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ABSTRACT 

To replace the ageing reactor at the NIST Center for Neutron Research, a new reactor design is proposed, 
namely the NIST Neutron Source or NNS. The NNS will contain a light-water moderated and cooled core 
that would serve as a neutron source for a state-of-the-art facility for neutron scattering and irradiation 
experiments to the domestic and international scientific community. The core is planned to use a 3x3 
rectangular core fueled with low-enriched U-10Mo curved plates with aluminum cladding, where each 
assembly contains 21 plates, yielding a total of 64 coolant channels in each row in the core. This work 
details the development of a custom thermal-hydraulics analysis model capable of computing flow rates 
and axial temperature distributions of the coolant, the cladding, and the fuel. Analyses include 
temperature distributions, and thermal limits such as the Critical Heat Flux Ratio (CHFR) and the Onset 
of Flow Instability Ratio (OFIR). This work also discusses how the operation parameters affect the 
temperature fields and thermal limits of the NNS. 
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1. INTRODUCTION

The preconceptual design of a new reactor at the National Institute of Standards and Technology (NIST) 
Center for Neutron Research (NCNR) is currently being pursued in an effort to eventually replace the 
existing National Bureau of Standards Reactor (NBSR). The new reactor, named the NIST Neutron 
Source (NNS), is proposed as a pool-type reactor with forced upflow convection of the primary light-
water coolant in the core [1]. The NNS core, shown in Figure 1, is a 20-MWth light-water cooled and 
moderated compact core that favors maximum neutron leakage for out-of-core neutron scattering 
experiments. The current core design is fueled with U-10Mo high-assay LEU plate fuel assemblies in a 
9x9 square lattice configuration. Each row in the core (Figure 1) contains 64 coolant channels, 60 of 
which are bounded by two fuel plates, 2 are bounded by walls in fuel assemblies, and 2 are bounded by 
chimney walls containing the entire core. Note that the core also contains channels in the control and 
safety shim blades bounding boxes (separating each of the rows in the core), and there are also channels 
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that hold burnable cadmium poison wires. The shim blades and cadmium poison channels are not 
considered in this work, and they are the subject of future investigations. 
 
 

 
Figure 1. A top view of the NNS core 

 
 
This work focuses on the behavior of the 64 fuel channels, and follows up on previous works [2, 3] by 
adding the contributions from heat conduction in the fuel plates to the thermal-hydraulics solution. This 
paper describes the analysis methodology and the custom computational framework utilized for modeling 
the thermal-hydraulics behavior in the NNS. The results show the axial temperature distributions for the 
fuel meat, cladding, and the coolant at various cycle states of the NNS. The previous work [2] models the 
thermal-hydraulics characteristics of the NNS by assuming equal heat flux at both sides of the fuel plates. 
There are CFD modeling efforts [4] to better characterize the inlet plenum physics of the NNS, and the 
current CFD models are based on the assumption of equal heat flux at both sides of the fuel plates. This 
work is also aimed to assess the uncertainty that the equal heat flux assumption causes in the thermal-
hydraulics analysis. 
 
2. METHODOLOGY 
 
Thermal-hydraulic analysis of the NNS is done with in-house thermal-hydraulics solver. The solver is 
written in MATLAB/Simulink® R2022a version. The fuel plates are curved; therefore, the coolant 
channel parameters such as flow areas, wetted perimeters, heated perimeters and hydraulic diameters are 
calculated by accounting the curved nature of the fuel plates and coolant channels. This model accounts 
for temperature variations in each of the channels by invoking temperature-dependent properties 
described by functions obtained from literature [5]. The utilized temperature-dependent relations for the 
thermophysical properties of the coolant are presented in Equations 1-5 for thermal conductivity (𝑘𝑘𝑘𝑘 in 
W/m-K), specific heat (𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 in kJ/kg-K), mass density (𝜌𝜌𝜌𝜌 in kg/m3), dynamics viscosity (𝜇𝜇𝜇𝜇 in Pa-s), and 
saturation temperature (𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  in ℃). In equations (1) – (5), the coolant temperature (𝑇𝑇𝑇𝑇∞) and pressure (𝑃𝑃𝑃𝑃∞) 
are in units of ℃ and MPa, respectively. 
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 𝑘𝑘𝑘𝑘 = 0.568 + (1.877 𝑇𝑇𝑇𝑇∞ × 10−3) − (8.179 𝑇𝑇𝑇𝑇∞2 × 10−6) + (5.663 𝑇𝑇𝑇𝑇∞3 × 10−9) (1) 

 𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 = �
17.489 − 0.0319 𝑇𝑇𝑇𝑇∞

1− (1.675 𝑇𝑇𝑇𝑇∞ × 10−3) − (2.875 𝑇𝑇𝑇𝑇∞2 × 10−6) (2) 

 𝜌𝜌𝜌𝜌 = 1004.789 − 0.046 𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹 − (7.974 𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹2 × 10−4), 𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹 = 1.8 𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙 + 32 (3) 

  𝜇𝜇𝜇𝜇 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 � −6.325−0.089 𝑇𝑇𝑇𝑇∞
1+(8.705 𝑇𝑇𝑇𝑇∞×10−3)−(9.657 𝑇𝑇𝑇𝑇∞2 ×10−7)

� (4) 

 𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
179.96 + 24.228 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑃𝑃𝑃𝑃∞)

1− 0.106 ln(𝑃𝑃𝑃𝑃∞) + (2.951 ln2(𝑃𝑃𝑃𝑃∞) × 10−4) (5) 

 
 
The solver is a combination of modeling the heat conduction in fuel elements, the heat transfer to liquid 
coolant, and the coolant fluid mechanics. The following sections briefly mention the utilized equations 
and correlations for each model.   
 

2.1.  Heat Conduction in the Fuel Plate 
 
The heat conduction in the fuel plate is solved with a 1D steady state conduction equation by ignoring the 
axial and tangential heat conduction. Along the radial direction, the fuel plate has 3 layers. The first and 
third layers are cladding wall, and the second layer constitutes the fuel meat. The heat conduction 
equation for the fuel plate can be written as shown in equation (6). 
 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒

 𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑 𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓(𝑒𝑒𝑒𝑒)
𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒

+ 𝑞𝑞𝑞𝑞′′′ = 0 (6) 

 
Despite the fuel plates being curved, the heat conduction equation is solved using cartesian coordinates. 
The difference between solving the heat conduction equation with cartesian and cylindrical coordinates is 
0.06 𝐶𝐶𝐶𝐶 ° for nominal conditions of the NNS. To simplify the model development, solution of heat 
conduction equation in cartesian geometries is implemented in the solver. For a single fuel plate, the 
coolant flow velocities on both sides of the plate are different; therefore, the heat flux and clad wall 
temperatures are different. The developed conduction model calculates the average and maximum fuel 
temperature. With 𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 being the fuel meat temperature at the inner arc, and 𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  being the fuel meat 
temperature at the outer arc, the average fuel temperature can be calculated using equation (7). 
 

 𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓� =
𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

2
+
𝑞𝑞𝑞𝑞′′′𝛿𝛿𝛿𝛿𝑓𝑓𝑓𝑓2

12𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓
 (7) 

 
Per equation (7), 𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓�  is the average fuel temperature, 𝑞𝑞𝑞𝑞′′′ is the volumetric heat generation, 𝛿𝛿𝛿𝛿𝑓𝑓𝑓𝑓 is the fuel 
meat thickness and 𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓 is the fuel conductivity. Similarly, the maximum fuel meat temperature can be 
found via the maxima of the temperature distribution. The location where the maximum fuel temperature 
occurs is given by equation (8), which allows for the computation of the maximum fuel temperature per 
equation (9).  
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 𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 =
𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓�𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�
𝑞𝑞𝑞𝑞′′′�𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�

+
𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2 − 𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2

2𝛿𝛿𝛿𝛿𝑓𝑓𝑓𝑓
 (8) 

   

 𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓 ,𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 = 𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 −
𝑞𝑞𝑞𝑞′′′�𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚

2 − 𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2�
2𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓

+ ��𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓� +
𝑞𝑞𝑞𝑞′′′(𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2 − 𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓2)

2𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓
�
𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 − 𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 (9) 

 
The cladding wall temperature (𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤) for the any side of the fuel plate is calculated by solving the 1D 
conduction equation without volumetric heat generation. It is calculated with equation (10) where 𝑞𝑞𝑞𝑞′′ is 
wall heat flux, 𝛿𝛿𝛿𝛿𝑐𝑐𝑐𝑐 is cladding thickness and 𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐 is cladding conductivity. 
 

