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1. Introduction 
BR2 is a research reactor used for 

radioisotope production and materials 

testing.  It’s a tank-in-pool type reactor 

cooled by light water and moderated by 

beryllium and light water (Figure 1). The 

reactor core consists of a beryllium 

moderator forming a matrix of 79 hexagonal 

prisms in a hyperboloid configuration; each 

having a central bore that can contain a 

variety of different components such as a 

fuel assembly, a control or regulating rod, an 

experimental device, or a beryllium or 

aluminum plug.  Based on a series of tests, 

the BR2 operation is currently limited to a 

maximum allowable heat flux of 470 W/cm2 

to ensure fuel plate integrity during steady-

state operation and after a loss-of-flow/loss-

of-pressure accident. 

A feasibility study [1] for the conversion of 

the BR2 reactor from highly-enriched 

uranium (HEU) to low-enriched uranium 

(LEU) fuel was previously performed to 

verify it can operate safely at the same 

maximum nominal steady-state heat flux.  

An assessment was also performed to 

quantify the heat fluxes at which the onset 

of flow instability and critical heat flux occur for each fuel type [2].  This document updates and expands 

these results for the current representative core configuration (assuming a fresh beryllium matrix) by 

evaluating the onset of nucleate boiling (ONB), onset of fully developed nucleate boiling (FDNB), onset 

of flow instability (OFI) and critical heat flux (CHF).  In addition, the highest heat flux assembly from each 

fuel cycle group (Appendix A), at beginning of cycle (BOC) conditions, was evaluated to determine the 

limiting assembly based on the above thermal hydraulic (T-H) criteria and the fuel centerline 

temperature.  These fuel assemblies are characteristic of fresh fuel (0% burnup), the highest heat flux 

(16% burnup), the highest power (32% burnup, in central core position) and the highest burnup (46% 

burnup).  Calculation of the fuel centerline temperature has been added to this study due to the concern 

of significant degradation in fuel thermal conductivity that occurs with burnup for the proposed LEU fuel 

(uncoated U7Mo dispersed in Al).  A model for oxide buildup at the cladding surface has also been 

incorporated to better simulate the fuel temperature. 

Figure 1.  BR2 reactor schematic. 
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The second section describes the basis for the current thermal limits.  The third section describes the 

key modeling assumptions and a description of the inputs incorporated into this work.  The fourth 

section provides the updated T-H results for the high heat flux fuel assembly.  This section also includes 

comparisons of the T-H criteria and fuel centerline temperature of the high heat flux fuel assembly 

relative to the fresh fuel, high power and high burnup assemblies. 

2. Basis of the maximum nominal heat flux 
The heat removal at BR2 must satisfy the requirement that the integrity of fuel plates is ensured during 

steady-state operation and after a Loss-Of-Flow/Loss-Of-Pressure (LOF/LOP) accident [3]. In order to 

maintain the integrity of the fuel, it is necessary to ensure that no flow-related problems such as flow 

instability (FI) and departure from nucleate boiling (DNB) can occur. Typically, this is accomplished by 

demonstrating that the power at which the selected safety criterion occurs exceeds the operating power 

with sufficient margins. 

However, in the case of the BR2 core, using an allowed core power is not useful since it could vary for 

each possible core configuration (different numbers of fuel assemblies as well as different locations for 

the fuel assemblies and experimental devices) and loadings (fuel assemblies with different burnups). An 

allowed heat flux (referred to herein as the maximum nominal heat flux) is a more useful safety 

parameter since it can be analyzed independently of the core configuration and it can be related to the 

operating power for a given core configuration by a neutronics calculation. 

For the BR2 core, this maximum nominal heat flux is defined, at steady-state, in relation to the 

occurrence of ONB. By preventing any form of boiling, i.e., by ensuring that the reactor is operated 

below ONB, it is impossible for OFI and DNB to occur.  Historically, the BR2 steady-state thermal limits 

determined using the FABREGA code [4] showed that ONB, FDNB and OFI occurred at the following heat 

fluxes [5]: 

 ONB occurred at 603 W/cm2 

 FDNB occurred at 675 W/cm2 

 OFI occurred at 709 W/cm2 

As mentioned above, the fuel integrity must also be maintained during a LOF/LOP accident. Therefore, 

based on the BR2 core thermal-hydraulic performance during a LOF/LOP accident, as tested in 1963, the 

maximum nominal heat flux was set to 430 W/cm2 for routine operation (operating license Royal Decree 

N.0024 of June 30, 1986, article 4.11) in order to protect against boiling risk when flow inversion occurs 

during this transient. Since 1986, a permanent deviation for a heat flux up to 470 W/cm² is authorized 

(note GF/PGo/gd/86-783/F175 van 15 juli 1986). For a specific case, subject to an experimental 

demonstration (or a detailed analysis) that a total LOP event would not damage the fuel plates for this 

case, a maximum heat flux of 600 W/cm2 can be temporarily allowed [6]. 

A preliminary comparison between the FABREGA and PLTEMP codes was performed and documented 

[7].  Learning from this experience, the current analysis refines and expands on this prior work.  
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3. Methodology 

3.1. PLTEMP Code 
The code PLTEMP/ANL version 4.2 (May 18, 2015) [8] was used for all thermal hydraulic simulations to 

take advantage of the extended Groeneveld 2006 CHF lookup table (described in Section 3.7).  The code 

will be referred to as PLTEMP from here on. 

3.2. Model Geometry 
A standard BR2 fuel assembly is composed of 18 fuel plates arranged into six concentric fuel “tubes” 

divided by aluminum stiffeners into three sectors (Figure 2).  Each fuel plate consists of a fuel meat 

(UAlx-Al for HEU, uncoated U7Mo dispersed in Al proposed for LEU) clad by aluminum (AG3NE). The 

PLTEMP model was based on a detailed description of the fuel assembly geometry given in Refs. [9], 

including fuel plate materials, dimensions such as radius of curvature, clad thickness, meat thickness, 

plate full and heat length, as well as coolant channel thickness and areas (Appendix B).  The nominal 

dimensions are identical for each fuel type although the LEU fuel has cadmium wires in the aluminum 

stiffeners to improve neutronics. 

 
Figure 2.  Cross-section of the current HEU and proposed LEU fuel assemblies. 

A minor change from the previous work described in Refs. [1] and [2] is that only the limiting sector has 

been included in the PLTEMP model1.  The limiting sector contains 6 fuel plates and 7 coolant channels 

thermally coupled in the radial direction.  No heat conduction was modeled in the azimuthal and axial 

directions.  The central plug, stiffeners and beryllium were modeled as adiabatic boundary conditions. 

A more significant change from previous work is that the PLTEMP five-layer plate model has been used 

to enable specifying a thermal resistance due to oxide at the cladding/coolant interface.  There were 

two consequences to using the five-layer plate model.  First, it requires specifying the axial power shape 

for each plate.  While the previous analyses only used the axial power shape for plate 6 (plate with 

highest heat flux), these analyses used the power shape calculated for each plate.  Second, the five-layer 

                                                           
1
 This means that the second and third sectors have been removed from PLTEMP cards 309 and 310.  This has no 

impact on the results but simplifies the input model. 
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plate model requires dividing the fuel assembly sector into three axial stripes.  Thus, each plate contains 

three axial stripes, one stripe associated with the fuelled region and the other two associated with the 

unfueled regions at the azimuthal edges of the plate. This same stripe configuration was required for 

each of the coolant channels.  Because there is no heat transfer between stripes, the enthalpy rise of the 

coolant in the fueled region does not take into account the coolant in the unfueled regions. Thus, an 

increase in conservatism should be expected with respect to results presented in Refs. [1] and [2].  A 

sensitivity analysis was performed to evaluate the impact of these changes (see Appendix G). 

It is also necessary to model three axial regions of the fuel assembly and its enclosure.  These were the 

unheated section at the assembly inlet, the heated section, and the unheated section at the outlet end 

of the assembly.  The three regions used the same geometrical configuration. 

3.3. Material Properties 
The water properties are determined automatically by the PLTEMP code as required from temperature, 

pressure and enthalpy. 

The specification for the thermal resistance (material properties and dimensions) of the HEU and LEU 

fuel plates was based on the analyses described in Ref. [10].  Briefly, it was assumed that a fuel element 

is shuffled to four locations (four burnup groups) throughout its lifecycle with an average BOC burnup 

value of 0%, 16%, 32% and 46% for each location.  These fuel assemblies are characteristic of a fresh fuel 

assembly (0% burnup), the highest heat flux assembly within the reactor (16% burnup), the highest 

power assembly within the reactor (32% burnup) and the highest burnup assembly within the reactor 

(46% burnup).  Within each burnup group there is a fuel element that operates at the highest heat flux 

(see Appendix A for a diagram).  Although it is unlikely that a given fuel element will operate at the 

highest heat flux of each burnup group during its lifecycle, this was the case considered for these 

analyses.   Thus, it is conservatively assumed that the fuel element used for this analysis was operated at 

the maximum heat flux during its lifecycle in each burnup group.  Models described in Ref. [10] for HEU 

and LEU fuel were used to calculate the parameters important to the evolution of the thermal resistance 

of this fuel element.  The HEU model contained factors such as porosity, fuel particle volume fraction 

and burnup.  The LEU model was significantly more detailed and included factors such as swelling, 

porosity, interaction layer growth, matrix consumption, fuel temperature, heat flux and burnup.  Both 

models included an equation to describe the oxide growth at the surface of the cladding.   The results 

from Ref. [10] were incorporated into PLTEMP card 306B and are given here in Table 1 and Table 2.  The 

cladding conductivity was assumed to be 130 W/m-K. 

Table 1.  Plate parameters for the highest heat flux fuel assembly at each cycle (HEU fuel). 

Cycle 
Average 
Burnup 

% 
Description 

BR2 
Channel 
Location 

Meat 
thickness 

m 

Clad 
thickness 

m 

Oxide 
thickness 

m 

Plate 
thickness 

m 

HEU Meat 
conductivity 

W/m-K 

Oxide 
resistance 
m

2
-K/W 

1
st

  0 fresh fuel C-259 508.0 381.0 0.0 1270.0 80.5 0 

2
nd

 16 high heat flux A-30 536.0 376.7 10.7 1310.8 64.1 4.8e-6 

3
rd

 32 high power H1 561.2 375.2 14.4 1340.5 51.2 6.4e-6 

4
th

 46 high burnup F-346 577.3 375.1 14.9 1357.2 43.9 6.6e-6 
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Table 2.  Plate parameters for the high heat flux fuel assembly in each cycle (LEU fuel). 

