select a turbulence model suitable for the 
objectives of the work, it was necessary that the selected 
model not be prone to numerical instabilities since the 
geometry of the computational domain has several inlet 
regions with different dimensions and pressure drop coef
ficients. Another problem is the need for a high-quality 
near-wall discretization to correctly capture the boundary 
layer effects and subsequently determine the pressure 
drop in SWCs. For this reason, the two-equation k � ω 
model was used.35 This model is based on the assumption 
that the time scale on which turbulent dissipation due to 
fluctuations occurs is proportional to the ratio between 
the turbulent dissipation rate and the turbulent kinetic 
energy ω / �

k . This scale is called the rate of energy 
dissipation per unit volume and time ω.

The transport equations for the quantities k and ω are 
shown in Eqs. (5) and (6), respectively; the constants β0, 

α01, β01, σk , and σk1 have values of 0.09, 5/9, 0.075, 2, and 
2, respectively:

ρ
δ

δxi
ðUikÞ ¼

δ
δxj

μþ
μt
σk

� �
δk
δxi

� �

þ Pk � β0ρkω ð5Þ

and

ρ
δ

δxi
ðUiωÞ ¼

δ
δxi

μþ
μt

σω1

� �
δω
δxi

� �

þ
ω
k
½ðα01PkÞ � β01ρkω� : ð6Þ

The turbulent viscosity μt is obtained by Eq. (7), and Pk is 
the term of turbulence production due to viscous forces 
and is defined by Eq. (8):

μt ¼ ρ
k
ω

ð7Þ

and

Fig. 8. Representation of simulated computational domains. 
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Pk ¼ μt
δUi

δxj
þ

δUj

δxi

� �
δUi

δxj
: ð8Þ

The standard k � ω turbulence model was adopted since 
it provided a stable solution process for a computational 
domain that has several thin walls being connected to 
a bigger domain, which needed high discretization near 
the wall to correctly capture boundary layer effects. In 
addition, mesh parameters for SWCs were based on vali
dated parameters for the presented FA’s internal water 
channel mesh for pressure drop calculation.7

IV. DISCRETIZATION AND VERIFICATION

To correctly capture the fluid dynamics behavior, any 
discretization must be accompanied by a careful study of the 
mesh. In the analysis of the mesh density, a successive refine
ment was carried out, setting the same boundary conditions 
and applying the techniques proposed in the literature.36,37 

The computational domain has a relatively complex geometry 
and regions with very different dimensions. Some regions 
have relatively small dimensions compared to others. 
Therefore, the study of the grid was divided into several 
parts as shown in Fig. 9, where Region A is the SWC; 
Region B is the fluid domain open-to-pool; and Region C is 
the matrix plate, pyramid trunk, and primary circuit pipe fluid 
domain. This way, the analysis of the quantities chosen as 
monitoring parameters for successive refinement would not 

cause some regions to be obscured by others (this behavior 
could occur if a single mesh were used for the entire domain). 
In the study of each mesh in each region, the boundary 
conditions on some surfaces were chosen to simulate the 
coupling between regions. In this situation, the values of the 
quantities found in each simulation are parameters used to 
study the convergence of the mesh and should not be used to 
understand the real flow.

A schematic representation of the boundary condi
tions used in this process can be seen in Fig. 9 in each 
of the computational domains. The numerical conver
gence process begins with the simulation of the SWC 
(Fig. 9, Region A), with opening conditions for the 
upper and side regions, followed by the specification 
of an average velocity in the lower region of the side 
channel vSWC. Therefore, the ratio K between mass flow 
and pressure drop is calculated by Eq. (1), which pro
vides an estimate of KSWC. This dimensionless quantity 
is imposed on the contact regions between the SWCs 
and the opening domain for the pool (Fig. 9, Region B) 
to account for the pressure drop without requiring cou
pling. The inlet regions for the pool are considered with 
a static pressure of zero, and the flow is done by 
imposing an average velocity for each of the 56 orifices 
of the matrix plate vorifices in Fig. 9, Region C. Again, 
the constant K for the opening to the pool region is 
obtained, resulting in Korifice. Finally, the dimensionless 
Korifice, KSFA, and KCFA are applied to the respective 
regions for the coupled domain with a fixed flow rate 
of 211 kg/s for the primary channel.