 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤 = 𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓 −
𝑞𝑞𝑞𝑞′′ 𝛿𝛿𝛿𝛿𝑐𝑐𝑐𝑐
𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐

 (10) 

 
The thermal conductivity of the fuel and cladding are temperature dependent. The conductivity of the fuel 
meat and cladding [6,7] are calculated using the following correlations in equations (11-12) where the 
conductivity is in units of 𝑊𝑊𝑊𝑊/(𝑚𝑚𝑚𝑚.𝐾𝐾𝐾𝐾) and temperature is in units of 𝐾𝐾𝐾𝐾. 
 

 𝑘𝑘𝑘𝑘𝑓𝑓𝑓𝑓 = 0.0413𝑇𝑇𝑇𝑇 + 0.1621 (11) 

   

 𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐 = −1.73 × 10−7𝑇𝑇𝑇𝑇3 + 2.66 × 10−5𝑇𝑇𝑇𝑇2 + 0.16𝑇𝑇𝑇𝑇 + 120.6 (12) 

 

2.2 Heat Transfer to Liquid Coolant 
 
Heat transfer to liquid coolant is single-phase convective heat transfer and is solved with Newton’s law of 
heat transfer given by equation (13). 
 

 𝑞𝑞𝑞𝑞′′ = ℎ(𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑇𝑇𝑏𝑏𝑏𝑏) (13) 

 
Per equation (13), h is the heat transfer coefficient and calculated using a Nusselt number (Nu) correlation 
where the Petukhov-Kirillov correlation [8] is adopted per equation considering its applicability to the 
rectangular channels. The Nu is a function of Reynolds number (Re), Prandtl number (Pr), and the 
fanning friction factor (𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇) calculated by equations (14-15).  
 

 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∙ 𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇 2⁄

12.7 �𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇2  (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃2 3⁄ − 1) + 1.07
 (14) 

   

 𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇 =  (3.64 ln(𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒) − 3.28 )−2 (15) 

 
The coolant temperature field is calculated by solving the general energy equation for steady-state, single-
phase flow. The simplified approximation to the energy equation is given by equation (16). 
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 𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝜐𝜐𝜐𝜐
𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −∇. 𝑞⃗𝑞𝑞𝑞′′ (16) 

 
For a given mass flow rate of the channel, the solver solves the energy equation to calculate the coolant 
temperature field and calculates the channel heat transfer coefficient using equation and temperature field 
of the cladding and fuel using the heat conduction equation. Then the coolant temperature field is updated 
with the calculated channel heat transfer coefficients. The iterations are continued until the convergence is 
achieved and the calculated temperature fields of coolant, cladding and fuel are reported. 

2.3 Coolant Fluid Mechanics 
 
The velocity and pressure distributions in the coolant channels are calculated by solving the conservation 
of momentum equation. Despite the determination of velocity and pressure field in coolant requires 
simultaneous solution of the conservation of energy equation as well, the thermal model is separated from 
the calculation of velocity and pressure distributions. For steady-state calculation, the mass flow rate is 
constant along the channel and the velocity field is calculated considering the density field of the coolant.  
 
The developed solver is not intended to solve the exact pressure distribution in the coolant channels. It is 
in interest to calculate the total pressure drop at each channel so that the mass flow rate distribution of the 
core can be approximated by balancing the total pressure drop for each channel. The model calculates the 
total pressure drop at each channel which is derived from the steady-state, single-phase momentum 
equation. The total pressure drop is calculated by equation (17). 
 