Cycle 
Average 

Burnup % 
Description Location 

Meat 
thickness 

m 

Clad 
thickness 

m 

Oxide 
thickness 

m 

Plate 
thickness 

m 

LEU Meat 
conductivity 

W/m-K 

Oxide 
resistance 
m

2
-K/W 

1
st

 0 fresh fuel C-319 508.0 381.0 0.0 1270.0 86.1 0 

2
nd

  16 high heat flux A-30 536.0 376.5 11.3 1311.6 36.0 5.0e-6 

3
rd

 32 high power H1 558.4 375.0 15.0 1338.5 23.5 6.7e-6 

4
th

 46 high burnup F-346 567.0 374.8 15.6 1347.7 19.4 6.9e-6 

3.4. Reactor Operating Conditions 
The inlet temperature for the PLTEMP model was assumed to be the same as pressure vessel inlet value 

(40 oC) and assumes the heat transferred to the coolant from the vessel and internal components is 

negligible.  The inlet pressure was specified as 1.24 MPa and was determined from the measured value 

with corrections for the static head, atmospheric pressure and instrument uncertainty. 

In order to properly model the total pressure drop across the fuel plates, it was necessary to take into 

account the form loss factors due to change in geometry at the inlet and exit of the fuel assembly.  The 

loss factors were set to match the PLTEMP pressure drop to the measured value of 2.1 kg/cm2 

(0.2059 MPa) [3].  The calibration was performed at 40 oC and 1.24 MPa with an average coolant speed 

of 10.4 m/s [11].  The calibration was assumed to hold for all operating conditions. 

To perform the analysis at different mass flow rates (coolant speeds) it was necessary to evaluate the 

change in pressure drop across the fuel plates as a function of the mass flow rate.  PLTEMP was used to 

evaluate this change in pressure drop (Figure 3) for cold conditions (0.1 MW). 

 
Figure 3  PLTEMP pressure drop versus mass flow rate in a BR2 fuel assembly. 
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3.5. Power distributions 
MCNP5 calculations were performed for the current representative core at BOC with both HEU and LEU 

fuel to obtain the power distribution inputs for PLTEMP (Appendix C).  The MCNP5 model included 20 

uniform axial nodes in the fuel region.  For each axial node in the fourth, fifth and sixth plates, the 

azimuthal discretization included 9 non-uniform segments per sector to resolve the azimuthal power 

peaking for the higher heat flux plates; the remaining plates were not discretized in the azimuthal 

direction. 

Three types of data were required for describing the power distribution of the limiting sector within the 

PLTEMP model: 

1. FACTFk was defined as the average power density in a given plate (k) relative to the average 

power density of the sector. 

2. QAVGk,n was defined as the axial power density in each axial node (n) normalized to 1 for each 

plate (k) in the sector. 

3. Fp was defined as the azimuthal power peak-to-average ratio applied to all plates in the sector2.  

Fp was calculated from the power density specified for each of the azimuthal segments of 

plate 6 (outer plate) at the axial location of the peak heat flux.  This value was incorporated into 

the hot channel factors Fq, Fbulk and Ffilm described in Section 3.6. 

The peak heat flux in plate 6, 𝑄6
′′, can be reproduced from: 

𝑄6
′′ =

𝑃𝑠 ∙ 𝐹𝐴𝐶𝑇𝐹6 ∙ 𝑉6 ∙ 𝑄𝐴𝑉𝐺6 ∙ 𝐹𝑝

𝑉𝑠 ∙ 𝑆𝐴6
 

where 𝑃𝑠 is the sector power, 𝑉6 is the volume of fuel in plate 6, 𝑉𝑠 is the volume of fuel in the sector and 

𝑆𝐴6 is the heated surface area of plate 6.   

For the purposes of comparing the T-H margins and peak fuel centerline temperature of fuel assemblies 

in different channels, the power from the limiting sector in the fresh fuel assembly (channel C-259 for 

HEU and C-319 for LEU), the high power assembly (channel H-1) and the high burnup assembly (channel 

F-314) was specified relative to the power from the limiting sector in the high heat flux assembly 

(channel A-30).  The values are given in Tables C-1 through C-4. 

Finally, this analysis assumes that the fraction of the fission energy deposited in any structures other 

than the fuel meat (beryllium, aluminum, etc.) is deposited in the coolant in addition to the coolant 

                                                           
2
 Previous experience in analyzing the current BR2 core shows that the azimuthal power peak can be located at any 

angle along the arc length of a fuel plate based on its orientation with respect to the core centerline.  Experience 

also shows that the magnitude of the peak is rather insensitive to the orientation or to the type of dispersed fuel 

meat. Therefore, the power peak is assumed to occur at the azimuthal center of the fuel plate where the lateral 

heat conduction is minimal. Under that assumption, the azimuthal power peak-to-average ratio can be used to 

model the heat flux distribution. 
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direct heating. Table 3 provides the fission energy, calculated by MCNP5, that is assumed to be 

deposited directly in the coolant for each channel and fuel type. The remainder of the fission energy is 

conducted through the clad into the coolant.  It should be noted that the amount of heat deposited in 

the coolant is lower for LEU fuel since it has a higher 235U density (higher gamma heating fraction). 

Table 3  Fission energy assumed to be deposited directly in the coolant. 

Fuel assembly (Channel) 
% heat assumed deposited directly in the coolant 

HEU LEU 

Fresh fuel (C-259 for HEU and C-319 for LEU) 5.9 4.6 

High heat flux (A-30, both HEU and LEU) 5.6 3.7 

High power (H-1, both HEU and LEU) 3.7 3.0 

High burnup (F-346. both HEU and LEU) 5.6 3.6 

3.6. Hot Channel Factors 
Hot channel factors (HCFs) are needed in order to account for fuel assembly manufacturing tolerances 

and various other uncertainties. Manufacturing tolerances are known for the HEU fuel currently in use 

at BR2.  It is anticipated that manufacturing tolerances will be similar for LEU fuel since the fuel 

assembly and the fuel plate design are almost identical. Therefore, it is reasonable to assume that the 

uncertainties and manufacturing tolerances that apply to the HEU fuel assembly can be used for the LEU 

fuel assembly.  The HCFs determined for HEU and LEU fuel include the heat flux HCF (Fflux), heat transfer 

coefficient HCF (Fh), bulk temperature rise HCF (Fbulk) and film temperature rise HCF (Ffilm).  Each of the 

random and systematic HCF components are described below and summarized in the tables of 

Appendix D.  Appendix D also describes how the HCF’s are used by the PLTEMP code. 

Table 4 and Table 5 give the manufacturing tolerances and uncertainties considered in this analysis. 

Table 4. Manufacturing tolerances considered by HCF. 

 Tolerance 

Water gap ±0.3 mm [12] 
235U homogeneity on 1 cm2 ±20% [12] 

235U plate loading -2.7%, +2% [13] 

 

Table 5. Uncertainties in power and flow measurements. 

 Uncertainty 

Total core power ±3% [12] 

 Total flow ±2% [12] 

 
235U homogeneity (random) 

The BR2 HEU and proposed LEU fuels are composed of fuel particles (UAlx and uncoated U7Mo, 

respectively) dispersed in an aluminum matrix. The 235U homogeneity reflects the fact that the fuel 

particles (corresponding to a given mass of 235U) are not perfectly mixed throughout the meat and 

therefore can produce a local increase in 235U content. This local effect does not significantly increase 
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the total energy in the hot channel (no impact on Fbulk) but does contribute to Ffilm and Fflux. An 

uncertainty of 20% (over a 1 cm2 region) [13] is used in this analysis. 

235U plate loading (random) 

The uncertainty in the 235U loading of a fuel plate is typically in the range of a few percent. Ref. [13] 

states that, for a BR2 fuel assembly, the manufacturing tolerances on loading are [-2.7%, +2%]. 

Therefore, for this analysis, a conservative uncertainty of ±2% is assumed. Note that only one of the two 

plates on each side of the hot channel (the limiting plate) is assumed to have a higher 235U loading hence 

the factor of 0.5 is used when evaluating the contribution to Fbulk. The impact of this uncertainty on the 

evaluation of the Fbulk HCF does not take credit for the fact that a larger fraction of the heat generated in 

plate 6 will flow into channel 7 (colder channel) instead of the hot channel (channel 6). 

Power density calculation (random) 

This component addresses the uncertainties of the reactor physics calculations of local power densities. 

It reflects the fact that more power could be generated at the hot spot than calculated. It combines 

uncertainties in the calculation of the power sharing between fuel assemblies as well as the 

uncertainties in power shape (axial, radial and azimuthal) within a fuel assembly. The uncertainties 

presented in the MCNP licensing file [14] are,  

 Fuel assembly power:  5% 

 Axial power distribution:  10% 

 Radial power distribution:  5% 

 Azimuthal power distribution:  15% 

For this analysis, these uncertainties are statistically combined to yield a total uncertainty of 20%. 

Channel spacing (random) 

This component reflects the impact of the manufacturing tolerances on the coolant channel gap and 

consequently, on the three HCFs.  A tolerance fraction of 0.11 was obtained for the fresh fuel element 

(C-259 for HEU and C-319 for LEU) by dividing the coolant channel nominal thickness (tnom = 3.0 mm) by 

the minimum thickness (tmin = tnom– 0.3 mm, see Table 4).  Both tmin and tnom were reduced by the 

calculated oxide buildup and swelling (dimensions given in Table 1 and Table 2) to produce tolerance 

fraction values of 0.11 for the high heat flux element (A-30), 0.12 for the high power element (H-1) and 

0.12 for the high burnup fuel element (F-346). 

For turbulent flow in plate geometry (also applicable for a BR2 fuel assembly coolant channel) where the 

hydraulic diameter can be approximated as twice the channel thickness, the formulas [8] for obtaining 

Fbulk and Ffilm as a function of tnom/tmin are 

𝐹𝑏𝑢𝑙𝑘 = (𝑡𝑛𝑜𝑚 𝑡𝑚𝑖𝑛⁄ )3 (2−𝛼)⁄  

𝐹𝑓𝑖𝑙𝑚 = (𝑡𝑛𝑜𝑚 𝑡𝑚𝑖𝑛⁄ )(0.4+𝛼) (2−𝛼)⁄  
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where α is the Reynolds number exponent in the friction factor relationship. The value of α is typically 

between 0.2 and 0.25. For this analysis, an α of 0.25 was selected. 

