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ABSTRACT 

 
In a BR2 fuel assembly, a power peak can occur at any azimuthal angle along the arc length of a 
fuel plate. In steady-state thermal-hydraulic analyses, this type of behavior is generally analyzed 
using a hot stripe approach, i.e., modeling the azimuthal region near the power peak as an isolated 
vertical stripe (neglecting the lateral heat conduction and coolant mixing). To verify the 
applicability of that approach for a BR2 fuel assembly, CFD simulation results were compared to 
analytical results obtained by neglecting the lateral heat conduction and coolant thermal mixing. 
This comparison showed that for a power peak occurring near the azimuthal center of a fuel plate, 
the lateral heat conduction does not significantly change the heat flux in that region. Therefore, 
under these conditions, the increased heat flux near the peak can be properly modeled using the 
azimuthal power peak-to-average ratio as a hot channel factor on both the heat flux and film 
coefficient. This comparison also showed that the azimuthal thermal coolant mixing is small 
within the coolant channel, and that consequently, the additional heat produced near the power 
peak remains essentially within that region. Therefore, the effect of the power peak on the coolant 
temperature can also be properly modeled by using the azimuthal power peak-to-average ratio as a 
hot channel factor on the bulk temperature rise. 

 
1. Introduction 
 
To support the conversion of the BR2 research reactor from highly-enriched uranium (HEU) to 
low-enriched uranium (LEU) fuel, thermal-hydraulics analyses must be performed to evaluate 
the safety margins. In a BR2 fuel assembly (FA), the limiting location with respect to Onset of 

The submitted manuscript has been created by UChicago Argonne, LLC, Operator of Argonne National Laboratory (“Argonne”). Argonne, a 
U.S. Department of Energy Office of Science laboratory, is operated under Contract No. DE-AC02-06CH11357. The U.S. Government retains 
for itself, and others acting on its behalf, a paid-up nonexclusive, irrevocable worldwide license in said article to reproduce, prepare derivative 
works, distribute copies to the public, and perform publicly and display publicly, by or on behalf of the Government. Work supported by the 
U.S. Department of Energy, National Nuclear Security Administration's (NNSA's) Office of Defense Nuclear Nonproliferation. 



 

2 
 

BERYLLIUM MATRIX

INLET

OUTLET

SHROUD

BOTTOM COVER

VESSEL SUPPORT

SUPPORTING GRID

PRIMARY

- Diameter core ± 1.1m

Technical information

PRIMARY

- Materials:

- Height ± 10m

INLET

BR2 REACTOR

- Vessel in aluminium

           & beryllium

- Covers in stainless steel
- Channels in stainless steel

OUTLET

TOP COVER

SHROUD

EXTENSION PIECE

SUPPORT TUBE

GUIDE TUBE

EXTENSION PIECE

- Diameter reactor channel
- 5 x Ø 200 mm
- 64 x Ø 84 mm
- 10 x Ø 50 mm

- Diameter covers ± 2m

Figure 2. BR2 reactor schematic 

Nucleate Boiling (ONB) occurs on the inner side of “tube1” 6, i.e., in coolant channel 6 (see Fig. 
1). However, the power peak (and consequently the peak cladding temperature) can occur at any 
azimuthal angle along the arc length of any of the 3 fuel plates (see Section 2). 
 
For FAs exhibiting a strong lateral power 
peaking (i.e., the azimuthal power peaking 
in the case of the BR2 FA), a hot stripe 
approach is generally used. This paper 
studies the applicability of such an 
approach for a BR2 FA. 
 
Since the PLTEMP/ANL code [1] is used 
to evaluate the margins to ONB, this paper 
also presents a study of the applicability of 
using the engineering hot channel factors 
(HCFs) in PLTEMP/ANL to model the hot 
stripe. 
 
The paper is organized as follows. Section 2 presents an overview of the BR2 reactor core and a 
description of azimuthal power peaking in a BR2 FA. Section 3 describes the computational 
methodology used to verify the applicability of the hot stripe approach. Section 4 describes the 
various computational models used in this work. Sections 5 and 6 present the computational 
results and conclusions, respectively. 
 