 ∆𝑃𝑃𝑃𝑃 = �𝑓𝑓𝑓𝑓ℎ ∙
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷ℎ

∙
𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓,𝑗𝑗𝑗𝑗2

2 ∙ 𝜌𝜌𝜌𝜌𝑓𝑓𝑓𝑓,𝑗𝑗𝑗𝑗  + �𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠 ∙
𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓 ,12

2 ∙ 𝜌𝜌𝜌𝜌𝑓𝑓𝑓𝑓,1 + �𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠 ∙
𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒2

2 ∙ 𝜌𝜌𝜌𝜌𝑓𝑓𝑓𝑓,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 +�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∙ 𝑔𝑔𝑔𝑔 ∙ 𝜌𝜌𝜌𝜌𝑓𝑓𝑓𝑓,𝑗𝑗𝑗𝑗 (17) 

 
The pressure drop equation takes channel entrance and exit losses into account with form loss coefficients 
(𝐾𝐾𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠  and 𝐾𝐾𝐾𝐾𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠). It is assumed in this work that the form loss coefficients are 0.5 and 1.0 respectively. 
The friction factor, 𝑓𝑓𝑓𝑓ℎ , is calculated using the Churchill formula [9]. The Churchill formula is selected 
because it can capture a wide range of flow conditions, which is desirable considering the early design 
phase of the NNS. The Churchill friction factor formula is given by equation (18). 
 

 𝑓𝑓𝑓𝑓ℎ = 2 ��
8
𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒
�
12

+
1

(𝑎𝑎𝑎𝑎 + 𝑏𝑏𝑏𝑏)3 2⁄ �
1 12⁄

 (18) 

 
Per equation (18), the coefficients 𝑎𝑎𝑎𝑎 and 𝑏𝑏𝑏𝑏 can be computed per equation (19). Note that the current 
cladding material of the NNS is Aluminum 6061. Considering the smoothness of the material [10], the 
relative roughness of the channel walls is assumed to be 𝜖𝜖𝜖𝜖 𝐷𝐷𝐷𝐷ℎ⁄ = 10-5. 
 

 

⎩
⎪⎪
⎨

⎪⎪
⎧
𝑎𝑎𝑎𝑎 = �2.457 ln

⎣
⎢
⎢
⎡ 1

� 7
𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒�

0.9
+ 0.27 � 𝜖𝜖𝜖𝜖𝐷𝐷𝐷𝐷ℎ

�⎦
⎥
⎥
⎤
�

16

𝑏𝑏𝑏𝑏 = �
3.753 × 104

𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒
�
16

 (19) 
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2.4 Solution Framework 
 
The developed thermal-hydraulic code solves the heat conduction in fuel plate, heat transfer to liquid 
coolant and coolant fluid mechanics iteratively. At each iteration, the temperature field of the coolant, 
cladding and fuel are calculated for given mass flow rate of each channel. Then the mass flow rate 
distribution is calculated considering the pressure drop at each channel with the updated values of the 
temperature fields. The iterations are continued until the inlet and outlet mass flow rates are converged to 
the pre-defined input value. The calculation scheme is identical to previous works [2, 3], and it is briefly 
given in Figure 2.  
 
 

 
Figure 2. The computational scheme for the coupled thermal-hydraulics model [2] 

 
 
It must be noted here that fuel meat temperature calculation is added in this updated version of the code, 
but this addition doesn’t affect the overall solution strategy.  

2.5 Thermal limits 
 
The general guidance of thermal limits for non-power reactors are 2.0 for minimum Critical Heat Flux 
Ratio (mCHFR) and minimum Onset of Flow Instability Ratio (mOFIR) [11]. For CHFR, Sudo-
Kaminaga [12] correlations are used. The correlations are mass flux and flow direction dependent which 
separates the flow into three regions, based on the dimensionless mass flux 𝐺𝐺𝐺𝐺∗. The three mass flux 
regions are characterized by a dimensionless mass flux, which is given by, 
 

 𝐺𝐺𝐺𝐺∗ =
𝐺𝐺𝐺𝐺

�𝜆𝜆𝜆𝜆 𝑔𝑔𝑔𝑔 𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔  (𝜌𝜌𝜌𝜌𝑙𝑙𝑙𝑙 − 𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔)
 (20) 

  
where 𝜆𝜆𝜆𝜆 is the critical wavelength defined as, 
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 𝜆𝜆𝜆𝜆 = �
𝜎𝜎𝜎𝜎∞