Flow distribution (random) 

This uncertainty is the result of the hydraulic analysis that is used to determine the flow distribution 

among the coolant channels. This is a local effect that does not systematically affect all coolant 

channels. The determination of this uncertainty was based on the measurement of the flow speeds in 

the different coolant channels of a BR2 fuel assembly [15]. Appendix E shows that this uncertainty is on 

the order of 9%. Moreover, Ref. [11] states that for a given pressure drop over the vessel, the mass flow 

rate in a given fuel assembly has a small dependency on the loading of the core. For an unfavorable but 

credible loading, the mass flow rate in a fuel assembly could be reduced by 4%. For this analysis, these 

two uncertainties are statistically combined for a total uncertainty of 10% and applied to Fbulk and Ffilm. 

Single phase heat transfer correlation (systematic) 

Heat transfer correlations typically predict heat transfer coefficients that are accurate to within 10% to 

15%. A study [16] comparing the heat transfer coefficients predicted by various correlations and 

computational fluid dynamics (CFD) clearly showed that, for thermal-hydraulic conditions similar to a 

BR2 channel near ONB, the selected heat transfer correlation must take into account the variation in 

water viscosity between the bulk coolant and the coolant adjacent to the channel wall. The same study 

also shows that the correlations using variable properties (Seider-Tate [17], Dittus-Boelter-Modified (i.e., 

corrected for viscosity changes) [16] and Petukhov & Popov [18]) and the CFD predict heat transfer 

coefficients within a range of ±10%. Since it is difficult to evaluate the true accuracy of any correlations 

for a configuration and regime (geometry, flow, power, pressure, etc.) representative of a BR2 channel 

near limiting T-H conditions, a systematic error of 15% is applied to Fflux. 

Hot stripe (systematic) 

A hot stripe approach has been used to take into account the azimuthal power peak in PLTEMP since: 

i. the azimuthal power peak for a sector can occur near the azimuthal center of a plate, 

ii. the azimuthal heat conduction has a limited effect in reducing the heat flux at that location [16], 

and 

iii. the coolant mixing effect is minimal in a BR2 channel at nominal operating conditions [16].  

To model the hot stripe in PLTEMP, the azimuthal power peak-to-average ratio is used as a systematic 

HCF on Fq, Fbulk and Ffilm. Note that the azimuthal peaking of plate 6 is assumed to also apply to plate 5. 

Combination of random and systematic components 

The random combination of the components of each HCF reflects that it is unlikely that all local 

tolerances/uncertainties apply to the hot channel, at the most limiting axial location and at their worst 

possible values. Therefore, the components Fi of each HCF are combined statistically using 𝐹 = 1 +
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√∑ (1 − 𝐹𝑖)𝑖 , i.e., assuming that they are independent and normally distributed. To obtain the final 

HCFs, the random HCFs are then multiplied by components reflecting systematic effects. 

3.7. Thermal hydraulic correlations 
The following are brief descriptions of the T-H models used in the PLTEMP code and described in the 

user manual [8]. 

Heat Transfer Coefficient (HTC) 

The single-phase HTC selected for this work was the modified Dittus-Boelter correlation [16].  It is the 

same well-known Dittus-Boelter correlation [19] except that it contains an additional term for the bulk 

and wall viscosity ratio ([
𝜇

𝜇𝑤
⁄ ]

0.11
). It has been shown to better account for the temperature 

dependence of the coolant properties that are important at high heat flux and was the most 

conservative of the correlations evaluated in Ref. [16]. 

Onset of Nucleate Boiling Ratio (ONBR) 

The Bergles-Rohsenow correlation [20] was used to determine the heat flux representing the onset of 

nucleate boiling. 

Fully developed Nucleate Boiling Ratio (FDNBR) 

The Forster and Greif correlation [21] was used to determine the heat flux at which fully developed 

nucleate boiling begins3. 

Onset of Flow Instability Ratio (OFIR) 

The correlation by Whittle and Forgan [22] was used in this work to determine the onset of flow 

instability ratio (OFIR).  The PLTEMP user manual recommends an empirical value of 32.5 for the 

coefficient  used in the Whittle and Forgan correlation.  However, a statistical analysis described in the 

user manual determined that  = 24.93 produces a best estimate of the heat flux at which OFI occurs 

and results in a fair comparison with the Groeneveld CHF lookup table.  To be consistent with the work 

presented in Ref. [2], a value of  = 24.93 was used in this work.  However, it should be noted that 

increasing to 32.5 reduces the peak heat flux by less than 5.1% while increasing the confidence 

interval that the flow is stable from 50% to 95% [2]. 

Critical Heat Flux Ratio (CHFR) 

The standard Groeneveld 2006 CHF lookup table [23] is valid for mass velocities up to 8000 kg/m2-s; 

however, the values for the BR2 analyses range from 1040-16744 kg/m2-s.  An extended version of this 

                                                           
3
 The PLTEMP user guide describes both the Bergles-Rohsenow and Forster and Greif correlations as being 

applicable for determining the onset of nucleate boiling.  However, the Bergles-Rohsenow correlation was 
developed to determine the heat flux at which nucleate boiling just starts to occur (onset of).  The Forster and 
Grief correlation was developed to determine the lowest heat flux at which nucleate boiling has been fully 
established (i.e. at a slightly higher heat flux than that predicted by the Bergles-Rohsenow correlation). 
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lookup table described in Ref. [24] is stated to be valid up to 30,000 kg/m2-s by including a mass flux 

correction term applied to cases exceeding 8000 kg/m2-s.  Additionally, an adjustment to the exponent 

of the diameter factor was included in the CHF calculation and is applicable to all mass velocities.  The 

extended Groeneveld 2006 CHF lookup table was available in PLTEMP version 4.2.bta of July 5, 2012 

(SVN version 61). 

4. Computational Results and Discussion 
The T-H criteria and fuel temperature results for the high heat flux fuel assembly4, have been updated 

for the current representative core (numerical results are given in Appendix F).  Similar to previous work, 

a search was performed to determine the heat flux, sector power, peak cladding temperature and peak 

fuel temperature for each of the limiting T-H criteria at four percentages of the nominal flow rate: 1%, 

20%, 100% and 161% (maximum flow based on allowed pressure drop). 

Figure 4 and Figure 5 show the calculated heat flux as a function of the percentage of nominal flow 

(10.4 m/s at 100% flow), for both HEU and LEU cores.  The allowed operating regions are also illustrated 

for both thermal limits: 470 W/cm2 (short dashes) and 600 W/cm2 (long dashes).  It can be seen that the 

margins to OFI or CHF are greater than 1.5 for either maximum heat flux (470 W/cm2 and 600 W/cm2) 

for mass flow rates above ~70% nominal.  For nominal operating conditions the margins are greater 

than 2.  It can also be seen that the most conservative criterion (ONBR) is met for both heat flux limits 

when the mass flow rate is above the minimum flow lines. 

 
Figure 4 HEU core limiting conditions as a function of average coolant flow. 

                                                           
4
 For the representative core analyzed in Ref. [2] and [3], the high heat flux assembly was located at C-259.  For the 

current representative core, the highest heat flux fuel assembly is located at A-30. 
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Figure 5 LEU core limiting conditions as a function of average coolant flow. 

ONBR Margin 

Figure 6 shows a comparison of the HEU and LEU cores with respect to ONB.  It can be seen that: 

1. ONB occurs at nearly the same heat flux for both cores; 

2. The allowed operational regimes are almost identical for both cores; 

3. The margin from nominal to minimum flow (about 26% at 470 W/cm2) is larger than the 

uncertainty of the flow measurements (2%, see Table 5).  A similar margin would be obtained 

for 600 W/cm2 at a flow of ~125%.  There is no margin at 600 W/cm2 at nominal flow (100%); 

4. The margin from ONBR = 1 at nominal flow (about 28% at 470 W/cm2) is larger than the 

uncertainty in power measurement (3%, see Table 5).  Again, a similar margin would be 

obtained for 600 W/cm2 at a flow of ~125%.  There is no margin at 600 W/cm2 at nominal flow 

(100%). 



ANL/GTRI/TM-14/8 Rev. 1 16 

 

Figure 6  Thermal performance comparison for the HEU and LEU cores (ONBR = 1.0) 

A difference between this and the previous analysis of Ref. [1] is that the margins for a heat flux of 600 

W/cm2 have been eliminated.  Previously, the margin from nominal to minimum flow was 5% (greater 

than the 2 % flow uncertainty) and the margin from ONBR = 1 was on the order of the 3% power 

uncertainty. 

To investigate the reason for these differences, a series of analyses were performed for the high heat 

flux element (A-30) in the HEU core (see Appendix G).  Beginning with a PLTEMP input file from the 

previous work, the model was updated (e.g. HCFs, power distribution, modeling method, etc.) in a step-

by-step method to determine the impact each change in the model had on the limiting heat flux for 

ONB.  It was determined that the change in axial power distribution and thermal resistance of the fuel 

plate contributed a ~1% and ~1.5% change in heat flux, respectively, relative to previous work (i.e. 

previously defined representative core).  There was no significant effect on the ONB heat flux due to 

switching from the 3-layer to 5-layer plate model (about -0.3% change). 
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CHF/OFI crossover point 

Figure 4 and Figure 5 also show the CHF and OFI limit for a range of flow rates.  There is a crossover of 

the OFI and CHF curves at about 60% of nominal flow for both the HEU and LEU cores.  This has changed 

relative to previous work [2] where the crossover was about 105% of nominal flow.  In addition to the 

updated representative core configuration, there were two reasons for this change.  First, the modeling 

approach has been changed by switching from the 3-layer to 5-layer plate model.  As shown in the 

sensitivity study described in Appendix G, this change resulted in a decrease of the CHF by 1.7% 

(1437 W/cm2 to 1413 W/cm2). The second and more significant reason for the change is that the 

previous analysis used what is known as the direct substitution method (DSM) [23] (i.e. option 14 set to 

0 on card 200 of PLTEMP input file), where the CHF margin is predicted from the constant local 

conditions.  However, as described in Ref. [23] and [25], the accuracy of CHF margin using the CHF look-

up table is improved by using the heat balance method (HBM) (option 14 set to 1 on card 200 of PLTEMP 

input file), where the power is iteratively increased until the CHF is met. For HEU fuel at 100% flow, 

switching to the more accurate HBM results in a decrease by 17% in predicted CHF from 1413 W/cm2 

(Appendix G) to 1178 W/cm2 (Appendix F).  This updated analysis approach shows that CHF is the 

limiting safety criterion, with respect to OFI, for flow rates greater than 60% of nominal. 