2. BR2 Fuel Assembly Power Peaking 
 
BR2 is a water-cooled thermal reactor moderated by 
water and beryllium. The core is located inside an 
aluminum pressure vessel. The coolant flows from the 
top of the core to the bottom. The beryllium moderator 
consist of a matrix of hexagonal prisms each having a 
central bore that contains either a FA, a control or 
regulating rod, an experimental device, or a 
aluminum/beryllium plug. As shown in Fig. 1, each FA is 
composed of six concentric “tubes” divided by aluminum 
stiffeners into three sectors. 

Figure 2 shows a schematic of the BR2 reactor core. 

In a BR2 FA, an azimuthal power peak can occur at any 
given angle along the arc length of any of the 3 fuel 
plates based on the orientation of the FA. In the BR2 core 
“configuration 4” used as a reference configuration in 
this work, the power peak azimuthal location depends on 
the orientation of a fuel plate with respect to the thermal 

                                                 
1 A “tube” refers to the 3 fuel plates located at the same radius and separated by the stiffeners 

Figure 1. Cross-section of a BR2 fuel assembly 
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neutron flux peak occurring between the rows of control rods. 
 
Using MCNP5 [2], the power distribution in the hot plate (fuel plate colored in red in Fig. 3) is 
obtained. Figure 3 shows the local-to-average (averaged of the whole core) power peaking in the 
hot plate for two different FA orientations. 
 

 
 

Figure 3. Impact of a FA orientation on power peaking in the BR2 core “configuration 4” 
 
Figure 3 clearly illustrates that, based on the orientation of the FA, the power peak occur at 
different azimuthal angles within a fuel plate. It can be concluded that if the FA is further 
rotated, the power peak will occur in a different fuel plate. The same type of azimuthal power 
peaking occurs in the current BR2 core configuration. For the current configuration, the power 
peak azimuthal location depends on the FA orientation relative to core center [3]. Therefore, the 
conclusions of this work also apply to current BR2 core configuration. 
 
For both configurations 
mentioned above, the 
limiting FA’s orientation 
produces a power peak near 
the azimuthal center of a 
fuel plate. This orientation is 
expected to be limiting since 
the lateral heat conduction to 
the plate’s unfueled edges 
and the stiffeners should be 
minimal near the azimuthal 
center.  
 
Figure 4 shows the local-to-
average (averaged of the 3 
fuel plates in “tube” 6) azimuthal power peaking, at the hot plane2, for the limiting FA 
orientation. 

                                                 
2 The hot plane is the height at which the axial power peak occurs. 
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3. Applicability of a Hot Stripe Approach 
 
In the hot stripe approach, the lateral region near the 
power peak is modeled as an isolated vertical stripe (see 
Fig. 5) by  
 

1. neglecting the lateral heat conduction in the fuel 
plate, i.e., assuming that the azimuthal heat flux 
peaking is identical to the azimuthal power 
peaking for the stripe, 
 

2. neglecting the azimuthal thermal coolant mixing, 
i.e., assuming that bulk coolant temperature rise 
in each coolant stripe depends only on the heat 
transferred from that stripe. 

 
Therefore, the applicability of the hot stripe can be verified by, 1) studying the impact of the 
lateral heat conduction on the peak heat flux, 2) studying the impact of the azimuthal power 
distribution on the coolant temperature profile, and 3) studying the impact of neglecting the 
azimuthal coolant thermal mixing. 
 
To perform those studies, a 3D computational fluid dynamics (CFD) analysis of the hot channel 
is performed and the results are compared to analytical models for the heat flux and the bulk 
coolant temperature rise [4]. 
 
4. Computational Models 
 
This section describes the various computational models used to verify the applicability of the 
hot stripe approach for a BR2 FA and the applicability of using PLTEMP/ANL HCFs to model a 
hot stripe. 
 
4.1. STAR-CD Computational Fluid Dynamics Model 
 
Section 4.1.1 describes the geometry and 
boundary conditions of STAR-CD [5] 
model used to perform the CFD analyses. 
Section 4.1.2 describes methodology used 
to generate the power density distribution 
used in that model. 
 