𝑔𝑔𝑔𝑔 �𝜌𝜌𝜌𝜌𝑙𝑙𝑙𝑙 − 𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔�
 (21) 

 
In these equations, 𝐺𝐺𝐺𝐺 is mass flux (𝑘𝑘𝑘𝑘𝑔𝑔𝑔𝑔/𝑚𝑚𝑚𝑚2. 𝑠𝑠𝑠𝑠), 𝜎𝜎𝜎𝜎 is surface tension (𝑁𝑁𝑁𝑁/𝑚𝑚𝑚𝑚 ), 𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔 and 𝜌𝜌𝜌𝜌𝑙𝑙𝑙𝑙 are density of gas 
and liquid (𝑘𝑘𝑘𝑘𝑔𝑔𝑔𝑔/𝑚𝑚𝑚𝑚3) and 𝑔𝑔𝑔𝑔 is the acceleration of gravity (𝑚𝑚𝑚𝑚/𝑠𝑠𝑠𝑠2). At the operating regime of the NNS, the 
critical heat flux (𝑞𝑞𝑞𝑞𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹′′ ) is predicted by Equation (22), and the CHFR is the ratio of 𝑞𝑞𝑞𝑞𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹′′  and local heat 
flux. 
 

 𝑞𝑞𝑞𝑞𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹′′ =  0.7
𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓𝑤𝑤𝑤𝑤
𝐴𝐴𝐴𝐴ℎ𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

�𝑤𝑤𝑤𝑤 𝑤𝑤𝑤𝑤⁄

�1 + �𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔 𝜌𝜌𝜌𝜌𝑙𝑙𝑙𝑙⁄4 �
2 ℎ𝑓𝑓𝑓𝑓𝑔𝑔𝑔𝑔�𝜆𝜆𝜆𝜆 𝑔𝑔𝑔𝑔 �𝜌𝜌𝜌𝜌𝑙𝑙𝑙𝑙 − 𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔�𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔 (22) 

 
The OFIR is a measure of local heat flux proximity to the heat flux when the onset of net vapor 
generation is observed, at which point the onset of nucleate boiling has been surpassed and significant 
voiding is experienced. The Saha-Zuber criteria[13] is utilized for the OFIR computation, where the heat 
flux at the onset of net vapor generation (𝑞𝑞𝑞𝑞𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂′′ ) is computed per equation (23), where 𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒 is the Peclet 
number and 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 is the Stanton number such that 𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒 = 𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 and 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒⁄ . Upon obtaining the 
appropriate 𝑞𝑞𝑞𝑞𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂′′ , the OFIR is computed with the ratio of 𝑞𝑞𝑞𝑞𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂′′  and local heat flux. The OFIR and CHFR 
both serve as the thermal-hydraulics limits and can influence design choices considerably. However, it is 
important to first verify the models and ensure numerical stability, which is the subject of the next 
section. 
 

 𝑞𝑞𝑞𝑞𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂′′ =

⎩
⎪
⎨

⎪
⎧0.0065 

𝑚̇𝑚𝑚𝑚 𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝(𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑇𝑇∞)
𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑓𝑓𝑓𝑓𝑤𝑤𝑤𝑤

, 𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒 ≤ 70,000

455
𝑘𝑘𝑘𝑘 (𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑇𝑇∞)

𝐷𝐷𝐷𝐷ℎ
,                     𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒 > 70,000

 (23) 

 
 
3. RESULTS 
 
The boundary conditions and user inputs are given in Table I. This work is an extension of [2] which is 
tested for accuracy and stability and validated with testing the energy balance at a uniform power density. 
Therefore, the initial and boundary conditions are kept the same. 
 
The calculations are done for 4 different core states, namely startup (SU), beginning of cycle (BOC), 
middle of cycle (MOC), and end of cycle (EOC). At the nominal conditions given in Table I, the 
comparison of the results for temperature fields and thermal limits are given in Table II where 𝑇𝑇𝑇𝑇𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 is 
maximum bulk temperature and 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐,𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 is hottest wall temperature. 
 
