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SUMMARY  

A novel full -core multiphysics analysis framework for Nuclear Thermal Propulsion 

(NTP) Reactors is developed in this dissertation. To achieve the high specific impulses and 

thrust levels required for crewed space exploration missions NTP systems operate at very 

high temperatures, rely on complex counter-flow needed to drive the turbopump, and 

exhibit dynamic behavior for short pulse-like operation. Therefore, the design and analysis 

of a NTP reactor-core requires multiphysics computational tools that can capture the heat 

transfer and flow complexities and dynamic haviour during the engine operation. Existing 

higher-order codes, such as ANSYS, can analyze complex flow paths in a NTP reactor, but 

incur prohibitively large computational costs and are not applicable for full-core 

multiphysics analysis. The development and verification of the reduced-order, ntpThermo, 

code is a novel contribution as it is capable of accurately modeling the complex flow paths 

and heat transfer within an NTP reactor. In addition, ntpThermo can perform coupled 

thermal-hydraulic thermo-mechanical analysis to capture the impact of thermal expansion 

with an acceptable computational cost. The ntpThermo code is coupled to the Monte Carlo 

Neutron transport Serpent code via the novel Basilisk multiphysics framework. The 

Basilisk framework enables full-core time-dependent multiphysics analysis by leveraging 

the pre-existing depletion solvers implemented into the Serpent code. The framework also 

enables the user to perform a critical drum search during each depletion step to account for 

the impact of control drum rotation during operation. 

 Previous NTP-related research that focused on full core design has applied 

decoupled analysis approaches where the impact of thermal-hydraulic and thermo-



 xv 

mechanical feedback on the neutronic solution is neglected. In an effort to provide useful 

insights for current programs a reactor design which adheres to the current industry ground 

rules was developed. The subsequent analysis demonstrates that such decoupled 

approaches can introduce significant errors in the spatial power distributions and thus 

predicted thermal and mechanical safety margins. More specifically, for heavily moderated 

High Assay-Low Enriched Uranium fueled designs the fuel and moderator temperature 

spatial distributions have a significant impact on the neutron economy and spatial power 

distributions. Additionally, the impact of thermo-mechanical feedback has a significant 

impact on the mass-flow distribution within the core, and thus the solid material 

temperatures. Due to the elevated exit gas temperatures required to satisfy rocket engine 

performance requirements orificing is typically applied to the fuel elements in the core to 

reduce peak fuel temperatures. When a consistent multiphysics design approach is applied 

to design the orificing pattern a constant peak fuel temperature can be maintained through 

a 60-minute full-power burn due to the balance of various multiphysics feedback 

mechanisms. This dissertation demonstrates the importance of multiphysics tools to design 

a NTP reactor that can maintain adequate thermal and mechanical safety margins while 

also satisfying engine performance requirements.  
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CHAPTER 1 INTRODUCTION  

This chapter introduces Nuclear Thermal Propulsion (NTP) systems, describes 

previous and on-going NTP technology development programs, and outlines the research 

objectives of this dissertation. Section 1.1 describes the advantages of NTP systems and 

the general configuration of a nuclear rocket engine. Section 1.2 describes the technical 

achievements and challenges of previous and currently on-going NTP technology 

development programs. Section 1.3 details the computational gaps that existed at the 

initiation of this research and the previously adopted design approaches. Finally, the 

research objectives completed in this dissertation are detailed in Section 1.4. 

1.1 Overview of NTP systems 

NTP engines differ from traditional rocket engines as they use the energy generated 

by fission to heat the working fluid, typically hydrogen, to achieve extremely high chamber 

temperatures and considerable chamber pressures. Heating hydrogen to a high temperature 

(~2700 Kelvin) enables NTP engines to produce twice the specific impulse (Isp) of an ideal 

chemical rocket engine while maintaining a considerable amount of thrust (~10,000ôs lbs). 

Recent industry studies have targeted thrust values in the range of 12,500-15,000 lbf with 

an Isp of 900 seconds [1]. To achieve an Isp of 900 seconds the average exit coolant 

temperature must be at least 2700 degrees kelvin (K), implying even higher fuel 

temperatures, and thus presenting a difficult reactor design challenge. Despite these 

challenges the analysis presented in this dissertation demonstrates that when a consistent 

multiphyiscs design approach is taken acceptable peak fuel temperatures can be maintained 

throughout extended engine burns while providing an Isp of 900 seconds. 
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The relationship between Isp and chamber temperature (Ὕ) is detailed in Equation 

1 [2]. Where ‎ is the ratio of specific heats, ὓὡ is the molecular weight of the propellant 

gas, Ὑ is the universal gas constant, ὖ is the chamber pressure, and ὖ is the propellant gas 

pressure at the nozzle exit. Isp is the ratio of the thrust produced to the weight propellant 

used to produce said thrust, which is an effective measure of a propulsion systemôs 

efficiency.  

Ὅ
ρ

Ὣ

ς‎

‎ ρ

Ὑ

ὓὡ
Ὕ ρ

ὖ

ὖ
 Equation 1 

While it is intuitive that increasing the efficiency of a propulsion system is desirable, the 

benefits are most apparent when considering the relationship between delta-V (ῳὠ) and 

Ὅ . This relation is detailed in Equation 2, where ά  is the initial mass of the spacecraft 

and ά  is the mass of propellant used during engine operation. As the transient time of a 

given trajectory from Earth to Mars decreases the required ῳὠ to complete such a maneuver 

increases non-linearly [4]. Reducing the transient time for crewed Mars missions is 

extremely advantageous as it minimizes the total risk to astronauts and maximizes the 

overall reliability of the spacecraft architecture [5]. 

ῳὠ ὍὫÌÎ
ά ά

ά
 Equation 2 

Crewed Mars missions that rely on chemical propulsion systems, which have a maximum 

Ὅ  of ~450 seconds, will require significantly more propellant mass to provide the required 

ῳὠ. The relationship between required propellant mass and ῳὠ is found by manipulating 
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Equation 2 into Equation 3. It should be noted that in reality ά  has a non-linear inverse 

relationship with Ὅ , as increasing Ὅ  reduces the structure mass needed to carry the 

propellant, which in turn reduces the required propellant mass, and so on. 

ά ά ρ Ὡ Ⱦ  Equation 3 

Recent industry studies which accounted for these non-linearities have found 

ñtransformation benefitsò when replacing chemical propulsion (Ὅ τυπί) with NTP 

systems (Ὅ ψυπωππί)  for crewed Mar mission architectures [6]. The increased 

efficiency of NTP systems reduces the number chemical rockets launches to deliver the 

required ά  and ά  into the low earth orbit (LEO) by a factor of 20 and 3.3 for opposition 

and conjunction class missions respectively [6]. This reduction in chemical launches 

significantly reduces the cost and complexity of assembling the Mars transfer vehicle in 

earth orbit. While Nuclear Electric Propulsion (NEP) systems can provide higher Ὅ  

(2000ï3000s) than NTP systems, they produce orders of magnitude lower thrust levels [7]. 

NEP systems must use multi-megawatt class reactors or be augmented with a supplemental 

chemical propulsion system to provide similar transit times to NTP systems. When crew 

safety is considered in trade studies the relative simplicity, greater abort/early return 

capability makes NTP the favored technology for crewed Mars missions [6]. Numerous 

additional studies have demonstrated the benefits of implementing NTP systems into 

Cislunar and deep-space mission architectures [8,9,10]. 

There are three major subsystems in a nuclear rocket engine, the reactor core, the 

regeneratively cooled nozzle, and the turbo-pump as detailed in Figure 1. Simply stated, 
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the turbopump forces the reactor coolant/rocket propellant through the reactor core where 

it is heated to high temperature, and then is expelled through the nozzle to provide thrust. 

 

Figure 1. Nuclear rocket engine major subsystems 

This dissertation focuses on Nuclear Engine for Rocket Vehicle Applications 

(NERVA) derived reactor designs due to the publicly available detailed design 

documentation [11]. The reactor radial and axial cross sections are detailed in Figure 2 and 

Figure 3 respectively. The active core is composed for fuel (FE) and moderator elements 

(ME) arranged in a hexagonal lattice. The FEs contain the uranium bearing material which 

is typically either a CeramicïCeramic (CERCER) or Ceramic-Metallic (CERMET) fuel 

form [1]. The CERCER fuel form uses Zirconium Carbide (ZrC) coated High-Assay-Low-

Enriched Uranium (HALEU) Uranium Nitride (UN) fuel kernels embedded in a ZrC 

matrix, while the CERMET fuel form uses a Refectory Metal matrix instead of a ZrC 

matrix. The radial cross-section of the FE is detailed in Figure 4. The ME contains a sleeve 

of Zirconium Hydride (ZrH1.89) which is required to obtain a critical configuration with 

HALEU fuel. An inverse pewee lattice configuration was applied to the active core to 

obtain a similar ratio of Hydrogen to Uranium-235 atom ratio (H:235U) as the baseline 

industry design [1]. The radial cross-section of the MEs is detailed in Figure 5. A graphite 
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core former surrounds the active core and is constrained by the inner pressure vessel. 

Between the inner and outer pressure vessel is the core periphery which contains the 

Beryllium (Be) radial reflector, and control drums. The control drums are composed of Be 

with a Boron Carbide (B4C) poison vane enriched to 95 wt% 10B. Excess reactivity is 

controlled by rotating the controls either towards or away from the core. In Figure 2, the 

control drums are positioned at 60 , where 0  represents fully withdrawn drums (i.e., 

outward rotation) and the reactor is in its highest reactivity state. 

 

Figure 2. Reactor radial cross-section 
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Figure 3. Reactor axial cross-section 

 

Figure 4. Fuel element radial cross-section 

 

Figure 5. Moderator element radial cross-section 

The reactor core is integrated into the engine subsystem via an expander cycle. A 

simplified engine cycle diagram is detailed in Figure 6, additional discussion on the engine 
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cycle can be found in [12,13]. The entire engine cycle is powered by a turbo-pump which 

pressurizes the hydrogen coolant at state point 1. The flow then splits where part of the 

total flow is directed to the regeneratively cooled nozzle circuit at state point 2a, while the 

remaining flow is sent to the MEs. The flow enters the MEs from the supply channel at 

state point 2b and runs down the entire length of the ME before reversing direction and 

exiting through the return channel. The ME must be cooled as energy is directly deposited 

in the moderator material via neutron and gamma interactions in addition to the heat 

transferred from the surrounding FEs. The flow entering the regeneratively cooled nozzle 

picks up a considerable amount of enthalpy before entering the radial reflector at state point 

3a. The flows from the ME and nozzle circuits recombine at state point 4 before entering 

the turbine. The enthalpy gained from the nozzle and ME circuits is used to drive the 

turbine. The amount of enthalpy extracted from the coolant by the turbine is controlled by 

the bypass value at state point 5a. The flow exiting the turbine is then sent to the FEs at 

state point 6 where the hydrogen is heated to the desired chamber temperature, where it 

then enters the convergent-divergent nozzle at state point 7 to provide thrust. 
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Figure 6. Simplified engine expander cycle 

 

1.2 NTP technology development programs  

This section highlights some of the technical achievements of previous NTP 

technology development programs in Section 1.2.1, while Section 1.2.2 provides an 

overview of current NTP technology development programs.  

1.2.1 NERVA 

The NERVA program undeniably demonstrated the feasibility of nuclear rocket 

engines as the program designed, built, and tested over twenty reactors, which included 

integrated engine tests. The experimental data accumulated, and engineering lessons 
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learned during the program formed an invaluable repository of knowledge for current NTP 

development programs. Some of the major accomplishments and key technical challenges 

identified during the NERVA program that may be relevant for modern development 

programs are detailed in this section. 

The XE-Prime experiment was the final in a series of reactor and engine 

development tests and was the first nuclear rocket engine in its flight configuration. The 

XE-Prime testing campaign ran from December 4, 1968, to September 11, 1969, in Jackass 

Flats, Nevada [14]. The significant results of the XE-Prime test series were: 

¶ The engine was successfully restarted 28 separate times, 20 of the restarts 

used novel control logic which had never been attempted before. 

¶ Several different control modes were shown to be sufficiently precise to 

obtain the desired engine conditions, even when starting from radically 

different initial conditions. 

¶ The advances made in fuel fabrication were able to significantly reduce the 

mid-band corrosion issues and thus extend total reactor lifetime.  

In addition to an extremely successful experimental testing campaign many 

groundbreaking advances in nuclear fuel manufacturing were made. The coating of 

Uranium Carbide (UC) fuel particles developed to prevent the oxide-carbide-oxide 

reactions which caused uncontrolled swelling of the FEs during each heating and storage 

cycle led to the development of commercial TRISO fuel [15]. Coolant channel coating 

technology evolved greatly throughout the program which significantly reduced the fuel 

mass loss from hydrogen corrosion. One of the primary motivations to develop robust fuel 
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forms was that the primary reactivity loss mechanism in the NERVA reactors was fuel 

mass loss via hydrogen corrosion and diffusion. It must be pointed out that the reactors 

built during the NERVA program were almost completely insensitive to 135Xe [14,16] as 

the core exhibited a very hard epi-thermal neutron spectrum. 