4.1.1. Geometry and boundary conditions 
 
Figure 6 shows the STAR-CD geometry 
modeling half of the hot channel assuming 
symmetry at the azimuthal center of the 
channel. This geometry includes two half-fuel plates and one half of the stiffener section. In the 
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Figure 5. Hot stripe in a BR2 FA 

Figure 6. STAR-CD model geometry 
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axial direction, the full height (970 mm) of the plate is modeled. Note that the inlet and outlet 
plenums were not modeled. 
 
With the exemptions of the coolant inlet and outlet, all other boundaries are treated as adiabatic. 
A uniform flow velocity (11.8 m/s) and uniform temperature (35°C) are used as boundary 
conditions at the inlet and an outflow boundary condition is used at the outlet. 
 
For the simulation of turbulence, the widely used standard high Reynolds (high-Re) number 
model was used. 
 
4.1.2. Power density distribution in STAR-CD model 
 
The STAR-CD power density distribution is based on the MCNP5 power distribution in the hot 
plate (colored red in Fig. 4) for the limiting FA orientation (see Section 2). More specifically, the 
power distribution is calculated for 24 axial locations using 5 degrees azimuthal meshes. 
 
Since the power density (W/m3) must be specified for each fuel meat mesh, the detailed 
distribution is approximated using polynomial functions representing the axial and azimuthal 
power peaking independently. An axial local-to-average power peaking function (azimuthally-
averaged), )(zp , is evaluated from the power distribution. Two azimuthal local-to-average power 

peaking functions,  ip , are evaluated to approximate the axial dependency of the azimuthal 

power shape (i=1 below 0.5612 m, i=2 above 0.5612 m). These functions are combined in a 
STAR-CD user’s subroutine to generated the power density according to 
 

 
    )(, zppqzQ ijj    (1) 

 
where  zQj ,

 
is the power density in plate 5 (j=5) 

and plate 6 (j=6), and jq is the plate j average 

power density. For simplicity, the same polynomial 
functions are used to define the power density 
shape in each half-fuel plate. 
 
Figure 7 shows the polynomial functions used in 
conjunction with Eq. 1 to input the power density 
into the STAR-CD model. 
 
4.2. Stripe Bulk Coolant Temperature Rise Model 
 
To study the importance of the azimuthal coolant 
thermal mixing, the half coolant channel is divided 
into 6 azimuthal stripes. 
 
The analytical results without azimuthal thermal 
coolant mixing are obtained by integrating the heat 
transferred to the coolant over the height of each 
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stripe using the heat flux generated from the CFD calculation. The mass flow rate obtained from 
the CFD calculation is then used in conjunction with Eq. 2 to obtain the bulk coolant temperature 
rise for each stripe. 
 
       piii CmqT  /  (2) 

 
where ΔT(θi) is the temperature rise from inlet to outlet for the stripe i of size Δθi around angle 
θi, q(θi) is the heat transferred to the coolant stripe, m(θi) is the flow rate in the stripe, and Cp is 
the specific heat. 
 
4.3. Hot Stripe Modeling Using PLTEMP/ANL Hot Channel Factor 
 
The evaluation of safety margins necessitates the use hot channel factors (HCFs). In 
PLTEMP/ANL, the HCF model uses six factors. The first three factors represent global 
systematic uncertainties that affect the total power measurement (FPOWER), total flow 
measurement (FFLOW) and single-phase heat transfer coefficient (FNUSLT). The last three HCFs are 
used to model the impact of the manufacturing tolerances and uncertainties on bulk coolant 
temperature rise (FBULK), film temperature rise (FFILM), and local heat flux (FFLUX). These last 
three HCFs are applied analytically (after the PLTEMP/ANL numerical solution is obtained) 
according to the following equations: 
 
 FLUXiHCFi FQQ  ''''

,  (3) 

 
 FILMiiWALLHCFiHCFiWALL FTTTT  )( ,,,,  (4) 

 
 BULKiHCFi FTTTT  )( 00,  (5) 

 
Since the hot stripe approach assumes that heat flux peaking is the same as the power peaking, 

''
iQ  can be multiplied by the azimuthal peak-to-average power peaking of the hot stripe (Pazim peak-

to-average) to obtain the heat flux in the hot stripe. FFLUX in Eq. 3 can be expressed as  
 
 averagetopeakazimFLUXFLUX PFF  , (6) 

 
where FLUXF   is the engineering HCF reflecting the uncertainties. 