Additional analyses to determine the limiting fuel assembly 

Analyses were also performed to verify that the high heat flux fuel assembly (A-30) is the limiting 

assembly for both the HEU and LEU cores with respect to the T-H criteria (ONBR, FDNBR, OFIR and 

CHFR) and fuel temperature.  The limiting heat flux, and hence power, for each T-H criteria has been 

determined for the high heat flux assembly (A-30) and is given in Tables F-1 and F-2.  Utilizing these 

power values, the power in the fresh fuel (C-259 for HEU and C-319 for LEU), high power (H-1) and high 

burnup (F-346) assemblies was calculated using the known power ratio between these assemblies and 

the high heat flux assembly (given in Tables C-1 to C-4).  PLTEMP simulations were run with these 

calculated powers (no search was performed) to obtain the T-H margin and fuel temperature5. 

Figure 7 shows the ONBR, FDNBR, OFIR and CHFR values for the fresh fuel (C-259 for HEU and C-319 for 

LEU), high heat flux (A-30), high power (H-1) and high burnup (F-346) assemblies for both the HEU and 

LEU cores at 100% flow.  Both cores show similar trends.  The high heat flux assembly (A-30) is shown to 

be limiting for all T-H margins with respect to the fresh fuel and high burnup fuel assemblies.  Similar T-H 

values were obtained for the high heat flux (A-30) and high power (H-1) fuel assemblies. Thus, the high 

heat flux fuel assembly (A-30) can be considered the limiting assembly with respect to ONBR, FDNBR, FIR 

and CHFR for both the HEU and LEU cores at 100% flow.  However, T-H margin calculations should be 

performed and re-evaluated for the high power fuel assembly (H-1) if there are any changes in the 

representative core or material properties. 

                                                           
5
 For example: the sector power in the high heat flux assembly (A-30) with HEU was determined to be 1.24 MW for 

ONBR=1 and the ratio of power between the sector of the high heat flux assembly and the sector of the fresh fuel 
assembly (C-259) is 0.678.  The power specified for the fresh fuel assembly (C-259) is then given by 1.24 MW times 
0.678, or 0.84 MW.  A PLTEMP calculation for the fresh fuel assembly (C-259) at this power (0.84 MW) gives an 
ONBR of 1.14, indicating that the high heat flux assembly (A-30) is the limiting fuel assembly for ONB. 
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Figure 7  T-H margins of the fresh fuel, high power and high burnup assemblies relative to the high 
heat flux assembly at 100% flow. 

Figure 8 shows the maximum fuel temperature in plate 6 for each of the fuel assemblies at the 

maximum heat flux limits (470 W/cm2 and 600 W/cm2) for nominal flow.  For HEU fuel, it can be seen 

that the highest fuel temperature occurs in the high heat flux fuel assembly (A-30).  For LEU fuel, the 

fuel temperatures are nearly identical for the high heat flux (A-30) and high power (H-1) assemblies.  

Despite the degradation in meat conductivity and increased thermal resistance due to oxide growth at 

the cladding surface, the high burnup fuel assembly (F-346) has the lowest fuel temperature for both 

cores.  Thus, the high heat flux (A-30) or high power (H-1) fuel assembly can be considered the limiting 

assembly with respect to fuel temperature for the maximum nominal and temporary heat flux limit at 

100% flow.  However, fuel temperature calculations should be performed and re-evaluated for the high 

power assembly (H-1) if there are any changes in the representative core or material properties. The 

fuel temperature at 100% flow for the LEU core is 4.2% and 4.4% greater than the HEU core for a heat 

flux of 470 W/cm2 and 600 W/cm2, respectively.  The results also show that the LEU fuel temperature 

remains below the recommended [26] blister threshold temperature6 of 450oC by 235oC for 470 W/cm2 

and 192oC for 600 W/cm2. 

                                                           
6
 The actual blister threshold temperature for the proposed LEU fuel has not yet been measured. 
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Figure 8.  Maximum fuel temperature in limiting fuel element of each cycle group for HEU and LEU. 

Due to the significant uncertainty in predicting the thermal resistance of the fuel plate, a propagation of 

uncertainties was performed for the 470 W/cm2 case to further investigate the peak fuel temperature, 

its uncertainty and the dominate contributing factors.  Figure 9 and Figure 10 show the results for the 

HEU and LEU core using, where applicable, the following values [10] and estimated uncertainties: 

coolant velocity = ± 9%, interaction layer (IL) conductivity = 16 ± 5 W/m-K, 

channel gap = ± 100 m, initial clad thickness = 381 ±20 m, 

Si weight fraction = 4% ± 0.2%, Initial fuel particle radius = 30 ± 5 m, 

interaction layer growth rate = ± 50%,  swelling rate = ± 20%, 

oxide penetration % = 40 ± 10, coolant pH = 5.6 ± 0.3, 

clad conductivity = 130 ± 5 W/m-K, matrix conductivity = 230 ± 10 W/m-K, 

meat conductivity = ± 25%, oxide conductivity = 2.25 ± 0.45 W/m-K. 
 

The magnitude and evolution of the fuel temperatures and uncertainties are similar for the HEU and LEU 

cores.  However, the LEU fuel temperature uncertainty appears larger than the HEU core since it was 

calculated with a more detailed model containing additional uncertainty factors [10].  The coolant 

velocity was found to be the largest contributor for fresh fuel at beginning of cycle, although the 
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magnitude of the fuel temperature uncertainty is relatively small at this time.  The relevance of the 

coolant velocity uncertainty decreases continuously for fresh fuel as the uncertainty contribution of the 

pH steadily increases.   For the remaining fuel assemblies, the pH is the dominate uncertainty 

contributor.  The pH not only impacts the thermal resistance of the cladding oxide, but also other 

parameters that are dependent on the fuel temperature; such as the interaction layer growth rate and 

conductivity.  Ultimately, the uncertainty in fuel temperature shows that despite the limited knowledge 

on parameters impacting the heat transfer from the fuel, the high heat flux (A-30) or high power (H-1) 

fuel assembly can be considered the limiting assembly with respect to fuel temperature.  Further, taking 

into consideration the uncertainties in the fuel temperature there is still significant margin from the 

recommended blister threshold temperature for LEU fuel. 

 

Figure 9  HEU fuel temperature with uncertainty and contributing factors for 470 W/cm2. 
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Figure 10  LEU fuel temperature with uncertainty and contributing factors for 470 W/cm2. 

5. Summary and Conclusions 
The objective of this work was to update the thermal hydraulic safety margin and fuel temperature 

analyses associated with converting the BR2 reactor core with the proposed LEU fuel assembly.  This 

update was required due to changes in the representative core configuration used for core conversion 

analyses.  The analyses were also extended to the fresh fuel (C-259 for HEU and C-319 for LEU), high 

power (H-1) and high burnup (F-346) fuel assemblies to verify that the high heat flux fuel assembly 

(A-30) is the limiting assembly for all T-H criteria.   

Relative to previous work, the analysis showed that the thermal hydraulic limits for the high heat flux 

assembly (A-30) were again very similar for both the HEU and LEU cores.  However, the change in core 

configuration and the incorporation of a more accurate material properties model has shown that there 

is no margin to ONBR = 1 for the temporary heat flux limit of 600 W/cm2 at nominal flow (100%). 

Significant margin to minimum flow (26%) and for power (28%) still exists for the maximum nominal 

heat flux of 470 W/cm2. 

Results show that the crossover for CHF and FI occurs at 60% of nominal flow as compared to 105% seen 

in the previous analysis [1].  The primary difference was shown to be due to switching from the DSM to 

the more accurate HBM for determining CHF margin.  For HEU fuel at 100% flow, the HBM resulted in a 



ANL/GTRI/TM-14/8 Rev. 1 22 

decrease in predicted CHF from 1413 W/cm2 to 1178 W/cm2.  The updated analysis approach shows that 

CHF is the limiting safety criterion, with respect to OFI, for flow rates greater than 60% of nominal. 

Further analyses of the fresh fuel (C-259 for HEU and C-319 for LEU), high power (H-1) and high burnup 

(F-346) assemblies verified that the high heat flux fuel assembly (A-30) was the limiting assembly with 

respect to ONB, FDNB, OFI and CHF.  However, in some instances the T-H margins of the high power 

assembly (H-1) was similar to the high heat flux assembly (A-30) at nominal flow.  Thus, the T-H margins 

for the high power assembly (H-1) should be re-evaluated if there are any changes in the representative 

core configuration or the material properties of the fuel assemblies. 

The fuel temperatures for the four assembly types in the LEU core are relatively higher than the HEU 

core (by about 4% to 11%) due to the degradation in thermal conductivity associated with burnup.  For 

both cores, it was found that the highest temperature occurs in both the high heat flux (A-30) and high 

power (H-1) assemblies, as both produced similar values.  A propagation of uncertainties was performed 

to better characterize the uncertainty in parameters impacting the fuel temperature.  From this it was 

determined that, despite limited knowledge of thermal conductivities and surface oxide thickness, both 

the high heat flux (A-30) and high power (F-346) assembly can obtain similar temperatures and that they 

are significantly greater than the fresh fuel and high burnup fuel assemblies.  Thus, the high heat flux 

(A-30) or high power (H-1) fuel assembly can be considered the limiting assembly with respect to fuel 

temperature.  It was also shown that the LEU fuel temperature, including uncertainties, was below the 

recommended blister threshold temperature of 450oC by 235oC for 470 W/cm2 and 192oC for 

600 W/cm2. 

Finally, it should be stated that this work provides preliminary conclusions that will need to be updated 

once the LEU fuel assembly has been finalized and measurements of the blister threshold temperature, 

fuel thermal conductivity, etc. have been made available. 
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APPENDICES 

A. Fuel Assembly Map 

 
Figure A-1   Location of the highest heat flux fuel assembly for each cycle group shown in the representative core configuration (cross 

sectional view).
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B. Fuel Assembly Geometry 
Table B-1.  Power distribution for the channel C-259 (HEU) and C-319 (LEU) fuel assemblies  

(fresh fuel). 

Component 
Inner radius 

(m) 
Outer radius 

(m) 
Plate arc length 

(m) 
Fuel meat arc length 

(m) 

Central aluminum plug  0.12500   

Plate 1 0.01598 0.01725 0.02922 0.02645 

Plate 2 0.02024 0.02151 0.03814 0.03520 

Plate 3 0.02451 0.02578 0.04708 0.04438 

Plate 4 0.02878 0.03005 0.05603 0.05290 

Plate 5 0.03305 0.03432 0.06497 0.06231 

Plate 6 0.03731 0.03858 0.07389 0.07039 

Beryllium channel 0.42100    

 

Meat thickness is 5.1e-4 m. 