Significant advances in computational methods were also made during the NERVA 

program. The first computerized finite-element analysis (FEA) was performed to evaluate 

the potential bowing of the control drums in the radial reflector [17]. Excessive control 

drum deformation could lead to a control drum being stuck, which in turn could lead to 

insufficient shutdown margin and was thus a major concern. The analysis of such problems 

required the development of FEA tools and were subsequently applied to optimize the 

design of in-core elements [17]. It is worth noting that the founder of ANSYS, a widely 

used FEA analysis code, is an ex-NERVA engineer. 

Numerous technical issues were encountered during the NERVA program and a 

detailed discussion of each one is not feasible, therefore the challenges discussed in this 

paragraph were chosen for their relevance to current NTP design programs and the research 

presented in this dissertation. One of the most important of such challenges overcome was 

the development of accurate and precise instrumentation. Developing thermocouples that 

could survive the corrosive high temperature hydrogen and radiation environment was 

particularly challenging, yet ultimately resolved [18]. The ex-core neutron detectors used 

on the XE-Prime reactor were 238U fast fission chambers due to the large variations in the 

thermal neutron flux during engine startup [18]. The H:235U of most NERVA reactor design 

was near 1:1, and thus the thermal neutron flux was very sensitive to local perturbations in 

the hydrogen gas density as ñthermal neutron flux changes as large as 100% would be seen 
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on the pressure vessel surface at core midplaneò [18]. However, the fast neutron flux was 

sufficiently stable during engine operations to enable reliable reactor power predictions via 

ex-core instrumentation. ñOne of the more interesting problems, although also tedious at 

times, was flattening the power density distribution and tailoring the flow to each 

individual channel in the fuelò [19]. It was common practice during the NERVA program 

to use zero power critical experiments in conjunction with numerical analysis to iteratively 

develop a fuel loading pattern that provided a satisfactory radial power distribution to 

maximize the Isp for a given design [20]. During the design of the Phoebus-2 core special 

step-tapered polyethylene strings that mimicked the axial variation of hydrogen density 

along the length fuel element were inserted into the critical experiment mockup. This 

enabled the calculation of hydrogen reactivity coefficients as a function of core radius and 

used to validate two-dimensional numerical calculations. This experimental data allowed 

the engineers to develop simple analytical correlations to predict how the axial and radial 

power distribution would respond to changes in the local hydrogen gas density during 

engine operations. These correlations were subsequently implemented into thermal 

analysis codes to perform pseudo-multiphysics calculations [20]. Despite the ñspectacular 

failure of the reactor neutronics to match predictionsò which limited the final as-built 

Phoebus-2 reactor to a maximum chamber temperature of 2220K the design process 

provided ñvaluable insight into hitherto to unrecognized phenomena in the reactor neutron 

economyò [20]. The lessons learned developing the Phoebus-2 reactor core design were 

used to refine the design process and ultimately lead to the design of reactors that achieved 

chamber temperatures of 2550K for over 40 minutes [15]. 
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1.2.2 Current programs 

Recently renewed interest in NTP technology has been spurred by NASAôs goal of 

sending crewed missions to Mars [7] and the rapidly emerging need for highly 

maneuverable in-space platforms to actively protect and defend the United States (US) 

national interests in Earth orbit and beyond [21]. NASA and the Defense Advanced 

Research Projects Agency (DARPA) are jointly developing NTP technology with the 

stated objective of deploying a proto-type system in 2027 to perform a flight demonstration 

mission, potentially making NTP one of the first advanced reactor concepts to be built and 

operated by the US [22]. 

One of the primary differences between reactors developed during the NERVA 

program and contemporary reactor designs is that present-day designs use High-Assay-

Low-Enriched Uranium (HALEU) fuel forms. The transition from Highly-Enriched 

Uranium (HEU) fuel forms used during the NERVA program to HALEU fuel forms was 

prompted by potential non-proliferation concerns and to reduce the cost of development 

[5]. Despite the additional design challenges incurred by the transition to HALEU fuel 

forms several studies have demonstrated the feasibility of designing a HALEU fueled 

reactor that satisfies both the Isp and thrust-to-weight ratio (T:W) requirements [23,24]. 

NASA has been developing HALEU fueled reactor designs with the aid of various 

industry partners and national laboratories [1,25,26]. To support these design activities 

candidate fuel forms have been undergoing experimental testing at the Transient Reactor 

Test Facility (TREAT) to ensure that the fuel can withstand the intense power ramps 

experienced during engine startup [27]. The NERVA program was able to rapidly iterate 
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on reactor designs due to the extensive experimental testing facilities available at the LASL 

Technical Area 18 and Nevada Test Site, which has been subsequently decommissioned. 

The successful maturation of NTP technology to a Technology Readiness Level (TRL) 

suitable for crewed missions will require a variety of experimental tests including cold/hot 

flow testing, zero power critical experiments, and integrated engine testing [28]. Current 

experimental capabilities for NTP qualification in the US are limited to separate effects 

testing individual components or subscale components [28]. Consequently, the National 

Academy of Science, Engineering, and Medicine (NASEM) has recommended that 

ñNASA should rely on extensive investments in modeling and simulationò, in addition to 

ground testing and cargo missions to qualify NTP systems for crewed missions [7]. 

Therefore, advanced modeling and simulation tools should not only be used to develop the 

reactor design but also to inform and prioritize future experimental testing [28]. 

1.3 Current computational needs  

The majority of published analysis on NTP reactors has employed Continuous-energy 

Monte-Carlo (MC) neutron transport codes to model the entire reactor core to obtain 

average axial power profiles which are then applied to a Computational Fluid Dynamics 

(CFD) model to obtain the thermal-hydraulic (T/H) solution. The T/H fields obtained from 

the CFD solution are then applied to a Finite Element Analysis (FEA) model to obtain the 

temperatures and mechanical stresses. Previously developed reduced-order codes [7,24] 

cannot accommodate the complex geometry and flow paths present in an NTP reactor. The 

computational cost of higher-order codes limits the scope of the T/H and thermo-

mechanical (T/M) analysis to either a single FE or FE-ME supercell. The computational 

cost of higher-order methods makes coupled (and iterative) multiphysics analysis 
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impractical. The latter is ñresolvedò by simply neglecting the coupled impact of T/H and 

T/M feedback on the neutronic solution [29,30,31,32], and instead performing decoupled 

standalone T/H and T/M simulations. This analysis approach is problematic as it is 

generally acknowledged that T/H and T/M feedback should be accounted in modeling a 

HALEU NTP reactor [7,32]. However, previous research and experimental testing during 

the NERVA program does not provide an adequate insight to determine which feedback 

mechanisms should be included (e.g., fuel temperature, thermal-expansion) when 

designing a HALEU NTP reactor. The analysis presented in this dissertation demonstrates 

that a detailed understanding of multiphysics feedback is essential to designing a NTP 

reactor that can provide an Isp of 900s for extended periods of time. 

One of the primary computational bottlenecks in performing full-core multiphysics 

design analysis is the computational cost of the T/H and T/M solution. Therefore, the 

development and verification of a reduced-order T/H-T/M solver that can efficiently obtain 

a full-core solution is essential. Additionally, a flexible multiphyiscs framework that can 

couple a MC neutron transport code with the T/H-T/M solver will be required for iterative 

multiphysics analysis. A variety of missions using NTP engines have been proposed, each 

with unique engine burn durations and cadences. Therefore, the multiphysics framework 

should have the capability to perform time-dependent analysis to assess the thermal and 

mechanical safety margins during engine operation. 

1.4 Dissertation objectives 

This section details the dissertation objectives to fulfill the computational needs 

described in Section 1.3. 
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1.4.1 Development and verification of reduced order thermal-hydraulic solver 

Many engineering-based sub-channel T/H codes have been developed for 

modelling light water reactors, gas cooled reactors, or other traditional systems. However, 

none of these codes are directly applicable to NTP reactors due to the complicated flow-

paths within the active core. The reduced-order solver will need to include an iterative 

solution scheme to solve the counter flow within the ME and capture the heat flux from 

FEs to MEs. The reduced-order code must be verified against higher-order solvers to 

ensure that the solution accuracy of the reduced-order code is suitable for multiphysics 

calculations. 

1.4.2 Development of coupled thermal-hydraulic and thermo-mechanical solution 

sequence 

The FEs in NTP reactors experience elevated temperatures (>2700K) and thus 

significant thermal expansion. This thermal expansion has a significant impact on the 

friction pressure-losses within the FE coolant channels, and thus mass-flow distribution 

within the reactor core. The reduced-order T/H code described in Section 1.4.1, must be 

able to account for thermal expansion of coolant channels. Therefore, an iterative T/H-T/M 

solution scheme must be developed to convergence the mass-flow distribution within the 

FEs. The T/M solver must also be able to account for the temperature dependence of the 

mechanical properties within the solution of the thermoelastic equations. The capability 

represents a novel contribution in reduced-order modelling methods as the presented 

coupled sequence has not been previously reported in the published literature; at least not 

in the context of NTP applications. 



 16 

 

1.4.3 Development of full-core multiphyiscs analysis sequence 

As stated previously in Section 1.3 the sparse literature on multiphyiscs modelling 

of HALEU NTP reactors does not provide adequate insight into which thermal fields have 

a significant impact on the neutronic solution. Therefore, the development of a flexible 

multiphysics analysis framework capable of preforming full-core multiphysics analysis is 

an essential tool for the design and deployment of NTP reactors. The multiphysics 

framework should allow the user to have significant flexibility when defining the neutronic 

model such that necessary phenomena of a realistic NTP reactor design can be accounted 

for during multiphysics analysis. 

1.4.4 Development of time-dependent analysis sequence 

HALEU NTP reactors require a significant amount of moderation to achieve a critical 

configuration. As such, the neutron spectrum within the core is far more thermal than 

previously analyzed HEU NTP reactor designs. This fact subsequently leads to reactivity 

losses on the order of hundreds of pcm due to the accumulation of fission products, 

primarily 135Xe, during engine operation [35]. The control drums located at the core 

periphery must be rotated to compensate for these reactivity losses, which can lead to 

power shifts and subsequent Isp losses (reaching 100 sec) depending on the reactor design 

[35]. Therefore, the multiphysics analysis should be able to perform neutronic-depletion 

calculations that account for control drum rotation within each depletion step. The 

sequence should also be able to accept time-dependent T/H boundary conditions (BCôs) as 

the reactor will experience variation in its chamber conditions during operation. 
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CHAPTER 2 CODES AND METHODS 

 This chapter will describe the codes and methods developed to achieve the 

dissertation objectives detailed in the previous chapter. Section 2.1 details the methodology 

of the ntpThermo code which achieves the objectives detailed in Section 1.4.1 and 1.4.2 to 

develop a T/H-T/M sequence. Section 2.2 gives a brief overview of the Serpent code, which 

is used as the neutronic solver in the multiphysics analysis sequence. Section 2.3 details 

the Basilisk multiphysics framework which achieves the objectives detailed in Section 

1.4.3 and 1.4.4 to develop a flexible time-dependent coupled multiphysics framework. 

2.1 ntpThermo Code 

 This section describes the ntpThermo code which acts as the T/H and T/M solver 

in the multiphysics analysis sequence. This section focuses on the methodology of the code, 

while the verification of the implemented methods is detailed in Chapter 3. 

2.1.1 Philosophy and structure of the ntpThermo code 

 The implemented methodology heavily relies on the THERMO code [36], which 

was primarily used for light water reactor (LWR) analysis, however multiple deficiencies 

and needs were discovered while performing a code-to-code verification against 

OpenFoam [37]. Therefore, it was decided to develop the ntpThermo code and verify its 

accuracy against a series of CFD benchmarks. Many legacy engineering-scale sub-channel 

T/H codes, outside the MOOSE framework [38], have been developed for modeling LWRs, 

gas cooled reactors (GCRs), or other traditional systems. However, none of these codes are 

directly applicable to NTP applications due to the need to capture heat transfer between 

adjacent channels and the impact of thermal expansion on the mass-flow distribution. One 

of the primary objectives of the ntpThermo code is to provide an efficient T/H solution 
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with an acceptable level of accuracy for the full-core multiphysics analysis. Currently, 

there is a gap between higher-order fine-mesh and un-validated reduced order coarse-mesh 

T/H codes for solid-fuel NTPs. Higher-order codes are necessary for high-resolution 

analysis of a specific element or supercell and cannot be replaced by reduced order codes. 

However, it is expected that reduced order codes will perform most of the engineering 

design and safety analysis during the development of NTP technology. 

 The ntpThermo code was developed using the python programming language, due 

to its adequate speed, free open-source licensing/libraries, and flexible data structures. 