The results given in Table II shows that the addition of heat conduction in fuel plate slightly changed the 
temperature field and thermal limits estimations. The mean absolute percentage difference for the new 
solver compared to old one is 0.29% for 𝑇𝑇𝑇𝑇𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 , 0.74% for 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐,𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚, 1.73% for 𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅 and 1.85% for 
mOFIR over all core states. This gives evidence to the CFD models that the assumption of equal heat flux 
for both sides of the fuel plates are acceptable for steady state analysis of the NNS.  
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Table I. Boundary conditions and user inputs [2] 
 

Parameter Value Units 
Core thermal power 20 𝑀𝑀𝑀𝑀𝑊𝑊𝑊𝑊 
Total mass flow rate 540 𝑘𝑘𝑘𝑘𝑔𝑔𝑔𝑔/𝑠𝑠𝑠𝑠 
Bypass percentage 10 % 
Coolant inlet temperature 316.5 𝐾𝐾𝐾𝐾 
Side channel window K factor 0.5 − 
Inlet K factor 0.5 − 
Outlet K factor 1.0 − 
Pressure convergence rate 10−13 𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 
Mass flow rate convergence criteria 10−12 𝑘𝑘𝑘𝑘𝑔𝑔𝑔𝑔/𝑠𝑠𝑠𝑠 

Friction correlation Churchill [9,10] − 

Nusselt number correlation Petukhov & 
Kirillov [8] − 

Power density distribution MCNP 
Model [14] − 

Power peaking factor MCNP 
Model [14] − 

 
 

Table II. Mean values of maximum temperatures with their uncertainty 
 

Core 
state 

Without conduction solver With conduction solver 
𝑇𝑇𝑇𝑇𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚  (𝐾𝐾𝐾𝐾) 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐,𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 (𝐾𝐾𝐾𝐾) 𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑏𝑏𝑏𝑏,𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚  (𝐾𝐾𝐾𝐾) 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐,𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 (𝐾𝐾𝐾𝐾) 𝑚𝑚𝑚𝑚𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑅𝑅𝑅𝑅 

SU 332.5 360.9 2.22 12.92 332.0 358.2 2.18 13.25 
BOC 332.4 360.5 2.18 13.63 331.6 358.3 2.13 13.88 
MOC 332.9 358.4 2.42 15.21 330.4 354.6 2.37 15.43 
EOC 329.8 355.0 2.61 15.17 329.7 353.1 2.59 15.41 

 
 
To account for the effects of deviations from the nominal conditions, the cumulative distribution 
functions (CDF) of CHFR, OFIR, and temperature fields are computed by running the solver multiple 
times with different boundary conditions. For the uncertainty analysis, core thermal power, total mass 
flow rate and core inlet temperature are defined as a random variable with a defined probability 
distribution. A Monte-Carlo method was then used to combine the probability distributions to calculate 
CDFs of temperature fields and thermal limits. The probability distributions of core thermal power, total 
mass flow rate, and core inlet temperature are calculated considering the past operational data of the 
NBSR. Sources of uncertainties follow a normal distribution, and actual readings of sources of 
uncertainties are collected and normalized so that their mean value is one. Then the calculated standard 
deviations are used to generate the probability distributions of sources of uncertainties in the NNS 
temperature distribution and thermal limits calculation.  
 
The uncertainty bounds are calculated considering a 95/95 criteria which implies that 95% of the sample 
is within the uncertainty bounds with a probability equal to 95%. The uncertainty limits can be defined as 
𝜇𝜇𝜇𝜇 ± 𝐾𝐾𝐾𝐾𝜎𝜎𝜎𝜎 where 𝜇𝜇𝜇𝜇 is the mean of the sample, 𝜎𝜎𝜎𝜎 is the standard deviation of the sample, and 𝐾𝐾𝐾𝐾 is the 
tolerance parameter. For 10,000 simulations, 𝐾𝐾𝐾𝐾 is found to be 1.988 [15]. The mean values and 
uncertainty bounds of maximum coolant, cladding wall and fuel temperatures are given in Table III. 
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Table III. Mean values of maximum temperatures with their uncertainty 
 