 
Assuming that the film coefficient is not significantly affected by the local increase in heat flux, 
the temperature drop )( , iiWALL TT   can also be multiplied by Pazim peak-to-average. Therefore, FFILM in 

Eq. 4 can be expressed as  
 
 averagetopeakazimFILMFILM PFF  , (7) 

 
where FILMF   is the engineering HCF reflecting the uncertainties. 
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Finally, since the hot stripe approach assumes that only the heat transferred from the stripe 
contributes to the bulk coolant temperature rise, the term )( 0TTi   in Eq. 5 can also be multiplied 

by Pazim peak-to-average. Therefore, FBULK in Eq. 4 can be expressed as  
 
 averagetopeakazimBULKBULK PFF  , (8) 

 
where BULKF   is the engineering HCF reflecting the uncertainties. 

 
5. Results 
 
This section presents the analyses performed to study: 1) the impact of the lateral heat 
conduction of the peak heat flux, 2) the impact of the azimuthal power distribution on the coolant 
temperature profile, and 3) the impact of coolant thermal mixing. The results of the analysis 
verifying the applicability of the use of HCFs to model the hot stripe are also presented. 
 
5.1. Impact of the Lateral Heat Conduction on the Peak Heat Flux 
 
In order to evaluate the impact of the lateral heat conduction, the heat flux azimuthal profile 
predicted by the CFD model is compared to the heat flux profile calculated directly from the 
power azimuthal profile (i.e., not taking into account the axial and azimuthal heat conduction). 
Figure 8 shows the heat flux azimuthal profile, at the hot plane, obtained with STAR-CD and 
analytically. 
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Figure 8. Heat flux azimuthal profiles obtained with and without lateral conduction 
 
It can be observed in Fig. 8 that the lateral heat conduction has only a small impact on the peak 
heat flux when it occurs near the azimuthal center of the fuel plate. However, as expected, a 
more significant reduction in heat flux is observed near edge of the fuel meat. This reduction can 
be attributed to the lateral heat conduction in the unfueled edge as well as the stiffener. Note that 
2.9% of the total heat is azimuthally conducted of the fuel plate while only 0.2% is axially 
conducted out of the fuel plate. 
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These results confirm that in the BR2 FA hot stripe region, the assumption that the heat flux has 
the same azimuthal peaking as the power is adequate. 
 
5.2. Impact of the Azimuthal Power Distribution on the Coolant Temperature Profile 
 
The use of a hot stripe approach implies that an azimuthal power distribution produces a coolant 
temperature profile that can be approximated by “stripes”. Figure 9 shows the coolant 
temperature profile at the outlet of the coolant channel. The presence of “stripes” in the coolant 
temperature profile indicates that the coolant is far from being completely mixed. 
 

 
 

Figure 9. Azimuthal coolant temperature profile at the channel’s outlet 
 
However, in order to be able to verify the level of conservatism introduced by the hot stripe 
approach, the bulk coolant temperature rise in each of the “stripes” illustrated in Fig. 9 needs to 
be compared to the analytical results without azimuthal coolant thermal mixing. 
 
5.3. Impact of Coolant Thermal Mixing on Bulk Coolant Temperature Rise 
 
To evaluate the impact of the thermal 
coolant mixing, a bulk coolant temperature 
rise is calculated for each of the 6 stripes 
using the CFD coolant temperatures. Figure 
10 compares the coolant bulk temperature 
rise (from the inlet to the outlet) in each 
stripe obtained from CFD and the 
analytical model. 
 
From Fig. 10, it can be seen that the 
azimuthal coolant thermal mixing is 
minimal since the bulk coolant temperature 
rise taking into account the azimuthal 
coolant thermal mixing (STAR-CD) is 
reduced only by 1°C near the power peak. 
It can also be observed that the coolant 
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temperature rise at the edge is increased only by 2°C when taking into account the azimuthal 
coolant thermal mixing. This confirms that striping is a good approximation at steady-state. 
 