Clad thickness is 3.8e-4 m. 
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C. Power Distribution Tables 
This appendix presents the power distributions calculated from MCNP5.  As described in Section 3.5, 

FACTFk was defined as the average power density in a given plate (k) relative to the average power 

density of the sector. 

Table C-1.  Power distribution for the channel C-259 (HEU) and C-319 (LEU) fuel assemblies  
(fresh fuel). 

 

HEU, Channel C-259 (Fresh fuel) LEU, Channel C-319 (Fresh fuel) 

QAVGk,n, Relative Power Density Distribution in Plate (Plate Average = 1) 
Axial Position 
of cell center 

(cm) 

1st 
plate 

(inner) 

2nd 
plate 

3rd 
plate 

4th 
plate 

5th 
plate 

6th 
plate 

(outer) 

1st 
plate 

(inner) 

2nd 
plate 

3rd 
plate 

4th 
plate 

5th 
plate 

6th 
plate 

(outer) 

36.195 0.369 0.356 0.345 0.341 0.330 0.315 0.382 0.370 0.360 0.290 0.272 0.245 

32.385 0.402 0.397 0.394 0.379 0.375 0.361 0.412 0.404 0.397 0.349 0.330 0.312 

28.575 0.492 0.490 0.486 0.470 0.458 0.438 0.504 0.500 0.495 0.430 0.406 0.381 

24.765 0.587 0.590 0.581 0.559 0.544 0.524 0.601 0.594 0.588 0.520 0.491 0.456 

20.955 0.678 0.682 0.678 0.646 0.632 0.606 0.696 0.694 0.683 0.599 0.564 0.530 

17.145 0.779 0.782 0.776 0.739 0.719 0.698 0.786 0.783 0.778 0.680 0.649 0.603 

13.335 0.879 0.878 0.876 0.843 0.817 0.792 0.886 0.886 0.875 0.773 0.728 0.682 

9.525 0.994 0.991 0.985 0.957 0.926 0.913 0.992 0.986 0.978 0.882 0.844 0.797 

5.715 1.112 1.118 1.117 1.094 1.092 1.071 1.109 1.106 1.102 1.049 1.019 0.995 

1.905 1.232 1.236 1.242 1.243 1.234 1.232 1.223 1.223 1.223 1.220 1.215 1.211 

-1.905 1.334 1.336 1.338 1.356 1.363 1.373 1.314 1.321 1.330 1.363 1.376 1.389 

-5.715 1.412 1.406 1.415 1.447 1.462 1.486 1.385 1.398 1.406 1.477 1.498 1.525 

-9.525 1.440 1.450 1.454 1.497 1.511 1.530 1.431 1.442 1.446 1.530 1.571 1.598 

-13.335 1.436 1.446 1.458 1.500 1.524 1.537 1.434 1.437 1.452 1.529 1.572 1.614 

-17.145 1.412 1.408 1.424 1.453 1.476 1.502 1.398 1.406 1.420 1.509 1.538 1.588 

-20.955 1.331 1.342 1.349 1.381 1.389 1.418 1.332 1.338 1.345 1.422 1.461 1.506 

-24.765 1.219 1.231 1.236 1.256 1.277 1.303 1.215 1.228 1.233 1.317 1.346 1.378 

-28.575 1.085 1.084 1.085 1.111 1.125 1.141 1.075 1.079 1.097 1.165 1.195 1.224 

-32.385 0.932 0.923 0.918 0.934 0.953 0.971 0.927 0.927 0.928 0.978 1.005 1.037 

-36.195 0.878 0.853 0.844 0.795 0.793 0.787 0.899 0.879 0.864 0.917 0.920 0.929 

FACTFk 0.8788 0.8515 0.8594 0.9284 1.0319 1.2280 0.7959 0.7933 0.8188 0.9431 1.0628 1.2734 

 

Azimuthal Power Peak-to-Average Ratio (FP) = 1.178 Azimuthal Power Peak-to-Average Ratio (FP) = 1.071 

Sector Power Relative to A-30 = 0.678 Sector Power Relative to A-30 = 0.7471 
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Table C-2.  Power distribution for the channel A-30 fuel assembly (high heat flux fuel). 

 

HEU, Channel A-30 (High Heat Flux Fuel Assembly) LEU, Channel A-30 (High Heat Flux Fuel Assembly) 

QAVGk,n, Relative Power Density Distribution in Plate (Plate Average = 1) 

Axial Position 
of cell center 

(cm) 

1st 
plate 

(inner) 

2nd 
plate 

3rd 
plate 

4th 
plate 

5th 
plate 

6th 
plate 

(outer) 

1st 
plate 

(inner) 

2nd 
plate 

3rd 
plate 

4th 
plate 

5th 
plate 

6th 
plate 

(outer) 

36.195 0.367 0.355 0.348 0.356 0.366 0.387 0.376 0.374 0.369 0.388 0.397 0.418 

32.385 0.403 0.401 0.397 0.423 0.442 0.471 0.403 0.408 0.411 0.445 0.467 0.498 

28.575 0.494 0.492 0.488 0.518 0.542 0.564 0.499 0.497 0.504 0.543 0.566 0.593 

24.765 0.597 0.595 0.593 0.622 0.646 0.669 0.616 0.616 0.616 0.663 0.678 0.707 

20.955 0.697 0.694 0.691 0.722 0.733 0.767 0.738 0.742 0.736 0.781 0.786 0.817 

17.145 0.802 0.790 0.785 0.821 0.840 0.861 0.846 0.844 0.839 0.880 0.890 0.909 

13.335 0.911 0.896 0.888 0.925 0.949 0.960 0.948 0.948 0.942 0.982 0.981 0.996 

9.525 1.003 1.005 1.000 1.036 1.031 1.039 1.059 1.050 1.035 1.067 1.067 1.059 

5.715 1.122 1.124 1.119 1.126 1.129 1.128 1.172 1.162 1.153 1.166 1.154 1.139 

1.905 1.235 1.239 1.238 1.221 1.210 1.208 1.272 1.267 1.260 1.250 1.232 1.215 

-1.905 1.310 1.316 1.315 1.309 1.292 1.258 1.349 1.346 1.343 1.305 1.288 1.259 

-5.715 1.381 1.390 1.388 1.362 1.340 1.289 1.406 1.406 1.398 1.348 1.336 1.302 

-9.525 1.418 1.428 1.425 1.395 1.353 1.305 1.425 1.435 1.431 1.376 1.349 1.316 

-13.335 1.413 1.424 1.426 1.397 1.375 1.328 1.434 1.427 1.425 1.373 1.346 1.319 

-17.145 1.391 1.396 1.404 1.368 1.359 1.328 1.388 1.392 1.393 1.336 1.324 1.302 

-20.955 1.340 1.347 1.354 1.313 1.302 1.299 1.310 1.310 1.323 1.278 1.266 1.253 

-24.765 1.228 1.234 1.253 1.224 1.215 1.219 1.142 1.146 1.160 1.159 1.163 1.159 

-28.575 1.079 1.084 1.104 1.082 1.086 1.099 0.973 0.984 1.000 1.010 1.019 1.026 

-32.385 0.931 0.927 0.932 0.929 0.938 0.957 0.835 0.849 0.857 0.856 0.880 0.900 

-36.195 0.878 0.864 0.854 0.850 0.852 0.862 0.807 0.800 0.805 0.794 0.811 0.811 

FACTFk 0.8523 0.8315 0.8403 0.9890 1.0642 1.1859 0.8375 0.8125 0.8243 0.9781 1.0699 1.2135 

 

Azimuthal Power Peak-to-Average Ratio (FP) = 1.087 Azimuthal Power Peak-to-Average Ratio (FP) = 1.091 

Sector Power Relative to A-30 = 1.000 Sector Power Relative to A-30 = 1.000 
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Table C-3. Power distribution for the channel H-1 fuel assembly (high power fuel). 

 

HEU, Channel H-1 (High Power Fuel Assembly) LEU, Channel H-1 (High Power Fuel Assembly) 

QAVGk,n, Relative Power Density Distribution in Plate (Plate Average = 1) 

Axial 
position of 
cell center 

(cm) 

1st 
plate 

(inner) 

2nd 
plate 

3rd 
plate 

4th 
plate 

5th 
plate 

6th 
plate 

(outer) 

1st 
plate 

(inner) 

2nd 
plate 

3rd 
plate 

4th 
plate 

5th 
plate 

6th 
plate 

(outer) 

36.195 0.500 0.494 0.488 0.481 0.490 0.514 0.550 0.544 0.545 0.526 0.540 0.543 

32.385 0.544 0.545 0.544 0.542 0.559 0.594 0.585 0.583 0.590 0.579 0.606 0.615 

28.575 0.645 0.648 0.649 0.642 0.658 0.686 0.686 0.686 0.688 0.686 0.703 0.718 

24.765 0.750 0.753 0.753 0.752 0.767 0.794 0.789 0.789 0.789 0.793 0.808 0.819 

20.955 0.836 0.830 0.845 0.838 0.859 0.886 0.863 0.858 0.867 0.863 0.893 0.888 

17.145 0.904 0.912 0.909 0.923 0.927 0.937 0.933 0.917 0.929 0.929 0.935 0.937 

13.335 0.986 0.994 0.987 1.002 1.002 1.014 1.002 0.985 1.002 1.000 1.007 1.004 

9.525 1.050 1.040 1.061 1.064 1.052 1.054 1.037 1.043 1.031 1.051 1.059 1.047 

5.715 1.104 1.106 1.110 1.128 1.113 1.096 1.088 1.098 1.096 1.117 1.100 1.087 

1.905 1.153 1.169 1.154 1.179 1.166 1.127 1.141 1.153 1.143 1.170 1.131 1.121 

-1.905 1.185 1.170 1.195 1.180 1.199 1.146 1.169 1.180 1.171 1.205 1.161 1.156 

-5.715 1.221 1.203 1.211 1.210 1.212 1.172 1.196 1.207 1.199 1.207 1.179 1.167 

-9.525 1.232 1.223 1.206 1.232 1.207 1.187 1.207 1.220 1.209 1.192 1.196 1.179 

-13.335 1.261 1.250 1.236 1.232 1.211 1.199 1.230 1.222 1.231 1.227 1.208 1.174 

-17.145 1.256 1.251 1.246 1.239 1.222 1.201 1.221 1.214 1.225 1.229 1.217 1.181 

-20.955 1.242 1.230 1.227 1.244 1.226 1.192 1.194 1.206 1.203 1.197 1.210 1.154 

-24.765 1.180 1.199 1.203 1.181 1.180 1.180 1.153 1.170 1.170 1.153 1.166 1.145 

-28.575 1.076 1.097 1.100 1.073 1.074 1.093 1.054 1.067 1.069 1.046 1.062 1.069 

-32.385 0.964 0.975 0.973 0.970 0.985 1.017 0.968 0.948 0.946 0.948 0.951 1.049 

-36.195 0.908 0.911 0.902 0.887 0.891 0.910 0.935 0.908 0.895 0.883 0.869 0.946 

FACTFk 0.9136 0.8839 0.8984 0.9938 1.0430 1.1174 0.8917 0.8658 0.8814 0.9829 1.0391 1.1561 

 

Azimuthal Power Peak-to-Average Ratio (FP) = 1.062 Azimuthal Power Peak-to-Average Ratio (FP) = 1.069 

Sector Power Relative to A-30 = 1.040 Sector Power Relative to A-30 = 1.057 
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Table C-4.  Power distribution for the channel F-346 fuel assembly (high burnup fuel). 