Pythonôs object-oriented capabilities were leveraged to create a modular framework for the 

construction of complex solution schemes from relatively simple classes. This approach is 

extremely beneficial when implementing iterative solution schemes to address the 

complexities of an NTP system. This flexibility also makes ntpThermo capable of 

modeling more traditional single-phase gas cooled reactors, which are currently under 

consideration for Nuclear Electric Propulsion concepts [7]. The general construction of a 

full core ntpThermo model is presented in Figure 7. The element definition (denoted as the 

Element) is the most basic constitute within the core. It contains information about the fuel 

element geometry and materials, such as dimensions, number of coolant channels, 

geometry type (e.g., hexagonal, square, circular), etc. An arbitrary number of element 

definitions can be used to define a thermal hydraulic channel (denoted as the Channel), 

each having a different number of layers and nodes (i.e., the subdivision of a specific 

channel-layer to multiple fine nodes). This flexibility allows ntpThermo to model any 

variation in thermo-physical properties in each channel. An arbitrary number of channels 

(denoted as Channels) can be used to define the final model (denoted as Core), which is 

the largest structure that can be assembled in ntpThermo. Once the full core is constructed, 

it can be solved using a variety of convergence schemes. Due to the presence of both 

moderator and fuel elements in an NTP reactor that do not share a common inlet or outlet 



 19 

plenum, two unique Cores exist within the active region a single NTP reactor and are linked 

through boundary conditions. These boundary conditions are automatically applied based 

on the core map given in the input file definition. 

 

Figure 7. ntpThermo model construction scheme 

2.1.2 Numerical conduction-convection solver  

The computational sequence implemented in the code relies on an equivalent model 

with a 1.5D conduction-convection solution, where radiative heat transfer is not 

considered. A finite difference model was used to solve the steady-state conduction model 

with the flexibility to accept various boundary conditions. The formulation relies on the 

resistance model, where the temperature, Ὕ, in each node i is obtained by considering the 

heat transfer between multiple adjacent nodes. The temperature of each node i can be 

calculated via Equation 4, where ή is the heat produced in node i, Ὑ  is the resistance 

between nodes i and j. An example resistance network is detailed in Figure 8.  

Ὕ

ή В
Ὕ
Ὑ

В
ρ
Ὑ

 Equation 4 
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Figure 8. Radial conduction resistance network 

Node i has only two adjacent neighbors, the left (Ὑ ) and right side (Ὑ ) resistances. The 

equivalent annulus is then discretized into radial layers with a thickness of Ўὶ.  The volume 

of each element i is Ўὠ ὶЎὶЎ—Ўᾀ. The heat produced in a specific layer i can be 

determined by taking the product between the power density and the corresponding volume 

in layer i.  In a cylindrical coordinate system, the conduction resistances are calculated 

using Equation 5. The outer most node, Ὥ ὔ, of the resistance series is modified to 

account for any slight differences between the mesh structure and geometry of the given 

problem. The resistance term is modified in accordance with Equation 6. 

Ὑ
Ўὶ

ὶ
Ўὶ
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ρ

Ὧ
 Equation 5 

Ὑ
ЎὶȾς
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ρ

Ὧ
 Equation 6 

Combing the relations into a matrix format, the following tri-relation can be written:  
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In this formulation the temperature of the outer surface (not explicitly shown here) is 

calculated by knowing the bulk hydrogen temperature (Ὕ), and the outermost resistance 

Ὑ  which is a function of the heat transfer coefficient (Ὤ). To account for temperature 

dependent thermal conductivities, the implementation relies on an iterative solution 

scheme, in which the thermal conductivities are initially guessed according to a uniform 

nodal temperature distribution  Ὕ Ὕ ȣ Ὕ Ὕ.  The initial thermal conductivity 

guess assumes the temperature in each node is equal to the inlet bulk coolant temperature 

of that node.  Once the nodal temperature distribution is calculated, it is reapplied to update 

the conductivity values and therefore the resistances and the heat transfer from the solid to 

the fluid. This iterative methodology is repeated until the residual error in temperature 

between two sequential iterations is below 0.5 K for all the nodes. The wall temperature 

and radial heat flux is the natural result of this iteration scheme since the amount of heat 

transferred from each axial layer is updated with each iteration. This iterative sequence is 

also required to converge the outer surface temperature as the Nusselt number correlations 

developed during the NERVA program have correction terms that include the surface to 

bulk coolant temperature ratio. The radial heat flux ήᴆᴂᴂ is found using the Newtonôs law of 

cooling via heat transfer correlations which are detailed in Appendix A. The heat flux is 

used to calculate the exit bulk temperature (Ὕ) of the hydrogen from each layer via 

Equation 7.  
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Ὕ Ὕ
ὃ

άὅ
ήᴂᴂ      Equation 7 

where ά is the mass flow rate of hydrogen, ή  is the heat flux through area ὃ, ὅ is the 

heat capacity of the coolant, and Ὕ is the bulk hydrogen temperature. The inlet 

temperature, Ὕ , of the axial layer is set as the outlet temperature Ὕ  of the 

previous layer. 

Ὕ Ὕ
ὃ

άὅ
ήᴂᴂ      Equation 8 

The total pressure loss across axial layer i ɝ0) is calculated via Equation 9. Where ɝ0  

is the pressure-loss due to friction, ɝ0  is the pressure-loss due to acceleration, ɝ0  

is the pressure-loss due to gravity, and ɝ0  due to form pressure-losses. 

ɝ0 ɝ0 ɝ0 ɝ0 ɝ0       Equation 9 

The friction pressure losses are calculated via Equation 10, where Ὢ is the friction factor, 

Ὃ is the mass velocity, Ὀ  is the hydraulic diameter of the channel, ”Ӷ is the average fluid 

density in the node, ὒ is the axial length of the node, and ‰  is the heated channel 

multiplier. The friction factor correlations implemented into the ntpThermo code are 

detailed in Appendix A. 

ɝ0 ‰ Ὢ
ὒ

Ὀ

Ὃ

”Ӷ
   Equation 10 
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The acceleration pressure losses are calculated via Equation 11, where ”  in the bulk 

coolant exit density, and ”  is the bulk coolant inlet density. 

ɝὖ Ὃ
ρ

”

ρ

”
   Equation 11 

By default, the ntpThermo does not consider gravity pressure losses as the rocket operates 

in-space, however when gravity losses are considered they are calculated via Equation 12.  

ɝὖ ”ӶὫὒ   Equation 12 

where  ”Ӷ is the layer-averaged density, and ὒ is the length of the layer in meters. If 

structures protrude into the flow channels the resulting pressure loss can be accounted using 

form loss coefficients ὧ  via Equation 13. By default, no form losses are included, 

and the position and form loss coefficients must be specified by the user.  

ɝὖ
ὧ Ὃ

ς”
   Equation 13 

The solution procedure for each layer is shown in Figure 9. The procedure begins 

with known channel inlet conditions, which could be set from the previous layerôs exit 

conditions. An iterative predictor-corrector scheme is implemented to converge the average 

node fluid conditions, represented by the dashed arrow in Figure 9. This approach 

minimizes the number of axial layers required to obtain a well -converged solution. The 

boundary conditions can either be set by the user or set as variables internally passed by 

the program. 
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Figure 9. Conduction convection solution scheme 

2.1.3 Thermo-elastic equation solver 

The T/M solver implemented in ntpThermo leverages the approach developed by 

Peng and Li [39], where the thermoelastic problem is cast as a second order Fredholm 

integral equation. One of the advantages of this approach is the ability to capture 

temperature dependent properties in the solution of the thermoelastic equations. This 

capability is necessary to model an NTP system as the power-densities inherit to NTP 

systems induce significant temperature gradients within the fuel. Additionally, the thermo-

physical properties of the fuel and cladding materials are a strong function of temperature. 

The solution method assumes an axisymmetric plane stress problem where the axial 

stress („) and strain (‐) are assumed to be zero, which is consistent with previous industry 

studies [1,40]. Based on this assumption, the equations for the radial („) and tangential 
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(„) stresses can be detailed by Equation 14 and Equation 15, respectively. The radial (‐) 

and hoop strain (‐) are detailed by Equation 16 and Equation 17, respectively. 

„ ὶ  
ῴὶ

ρ ὺὶ
‐ ὺὶ‐ ‌ὶρ ὺὶὝὶ  Equation 14 

„ ὶ  
ῴὶ

ρ ὺὶ
‐ ὺὶ‐ ‌ὶρ ὺὶὝὶ  Equation 15 

‐  
Ὠό

Ὠὶ
 Equation 16 

‐  
ό

ὶ
 Equation 17 

Where, Ὁ is the Youngôs modulus, ὺ is Poissonôs ratio, and ‌ is the coefficient of thermal 

expansion, which are all temperature-dependent and thus spatially not uniform. It is 

important to note that Ὕὶ is the difference between the absolute temperature (Ὕ ) 

obtained by the thermal solver and the reference temperature zero stress temperature (Ὕ ), 

as shown in Equation 18.  

Ὕὶ Ὕ ὶ Ὕ  Equation 18 

Based on the equations detailed above the radial displacement (ό) and tangential stress 

(„) can be represented by Equation 19 and Equation 20, respectively. The equivalent Von 

Mises stress („ ) is calculated via Equation 21. 
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„ ὶ ὺὶ„ ὶ Ὁὶ
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ὶ
Ὁὶ‌ὶὝὶ Equation 20 

„ „ „„ „  Equation 21 

Where ὃ in Equation 19 is a constant to be determined through appropriate boundary 

conditions, ɢ(r) can be calculated via Equation 22. 

…ὶ ÅØÐ
ὺί

ί
Ὠί Equation 22 

When Equation 16 and Equation 17 are substituted into the equilibrium equation, Equation 

23 is produced. 

Ὠ„

Ὠὶ

„ „

ὶ
π Equation 23 

Substituting Equation 19 into Equation 20 and then into Equation 23, yields Equation 24, 
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Equation 24 
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where ὥ is the inner radius of the equivalent annulus, and Ὂὶ is: 

Ὂὶ  
Ὁὶ

ὶ…ὶ
…”‌” ρ ὺ” Ὕ”Ὠ” 

Ὁὶ‌ὶὝὶ

ὶ
 Equation 25 

Integrating Equation 24 with respect to ὶ yields Equation 26. 

„ ὶ ὑὶȟ”„ ”Ὠ” Ὂ ὶ ὃὪὶ ὄ 
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Equation 26 

The constants ὃ and ὄ can be found via Equation 27 and Equation 28 respectively. Where 

„ ὥ is the radial stress at the inner radius of the equivalent annulus and „ ὦ is the radial 

stress at the outer radius of the equivalent annulus. 

ὃ  
„ ὦ „ ὥ

Ὢὦ

Ὂ ὦ

Ὢὦ
 

ρ

Ὢὦ
ὑὦȟ”„ ”Ὠ” Equation 27 

ὄ „ ὥ Equation 28 
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Now we insert the constants ὃ and ὄ back into the integro-differential equation for the 

radial stress to obtain Equation 29 which has the form of a second order Fredholm integral 

equation. 

„ ὒὶȟ”„ ”Ὠ” Ὤὶ Equation 29 

The kernel function ὒὶȟ” is detailed in Equation 30 and Ὤὶ is detailed in Equation 31. 
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 Equation 30 

Ὤὶ Ὂ ὶ
Ὢὶ

Ὢὦ
„ ὥ „ ὦ Ὂ ὦ „ ὥ Equation 31 

The T/M solution is obtained using the finite element data provided by the T/H heat 

transfer solution. More specifically, the finite element solid material temperatures are used 

to obtain the temperature-dependent mechanical properties (e.g., Ŭ). These finite element 

temperatures, properties, and radial dimensions are then used to solve the different integrals 

appearing in Equation 19 through Equation 31 via numerical integration. The latter enables 

the calculation of stresses and thermal expansion in each finite element radial region. This 

in turn can be used to update the finite element mesh dimensions within an iterative T/H-

T/M solution sequence. The described solution relies only on 1D radial approach, which is 

aligned with the equivalent annulus approximation. The radial and axial discretization of 

the mesh is identical to the radial mesh used to solve the conduction-convection problem 
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detailed in Section 2.1.2, which enables the T/H and T/M solvers to easily pass information 

and form a coupled T/H-T/M sequence. The numerical solution technique implemented in 

ntpThermo leverages a previously developed and verified approach by Atkinson and 

Shampine [41]. The algorithm provides a numerical solution for integral equations in the 

form: 

‗ὼί ὑίȟὸὼὸὨὸὪί ὥ ί ὦ Equation 32 

which can be written symbolically as: 

‗ ὑὼ Ὢ Equation 33 

The routine implemented solves integral equations with kernel functions ὑίȟὸ that are 

relatively smooth on R=[a,b]Ĭ[a,b] for the interval [a,b]. The procedure relies on Simpsonôs 

rule to discretize the equation to get an approximate solution within the [a,b] radii range. 

The solution begins by approximating the integral operator using a quadrature scheme: 

ὫὸὨὸḙ ύȟὫὸȟ  Equation 34 

For smooth kernels the Composite Simpsonôs Rule for irregularly uneven spaced data with 

an even number of sub-intervals each with a sub-interval thickness of Ὤ is detailed in 

Equation 35. 
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Equation 35 

It must be noted that the current implementation is limited to only cases where the radial 

mesh is divided into an even number of regions. However, the individual thickness of each 

sub-region may be different. Simpsonôs Rule is then used to generate the weight 

coefficients (ύȟ) such that ‗ ὑὼ Ὢ can be approximated by Equation 36. 