Spatial discretization is defined when the deviations in the 
properties/quantities chosen for this purpose (mass flow and 
pressure drop) are less than 0.2% (value arbitrarily defined as 
a precision target) compared to the previous simulation. When 
this target is achieved, the discretization is considered indepen
dent of the results. This process was performed for each domain 
to ensure the lowest possible computational effort. SWCs have 
an exclusively hexahedral mesh that is not uniformly struc
tured, allowing for a high number of near-wall elements neces
sary to adequately capture the boundary layer. The mesh 
parameters for this region can be found in Table I.

The same method used for SWCs was also applied in 
the region of the pool opening and in the coupling domain. 
However, because of the complexity of the geometry, 
a tetrahedral mesh with unstructured prismatic elements 
was used. The final parameters for these regions are listed 
in Table II.

To illustrate the monitoring process, to provide 
a numerical verification of the process, Fig. 10 shows the 
responses obtained for each domain and the analysis character
istics (mass flow for each domain and pressure drop for each

Fig. 9. Individual boundary conditions for domains to deter
mine spatial discretization. Region A: SWC; Region B: region 
open to pool; and Region C: matrix plate, pyramic trunk, and 
primary circuit pipe. 
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domain). It is worth mentioning that the trend line between the 
points is only illustrative to check the influence of the discre
tization on the results.

The Grid Convergence Index (GCI) method38 was 
calculated for each region adopting a proposed safety 
factor of 1.25. The maximum GCI obtained was 0.04%, 
which indicates a good mesh convergence.

The final mesh for all regions (A, B, and C) 
resulted in 36.58 millions of elements, 19.51 millions 
of nodes, for a total volume of 0.16m3. Region A has 
an average element edge size varying from 15 to 
0.5 mm, Region B has an average element edge size 
varying from 10 to 0.16 mm, and Region C has an 
average element edge size varying from 10 to 
0.15 mm.

Figure 11 shows the entire domain in the section, 
with the first detail illustrating the connecting region 
between the three domains (side channel, opening to the 
pool, and coupled domain). The second detail illustrates 
the volumetric mesh of the side channel and the highest 
concentration of elements near the walls. Finally, the last 
detail illustrates the mesh aspect for the SFA and CFA 
regions (elements simulated as equivalent pressure drop). 
The mesh interfaces guarantee the conservation of the 
transported quantities (mass, momentum, or transport 
variables of the turbulence model).

The steady-state numerical analyses were calculated 
until the root-mean-square residuals for the mass and 
momentum conservation equations were less than10� 5. 
Other parameters such as velocity and static pressure in 
several different spots were monitored to guarantee that 
the solution converged as expected. As an additional 
criterion, all high-resolution (second-order) discretization 
schemes for advection and turbulence were used. Double- 
precision variables were also imposed to reduce trunca
tion errors.

V. RESULTS

The distribution of coolant flow in the reactor 
core is systematically changed with and without the 
channel box. To simplify the discussion, Fig. 12 
shows a top view of the reactor core with the corre
sponding numbering of the flow regions. In Fig. 12, 
the SFAs are represented by gray circles from num
bers 1 through 20, the CFAs are represented by circles 
from numbers 1 through 4, the internal SWCs are 
represented by small rectangular sections from num
bers 1 through 64, and the side-channel suction holes 
are represented by small circles from numbers 1
through 56.

TABLE I 

Spatial Discretization for the SWC 

δthickness
a δwidth

b δlength
c Number of Elements

Mesh N.1 8 8 36 26 625
Mesh N.2 11 11 51 70 000
Mesh N.3 15 15 71 201 250
Mesh N.4 21 21 101 526 250
Mesh N.5 30 30 142 1 475 000
Mesh N.6 42 42 200 4 064 000

aNumber of divisions in each SWC thickness (4.48 mm). 
bNumber of divisions in each SWC width (67.40 mm). 
cNumber of divisions in each SWC length (725 mm). 

TABLE II 

Spatial Discretization for Coupling Domain and Opening to Pool 

Body Size 
(mm)

All Face Sizing 
(mm)

Thickness of 
Prismatic Layer 

(mm)
Number of 

Prismatic Layers
Number of 
Elements

Opening to pool 4 2 3 7 16 618 191
Coupling domain 15 3 4 7 8 132 500
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V.A. Mass Flow Distribution in SFAs and CFAs

Figures 13 and 14 illustrate the distribution in both 
situations, without and with the channel box, with the 

respective standard deviations. It was not possible to 
observe a significant change in the spectrum of the flow 
distribution between the SFAs for both conditions, but 
there was a noticeable increase in the average flow, which

Fig. 10. Review of the spatial mesh: mass flow and pressure drop as a function of the number of elements (in millions) for the 
three regions studied. 