 

HEU, Channel F-346 (High Burnup Fuel Assembly) LEU, Channel F-346 (High Burnup Fuel Assembly) 

QAVGk,n, Relative Power Density Distribution in Plate (Plate Average = 1) 

Axial Position 
of cell center 

(cm) 

1st 
plate 

(inner) 

2nd 
plate 

3rd 
plate 

4th 
plate 

5th 
plate 

6th 
plate 

(outer) 

1st 
plate 

(inner) 

2nd 
plate 

3rd 
plate 

4th 
plate 

5th 
plate 

6th 
plate 

(outer) 

36.195 0.353 0.352 0.336 0.283 0.272 0.260 0.358 0.357 0.350 0.282 0.270 0.263 

32.385 0.421 0.422 0.406 0.354 0.349 0.339 0.416 0.424 0.417 0.352 0.345 0.339 

28.575 0.504 0.512 0.493 0.432 0.420 0.410 0.509 0.506 0.493 0.423 0.408 0.398 

24.765 0.609 0.610 0.594 0.520 0.507 0.482 0.609 0.594 0.582 0.508 0.481 0.468 

20.955 0.699 0.687 0.689 0.601 0.570 0.540 0.669 0.686 0.666 0.565 0.542 0.531 

17.145 0.775 0.767 0.763 0.671 0.637 0.593 0.744 0.764 0.748 0.644 0.609 0.589 

13.335 0.874 0.860 0.855 0.756 0.703 0.665 0.835 0.855 0.841 0.724 0.691 0.662 

9.525 0.928 0.945 0.942 0.820 0.764 0.734 0.957 0.919 0.947 0.819 0.769 0.738 

5.715 1.044 1.042 1.052 0.953 0.921 0.902 1.083 1.031 1.063 0.952 0.954 0.915 

1.905 1.178 1.161 1.170 1.122 1.121 1.123 1.209 1.150 1.176 1.110 1.179 1.139 

-1.905 1.273 1.251 1.222 1.257 1.272 1.239 1.291 1.272 1.339 1.290 1.274 1.287 

-5.715 1.333 1.333 1.346 1.404 1.401 1.398 1.373 1.347 1.387 1.433 1.419 1.448 

-9.525 1.318 1.352 1.433 1.487 1.459 1.499 1.408 1.381 1.363 1.525 1.520 1.548 

-13.335 1.376 1.399 1.388 1.547 1.536 1.533 1.401 1.440 1.414 1.538 1.541 1.578 

-17.145 1.381 1.401 1.389 1.522 1.535 1.527 1.392 1.422 1.413 1.533 1.537 1.573 

-20.955 1.386 1.374 1.396 1.418 1.537 1.542 1.345 1.355 1.368 1.484 1.537 1.560 

-24.765 1.346 1.327 1.317 1.390 1.454 1.480 1.268 1.322 1.314 1.407 1.440 1.486 

-28.575 1.213 1.204 1.188 1.274 1.319 1.356 1.140 1.185 1.171 1.267 1.290 1.341 

-32.385 1.069 1.078 1.091 1.188 1.209 1.294 1.051 1.055 1.038 1.147 1.181 1.163 

-36.195 0.921 0.924 0.931 1.001 1.015 1.085 0.941 0.933 0.910 0.996 1.012 0.972 

FACTFk 0.8534 0.8293 0.8636 1.0002 1.0658 1.1624 0.8390 0.8062 0.8388 0.9990 1.0726 1.1892 

 

Azimuthal Power Peak-to-Average Ratio (FP) = 1.058 Azimuthal Power Peak-to-Average Ratio (FP) = 1.069 

Sector Power Relative to A-30 = 0.432 Sector Power Relative to A-30 = 0.440 
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D. Hot Channel Factor Tables 
The PLTEMP/ANL V4.2 code performs both nominal and limiting condition calculations for wall 

temperature and safety margins.  This appendix summarizes how the hot channel factors are 

incorporated into the nominal equations to obtain limiting values.  The values of hot channel factors 

used in this analysis are summarized in Tables D-1 to D-4. 

The six hot channel factors used in the PLTEMP code include: 

 𝐹𝑝𝑜𝑤𝑒𝑟  Systematic uncertainty in reactor power 

 𝐹𝑓𝑙𝑜𝑤  Systematic uncertainty in reactor flow rate 

 𝐹ℎ  Systematic uncertainty in heat transfer coefficient 

 𝐹𝑏𝑢𝑙𝑘  Local uncertainty in the local bulk coolant temperature rise 

 𝐹𝑓𝑖𝑙𝑚  Local uncertainty in the local film temperature rise 

 𝐹𝑓𝑙𝑢𝑥  Local uncertainty in the local heat flux 

Section 3.5.2 of the PLTEMP manual [8] describes how the six hot channel factors are used in three 

steps.  In step 1, a nominal calculation of the temperature distribution is done without using any hot 

channel factors.  In step 2, another calculation of temperature distribution is done using the three 

systematic uncertainties, 𝐹𝑝𝑜𝑤𝑒𝑟, 𝐹𝑓𝑙𝑜𝑤   and 𝐹ℎ, by multiplying the nominal reactor power by 𝐹𝑝𝑜𝑤𝑒𝑟, 

reducing the channel flow rates by 𝐹𝑓𝑙𝑜𝑤 , and reducing the convective heat transfer coefficient 

(obtained by a user specified correlation) by the factor 𝐹ℎ.  In step 3, the three local uncertainties,  

𝐹𝑏𝑢𝑙𝑘, 𝐹𝑓𝑖𝑙𝑚  and 𝐹𝑓𝑙𝑢𝑥 are applied to the calculation results of step 2, as indicated below.   

Limiting Wall Temperature 

The limiting wall temperature, 𝑇𝑤,𝐿, is determined from: 

𝑇𝑤,𝐿 = 𝑇𝑖𝑛 + 𝐹𝑏𝑢𝑙𝑘 ∙ (𝑇𝑏 − 𝑇𝑖𝑛) + 𝐹𝑓𝑖𝑙𝑚 ∙ (𝑇𝑤 − 𝑇𝑏) 

where 𝑇𝑖𝑛 is the inlet coolant temperature, 𝑇𝑏 is the bulk coolant at the location of interest and 𝑇𝑤 is the 

local wall temperature at the location of interest.  The limiting heat flux is given by: 

𝑄"𝐿 = 𝐹𝑓𝑙𝑢𝑥 ∙ 𝑄" 

Limiting Onset of Nucleate Boiling Ratio at Constant Power 

The limiting onset of nucleate boiling ratio at constant power, 𝑂𝑁𝐵𝑅𝑐𝑝,𝐿, is determined from: 

𝑂𝑁𝐵𝑅𝑐𝑝,𝐿 =  
(𝑇𝑤,𝑂𝑁𝐵 − 𝑇𝐼𝑛)

(𝑇𝑤,𝐻𝐶𝐹 − 𝑇𝐼𝑛)
 

The wall temperature at ONB, 𝑇𝑤,𝑂𝑁𝐵, is obtained from the Bergles-Rohsenow correlation [20]: 
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𝑄" ∙ 𝐹𝑓𝑙𝑢𝑥 = 1082.9 ∙ 𝑃1.156 ∙ [1.8 ∙ (𝑇𝑤,𝑂𝑁𝐵 − 𝑇𝑠𝑎𝑡)]
2.16

𝑃0.0234  

where 𝑄" is the local heat flux (from step 2 calculation),  𝑇𝑠𝑎𝑡 is the local saturation temperature and 𝑃 

is the local pressure.  This is the default ONBR output reported by PLTEMP. 

Limiting Onset of Nucleate Boiling Ratio at Constant Flow 

The limiting onset of nucleate boiling ratio at constant flow, 𝑂𝑁𝐵𝑅𝑐𝑓,𝐿, is determined from: 

𝑇𝑖𝑛 + 𝑂𝑁𝐵𝑅𝑐𝑓,𝐿{𝐹𝑏𝑢𝑙𝑘 ∙ (𝑇𝑏 − 𝑇𝑖𝑛) + 𝐹𝑓𝑖𝑙𝑚 ∙ (𝑇𝑤 − 𝑇𝑏)}

= 𝑇𝑠𝑎𝑡 + (5
9⁄ )[𝑂𝑁𝐵𝑅𝑐𝑓,𝐿 ∙ 𝐹𝑓𝑙𝑢𝑥 ∙ 𝑄"/(1082.9 ∙ 𝑃1.156)]

𝑃0.0234

2.16  

Limiting Flow Instability Ratio 

The limiting flow instability ratio, 𝐹𝐼𝑅𝐿, is determined from: 

𝐹𝐼𝑅𝐿 =  
(𝑇𝑠𝑎𝑡,𝑒𝑥𝑖𝑡 − 𝑇𝑖𝑛)

(1 +
𝜂𝐷ℎ

𝐿 )

1

(𝑇𝑏,𝑒𝑥𝑖𝑡 − 𝑇𝑖𝑛) ∙ 𝐹𝑏𝑢𝑙𝑘

 

where 𝑇𝑏,𝑒𝑥𝑖𝑡 is the bulk coolant temperature at the channel exit (from step 2 calculation), 𝑇𝑠𝑎𝑡,𝑒𝑥𝑖𝑡 is the 

saturation temperature at the channel exit,  𝐿 is the heated length, 𝐷ℎ is the heated hydraulic diameter 

and 𝜂 is empirical coefficient (24.93) used in the Whittle-Forgan correlation. 