Combining the relations detailed above leads to a linear system of equations that can be 

solved via Equation 37 which is ultimately used to obtain „ ὶ.  

‗ὼ ί ύȟὑίȟὸȟ ὼὸȟ Ὢί Equation 36 

ὼ ί
ρ

‗
Ὢί ύȟὑίȟὸȟ ὼὸȟ  Equation 37 

2.1.4 Iterative solution sequences 

This section details the iterative solution schemes that were implemented in the 

ntpThermo code to accommodate the complexities of the flow paths in an NTP system. In 

Section 2.1.4.1 the moderator counter flow solution sequence is described. In Section 

2.1.4.2 the FE to ME heat conduction solution sequence is described. Finally, in Section 

2.1.4.3 the coupled T/H-T/M solution sequence is described. 
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2.1.4.1 Moderator counter flow solution sequence 

The inlet conditions to the ME (i.e., supply channel) are well known and are not 

dependent on either the return annulus or the fuel channels. The ME is solved by 

decomposing the element into separate supply and return channels that are linked via 

boundary conditions. First, the moderator return channel is solved using either an outer 

surface temperature or heat flux outer surface boundary conditions depending upon the 

user input. This yields the return channel bulk coolant temperature distribution (Ὕὦᾀ), and 

heat transfer coefficient (Ὤὦᾀ). The supply channel is then solved with the outer surface 

heat transfer coefficient (Ὤ ᾀ) determined by the return channel bulk fluid temperature 

(Ὕ ᾀ) and the heat deposited within the moderator material. The return channel inlet 

conditions (Ὕȟὖ ) are then updated from the supply channel solution outlet conditions 

(including the heat flux, ήᴆᾀ, from the outer edge of the moderator). The solution of the 

ME block yields the heat flux from the surrounding elements if an outer surface 

temperature boundary condition is given, or obtained from the outer surface temperature if 

a heat flux boundary condition is given. This sequence is detailed in  Figure 10. 
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Figure 10. Iterative solution scheme for the moderator element 

2.1.4.2 Coupled fuel and moderator element solution sequence 

The FE to ME heat transfer problem is challenging because the FE inlet boundary 

conditions are highly dependent on the heat pickup in the ME as the engineôs expander 

cycle mixes the flow from the ME and reflector before passing through the turbine and then 

entering the FE. Accurately predicting the exit moderator element flow conditions requires 

prior knowledge of the temperature distribution within the FE, which is needed to predict 

the heat flux to the ME (ήᴆ ᾀ) at different heights (z) of the channel. The temperature 

and pressure distributions within the FE/ME supercell are obtained by solving the FE and 

ME separately and linking them through boundary conditions. The solution sequence 
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implemented in ntpThermo relies on an inner loop (Figure 10) to solve the ME and an outer 

iterative convergence loop (Figure 11) for the entire supercell.  

To solve any combination of FEs and MEs the supercell is decomposed to its FE and 

ME constitutes. The FE is solved as a single equivalent annulus channel first to obtain the 

outer surface temperature which is set as the outer surface temperature of the moderator 

return channel (Ὕȟ ᾀ). The solution of the ME relies on the sequence presented in 

Figure 3. It must be noted that the same outer surface temperature is applied to all faces of 

the ME assuming that six FEs surround a central moderator element. From this 

configuration the heat flux from the fuel to the moderator element (ήᴆ ᾀ) is calculated. 

This heat flux is then scaled by the number of fuel elements ὔ  in the supercell 

(ήᴆ ᾀȾὔ ήᴆ ᾀ). This scaled heat flux (ήᴆ ᾀ) is then applied as a boundary 

condition to the moderator element. The heat flux from FEs to the ME is used to balance 

the axial power within the FE to conserve the total energy within the supercell. The default 

convergence criteria for the supercell solution requires that the exit gas temperature 

(Ὕ ᾀ) from the return channel must be within 0.1K of the previous iteration and that 

the maximum temperature within the solid regions is within 2K of the previous iteration. 

Additionally, the return channel exit pressure (ὖ ᾀ) must be within 150 Pascal of the 

previous iteration. These convergence criteria can also be controlled by the user. 
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Figure 11. Iterative solution scheme to capture the FE-ME heat transfer 

2.1.4.3 Coupled thermal-hydraulic and thermo-mechanical sequence  

The T/M solution approach utilizes equivalent annulus approximation and uses the 

same radial and axial mesh as the T/H solution. The temperature distributions obtained 

from the T/H solution can be directly used by the T/M solver in conjunction with 

temperature dependent mechanical properties. The coupled T/H-T/M solution sequence, 

detailed in Figure 12, begins by iteratively solving the multi-channel T/H problem to obtain 

the converged mass-flow rate distribution άᴆ. The multi-channel T/H solution 

temperature distribution, dimensions, and temperature dependent mechanical properties 

are then input to the T/M solver. The T/M solver returns the radial stress and thermal 
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expansion distributions for each axial layer of each coolant channel specified in the 

problem. The T/M solution is used to update the radial mesh of each axial layer of each 

channel including the node volumes, power densities, and fluid flow areas. The updated 

geometry is then used by the next T/H solution iteration, where the iteration number is 

represented by n, to re-converge the mass-flow distribution. The outlet pressure is chosen 

as the convergence criteria for the coupled T/M-T/H sequence as the T/M feedback 

primarily significantly affects the pressure drop due to variation in flow characteristics 

(e.g., velocity). 

 

Figure 12. Coupled thermal-hydraulic and thermo-mechanical analysis sequence 

2.1.5 Mass-flow convergence schemes 

Two mass-flow convergence schemes were implemented into ntpThermo as the 

radial power distribution causes a significant redistribution of mass-flow in the both the 



 36 

FEs and MEs. Section 2.1.5.1 details the pressure-drop mass-flow convergence scheme, 

while Section 2.1.5.2  details the orifice mass-flow convergence scheme.  

2.1.5.1 Pressure-drop convergence scheme 

The pressure-drop mass-flow convergence scheme is detailed in Figure 13. The 

scheme begins by solving all the channels in the core using an initial, usually uniform mass-

flow rate distribution to obtain the initial pressure drop. The mass-flow rate is iteratively 

adjusted according to Equation 38 until the pressure drop across the channels is uniform. 

ά
ά ά

ɝὖ ɝὖ
Ὢ  Ўὖ Ўὖ  ά  Equation 38 

Where Ўὖ  and ά  are the pressure drop and mass-flow rate in channel Ὧ at iteration n 

respectively.  

 

Figure 13. Pressure-drop mass-flow convergence scheme 
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In some special cases, an under/over relaxation factor (Ὢ ) is required to prevent 

predictions of negative mass-flow rate, however by default the code sets Ὢ  equal to one. 

2.1.5.2 Orifice convergence scheme 

The combination of high power-densities and non-uniform radial power 

distributions pose a significant thermal design challenge. One strategy used to address this 

challenge during the NERVA program was to apply orificing at the inlet of each fuel 

channel in conjunction with a non-uniform fuel loading pattern. A significant amount of 

computational and experimental resources was expended to validate the orificing 

performance of the XE series reactors [42]. The Westinghouse Astro-Nuclear Laboratory 

(WANL) developed design specific orifice pressure loss coefficients [43]. While these 

coefficients proved to be effective for the NERVA program, an extensive amount of 

research has since been conducted to improve the understanding of flow fluid through an 

orifice. The American Society of Mechanical Engineers (ASME) has developed well 

established methods for modelling fluid flow through orifice plates [44]. 

The ASME relation for pressure-drop across an orifice plate can be calculated using 

Equation 39,  

Ўὖ
ρ

ς”

ά ρ ‍

ὅ‐ὃ
 Equation 39 

where ”  is the density at inlet, ὃ  is the area of the orifice opening, ‐ is the expansibility 

factor, ὅ is the discharge coefficient, and ‍ is the orifice flow area to channel flow area 

ratio. This relationship is non-linear as the expansibility factor is a function of pressure 
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drop and requires a numerical solution to obtain the pressure drop across the orifice 

(Ўὖ ).  

The objective of the orifice solution scheme is to distribute the mass-flow rate to 

achieve a uniform exit gas temperature distribution and minimize the maximum fuel 

temperature. This objective is achieved by maintaining a constant power to mass-flow ratio 

in all channels, thus resulting in a nearly equal enthalpy gain in each channel. The mass-

flow of each channel, ά , is distributed based on Equation 40, 

ά ὗ
ά

ὗ
 Equation 40 

where ὗ  is the axially integrated power of channel Ὧ, ά  is the total mass-flow rate, 

and ὗ  is the total power. 

The orifice mass-flow convergence scheme sequence is presented in Figure 14. The 

scheme begins by distributing the mass-flow using Equation 40 and then solving for the 

pressure-drop across each channel without any orificing applied. The target pressure-drop 

(Ўὖ ) is the maximum pressure drop of all the un-orificed channels and is held 

constant throughout each iteration. This approach minimizes the total pressure drop across 

the core as the target pressure drop channel (ɝὖ ) has no orificing applied. The 

solution scheme iterates until all of the channelsô total pressure-drop (Ўὖ ȟ Ўὖ

Ўὖ ȟ) are within a given criteria of the target pressure drop, where Ўὖ ȟ is the pressure 

losses only due to orificing and Ўὖ is the pressure loss due to acceleration and friction in 

channel Ὧ only. 
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Figure 14. Orifice mass-flow convergence scheme 

2.2 Serpent Code 

The Basilisk multiphysics framework, described in Section 2.3, relies on the Monte 

Carlo (MC) neutron-photon transport code Serpent [45] as the neutronic solver in the 

multiphysics analysis framework. The inherit flexibility of MC codes to capture complex 

geometry is extremely advantageous for modeling NTP reactors due to the heterogeneity 

of in-core elements and use of rotating reactivity control devices. Additionally, Serpent has 

been validated against experimental results [46,47] and extensively verified via numerous 

code-to-code benchmarks [48,49]. 

The Serpent code was specifically chosen over other MC codes due to its 

multiphysics interface which enables the application of arbitrary temperature and density 

profiles in an efficient manner [50]. The Serpent code also has built-in depletion solvers 

and time-integration schemes which are required to perform time dependent analysis [51, 

52]. Additionally, the serpentTools python package can be used to efficiently parse Serpent 
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outputs [53]. These features and supporting ecosystem make Serpent an ideal MC code for 

full -core multiphysics analysis. 

2.3 Basilisk multiphysics framework 

This section describes the Basilisk multiphysics framework, which is a python based 

object-oriented framework that integrates the Serpent and ntpThermo codes to perform 

full -core time-dependent multiphysics analysis of NTP reactors. 

2.3.1 Motivation for development and structure of the Basilisk framework 

The design of a NTP system is an inherently iterative process which in some cases can 

require the complete redesign of the reactor core. Thus, it is extremely valuable to develop 

a flexible and robust framework that can enable the user to rapidly reconfigure all aspects 

of the reactor geometry and with minimal additional effort perform full-core multiphysics 

analysis. 

In addition to the data management required to perform multiphysics analysis, the 

Basilisk code has several objects/classes that aid the in construction of full-core Serpent 

models. The construction of a full-core Serpent model using the Basilisk framework is 

detailed in Figure 15. First, the user must define each in-core element which includes the 

geometry, material definitions, and various flags. These flags are used to define which 

elements are FEs, MEs, and which materials should be burned during depletion analysis. 

Any arbitrary number of elements can be defined by the user. These elements are then used 

to assemble a lattice. The lattice arranges the previously defined elements into a regular 

structure, such that the exact location of each element is known. This information is 
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required to ensure that the T/H fields are correctly mapped to the Serpent model. Once of 

all the lattices have been defined, they can be assembled into a stack. The user must specify 

if a specific layer is to be considered in multiphysics analysis. This allows the user to add 

additional structures such as upper plenums that are not included in the multiphysics 

analysis. The largest structure that can be created by the Basilisk code is a Core object. The 

Periphery object defines the radial reflector and optional control drums. An arbitrary 

number of radial regions, control drums, and control drum positions can be specified by 

the user to generate the Periphery object. The final object that must be defined before the 

Core object is complete is the Settings object. The settings object contains all the simulation 

settings, detectors, multiphysics interface file specifications, and other read-in files 

required to construct a Serpent model. Once this object is assembled, the user has access 

to several useful functions, such as writing the Serpent model to text file, and calculating 

the mass of every material defined in the model. Additional useful capabilities have been 

implemented into the Basilisk code but are not discussed here for the sake of brevity.  
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Figure 15. Basilisk full-core Serpent model construction process 

The process detailed in Figure 15 allows to construct the required geometry for the 

analyzed core and requires no additional input by the user to define the ntpThermo model. 