5.4. Applicability of Hot Channel Factors to Model a Hot Stripe 
 
It is necessary to show that Eqs 6 to 8 are applicable for modeling the hot stripe. Since the heat 
flux azimuthal peaking can be approximated by the power azimuthal peaking, analytically 
multiplying the heat flux by averagetopeakazimP   as in Eq. 6 is adequate to represent the hot stripe. 

 
To show that the bulk coolant temperature rise and film temperature drop in the hot stripe can be 
obtained analytically by scaling them by averagetopeakazimP  , it is useful to obtain an expression that 

predicts the cladding temperature in the hot stripe in term of the inlet coolant temperature and the 
cladding temperature obtained without azimuthal peaking. Such an expression can be obtained 
using the PLTEMP/ANL HCF model by replacing Eq. 4 in Eq. 5 in order to obtain the following 
equation. 
 
 FILMiiWALLBULKiHCFiWALL FTTFTTTT  )()( ,00,,  (9) 

 
By replacing Eqs 7 and 8 into Eq. 9 ( 1 BULKFILM FF , no manufacturing tolerances and 

uncertainties are taken into account in order to compare to azimuthally-average CFD results), the 
peak cladding temperature in the hot stripe can be obtained analytically by 
 
 averagetopeakazimiWALLaveragetopeakazimstripehotiWALL PTPTT   ,0,, )1(  (10) 

 
Using Eq. 10 it is now possible to compare the hot stripe peak cladding temperatures obtained 
using CFD and the analytical approach. TWALL,i can be obtained from any calculation using an 
azimuthally-averaged power distribution (c.g. PLTEMP/ANL). For this comparison, a STAR-
CD calculation is performed with p(i) set to 1.0 in Eq. 1, (i.e., average azimuthal power 
distribution) in order to obtain TWALL,i. Figure 11 shows the peak cladding temperature in the hot 
stripe (TWALL,peak,CFD) as well as the peak cladding temperature with an azimuthally-averaged 
power distribution (TWALL,peak) obtained from CFD. 
 
Using the azimuthally-averaged peak cladding 
temperature (TWALL,peak = 80.6°C) from Fig. 11, 
the inlet coolant temperature (T0 = 35 °C) and 
an azimuthal power peak-to-average ratio of 
1.26, Eq. 10 predicts a peak cladding 
temperature in the hot stripe of 92.5 °C. This 
value is in good agreement with the peak 
cladding temperature in the hot stripe (91.8°C) 
predicted by CFD. Therefore, in practice, it is 
applicable to model analytically the hot stripe 
by scaling the HCF in PLTEMP/ANL model 
by averagetopeakazimP  . 55
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6. Summary and Conclusions 
 
This paper presented work studying the applicability of a hot stripe approach to model the 
azimuthal power peaking in a BR2 fuel assembly (FA).  
 
It was first shown that the FAs can be oriented such that the power peak occurs near the 
azimuthal center of a fuel plate and that this orientation produces a limiting power distribution. 
 
Using this power distribution, STAR-CD calculations (CFD) were performed and compared to 
analytical solutions for the heat flux and bulk coolant temperature rise. It was shown that the 
lateral heat conduction has no significant impact on the peak heat flux when the power peak 
occurs near the azimuthal center of a BR2 fuel plate. It can therefore be concluded that the power 
azimuthal peaking is an adequate approximation to the heat flux peaking at that location. It was 
then shown that the azimuthal power distribution produces “stripes” in the coolant temperature 
profiles and that the coolant thermal mixing in the azimuthal direction was minimal in a BR2 
channel. This confirmed that the use of a hot stripe approach to model the azimuthal power 
peaking in BR2 FA is not overly conservative. 
 
Finally, it was shown that the hot stripe can be modeled analytically through the use of the 
PLTEMP/ANL HCF model by scaling FBULK, FFILM and FFLUX by the azimuthal peak-to-average 
power ratio of the hot tripe. 
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