Limiting Critical Heat Flux 

The limiting critical heat flux ratio, 𝐶𝐻𝐹𝑅𝐿, is determined from: 

𝐶𝐻𝐹𝑅𝐿 =  𝐶𝐻𝐹
(𝑄" ∙ 𝐹𝑓𝑙𝑢𝑥)⁄  

In this analysis, the critical heat flux, 𝐶𝐻𝐹, is obtained from the 2006 Groeneveld look-up tables [23], 

with modification for high mass flux [24], using the heat balance method: 

𝐶𝐻𝐹 = 𝐶𝐻𝐹(𝐷ℎ = 0.008, 𝑃, 𝐺, 𝑋) (
0.008

𝐷ℎ
)

0.312
 for G <= 8000 

𝐶𝐻𝐹 = 𝐶𝐻𝐹(𝐷ℎ = 0.008, 𝑃, 𝐺, 𝑋) (
0.008

𝐷ℎ
)

0.312
∙ (

𝐺

8000
)

0.376
  for G > 8000 

where G is the mass flux and X is the local quality.
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Table D-1.  Hot channel factors for channel C-259 (HEU) and C-319 (LEU) fuel assemblies (fresh fuel). 

Uncertainty 
Type of 

tolerance 

Effect on 

bulk T 
(fraction) 

Tolerance or 
uncertainty 

(fraction) 
Heat flux, 

Fflux 

Heat 
transfer 

coefficient, 
Fh 

Channel 
temperature 

rise, 
Fbulk 

Film 
temperature 

rise, 
Ffilm 

235
U homogeneity 

Random 

 0.20 1.20 
  

1.20 
235

U loading per plate 0.50 0.02 1.02  1.01 1.02 

Power density 0.50 0.19 1.19  1.10 1.19 

Plate spacing (HEU/LEU) 1.00 1.11 1.11   1.20 1.20 1.04 1.04 

Flow distribution 1.00 1.10   1.10 1.10 

Random errors combined (HEU/LEU) 1.28  1.24 1.24 1.30 1.30 

Heat transfer Coefficient 
Systematic 

 1.15  1.15   

Hot stripe (HEU/LEU)  1.18 1.07 1.18 1.07  1.18 1.07 1.18 1.07 

HCF, product of random errors and systematic errors (HEU/LEU) 1.51 1.37 1.15 1.46 1.33 1.53 1.39 

 

Table D-2. Hot channel factors for channel A-30 fuel assembly (high heat flux fuel). 

Uncertainty 
Type of 

tolerance 

Effect on 

bulk T 
(fraction) 

Tolerance or 
uncertainty 

(fraction) 
Heat flux, 

Fflux 

Heat 
transfer 

coefficient, 
Fh 

Channel 
temperature 

rise, 
Fbulk 

Film 
temperature 

rise, 
Ffilm 

235
U homogeneity 

Random 

 
0.20 1.20 

  
1.20 

235
U loading per plate 0.50 0.02 1.02 

 
1.01 1.02 

Power density 0.50 0.19 1.19 
 

1.10 1.19 

Plate spacing (HEU/LEU) 1.00 1.11 1.11 
  

1.20 1.20 1.04 1.04 

Flow distribution 1.00 1.10 
  

1.10 1.10 

Random errors combined (HEU/LEU) 1.28  1.25 1.25 1.30 1.30 

Heat transfer Coefficient 
Systematic 

 1.15  1.15   

Hot stripe (HEU/LEU)  1.09 1.09 1.09 1.09  1.09 1.09 1.09 1.09 

HCF, product of random errors and systematic errors (HEU/LEU) 1.39 1.40 1.15 1.36 1.36 1.41 1.42 
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Table D-3. Hot channel factors for channel H-1 fuel assembly (high power fuel). 

Uncertainty 
Type of 

tolerance 

Effect on 

bulk T 
(fraction) 

Tolerance or 
uncertainty 

(fraction) 
Heat flux, 

Fflux 

Heat 
transfer 

coefficient, 
Fh 

Channel 
temperature 

rise, 
Fbulk 

Film 
temperature 

rise, 
Ffilm 

235
U homogeneity 

Random 

 
0.20 1.20 

  
1.20 

235
U loading per plate 0.50 0.02 1.02 

 
1.01 1.02 

Power density 0.50 0.19 1.19 
 

1.10 1.19 

Plate spacing (HEU/LEU) 1.00 1.12 1.12 
  

1.21 1.21 1.04 1.04 

Flow distribution 1.00 1.10 
  

1.10 1.10 

Random errors combined (HEU/LEU) 1.28  1.25 1.25 1.30 1.30 

Heat transfer Coefficient 
Systematic 

 1.15  1.15   

Hot stripe (HEU/LEU)  1.06 1.07 1.06 1.07  1.06 1.07 1.06 1.07 

HCF, product of random errors and systematic errors (HEU/LEU) 1.36 1.37 1.15 1.33 1.34 1.38 1.39 

Table D-4. Hot channel factors for channel F-314 fuel assembly (high burnup fuel). 

Uncertainty 
Type of 

tolerance 

Effect on 

bulk T 
(fraction) 

Tolerance or 
uncertainty 

(fraction) 
Heat flux, 

Fflux 

Heat 
transfer 

coefficient, 
Fh 

Channel 
temperature 

rise, 
Fbulk 

Film 
temperature 

rise, 
Ffilm 

235
U homogeneity 

Random 

 
0.20 1.20 

  
1.20 

235
U loading per plate 0.50 0.02 1.02 

 
1.01 1.02 

Power density 0.50 0.19 1.19 
 

1.10 1.19 

Plate spacing (HEU/LEU) 1.00 1.12 1.12 
  

1.21 1.21 1.04 1.04 

Flow distribution 1.00 1.10 
  

1.10 1.10 

Random errors combined (HEU/LEU) 1.28  1.25 1.25 1.30 1.30 

Heat transfer Coefficient 
Systematic 

 1.15  1.15   

Hot stripe (HEU/LEU)  1.06 1.07 1.06 1.07  1.06 1.07 1.06 1.07 

HCF, product of random errors and systematic errors (HEU/LEU) 1.35 1.37 1.15 1.33 1.34 1.38 1.39 
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E. Evaluation of the Uncertainty on Flow Distribution 
A series of coolant speed measurements in a BR2 fuel assembly is presented in Ref. [15]. Table E-1 

shows the speed measured in each channel. 

Table E-1.  Measured coolant speed in various channels of a BR2 fuel assembly. 

Channel Measured Coolant Speed (m/s) 

1 9.75 10.40   9.99 
10.20 10.00 10.40 

2 10.20 10.17 10.50 
9.88   9.61   9.62 

3 10.13 10.60 11.53 
10.50 10.50 10.69 

4 10.48 10.72 10.60 
10.91 10.40 10.78 

5 10.67 10.90 10.89 
10.70 10.63 10.18 

6 10.47 10.60 10.40 
10.05  10.71 

7 10.70 10.86 10.80 
10.80 10.40   9.80 

 

For each channel, an average and standard deviation is calculated from the values in the above table. 

The largest relative error of 4.3% (standard deviation/average) is obtained for channel 3. The HCF 

component that reflects uncertainty in flow distribution is assumed to be twice the largest relative error. 

Therefore, an uncertainty of 1.09 is assumed in the evaluation of the HCFs. 



ANL/GTRI/TM-14/8 Rev. 1  F-1 

F. PLTEMP Result Tables 

Table F-1. T-H criteria and fuel temperature results for HEU fuel. 

HEU High Heat Flux (A-30) High Power (H-1) High Burnup (F-314) Fresh Fuel (C-259) 

Flow / 
dP, MPa 

Limiting 
Condition 

Heat 
Flux, 

Sector 
Power, 

Wall 
Temp., 

Fuel 
Temp., 

Sector 
Power, Margin 

Fuel 
Temp., 

Sector 
Power, Margin 

Fuel 
Temp., 

Sector 
Power, Margin 

Fuel 
Temp., 

W/cm
2
 MW 

o
C 

o
C MW 

o
C MW 

o
C MW 

o
C 

1% / 
8.00E-05 

ONBR=1 13.8 0.0246 190.7 191.6 0.0256 1.02 189.2 0.0106 2.00 116.0 0.0167 1.28 158.7 

FDNBR=1 14.3 0.0255 195.3 196.3 0.0265 1.02 193.7 0.0110 1.98 118.5 0.0173 1.28 162.4 

CHFR=1 NA 

OFIR=1 18.1 0.0321 229.0 230.2 0.0334 0.99 227.5 0.0139 2.33 136.6 0.0218 1.38 189.6 

20% / 
1.11E-02 

ONBR=1 168.5 0.3370 193.7 208.6 0.3504 1.05 201.9 0.1454 1.92 128.6 0.2284 1.15 180.2 

FDNBR=1 182.0 0.3642 204.2 220.3 0.3787 1.05 213.1 0.1572 1.88 135.1 0.2468 1.14 190.0 

CHFR=1 526.1 1.0662 452.7 500.6 1.1087 1.04 479.1 0.4601 2.27 283.5 0.7227 1.24 423.3 

OFIR=1 309.1 0.6215 299.9 327.5 0.6462 1.03 315.0 0.2682 2.37 193.2 0.4212 1.30 277.4 

100% / 
2.10E-01 

Q”=470 470.0 0.9712 163.6 206.0 1.0099 1.13 198.9 0.4191 2.10 129.5 0.6583 1.14 164.7 

Q”=600 600.0 1.2439 193.0 247.5 1.2934 1.13 238.0 0.5368 2.10 153.0 0.8431 1.14 196.0 

ONBR=1 600.3 1.2445 193.0 247.6 1.2941 1.08 238.4 0.5370 1.89 153.1 0.8435 1.14 196.1 

FDNBR=1 672.5 1.3962 208.7 270.1 1.4518 1.08 259.7 0.6025 1.85 165.9 0.9463 1.14 213.0 

CHFR=1 1177.9 2.4623 316.5 425.7 2.5604 1.06 408.2 1.0626 2.26 248.9 1.6689 1.25 326.6 

OFIR=1 1374.7 2.8809 356.9 485.1 2.9957 1.03 465.4 1.2432 2.38 284.7 1.9527 1.37 371.0 

161% / 
5.15E-01 

ONBR=1 832.5 1.7386 186.2 262.8 1.8079 1.07 255.7 0.7503 1.87 163.1 1.1784 1.15 198.8 

FDNBR=1 950.3 1.9881 203.9 291.7 2.0673 1.07 283.9 0.8579 1.83 179.7 1.3475 1.14 219.3 

CHFR=1 1543.0 3.2459 291.9 436.3 3.3752 1.05 423.9 1.4007 2.23 256.4 2.2001 1.25 318.9 

OFIR=1 1962.6 4.1422 352.0 537.1 4.3072 1.03 522.3 1.7875 2.38 316.7 2.8076 1.37 389.7 
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Table F-2. T-H criteria and fuel temperature results for LEU fuel. 