Having a single framework that defines the neutronics and the thermal models 

simultaneously assists in multiphysics analysis. Additionally, all the material volumes are 

automatically calculated for depletion analysis. The only additional work required by the 

user to perform full-core multiphysics analysis is to provide the ntpThermo material 

properties object, define the multiphysics analysis settings, and define the time-dependent 

T/H boundary conditions. The Core object can also be fed into the fuel loading analysis 

sequence detailed in Section 2.3.3 to tailor the radial power distribution. The Basilisk code 

was developed using modern coding practices and has a complete userôs manual with 

supporting examples. It should be noted that analysis sequences implemented in the 
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Basilisk code were developed in an extremely modular manner, such that reduced-order 

transport solvers (e.g., nodal diffusion) could be easily incorporated into future research.  

2.3.2 Coupled neutronic-thermal-hydraulic-thermo-mechanical analysis sequence 

The coupled Neutronic+T/H-T/M (N+T/H-T/M) sequence implemented here relies 

on a traditional Picard iteration and is detailed in Figure 16. The sequence begins with 

initializing the Serpent and ntpThermo models. Next, Serpent is executed to obtain the 

neutron multiplication factor (keff) and the local power deposition distributions (ὖȟ) with 

ὲȟὯ and Ὦ denoting the iteration number, radial channel index, and axial layer index 

respectively. Power deposition is collected instead of fission power, as a non-negligible 

amount of energy is deposited in the moderator elements and core periphery via neutron 

and gamma-ray interactions. The energy deposition in the active core is tallied as a function 

of axial height on an element-by-element basis where each FE and ME is individually 

tracked. Additionally, each material region within each element is uniquely tallied based 

on the user defined settings. However, the energy deposition within that region is assumed 

to be uniform (i.e., intra-element power peaking is not accounted for); however, future 

research may expand the T/H-T/M solution methodology to account for the intra-element 

power distribution within the FEs. 
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Figure 16. Coupled neutronic, thermal-hydraulic, and thermo-mechanical analysis 

sequence 

Next, the multi-channel ntpThermo model is executed based on the user defined 

T/H boundary conditions and convergence schemes. From the ntpThermo T/H-T/M 

simulation, the spatially dependent temperature Ὕȟ  and density distributions ”ȟ  are 

obtained for every region of each fuel and moderator element within the active core. The 

T/H fields are mapped to the neutronic model via the approach presented in Figure 3, where 

each color represents a unique material region within the ME and FE. The ntpThermo code 

relies on the equivalent annulus approximation. As such, the volume average of the radial 

temperature profile obtained from the ntpThermo model of material region Ὥ for axial layer 

Ὦ of element Ὧ (Ὕ
ȟ
) is applied to the respective region in the neutronic model, as detailed 

in Figure 17, via the Serpent multi-physics interface. The user has the option to specify 
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which T/H feedback is accounted for during the simulation. The research presented in this 

dissertation accounts for all T/H feedback, including cladding and gas temperatures. 

 

a. FE T/H field mapping 

 

b. ME T/H field mapping 

Figure 17. T/H field mapping to Serpent model 

The sequence iterates until keff and the local power distributions converge based on 

Equation 41 and Equation 42 respectively. In some lower power regions of the reactor core, 

such as the coolant or cladding, the fractional change of the local power in axial node (Ὦ) 

of channel Ὧ (ὖȟ) may have large relative fluctuations and struggle to achieve 
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convergence while having a very minor impact on the overall solution. To avoid such issues 

each axial nodeôs relative fluctuation is weighted based on its contribution to the total 

power of the reactor. 

Ὧ ȟ Ὧ ȟ ‐  Equation 41 

άὥὼ
ὖȟ ὖȟ

ὖȟ

ὖȟ

ὖ
‐  Equation 42 

2.3.3 Critical drum search algorithm 

NTP reactors rotate the control drums located in the core periphery to control excess 

reactivity during operation. The coupled multiphysics critical drum search sequence is 

detailed in Figure 18. The sequence begins by executing the N+T/H-T/M sequence detailed 

in Figure 16 to converge the excess reactivity and local power distributions for a given 

control drum position (—). If the calculated reactivity (”) is within the convergence 

criteria (‐) of the target reactivity (”) the iterative loop is exited. If the desired reactivity 

is not achieved, then a new critical drum position (— ) is predicted using the critical 

search sequence detailed in Figure 19. The T/H fields (Ὕᴆ), which include solid material 

temperatures and coolant densities, are fixed during critical drum search.  
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Figure 18. Coupled multiphysics critical drum search 

The computational cost of each MC solution is non-negligible, therefore minimizing the 

total number of iterations within the critical drum search is desirable. Since the integral 

reactivity worth curve of a typical control drum design is a monotonic cosine shape, the 

possible search-space can be reduced with each iteration. If a given control drum position 

predicts a reactivity greater than the desired reactivity, then the lower control drum angle 

limit (— ) is updated (πᶼ represents drum fully rotated away from the core). Likewise, if 

a control drum position predicts a reactivity lower than the desired reactivity, then the upper 

control drum angle limit (— ) is updated. Each new control drum position (— ) is 

predicted via the Newton-Raphson method. The neutronic model geometry is updated and 

then Serpent is executed to obtain the new reactivity (” ). Once the calculated reactivity 

within the convergence criteria, the search sequence is exited, and the sequence detailed in 

Figure 18 resumes. 
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Figure 19. Critical drum search sequence 

2.3.4 Time-stepping sequence 

The time-stepping sequence implemented in the Basilisk framework is detailed in 

Figure 20. The sequence requires that the user specify the T/H boundary conditions 

(B.C.ôs) for each time-step. NTP engines can undergo several phases of operation where 

the total reactor power and inlet conditions to the FEs and MEs change significantly. The 

sequence allows the user to specify up to two B.C.ôs for each point in time. This capability 

is required to analyze the transition from main-stage to throttle-hold operation. The time-

stepping sequence begins by executing the coupled multiphysics sequence detailed in 

Figure 19 to converge the initial conditions. The sequence checks if there is a change in 
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the T/H B.C.ôs, if not then end-of-step isotopic concentration for each burnable material 

(╝ ) is predicted using the depletion solver and time integration schemes implemented 

within the Serpent code [51,52]. The sequence continues until the last time step has been 

completed. 

 

Figure 20. Time-stepping analysis sequence 

2.3.5 Fuel loading design search sequence 

Reducing radial power peaking is crucial when designing an NTP reactor. Uniformly 

loaded reactor designs, where each FE has the same fuel particle packing fraction, can 

experience radial power peaking factors greater than 1.25. If the mass-flow is allowed to 
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naturally redistribute itself based on this radial power peaking then the maximum fuel 

temperature can exceed 4000K, which would imply catastrophic thermal failure of several 

FEs [54]. In practical terms this would require a reduction the total power of the system 

and deteriorate the performance of the system, and specifically Isp. Therefore, the radial 

power peaking of a given core design must be reduced before full-core multiphysics 

analysis can be performed.  

NASA is currently testing Uranium Nitride (UN) CERMET and CERCER fuel forms 

[7]. The composite CERCER fuel currently be investigated by NASA utilizes Zirconium 

Carbide (ZrC) coated UN particles embedded in a ZrC matrix as detailed in Figure 21. 

Previous studies shown that radial power peaking can be significantly reduced by adjusting 

the fuel particle packing fraction in the FEs [55]. 

 

Figure 21. Coated particle fuel diagram 

The fuel loading algorithm implemented into the Basilisk code allows the user to adjust 

either the fuel kernel enrichment or fuel particle packing fraction to achieve a specified 

radial power shape and excess reactivity. Previous analysis has shown that adjusting the 

fuel kernel enrichment, with an upper limit of 19.75 wt%, resulted in increased particle 

packing fractions and thus HALEU mass requirements due to the increased parasitic 
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neutron absorption in 238U [55]. Reducing the total HALEU mass is desirable as NASA 

and the Department of Energy have yet to determine if the planned HALEU fuel feedstock 

production capabilities will be sufficient to meet the needs of the NTP baseline mission 

[7]. Therefore, the recommended design approach is to adjust the particle packing and 

maintain a constant 19.75 wt% enrichment in the fuel particles.  

The fuel loading search sequence implemented in the Basilisk code is detailed in 

Figure 22. The user must provide a radial shape function (Ὢ ὶȟ—) to which the radial 

power distribution will be matched. The user is given the flexibility to have the desired 

radial power distribution be a function of core radius and azimuthal angle. The user must 

also provide a Core object, as the spatial position and material composition of each FE in 

the core must be known during the design process. The sequence begins by calculating 

what each FEôs radial power peaking factor should be according to the user defined 

Ὢ ὶȟ—. Next the radial power peaking search algorithm detailed in Figure 23 is 

executed. Serpent is executed to obtain the actual radial power peaking distribution of 

every FE in the model (Ὑὖὖᴆ)  based on the current fuel loading (ὒᴆ). If the relative error 

between Ὑὖὖᴆ and the desired radial power peaking distribution (Ὑὖὖᴆ) is greater than 

required convergence criteria (‐ ) then a new fuel loading is predicted via Equation 43.  

ὒ ᴆ Ὑὖὖᴆ
ὒ ᴆ

ὒᴆ
 

Ὑὖὖᴆ ὙὖὖᴆὙὖὖᴆ 

Equation 43 
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Where ὒᴆ is the average particle packing fraction of the current iteration, and ὒ ᴆ is the 

average particle packing fraction of the previous iteration. The user must also specify a 

maximum particle packing fraction, typically 65 vol% particles [1], to ensure the final 

design remains within realistic limits. Equation 43 acts as a simple cost function giving 

under-powered FEs a larger share of the total uranium in the core by redistributing uranium 

from the over-powered FEs. Equation 43 ensures that the total uranium within the core is 

constant throughout the inner loop by preserving the average loading. When the total mass 

of uranium in the core is not held constant throughout each iteration some cases fail to 

converge to desired radial power distribution when convergence would otherwise be 

possible. 

Once the radial power distribution has been achieved the sequence detailed in 

Figure 22 resumes. The fuel loading search algorithm contains an outer loop that adjusts 

the global average particle packing fraction to ensure the core maintains a specific excess 

reactivity (” ). The radial power shaping process detailed in Figure 23 can cause 

reactivity losses on the order of 1000ôs of pcm as flattening the radial power distribution 

increases the neutron leakage from the core. Additionally, NTP reactors are typically 

designed to be critical at full-power conditions for a specified control drum position [1]. 

The outer loop enables the user to obtain a specific radial power shape, while preserving 

the desired initial critical drum position.  
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Figure 22. Fuel loading search algorithm 

 The sequence performs well when a reasonable core design analyzed. Some designs 

may not be able to achieve the desired target reactivity while maintaining realistic particle 

packing fractions. However, the Basilisk code outputs includes convergence flags which 

notify the user if either the radial power peaking or target reactivity goals are not achieved. 
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Figure 23. Fuel loading radial power peaking search algorithm 
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CHAPTER 3 VERIFICATION  STUDIES 

This section contains the verification and convergence studies of ntpThermo code. 

Section 3.1 provides a summary of the convergence studies which are detailed in Appendix 

D.1. Section 3.2 contains several OpenFoam benchmarks and analytical benchmarks. 

3.1 Convergence study summary 

This section describes the ntpThermo radial and axial meshes used to perform the 

analysis presented in this dissertation. A convergence study was performed to determine 

the required axial and radial mesh thicknesses to obtain a well-converged solution using 

the ntpThermo code. Detailed analysis can be found in Appendix D.1 and is not included 

here for the sake of brevity. The final mesh thicknesses are detailed in Table 1. 

Table 1:  ntpThermo axial and radial meshes 

Parameter Value 

Axial mesh thickness, m 2E-2 

FE radial mesh thickness, m 5E-6 

ME radial mesh thickness, m 1.25E-5 

 

3.2 ntpThermo verification studies 

This section contains the OpenFoam and analytical verification studies of the 

ntpThermo code. Section 3.2.1 details several of the OpenFoam verification benchmarks, 

while the complete benchmark set can be found in [56]. All the benchmarks detailed in 

Ref. 56 show good agreement between codes, therefore only a subset is presented in 
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Section 3.2.1. Section 3.2.2 details the analytical verifications of the numerical heat 

conduction and thermoelastic solvers. 

3.2.1 OpenFOAM verification studies 

OpenFoam is an open-source finite volume code [57] and is used to generate high-

resolution reference solutions. Previous research validated the conjugate heat transfer 

(CHT) to model against the NERVA NRX-A6 experimental data [58,59]. Subsequent 

research verified the solution of the coupled fuel and moderator supercell [60]. The 

development of the CFD benchmarks is outside the scope of this dissertation. The objective 

of this Section is to use the previously developed CFD benchmarks [60] to verify the 

ntpThermo code. 