Fig. 11. Illustration of the final volumetric mesh of the computational domain. 
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was increased by 12.64% (from 6.09 to 6.86 kg/s), with 
approximately the same deviation amplitude (± 0.05 kg/ 
s). For the CFAs, the average mass flow rate in these 
assemblies increased from 5.90 (±0.02) kg/s to 6.63 
(±0.01) kg/s, an increase of 12.37%, and negligible var
iations due to the small number of CFAs. This increase in 
the mass flow rate of the FAs due to the use of the box is 
promising because it is a clear indication that in this 
condition, if heat transfer does occur, the temperatures 
in the SFAs and CFAs are likely to be lower due to the 
12.64% higher mass flow rates; however, this paper does 

not consider heat transfer, and it is not possible to truly 
estimate its temperature decrease, but it is an expected 
behavior.

V.B. Velocity Distribution in SWCs

Since the main objective of this work is to investigate 
the effect of the installation of the channel box on the flow 
dynamics in the SWCs, a vector field was created for SWC 
numbers 49 through 56, for both situations, without the 
channel box (Fig. 15) and with the channel box (Fig. 16):

In the standard condition (Fig. 15), it was observed 
that the flow dynamics in these channels have a vector 
decomposition in two directions, vx and vz; i.e., the inner 
SWCs (SWC numbers 47 and 56) have a large influence 
of side flow vx, but SWCs near the central part of the 
reactor core have predominantly a vector component 
oriented in the z-directionvz. For the conditions shown 
in Fig. 15, the average velocity in the z-direction vz is 
0.78 m/s. Using the channel box (Fig. 16), there are 
virtually no velocity vectors in the x-direction vx; and 
the average fluid velocity in the z-direction is 2.4 m/s. It 
was observed that the fluid dynamics is similar in all 
SWC numbers 47 through 56. And, this is an important 
point because the convective heat transfer between 
a surface and an adjacent fluid is directly proportional 
to the velocity field.

To illustrate the comparison of the velocity profiles 
in SWCs, the velocity profile vz for the upper part of 
SWCs (numbers 47 through 56) was created to compare

Fig. 12. Plan view of reactor core regions and spot 
numeration for SWC, orifices, SFAs, and CFAs. 

Fig. 13. Flow distribution between SFAs without channel box. 

Fig. 14. Flow distribution between SFAs with channel 
box. 
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conditions without the channel box (Fig. 17) and with the 
channel box (Fig. 18).

It can be observed that in the condition without the 
channel box (Fig. 17), the downward velocity at the edge 
of the opening (near the pool) is practically zero. 
However, in the central part of the reactor core, the 
velocity vz increases, which is quite similar to the velo
city profiles in internal flows.

Such behavior was not observed with the channel box 
condition (Fig. 18) because all openings to the pool were 
closed. It is important to point out that there is a small 
connection between internal SWCs. Therefore, the velocity 
in the dashed lines in both situations in Figs. 17 and 18 is 
not zero (except in the contact of the fluid with the wall, 
i.e., contact with the channel box). Also, in this case 
a homogeneous, uniform, and similar behavior between 
the SWCs was observed. This indicates possible progress 
in the cooling of all SWCs. To illustrate the highly three- 
dimensional behavior of the velocity field for the condition 
without the channel box, a vector field was also created for 
the top and side openings of all SWCs, and it is shown in 
Fig. 19. It can be observed that the velocity vectors increase 

toward the central region of the core and are less intense in 
the peripheral regions, which drastically contributes to the
heterogeneity of the cooling flow distribution in all SWCs.

Fig. 15. Velocity vector field for SWC numbers 49 
through 56 without channel box. 

Fig. 16. Velocity vector field for SWC numbers 49 
through 56 with channel box. 

Fig. 17. Velocity profile in z-direction for condition 
without channel box for SWC numbers 49 through 56. 
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V.C. Mass Flow Distribution in Orifices

The flow in SWCs and open-to-pool regions are 
due to the fluid entrancement exerted by the 56 holes 
of 22.2 mm of the matrix plate shown in Fig. 6 and 
indicated in Fig. 12. These orifices are responsible for 

the distribution of the flow in the SWCs. To illustrate 
the flow distribution between the orifices, the condi
tions with the channel box (Fig. 20) and without the 
channel box (Fig. 21) are presented.

Figures 20 and 21 show for both conditions the 
deviation from the orifice mean mass flow rate. For 
the condition without the channel box (Fig. 20), sig
nificant amplitude was identified (12.8% to −18.0%, 
totaling 30.8%) for an average mass flow rate of

Fig. 18. Velocity profile in z-direction for condition with 
channel box for SWC numbers 49 through 56. 