Core State Max 𝑻𝑻𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 (K) Max 𝑻𝑻𝑻𝑻𝒘𝒘𝒘𝒘𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 (K) Max 𝑻𝑻𝑻𝑻𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒄𝒄𝒄𝒄 (K) 
SU 332.06 ± 1.41 358.67 ± 3.32 377.84 ± 4.73 

BOC 331.62 ± 1.38 358.81 ± 3.34 378.31 ± 4.77 
MOC 330.49 ± 1.30 355.02 ± 3.06 372.80 ± 4.36 
EOC 329.77 ± 1.25 353.50 ± 2.94 370.14 ± 4.16 

 
 
BOC is a slightly more limiting core state with higher mean maximum cladding wall temperature and 
maximum fuel temperature. The axial distributions of bulk coolant temperature, maximum cladding wall 
temperature and maximum fuel temperature are given in Figure 3 with uncertainty bounds, for the hottest 
channel at the BOC state. 
 
 

 
Figure 3. Axial distribution of temperature fields with uncertainty for the hottest channel at the 

BOC state 
 
 
Similarly, uncertainty bounds of thermal limits are calculated for the 10,000 simulations. The mean 
values and uncertainty bounds of CHFR and OFIR are given in Table IV. The mean values of mCHFR 
and mOFIR are both above the 2.0 limit, with mCHFR being a more limiting factor than mOFIR. 
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Table IV. Mean thermal limits with their uncertainties at different core states 
 

Core State mCHFR mOFIR 
SU 2.19 ± 0.08 13.20 ± 0.63 

BOC 2.14 ± 0.17 13.76 ± 0.63 
MOC 2.38 ± 0.18 15.30 ± 0.69 
EOC 2.60 ± 0.20 15.36 ± 1.43 

 
 
To further analyze the distributions of mCHFR and mOFIR, their distributions are plotted on a histogram 
plot. The distribution of mCHFR is given in Figure 4. The limit of 2.0 is also plotted in the figure to 
visualize the proportion of the cases that exceeds the limit. Based on the distribution, it can be concluded 
that the probability of observing a mCHFR of less than 2.0 is calculated to be 4.2% for the steady-state 
operation of the NNS.  
 
 

 
Figure 4. mCHFR distribution at BOC state 

 
 
Similarly, the distribution of mOFIR is given in Figure 5. No cases were observed at which the mOFIR is 
below 2.0; therefore, mOFIR is not a limiting safety factor for the steady-state operation of the NNS. It is 
likely that other heat flux correlations can be used for calculating the mOFIR, but no other suitable 
correlations have been identified yet. The mOFIR not being a limiting parameter could imply to consider 
an additional thermal limit such as the onset of nucleate boiling. Future studies will further investigate 
these concerns. 
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Figure 5. mOFIR distribution at BOC state 

 
 
4. CONCLUSIONS  
 
An in-house thermal-hydraulics analysis code was developed to assess the thermal-hydraulic 
characteristics of the proposed NIST Neutron Source design. The code is under development with the 
latest additions of heat conduction solver and uncertainty analysis tools. The temperature fields of bulk 
coolant, cladding wall, and fuel meat, and thermal limits such as minimum Critical Heat Flux Ratio 
(mCHFR) and minimum Onset of Flow Instability Ratio (mOFIR) are calculated and it is found that the 
addition of heat conduction affects the calculations 0.29% for maximum coolant temperature, 0.74% for 
maximum cladding wall temperature, 1.73% for mCHFR and 1.85% for mOFIR over all core states. 
Moreover, the uncertainty bounds of the temperature fields and thermal limits are calculated by running 
the code 10,000 times by sampling the core thermal power, total mass flow rate, and core inlet 
temperature. The probability distribution functions of sources of uncertainty are calculated considering 
the actual operation data of the NBSR. The statistical analysis confirms that the beginning of cycle is the 
most limiting cycle for the NNS, and the probability of observing the mCHFR is calculated to be 4.2% 
for the steady-state operation of the NNS. 
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