3.2.1.1 OpenFoam benchmark description 

The CHT method implemented in OpenFoam couples the solid and fluid domains by 

enforcing the continuity of the heat flux at the interface of the two connected domains. The 

solver has a multi-region capability to allow each sub-domain to have its own unique mesh 

structure. For the fluid domain the Navier-Stokes conservation equations are solved 

numerically with user-selected turbulent models; while only the heat conduction equation 

is solved in the solid domain [61]. The high-resolution CHT model adopts a hybrid mesh 

structure that consists of structural hexahedron cells and unstructured tetrahedron cells. A 

fine mesh structure is used near the fluid and solid boundary interface to avoid any potential 

heat flux discontinuity at the interface. A coarser unstructured mesh is used in the solid 

domain when far away from the solid-fluid interfaces. Figure 24a shows the sub-division 

of the FE mesh structure into four different layers: (a) freestream layer, (b) fluid boundary 
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layer, (c) solid fine mesh layer, and (d) solid layer. The ME mesh structure is detailed in 

Figure 24b and follows the same logic as the fuel element. In both mesh models, the 

freestream layer is relatively distant from the wall where turbulent flow can be modeled 

without near-wall treatment. To capture the turbulent wall effect, the fluid sublayer uses a 

finer mesh where the size of the first interface cell center is estimated to maintain a ώ  less 

than 5. Lastly, the solid layer is relatively coarse as the physics is only governed by thermal 

conduction. 

  

a. Fuel element b. Moderator element 

Figure 24. Description of OpenFOAM meshes [56] 

The FE and ME geometry and material definitions for the sample calculations were 

obtained from publicly available papers [30,62]. The problem considered is a NERVA-

derived design, where the fuel element is a hexagonal element with 37 internal coolant 

channels. The fuel cladding material is molybdenum (Mo) tungsten (W) alloy which has a 

mass fraction of 30% tungsten and is referred to as Mo:30W.  The fuel form considered 

here is CERMET which had continued development in the NASA Game Changing 

Development Program [30]. The CERMET fuel contains 60 vol% uranium nitride (UN) 

and 40 vol% Mo:30W. The exact geometry of the fuel element is detailed in Table 2 and 
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presented in Figure 4. The moderator element is a dual pass counter-flow element, where 

the flow enters in the supply channel and exits through the outer return channel. The 

moderator supply channel includes the inner coolant region (region #4), inner Zircaloy-4 

alloy cladding (region #5), and moderator material is ZrH1.89 (region #6). Only the inner 

supply channel surface is cladded, while the exterior hydride in the return channel is left 

unclad [30]. The moderator return channel includes the return coolant (region #7), insulator 

cladding (region #8), insulator (region #9), and outer sleeve (region #10). The exact 

geometry of the moderator elements is detailed in Table 3 and Figure 5. 

Table 2: Fuel element definition 

Parameter Value 

Hexagon Flat to flat distance 2.450 cm 

Number of coolant channels 37 

Coolant channel radius 0.132 cm 

Coolant channel cladding thickness 0.015 cm 

Active fuel height 100.0 cm  

Axial reflector height 15.0 cm 

Fuel meat material Mo30W-60UN 

Clad material Mo30W 

Axial reflector material BeO 

Lower support plate material Al -2024 
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Table 3: Moderator element defintion 

Parameter Value 

Hexagon Flat to Flat Distance 2.4500 cm 

Supply Channel Radius 0.2000 cm 

Supply Channel Cladding Radius 0.2570 cm 

Moderator Region Outer Radius 0.8749 cm 

Return Channel Outer Radius 0.9749 cm 

Insulator Cladding Outer Radius 1.0019 cm 

Insulator Outer Radius 1.1269 cm 

Height 100.0 cm 

Cladding Material Zircaloy-4 

Moderator Material ZrH1.89 

Insulator Material Porous ZrC 

Sleeve Material Yttria Stabilized Zirconia (YSZ) 

 

Several different supercell patterns are considered in the verification studies, 

however only the 6F0M supercell study is presented in this dissertation for brevity [56]. 

The supercell configurations are detailed in Figure 25. 

The axial power profiles used in the verification study were calculated by Serpent 

3D using the explicit supercells presented in Figure 25. The axial power profiles for the FE 

and ME are presented in Figure 26, only the energy deposited in the fuel meat, hydride 

moderator, and moderator sleeve were tallied as they account for over 99% of the total 

energy deposition in the supercell. The fuel axial power profile experiences a small peak 

near the entrance due to the beryllium oxide (BeO) axial reflector. 
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a) 6F0M b) 4F2M c) 2F4M 

Figure 25. OpenFoam supercell benchmark configurations 

The data provided in this section is included for reproducibility purposes. The solid 

material definitions are detailed in Table 4.  The coolant/propellant hydrogen gas properties 

were fitted as function of temperature using the NASA standard hydrogen dataset [63], and 

are detailed in Table 4. Each region was fitted separately using a realistic region 

representative pressure. This simplification was made to reduce the uncertainty on thermal 

properties and place more emphasis on comparing the solution procedures. However, as 

both ntpThermo and OpenFoam use identical temperature-dependent correlations the 

comparison is consistent. For the purposes of the benchmark power is only generated in 

the fuel meat (region #3), the ZrH1.89 moderating region, (region #6), and the sleeve (region 

#10). The power is generated only in the active part of the core for the entire 100 cm length 

of the problem, with the axial reflector region included in the neutronic modeling, but not 

in the thermal hydraulic modelling. The boundary conditions to each element are given in  

Table 6.  
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Figure 26. Axial power density profile for different regions of FE and ME 

 

Table 4: OpenFoam benchmark material definitions 

Material Label  Description 
ἳ 
ἥ

ἵ ἕ
 

2 ï FE Clad Mo:30W  90 

3 ï Fuel Mo:30W-UN 50 

5 ï ME Clad Zircaloy-4 30 

6 ï Moderator ZrH1.89 20 

8 ï ME Clad Zircaloy-4 30 

9 ï Insulator ZrC 3 

10 - Sleeve YSZ 2 
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Table 5: OpenFoam benchmark fluid material definitions 

Material 

Label 
Ã

*

ËÇ +
 ʍ

ËÇ

Í
 

ʈ0Á ẗ3 
Ë 
7

Í+
 

1 - FE ρυπρπ ρχσσ 4 Ȣ  ὃ ψȢψψττρπ 

ὄ ρȢςφρφρπ 

ὅ τȢρυωςρπ  

 

ὃ ωȢυχωςωρπ  

ὄ σȢπςψσυρπ  

ὅ ρȢτςφυσπρπ  

Ὀ ρȢσρυστρπ  

Ὁ σȢχρωφςρπ  

4 ï Supply ρςρτπ ςυψω 4 Ȣ  ὃ σȢςτυχρπ 

ὄ ςȢπωρψρπ 

ὅ σȢψωφπρπ  

ὃ ρȢσχυωπρπ  

ὄ φȢσφςυσρπ 

ὅ υȢωφψχχρπ 

Ὀ ρȢσσφωρρπ 

Ὁ ωȢωωππχρπ  

7 - Return 

Conductivity and viscosity are correlated using the following polynomial relation: 

ὃ ὄὝ ὅὝ ὈὝ ὉὝ  

 

Table 6: OpenFoam benchmark fluid boundary conditions 

Fuel Element Boundary Conditions 

Inlet Temperature 300 Kelvin 

Inlet Pressure 7.0 MPa 

Mass flow rate 0.054042 kg/s 

Moderator Supply Element Boundary Conditions 

Inlet Temperature 40 Kelvin 

Inlet Pressure 14.0 MPa 

Mass flow rate 0.02393 kg/s 
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3.2.1.2 Moderator element with known outer wall temperature boundary condition 

The first moderator benchmark presented in this dissertation applies a known outer 

surface temperature profile (Ὕȟ ᾀ) was as a boundary condition to the moderator 

sleeve outer surface, detailed by Equation 44, and inlet conditions base on Table 6. 

Ὕȟ ᾀ σςτρȢψᾀ ρωςωȢτᾀ ςψυρᾀ ωσςȢρ Equation 44 

An explicit hexagonal and equivalent annulus OpenFoam model was constructed to 

determine the importance of explicit geometrical modelling. The results presented in 

Figure 27 show good agreement between the three models and confirm the ability of 

ntpThermo to model a ME with realistic boundary conditions. However, there is a 

systematic error in the return channel that causes a ~25K under-prediction in the return 

channel bulk fluid temperature presented in Figure 27a. This discrepancy can be observed 

in both ntpThermo and the equivalent annulus OpenFoam model, thus demonstrating that 

the error is not due to ntpThermoôs moderator solution sequence but is the result of 

modelling an equivalent annulus rather than a hexagonal element. The outer surface area 

of the equivalent annulus model is ~95% the surface area of the hexagonal geometry model, 

which results in a slight under estimation of the total heat flux from the fuel element due 

to the equivalent outer surface boundary condition detailed in Figure 27c. This systematic 

error has been resolved by using geometric scaling factors. 
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a. Bulk coolant temperature, K 

  

b. Inner surface temperature, K 

  

c. Outer surface temperature, K 

Figure 27. Results for various thermal fields ï ME with fixed wall temperature 

boundary conditions 

Several different heat transfer correlations were considered for the solution of the 

moderator return channel, detailed in Figure 28. The moderator return channel bulk and 
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inner surface temperature profiles for each of the heat transfer correlations are detailed in 

Appendix A.1  Heat transfer correlations. The bulk fluid temperature in the return channel 

is almost unaffected by the heat transfer correlation. However, the return channel inner 

surface temperature is sensitive to the heat transfer correlation and is best predicted with 

the Taylor correlation. The Taylor correlation is the most accurate as it was fitted based on 

data obtained from experiments with hydrogen that encompassed the range of conditions 

present in the moderator supply channel (TÓ25K, PÒ17.2 MPa, ὙὩÒ1.38E+7) [64]. 

Therefore, in future reduced order modelling of dual pass moderator elements, the Taylor 

correlation is recommended to obtain the most accurate results. 

  

a. Coolant bulk temperature, Tb b. Inner surface temperature,Ts,in  

Figure 28. Inner surface and bulk temperature distribution using various heat 

transfer correlations 

3.2.1.3 Fuel and Moderator Element Supercell 

This section presents the benchmark results for the 6F0M supercell, which is a 

single moderator element surrounded only by fuel elements. The results presented in Figure 

29 show that the bulk fluid and surface temperatures are well predicted in both the fuel and 

moderator, where the ntpThermo calculated fields are presented by the triangular marks 
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and the OpenFoam calculated fields are represented by the solid line. The FE and ZrH inner 

surface temperatures are slightly over predicted by ntpThermo. However, this over 

prediction is favourable for engineering analysis as it results in conservative thermal 

margins. Despite the over prediction of inner surface temperature, the bulk fluid 

temperatures are well predicted.  

  

a. Fuel element b. Sleeve outer surface average 

  

c. Return channel d. Supply Channel 

Figure 29. Selected axial distributions results for 6F0M supercell 

The 6F0M supercell solution sensitivity to various heat transfer correlations applied to the 

fuel element is detailed in Figure 30. The best agreement is achieved with the Wolf-

McCarthy correlation, and the worst agreement is found with the Petukhov correlation. 

This sensitivity demonstrates that a naive heat transfer correlation selection could result in 

Ts,in Tb 

Tb 

Ts,in 

Tb 

Ts,in 
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highly conservative solid fuel temperatures, which could have a negative impact on engine 

performance. 

  

a. Wolf-McCarthy b. Gnielinski 

  

c. Taylor d. Petukhov 

Figure 30. Surface temperatures using various heat transfer correlations, 6F0M 

Based on the results presented in previous sections and the results presented above 

the authors recommend the Wolf-McCarthy correlation for solving the fuel element. This 

recommendation is preliminary and if the use case differs significantly from design 

considered in this paper additional benchmarking should be performed. Additionally, any 

reduced-order T/H modelling would greatly benefit from additional experimental work to 

develop updated NTP specific heat transfer correlations. 
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3.2.2 Analytical verification studies 

This section contains two analytical benchmarks. The first verifies the numerical 

heat conduction solver in Section 3.2.2.1. The second verifies the thermoelastic equation 

solver in Section 3.2.2.2. 

3.2.2.1 Numerical heat conduction solver verification 

The finite difference heat transfer solver within ntpThermo was verified against analytical 

solutions for characteristic conditions in the fuel element and moderator supply channel. 