LEU High Heat Flux (A-30) High Power (H-1) High Burnup (F-314) Fresh Fuel (C-319) 

Flow / Limiting 
Condition 

Heat 
Flux, 

Sector 
Power, 

Wall 
Temp., 

Fuel 
Temp., 

Sector 
Power, Margin 

Fuel 
Temp., 

Sector 
Power, Margin 

Fuel 
Temp., 

Sector 
Power, Margin 

Fuel 
Temp., 

dP, MPa W/cm
2
 MW 

o
C 

o
C MW 

o
C MW 

o
C MW 

o
C 

1% / 
8.00E-05 

ONBR=1 14.1 0.0243 190.7 191.8 0.0257 1.01 191.0 0.0107 1.92 119.1 0.0182 1.21 164.9 

FDNBR=1 14.6 0.0252 195.3 196.4 0.0266 1.01 195.5 0.0111 1.91 121.8 0.0188 1.22 168.5 

CHFR=1 NA 

OFIR=1 18.7 0.0322 231.3 232.9 0.0340 0.97 232.1 0.0142 2.25 141.6 0.0240 1.33 198.4 

20% / 
1.11E-02 

ONBR=1 168.3 0.3257 193.7 211.2 0.3443 1.06 204.5 0.1433 1.83 136.0 0.2433 1.11 186.3 

FDNBR=1 181.8 0.3519 204.2 223.1 0.3721 1.06 216.0 0.1549 1.80 143.0 0.2629 1.11 196.5 

CHFR=1 528.8 1.0388 455.2 512.7 1.0984 1.02 491.7 0.4571 2.15 308.8 0.7761 1.23 441.3 

OFIR=1 314.2 0.6120 304.2 337.5 0.6471 1.00 324.8 0.2693 2.30 208.9 0.4572 1.33 293.4 

100% / 
2.10E-01 

Q”=470 470.0 0.9371 163.7 214.6 0.9908 1.11 214.2 0.4123 2.00 143.7 0.7001 1.08 172.5 

Q”=600 600.0 1.1997 193.1 258.5 1.2685 1.12 258.5 0.5279 1.99 171.1 0.8963 1.07 205.6 

ONBR=1 600.7 1.2011 193.2 258.8 1.2700 1.07 258.7 0.5285 1.80 171.3 0.8974 1.10 205.7 

FDNBR=1 672.9 1.3476 208.9 282.6 1.4249 1.07 282.9 0.5930 1.77 186.3 1.0068 1.10 223.6 

CHFR=1 1197.1 2.414 320.7 454 2.5524 1.02 454.8 1.0622 2.18 291.5 1.8036 1.27 344.1 

OFIR=1 1402.3 2.8343 362.8 519.9 2.9969 1.00 521.2 1.2471 2.31 331.3 2.1176 1.34 400.1 

161% / 
5.15E-01 

ONBR=1 833.8 1.6785 186.5 278.5 1.7748 1.06 283.9 0.7386 1.78 187.2 1.2541 1.10 205.5 

FDNBR=1 951.8 1.9188 204.3 309.7 2.0288 1.06 316.0 0.8443 1.75 207.2 1.4336 1.10 232.0 

CHFR=1 1570.3 3.1828 295.9 472.1 3.3653 0.99 482.8 1.4005 2.14 309.6 2.3780 1.25 336.3 

OFIR=1 2004.2 4.0747 358.0 584.5 4.3084 1.00 598.8 1.7929 2.32 379.5 3.0443 1.34 423.9 
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G. Model sensitivity analysis 
A sensitivity analysis was performed for the high heat flux fuel assembly in channel A-30 of the HEU core 

to determine the impact on T-H margins due to changing the PLTEMP modeling method, fuel plate 

thermal resistance and power distribution relative to previous work described in Ref. [1] and [2].  The 

analysis results are summarized in Table G-1.  The first section in Table G-1 shows the results obtained 

from repeating previous calculations given in Ref. [1] and [2].  To start, good agreement was obtained 

between the reported values and re-running the input files.  Two additional simulations were performed 

with changes needed to make the models consistent with current work.  The first was to correct the  

value (change from 32.5 to 24.93) in the Whittle and Forgan correlation, as described in Section 3.7, to 

provide a fair comparison of the OFI heat flux and that calculated for the extended Groeneveld 2006 

CHF look-up table.  The second was to re-define the axial meshing in the PLTEMP input file to be 

consistent with the meshing definition given in the PLTEMP user manual [8].  The results from file name 

T3 include both of these changes and are used as the basis for comparison with current analyses (2nd 

and 3rd sections in Table G-1).  

The second section of Table G-1 shows results from repeating the above calculations (using the 3-layer 

plate fuel plate model) but replaces the power distribution of plate 6, the amount of direct heating to 

the coolant and the thermal resistance of the fuel element with the values for the current 

representative core.  The percent change in heat flux for each of the T-H criterion is also presented in a 

step-by-step manner. 

The third section of Table G-1 is similar to the second section except that the 5-layer fuel plate model 

was used.  The 5-layer fuel plate model requires that the power distribution for each plate be specified 

and that the stripe method be used (described in the PLTEMP user manual).  This stripe method requires 

discretizing the fuel plate and coolant channel in azimuthal direction to distinguish the fuelled and un-

fuelled regions.  Because there is no azimuthal mixing of the coolant in PLTEMP, this method can 

produce results with increased conservatism (same amount of heat transferred to less coolant). 

Finally the results from changing from the HBM to DSM for CHF can be found by comparing results of 

Table G-1 to the results presented in Table F-1.  The CHF is reduced from 1413 W/cm2 to 1178 W/cm2. 

Some conclusions from the results of the sensitivity analysis are as follows: 

There was negligible difference (0.3%) between the results of the 3-layer and 5-layer plate models for 

ONB.  For each case, the ONB heat flux was found to decrease by ~2.5%, where ~1% was due to the 

change in power distribution from the previous representative core and ~1.5% was due to the improved 

methods for characterizing the thermal resistance of the fuel plate (as described in Ref. [10]). 

The change in power distribution had a larger impact on OFI than CHF (-7.0% and -4.5%, respectively) for 

the 3-layer fuel plate model.  These values increase to -10.4% and -6.1%, respectively, for the 5-layer 

fuel plate model.   
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The impact of direct heating of the coolant on the heat flux for ONB, OFI and CHF was not sensitive to 

the fuel plate model selection.  The magnitude of the impact was larger for OFI than CHF (6.8% versus 

3.1%).  The impact on ONB was small (0.5%). 

The impact of the fuel plate’s thermal resistance on the heat flux for ONB, OFI and CHF was not sensitive 

to the fuel plate model selection.  The thermal resistance contributed for about -1% to -1.5% of the 

change in heat flux from the previous work. 
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Table G-1. Sensitivity analysis for fuel assembly A-30 in HEU core. 

 
  

Intermediate steps. Final results 
      

           

1 

Repeat 
previous work 
described in 

Ref. [1] and [2] 

File Name - T1 T2 T3 
     

TH Criterion 

Reported Value 
in Ref. 

[1] and [2] 
(PLTEMP/ANL V4.11) 

Rerun previous 
PLTEMP files 

(PLTEMP/ANLV4.1) 

Rerun T1 with 

 = 24.93 

Update T2 
meshing 

definition. 

     OFI (W/cm
2
) 1409 1409 1480.4 1449.4 

 Percent change in heat flux due to 
intermediate steps. 

Change 
from 

previous 
work. 

CHF (W/cm
2
) ~1500 1506.8 NA 1477.5 

 ONB (W/cm
2
) 620.1 620.2 NA 617.9 

  
           

2 

Current work. 
 

IEND = 0  
(3-layer plate 

model) 
 

NAXDIS = 1 
(same power 

shape for every 
fuel plate) 

 

File Name / 
Equation 

T4 T5 T6a T6b 

 

(T4-T3)/T3 (T5-T4)/T4 (T6b-T5)/T5 (T6b-T3)/T3 

TH criterion 

Rerun T3 with 
current power 

distribution 
(plate 6 in 

Appendix C). 

Rerun T4 with 
new values for 
direct heating 

of coolant 
(Table 3) 

Rerun T5 with 
current 
thermal 

resistance 
(neglect 

oxide) (Table 
1 and 2) 

Rerun T5 with 
current 
thermal 

resistance 
(include oxide) 
(Table 1 and 2) 

 

Change due 
to new 
power 

distribution 

Change 
due to 
direct 

heating of 
coolant 

Change due 
to thermal 

resistance in 
fuel plate 

Change in 
heat flux 

from 
previous 

work. 

OFI (W/cm
2
) 1347.7 1440.0 1437.2 1426.7 

 

-7.0% 6.8% -0.9% -1.6% 

CHF (W/cm
2
) 1410.9 1554.5 1450.5 1437.2 

 

-4.5% 3.1% -1.2% -2.7% 

ONB (W/cm
2
) 608.3 610.9 608.7 601.2 

 

-1.6% 0.4% -1.6% -2.5% 

 
       

    

3 

Current work. 
 

IEND = 1  
(5-layer plate 

model) 
 

NAXDIS = 2 
(different 

power shape 
for every fuel 

plate) 
 

File Name / 
Equation 

T7 T8 T9 T10 

 

(T7-T3)/T3 (T9-T8)/T8 (T10-T9)/T9 (T10-T3)/T3 

TH criterion 

Rerun T4 using 
5-layer plate 
model. (use 

plate 6 power 
distribution for 

all plates) 

Rerun T7 using 
correct power 
distribution for 

each plate. 
(Appendix C) 

Rerun T8 with 
new values 
for direct 
heating of 

coolant 
(Table 3) 

Rerun T9 with 
updated fuel 

thermal 
resistance 

(Table 1 and 2) 

 

Change due 
to fuel 

plate stripe 
method 

Change 
due to 
direct 

heating of 
coolant 

Change due 
to thermal 

resistance in 
fuel plate 

Change in 
heat flux 

from 
previous 

work. 

OFI (W/cm
2
) 1298.9 1298.9 1387.6 1374.7 

 

-10.4% 6.8% -0.9% -5.2% 

CHF (W/cm
2
) 1387.0 1386.4 1429.4 1412.8 

 

-6.1% 3.1% -1.2% -4.4% 

ONB (W/cm
2
) 606.6 606.6 609.5 600.3 

 

-1.8% 0.5% -1.5% -2.8% 
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