Fig. 19. Velocity vectors for the top and side openings. 

Fig. 20. Deviation from orifices mean mass flow rate 
without channel box. 

Fig. 21. Deviation from orifices mean mass flow rate 
with channel box. 
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1.17 kg/s. With the channel box (Fig. 21), the average 
mass flow rate decreased to 0.84 kg/s, and its devia
tion amplitude decreased to 5.3% to −8.6%, total
ing 13.9%.

The decreased mass flow rate through the orifices 
was due to the increased hydraulic resistance imposed 
from the SWCs in comparison to the α-region (Fig. 4). 
However, the flow dynamics is different as shown from 
Figs. 15 and 16. The decreased deviation from the mean 
mass flow rate also resulted in a more homogeneous 
flow rate among all 56 orifices.

V.D. Summary of Channel Box Influence

The percentage of primary flow can be divided 
among the SFAs, CFAs, and SWCs, as shown sche
matically in Fig. 22 and presented with values in 
Table III. The pump mass flow was considered con
stant. The flow distribution can be idealized as 
a series of parallel channels such that an increase in 
the total pressure drop of a given group of elements 
directs the flow to regions of lower pressure drop. 
This behavior justifies the fact that the mass flow 
through the SFAs and CFAs increases when using 
the channel box.

The mass flow rates of the pump and orifices are 
determined by Eqs. (9) and (10), respectively:

·morifices ¼
·mSWCðtopÞ þ

·mSWCðsideÞ þ
·mpool ð9Þ

and

·mpump ¼
·mSFAs þ

·mCFAs þ
·morifices: ð10Þ

In a more detailed view in Fig. 12, it can be observed 
that only 30 of 64 SWCs (dashed square in Fig. 4) are 
responsible to remove heat from SFAs and CFAs. 
These specific 30 channels correspond to an average 
(determined by numerical simulations) of 9.49 kg/s of 
the total flow through the core of the nuclear reactor 
under standard conditions and not 30.75 kg/s, from 
the proportional 31.10% for 30 of 64 SWCs observed 
from Table III.

In summary, for these SWCs, the scenario with 
the channel box presented a total increase from 9.49 
to 22.15 kg/s, with uniform flow dynamics (see 
Figs. 15 through 18). Therefore, even if the mass 
flow rate in the orifices was higher without 
a channel box (as discussed in Sec. V.C), this fluid 
would not be removing heat from LFPs. This is 

because the largest amount of fluid is taken up by 
the side of the pool ·mpool, which is admitted into the 
lower part of the reactor core, crosses the orifices, and 
is passed through the prism trunk without
participating in the heat exchange for the FAs.

Fig. 22. Nomenclature and indication of the flow distri
bution in the nuclear reactor core. 
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VI. CONCLUSIONS

A numerical study was carried out on the implemen
tation of a channel box in the core of a research nuclear 
reactor to reduce the flow deviations caused by the open
ing of the channels to the reactor pool and improving the 
flow available for cooling. The numerical results showed 
a significant change in the flow dynamics between the 
conditions with and without the channel box. The math
ematical model for the turbulent incompressible flow 
used a hybrid numerical discretization for the analyzed 
regions. To simplify the reactor core model, the SFAs and 
CFAs were treated as elements with equivalent pressure 
drop without explicitly discretizing these regions. The 
results of the models indicate that the imposed geometric 
change provides advantages in cooling the FAs and the 
side fuel plates because of the greater mass flow available 
for cooling, which is a situation that must be taken into 
account when trying to lower the temperature of the side 
fuel plates and thus reduce the formation of oxides in the 
same plates. The presence of the channel box was respon
sible for directing the flow in the SWCs, which became 
almost vertical and descending. The presence of the 
channel box was also responsible for homogenization of 
the flow in all z-positions of the core.

The numerical results are consistent with the 
dynamics of parallel channels. Thus, increased pressure 
drop at a particular location directs mass flow to other 
regions. This behavior was observed in the comparison 
with and without the channel box. The effect contributes 
to the increase of the flux of SFAs and CFAs, and even 
with a lower mass flux in the orifices, the velocity field is 
on average oriented in a single direction (z-direction) and 
also has a higher modulus value. In conclusion, the use of 
a channel box to close the openings to the pool indicates 

a positive effect on the cooling of the core, which indi
cates that it can help to decrease the temperature at the 
LFPs and consequently decrease oxidation effects. For 
this reason, IPEN now has better arguments to design 
and implement a channel box in IEA-R1’s reactor core.
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