The purpose of this benchmark is to verify the accuracy of the sparse matrix solver 

implemented to evaluate the resistance model described in Section 2.1.2. The geometry 

detailed in Table 2 and was used to construct equivalent annulus fuel and moderator supply 

channel benchmark problems, respectively. Only a single axial layer was modelled, and 

only a single coolant channel was considered in the fuel element analytic exercises. The 

thermal conductivities from Table 4 were implemented in the benchmark problems, and 

fixed heat transfer coefficients and bulk coolant temperatures were applied to obtain an 

analytical solution. The radial temperature distributions are compared against analytical 

solutions in Figure 31 for the fuel and moderator supply channels. Both benchmarks have 

near perfect agreement with analytical solutions, demonstrating that the numerical solid 

heat transfer solution scheme is correctly implemented and produces accurate results. 
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Table 7: Analytical heat conduction solver benchmark inputs 

Parameter Fuel Element  Moderator Element 

Heated region power density 5 MW/Liter 0.1 MW/Liter 

Heat transfer coefficient 20000 W/m2-K 20000 W/m2-K 

Bulk coolant temperature 500 K 100 K 

 

  

a. Fuel channel b. Moderator supply channel 

Figure 31. Analytical heat conduction solver benchmark results 

3.2.2.2 Thermo-elastic equations solver verification 

The thermoelastic equation solver implemented in ntpThermo was validated against 

the analytical solutions detailed in Ref. 39. The material properties applied to the 

benchmark solution are detailed in Table 8, and are a function of radius. The applied 

temperature distribution is detailed in Equation 45, where Ta = 0 K and Tb = 500 K, and is 

detailed in Figure 32c. 
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Table 8: Thermoelastic equation solver benchmark material properties 

Material Property  Correlation  

Youngôs Modulus, GPa 
Ὁὶ  ρωωȢυ

ὶ

ὥ
 

Thermal expansion 

coefficient, Kī1 
‌ὶ  ρψ ρπφ

ὶ

ὥ
 

Thermal conductivity, 
W·mī1 ·Kī1  

Ὧὶ  ωπȢυ
ὶ

ὥ
 

Poison ratio, unitless ɜ0 = 0.324 

 

Ὕὶ
Ὕ Ὕ

ÌÏÇ
ὦ
ὥ

 ÌÏÇ
ὶ

ὥ
Ὕ 

Equation 45 

The radial stress (Figure 32a), hoop stress (Figure 32b), and radial displacement (Figure 

32d) were calculated for different exponent m values. The ntpThermo results are 

represented by the dashed lines in Figure 1, while the analytical solutions are represented 

by the solid lines. The results detailed in Figure 32 show that the implemented numerical 

scheme correctly solves the stress-strain equations through the Fredholm equation. 
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a. Radial Stresses, GPa b. Tangential Stresses, GPa 

 
 

c. Applied radial temperature d. Radial displacement 

Figure 32. Analytical thermo-mechanical solver benchmark results 

3.2.3 Propagation of differences in thermal fields to neutronics 

As stated previously in Section 1.4 one of the primary goals of ntpThermo is to 

provide T/H solutions for coupled neutronic and T/H calculations. Not only is it important 

that neutron multiplication factor is well predicted but also the local reactivity of each axial 

layer, and thus the axial power distributions. The supercell configurations detailed in 

Figure 25 were modelled in Serpent with the thermal hydraulic solutions obtained from 

ntpThermo and OpenFoam. This included all the solid material temperatures and coolant 
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densities. The global reactivity difference between ntpThermo and OpenFoam calculated 

thermal fields for all the considered cases was less than 3 pcm. This level of agreement is 

more than sufficient for coupled N+T/H analysis. The multi-group cross sections were 

generated for each active fuel axial layer of the supercell models and local reactivity of 

each supercell was calculated using the formula ”ᾀ ὴὧά ρππȟπππρ

  ᾀ   ᾀϳ , where   is the one-group absorption cross section and    is the one 

group neutron production cross section. The local reactivity of each supercell is detailed in 

Figure 33, where the local reactivity scale is on the left-hand side and the error is on the 

right-hand side of each figure. The local reactivity shape is peaked near the entrance of the 

fuel element due to the presence of the BeO axial reflector. The local reactivity of each 

supercell is well predicted with a maximum error of 7 pcm present in the 6F0M 

configuration, while average local reactivity error of all the supercells is less than 2 pcm. 
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a. 6F0M 

 

b. 4F2M 

 

c. 2F4M 

Figure 33. Comparison of local reactivities 
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Since the local reactivity is well predicted for each supercell configuration, the axial 

power profile for each region in is also well predicted. The axial power profile average and 

maximum errors are detailed in Table 9. The maximum percent difference of 8.87% occurs 

in YSZ axial power profile for the 6F0M configuration. The average error in the fuel 

region, which is the most important to accurately predict, is less than 0.65%. The maximum 

error for each supercell occurs in the lower power regions of the YSZ near the lower 

support plate in each configuration, where the axial relative peaking factor is less than 0.7. 

Table 9: Power profile percent errors 

Configuration Fuel (avg / max) ZrH (avg / max) YSZ (avg / max) 

6F0M 0.33% / 1.52% 0.43% / 2.84% 1.35% / 8.87% 

4F2M 0.57% / 2.11% 0.70% / 1.97% 1.45% / 6.34% 

2F4M 0.64% / 1.55% 0.66% / 1.75% 1.08% / 5.72% 

 

The neutron multiplication factor, local reactivity, and axial power distributions are well 

predicted with ntpThermo calculated thermal hydraulic fields. The agreement presented in 

Table 21 and Figure 33 demonstrate that ntpThermo is an ideal code for multiphysics 

analysis of NTP reactors. 
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CHAPTER 4 FULL -CORE MULTIPHYSICS A NALYSIS 

This section focuses on analyzing the impact of various multiphysics feedback 

mechanisms on the predicted excess reactivity, spatial power distributions, and 

thermal/mechanical safety margins of a given design. In Section 4.1 the selected reactor 

design is described. Section 4.2.1 presents full-core multiphysics analysis. Section 4.2.2 

investigates the relevant importance of specific T/H feedbacks on the neutronic solution. 

Finally, Section 4.2.3 investigates the importance of accounting for T/M feedback on the 

T/H solution. 

4.1 Design description 

Recent industry studies have laid out ground rules for the design of HALEU NTP 

reactors, which are summarized in Table 10 [1]. The reactor subsystem mass limit specified 

in Table 10 does not include the mass of the turbopump or the convergent-divergent nozzle 

mass. The ground rules allow the use of Ceramic-Metallic (CERMET) fuel, which is the 

focus of several ongoing research activities [65,66]. However, the analysis in this section 

focuses on a CERCER fueled reactor, which is currently favored in industry designs [1]. 

One of the primary advantages of CERCER fuel is a reduction in parasitic absorption due 

to the use of ZrC as the matrix material. Additionally, the effective density of the fuel 

material is significantly reduced enabling a considerably lighter reactor design. As 

mentioned previously, the reactor design considered in this dissertation is a NERVA-

derived configuration with HALEU UN-CERCER fuel and a Zirconium Hydride (ZrH1.89) 

moderator material. 
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Table 10: Industry design ground rules 

Ground Rule Value 

Thrust 12,500ï15,000 lbf 

Specific Impulse 900 s  

Reactor subsystem mass Ò3,800 kg 

Reactor fuel form CERCER or CERMET 

Fuel kernel UN-HALEU 

Maximum fuel particle packing fraction Ò65 vol% particles 

Maximum fuel temperature design limit Ò2850 K 

 

An inverse pewee lattice configuration was chosen to ensure that the active core possess a 

similar H:235U as the baseline industry design. The axial and radial reactor cross sections 

are detailed in Figure 2 and Figure 3 respectively. The geometry of the fuel and moderator 

elements is identical to those used in the OpenFoam benchmarks (see Section 3.2.1), 

however the active fuel length has been increased from 100 cm to 120 cm. Several of the 

key design parameters are detailed in Table 11. The reactor has a dry mass of 2680 kg, 

which leaves a 1,120 kg mass budget for supporting mechanical structures, and radiation 

shielding. The design relies on an expander engine cycle where the reflector and moderator 

flows are recombined before passing through the turbine to drive the pump before entering 

the FEs as described in Section 1.1. 
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Table 11: Key reactor design parameters 

Parameter Value 

Reactor subsystem dry mass, kg 2680 

Main-stage thrust, lbf 15,000 

Main-stage specific impulse, s 900 

Total HALEU mass, kg 40.3 

Fuel enrichment, wt% 235U 19.75 

H:235U ratio 334:1 

Active core height, cm 120 

Active core diameter, cm 62 

Number of FEôs 127 

Number of MEôs 390 

In-core element flat-to-flat distance, cm 2.45 

Radial reflector thickness, cm 14 

Number of control drums 18 

Control drum radius, cm 5.75 

Poison vane thickness, cm 0.5 

Poison (B4C) enrichment, wt% 10B 95 

 

The Basilisk codeôs fuel loading search algorithm detailed in Section 2.3.5 was applied 

to adjust the fuel particle packing fraction of each FE in the core to obtain a cosine-radial 

power shape with a maximum radial power peaking factor of 1.1. The final fuel loading 

pattern is detailed in Figure 34. The periphery fuel elements have an increased particle 

packing fractions to pull power away from the center of core where the thermal neutron 

flux is greatest. Detailed analysis of reactor fuel loading design can be found in Appendix 

C. The fuel loading analysis relied on the Space Nuclear Thermal Propulsion (SNTP) 
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programôs fuel particle architecture. This fuel particle architecture used a single coat fuel 

particle where 81% of the volume in the fuel particle was occupied by the uranium-bearing 

fuel kernel [67]. Assuming that the SNTP particle architecture is characteristic of 

contemporary fuel architectures the maximum particle packing fraction is only 38.9 vol%, 

which is well below the 65 vol% limit specified in Table 10. The fuel loading design was 

performed with fixed T/H fields which were calculated from a full-core ntpThermo model. 

The model relied on assumed FE and ME power distribution which were similar but not 

identical to the final power distributions. This yielded a discrepancy between the applied 

T/H fields and the actual T/H fields present within the core, which slightly increased the 

radial power peaking (+2%). The final configuration is detailed in Table 11 and was used 

for the analysis presented in this chapter. 

 

Figure 34. Reactor fuel loading pattern 
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For each burn the reactor-engine system undergoes several phases of operation 

including startup, main-stage, shutdown, and cool-down [68]. This section only considers 

main-stage operation where the reactor is producing its rated nominal power to provide 

maximum thrust and Isp. The T/H boundary conditions were calculated using the steady-

state system solver in the ntpTransient code and are detailed in Table 12 [69,70]. 

Table 12: Main-stage operation T/H boundary conditions 

Boundary Conditions (B.C.) Main-stage 

Chamber temperature, K 2700 

Chamber pressure, MPa 6.89 

Reactor power, MW 333.4 

System mass-flow rate, kg/s 7.68 

Inlet fuel temperature, K 221.4 

Inlet moderator temperature, K 45.0 

Inlet fuel pressure, MPa 7.49 

Inlet moderator pressure, MPa 12.9 

 

4.2 Multiphysics feedback studies 

The objective of this section is to demonstrate the impact of T/H and T/M feedback 

on the neutronic solution of an NTP reactor. The coupled N+T/H-T/M analysis scheme 

detailed in Figure 16 was applied to the design detailed in Section 2.3.2. In this Section the 

control drums are fixed to a position of 70-degrees as the critical drum search is not 

enabled. The pressure-drop mass-flow convergence scheme, see Section 2.1.5.1, is applied 

to solve the FEs and MEs. The FEs were solved using Wolf-McCarthy heat transfer 

correlation and the Churchill friction factor correlation, while the MEs were solved using 
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the Talyor heat transfer correlation and McAdam friction factor correlation detailed in 

Appendix A. The temperature dependent material properties detailed in Appendix B are 

applied to the solid materials in the FEs and MEs. The temperature and pressure dependent 

hydrogen thermo-physical properties were obtained from the NASA standard hydrogen 

dataset [71]. The ntpThermo code contains a bilinear interpolation technique to capture the 

temperature and pressure dependencies of the hydrogen thermo-physical properties. The 

effective CERCER fuel material properties were obtained using the Bruggemanôs formula 

[72]. The T/H fields initially applied to the neutronic model were obtained from a FE-ME 

supercell model, the average value of the axial distributions for each region were applied 

uniformly across the neutronic model.  

4.2.1 Coupled neutronic, thermal-hydraulic, and thermo-mechanic calculations 

The multiphysics analysis sequence was able to converge the excess reactivity and 

fuel power distributions in 6 iterations as detailed in Figure 35. In this analysis the 0th 

iteration refers to the first solution where the initially assumed T/H fields were applied to 

the neutronic model. The excess reactivity increases significantly after 0th iteration as the 

uniformly applied significantly overestimate the parasitic absorption near the fuel element 

entrance (z=0 cm). Thus, when cooler temperatures are applied to the upper region of the 

core in the 1st iteration excess reactivity increases by 100ôs of pcm. The excess reactivity 

convergence criterion (‐) was set to 5 pcm, as shown by the dashed grey line in Figure 

35a. Throughout the design of an NTP reactor excess reactivity is commonly traded to 

reduce reactor mass or increase thermal safety margins. The results in Figure 35a 

demonstrate that multiphysics analysis is required to accurately assess the amount of excess 

reactivity available to make such trade-offs.  
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In general, the fission source converges rapidly in NTP cores due to the small active 

core volume and the primary moderator (ZrH in the MEs) is fixed in position. The 

maximum local power distribution errors (‐ ) are detailed in Figure 35b and 

continuously decrease with each iteration. Due to this behavior no relaxation treatment was 

required to converge the local power distributions. The power distribution convergence 

criterion was set to ρ ρπ , represented by the dashed grey line in Figure 35b. Figure 36 

shows the axial power peaking profile for the FE experiencing the highest variation 

throughout the multiphysics solution. The forward shift in the axial power distribution is 

due to the reduction in fuel temperatures near the channel entrance, leading to significant 

increase in local reactivity. The axial power distribution experiences almost no change 

between iteration 4 and 6, thus demonstrating that the ‐  of ρ ρπ is satisfactory.  

 

a. Excess reactivity convergence 
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b. Fuel power distribution convergence 

Figure 35. Excess reactivity and fuel power distribution convergence 

 

s 

Figure 36. Fuel axial power profile convergence 
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The L-2 norm error (ὰ) of several key T/H and T/M fields for each iteration are 

detailed in Figure 37. The ὰ represents the normalized sum of the distance between two 

vectors and is a common convergence criterion to measure the convergence of spatial 

distributions [73]. The ὰ is defined in Equation 46, where ὢᴆ represents the array of values 

of the reference solution and ὢᴆ represents the array of values from the perturbed solution.  

ὰ
ὢᴆ ὢᴆ

ὢᴆ
ρππϷ Equation 46 

To provide additional clarity the norm of a vector ὢᴆ is detailed in Equation 47, where ὴ 

represents the order. 

ὢᴆ ȿὼȿ 

Ⱦ

 Equation 47 

By iteration 6 the maximum ὰ of any of the T/H-T/M fields detailed in Figure 37 was less 

than 1%, thus demonstrating a well converged solution. A summary of T/H-T/M 

feedbackôs impact on the thermal and mechanical safety margins, excess reactivity, and 

maximum radial power peaking is detailed in Table 13. The maximum radial power 

peaking factor is reduced by 3.8%, thus demonstrating that T/H-T/M feedback has a 

significant impact on the spatial power distributions. 
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Figure 37. Convergence of thermal and mechanical fields 

 

Table 13: Summary of multiphysics feedback effects 

Parameter Initial  

Solution 

Converged 

Solution 

Percent 

difference, % 

Excess reactivity, pcm -375 -37 +90.1 

Max. radial power peaking 1.16 1.12 -3.8 

Max. fuel temperature, K 3148 3071 -2.5 

Max. fuel VM stress, MPa 289 295 +2.1 

Max. ZrH Temperature, K 568 539 -5.1 

Fuel pressure drop, kPa 424 433 +2.1 

 

Full-core figures are presented in this section to demonstrate that the Basilisk 

framework is capable of element-by-element analysis. This capability will be essential for 

future off-nominal analysis studies, such as stuck-drum scenarios where a high degree of 
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asymmetry will be present in the core. Additionally, full-core trends are presented to 

demonstrate that the MC solution is well converged.  

The radial power peaking distribution from the initial neutronic solution (0th 

iteration) and the converged solution (6th iteration) are compared in Figure 38. When 

comparing Figure 38a and Figure 38b it becomes clear that T/H-T/M feedback reduces the 

radial power peaking the core. The hot-element radial power peaking is reduced by 3.8%, 

and the outer ring of FE radial power peaking increases on average by 2.0%. This behavior 

is favorable as it reduces peak fuel temperatures.  

The maximum temperature of each FE for the initial and converged solution are 

compared in Figure 39. The peak fuel temperature decreases by 77K from 3148K to 3071K 

when T/H-T/M feedback is accounted for and is primarily driven by the reduction in radial 

power peaking. The most complex behavior is exhibited by the peak Von Mises (VM) 

stress of each FE, which is detailed in Figure 40. When T/H-T/M feedback is neglected the 

peak VM stress in the core is underpredicted by 6 MPa. Additionally, the location of the 

peak stress FE moves from the periphery to the center of the core. The T/M solution is 

extremely sensitive to the T/H solution as the VM stress is a non-linear function of the 

temperature gradient within fuel and the mechanical properties which are also a strong 

function of temperature.  

The analysis in Section 4.2.2 shows that the local ZrH temperature distribution has 

the most significant impact on the radial power distribution of all the T/H feedback 

mechanisms. The initial and converged maximum ZrH temperature radial distributions are 

compared in Figure 41. The maximum ZrH temperature of the MEs surrounding the central 
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FE decreases by 5.1%, while the outer ring of MEs maximum ZrH temperature increase by 

~7.0%. Two factors are responsible for this change. The first is that the direct energy 

deposition in the central MEs decreases as the fuel radial power distribution flattens. The 

second is that as the fuel radial power distribution flattens the fuel temperature of the 

central FEs decreases, see Figure 39, which decreases the total heat conducted to the central 

MEs.  
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Figure 38. Impact of T/H and T/M feedback on radial power peaking distribution 
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Figure 39. Impact of T/H and T/M feedback on maximum fuel temperature 
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Figure 40. Impact of T/H and T/M feedback on maximum fuel Von-Mises Stress 
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Figure 41. Impact of T/H and T/M feedback on maximum ZrH temperature 
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The maximum VM stress and total displacement of the central FE as function of 

axial height is detailed in Figure 42. Several factors contribute the shape of the VM stress 

distribution. The first is that along the initial length of the channel (z=0-0.4m) the increase 

in temperature causes a decrease in the difference between the fuel temperature and zero-

stress reference temperature, also causing the coolant channel to contract represented by a 

negative total displacement value in Figure 42b. However, once the fuel temperature 

becomes higher than the zero-stress reference temperature (z>0.4m) the fuel begins to 

expand causing an increase in stress. The Youngôs Modulus is inversely proportional to 

temperature and appears in the numerator of Equation 14, and Equation 15. Therefore, as 

the Youngôs Modulus decreases so does the predicted VM stress near the exit of the channel 

(z=0.8-1.2m).  

 

a. Max. VM stress 
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b. Total Displacement 

Figure 42. Comparison of maximum VM stress and total displacement of hot-

element axial distributions 

The largest error in the predicted VM stress occurs at the entrance of the FE at an axial 

height of 0.01m. The solid temperature, hoop stress, radial stress, and coefficient of thermal 

expansion are detailed as a function of radius in Figure 43. In this case the T/H-T/M 

feedback results in temperature increase, which causes a relatively larger increase in the 

both the predicted radial and hoop stress distributions. The sharp variation in the coefficient 

of thermal expansion is due to the material changes from the ZrC cladding to the ZrC-UN 

fuel meat material. Additionally, the trends in Figure 43b demonstrate that ntpThermo 

accounts for the temperature dependent of the mechanical properties.  
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Figure 43. Comparison of radial temperature and stress distributions of hot-

element at z=0.01m 

4.2.2 Neutronic sensitivity of thermal-hydraulic feedback 

The objective of this section is to determine the sensitivity of the neutron 

multiplication factor and the fuel power distribution to specific T/H property and feedback. 

The Basilisk framework allows the user to apply arbitrarily defined temperature and 

density distributions to every region of a full-core Serpent model. The importance of a 

specific T/H fieldôs spatial distribution was investigated by applying the global average a 

specific T/H field obtained from the converged solution from Section 4.2.1 to a full-core 
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model, while all other T/H fields from the reference solution were applied with the correct 

spatial distribution. The five cases considered are the following: 

1. Fixed fuel temperature: A uniform fuel temperature (Ὕ) profile was fixed to 

the global average fuel temperature of 2140.1 K obtained from the reference 

solution.  

2. Fixed fuel gas density: A uniform fuel gas density (”) profile was fixed to 

global average fuel gas density of 1.7 kg/m3 obtained from the reference 

solution.  

3. Fixed supply gas density: A uniform supply channel gas density (”) profile 

was fixed to global average supply gas density of 26.0 kg/m3 obtained from 

the reference solution.  

4. Fixed return gas density: A uniform return channel gas density (”) profile 

was fixed to global average return gas density of 8.3 kg/m3 obtained from 

the reference solution.  

5. Fixed ZrH temperature: A uniform ZrH temperature (Ὕ ) profile was 

fixed to the global average ZrH temperature of 341.9 K obtained from the 

reference solution. 

The reactivity errors are the result of errors in the neutron economy or non-leakage 

probability, and in most cases a partial cancelation of errors occurs. The neutron economy 

and non-leakage probability terms in the six-factor formula was converted to a simplified 

two-factor detailed by Equation 48. Where, ῲ represents the infinite multiplication factor 

using a standard formalism of ʂὪὴʀ, and the non-leakage probability ὖ  encompasses 

both the fast and thermal leakage terms. The errors in neutron economy (”   and neutron 

leakage (” ) can be evaluated by substituting the perturbed value into the two-factor 

formula, as demonstrated by Equation 49. 
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Ὧ ῲὖ  Equation 48 

”  ῲ ὖ ȟ Ὧ ȟ ρπ Equation 49 

The errors in the fuel power distribution were quantified by calculating the ὰ of the radial 

power peaking to the reference solutionôs radial power peaking distribution. The reactivity 

and fuel power distribution errors are detailed in Table 14, where Ὑὖὖ  is the maximum 

radial power peaking factor. In this specific reactor design the fuel and ZrH temperature 

distributions have the most significant impact on the predicted reactivity and fuel power 

distribution. While the hydrogen gas density profiles have only a very minor impact on the 

neutronic solution. However, the NRX and XE-Prime reactorôs local power distributions 

were particularly sensitive to variations in the local hydrogen gas density as the active core 

region maintained an average H:235U ratio near one [18]. Therefore, if the overall H:235U 

ratio or the moderator material of a given design significantly differs from that considered 

in this section additional analysis should be performed in a similar manner to redetermine 

the relative importance of specific T/H feedback. 

Table 14: Summary of T/H feedback sensitivities 

Simplified T/H 

field 
ⱬ▄►►
◔ , pcm ⱬ▄►►

╟╝╛, pcm ╡╟╟□╪● ■, % 

Ὕ -122 +90 1.122 3.8 

Ὕ  +26 +75 1.152 20.9 

”  -1 -2 1.117 0.6 

”  +3 -3 1.118 0.7 

”  +10 -2 1.115 0.7 
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The greatest error in the fuel power distribution occurs in upper region of the core 

where the propellant enters (z=0 cm) to the FEs of the reactor core, specifically from 

z=0.36ï0.40 m. The radial Ὕ  and fuel power percent difference from the reference 

solution in this axial region are detailed in Figure 44, where a negative number represents 

an underestimation. The trends in Figure 44 demonstrate that the underestimation of Ὕ  

in the center of the reactor induces significantly higher power peaking. The primary cause 

for the redistribution of power is the forward shift (towards higher energies) of the 

Maxwellian thermal neutron flux peak as the ZrH temperature increases. This behaviour is 

detailed in Figure 45 for the central FE at an axial height of z = 0.36ï0.40 m. The energy 

dependent neutron production cross section (ʉɫ) is also detailed in Figure 45. Due to the 

high H:235U ratio over 95% of total fissions in this region of the core occur at energy less 

than 1 eV. The shift in the thermal neutron peak detailed in Figure 45 causes a 6.6% 

reduction in the total neutron production reaction rate in the 0-1 eV energy range, thus 

causing change power distribution detailed in Figure 44. 
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Figure 44. Comparison of error in radial power peaking and ZrH temperature 

radial distributions (z=0.38 m) 
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Figure 45. Comparison of thermal neutron peak and neutron production cross-

section for central FE (z=0.36-0.40m) 

4.2.3 Thermo-mechanical feedback on thermal-hydraulic solution sensitivity study 

The analysis presented in Section 4.2.1 utilized the coupled T/H-T/M routine 

detailed Figure 12. In order to demonstrate the importance of accounting for T/M feedback 

the converged power distributions from Section 4.2.1 were applied to a full-core 

ntpThermo model, however the T/M feedback was disabled. Instead, a decoupled serial 

calculation was performed where the solid material temperatures used to predict the solid 

material stresses and deformation is compared to the reference solution.  

When T/M feedback is neglected, the maximum fuel temperature is overestimated 

by 160K, pressure losses across the FE channels was overestimated by 171 kPa, and the 

maximum VM stress was underestimated by 20 MPa. The maximum fuel temperature of 

each FE is detailed in Figure 46, where the percent difference (%ȹ) is calculated via %ȹ= 
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100 × (ὢύ/Ὕὓ ī ὢύ/έὝὓ)/ὢύ/έὝὓ, where ὢ is the quantity of interest. The mass-flow 

distribution of the FEs with (w) and without (w/o) T/M feedback is compared in Figure 47. 

It becomes clear when comparing Figure 47a,b that T/M feedback significantly impacts the 

mass flow distribution within the FE channels as the hot channel experiences a 11% 

increase in mass flow when T/M feedback is considered.  

 

 

Figure 46. Impact of T/M feedback on maximum fuel temperature 
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Figure 47. Impact of T/M feedback of FE mass-flow distribution 

The difference in mass flow distribution is caused by the thermal expansion of 

coolant channels. The thermal expansion of coolant channels increases the flow area within 

the FE, resulting in reduced pressure drops, thus, requiring additional mass flow to equalize 

the pressure drop across the FE channels. The percent difference in the flow area of each 

FE at the core mid-plane (z=0.60 m) with and without thermal expansion is detailed in 

Figure 48. The mass-flow and flow area percent difference distributions show this 

relationship as they have nearly identical shapes. As expected, the hottest channel 

experiences the greatest increase (+20.9%) in flow area because of its elevated solid-fuel 

temperatures. The average increase in coolant channel radius is only 75 micrometers, 












































































































































