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A physics-based Nuclear Thermal Propulsion (NTP) 

Testing Reference Design (TRD) power balance model was 

coded in Simulink to investigate engine performance for 

various design and parameter modifications. Since the 

primary mode of heat transfer in NTP engines is 

convective, the convective heat transfer coefficient (HTC) 

is a key parameter that requires accurate representation. 

The industry standard Westinghouse correlation has an 

uncertainty of ±20% which was investigated in this study. 

The results showed that a 20% decrease in the HTC led to 

a 4.14% increase in maximum fuel temperature while a 

20% decrease in the HTC led to a 1.81% decrease in 

maximum fuel temperature suggesting that narrowing the 

uncertainty of this correlation through experimental work 

would be a critical step in the development of NTP engines. 

Furthermore, a maximum fuel temperature relationship 

with specific impulse was developed for the TRD engine 

which showed potential engine operation between specific 

impulse values of 715 and 900 seconds with minimal 

changes to the engine design. This graph could be useful 

for high level vehicle performance estimations for fuel 

types with different maximum operating temperatures. 

 

I. INTRODUCTION 

Nuclear Thermal Propulsion (NTP) is an in-space 

propulsion method which underwent significant 

development in the United States from 1950s through the 

early 1970s during the Project Rover and Nuclear Engine 

for Rocket Vehicle Application (NERVA) programs. The 

goal of these two programs was to create a propulsion 

system capable of transporting humans to Mars and 

provide a reusable lunar shuttle. Unlike chemical 

propulsion, NTP does not depend on combustion of an 

oxidizer and fuel to produce thrust; instead, a propellant is 

pumped into a nuclear reactor and heated to high 

temperatures before being expelled through a nozzle. 

Essentially, the NTP-based engine is a monopropellant 

system1. In the early 1970s, the NERVA program was 

cancelled in part because the Cold War was ending, the 

United States made successful crewed landings on the 

Moon, and there was less interested in large funding to 

Mars as well as other political factors. Many studies and 

some development programs have been completed since 

this program, but none have reached the development 

status demonstrated in Rover/NERVA. In recent years, 

there has been renewed interest in development of NTP 

systems for crewed space exploration. Therefore, 

government, academia, and industry have been developing 

modern hardware and modeling approaches to bolster NTP 

development. These developments have allowed quick 

performance estimates to be made to provide insight into 

the expected system performance given a change to 

selected parameters. One of these analyses is presented in 

this paper which investigates how varying the heat transfer 

coefficient within its error bounds affects the NTP engine 

performance and the propellant state points according to 

the flow schedule throughout the engine. 

The NTP Testing Reference Design (TRD)2 

schematic, as seen in Fig. 1, shows the expander cycle NTP 

engine using hydrogen as the sole propellant. The 

hydrogen flow starts out by exiting the propellant tank 

when the pump shut-off valve (PSOV) is opened and enters 

the boost pump at State 1. The boost pump is needed to 

prevent cavitation from occurring at the inlet to the main 

pumps. A boost pump was not needed in the NERVA 

program since those were bleed cycles which did not 

require as high of a system pressure as the expander cycle. 

The flow exits the boost pump and enters the main 

pumps at State 2 from which it exits at State 3 to go through 

the pump bypass valve (PBV). From the PBV, the flow 

exits at State 4 and is split between the moderator element 

control valve (MECV) and the REGenerative cooling 

Control Valve (REGCV). From the exit of the REGCV at 

State 6, the flow provides regenerative cooling to the 

nozzle and exits at State 7 into the control drum/reflector 

channels to also provide cooling and exits at State 8. From 

the exit of the MECV at State 10, the flow enters the 

moderator block cooling channels and exits at State 11. The 

exit flows from the moderator block and the control 

drum/reflector region mix at State 12 and the flow is split 

between the boost turbine at State 13, the main turbines at 

State 15, and the turbine control valve (TBCV) at State 17. 

The flows from the boost turbine, main turbines, and 

TBCV exit at States 14, 16, and 18, respectively and mix 

at State 19. The TurBine Valve (TBV) is used to provide 

additional pressure regulation to ensure robust control and 
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throttlability of the engine by changing the turbine pressure 

ratio. 

The mixed flow at State 19 enters the fuel element 

control valve (FECV) and exits at State 20 to enter the fuel 

elements. The flow is superheated and exits at State 21 

which corresponds to the chamber conditions. The flow 

then goes through the converging/diverging nozzle to 

become accelerated to provide thrust and exits the engine 

system at State 22. 

 

 

Fig. 1. NTP Testing Reference Design Schematic 

II. NTP ENGINE MODEL 

 The TRD was modeled in Simulink with the 

physics of each major component coded using physics-

based correlations. Previous work2 has provided an in-

depth view of the approach that was used to increase the 

fidelity of the turbomachinery components using affinity 

laws and efficiency contour plots. However, it did not 

outline the modeling approaches to the other components 

which will be included in this work. 

II.A. Turbomachinery 

This section provides an overview of the affinity laws 

used in the model. The pump work 𝑊̇𝑝  and rotating 

velocity 𝜔  are shown in Eq. 1 and Eq. 2, respectively 

which are based on the pump mass flow rate 𝑚̇𝑝 , fluid 

density 𝜌 , pressure 𝑃 , physical pump diameter 𝐷𝑝 , and 

specific speed of the pump 𝑛𝑠𝑝
. Eq. 3 describes the specific 

diameter which can be used to extract the pump efficiency 

from a contour plot3. 

𝑊̇𝑝 =
𝑚̇𝑝(𝑃𝑜𝑢𝑡−𝑃𝑖𝑛)

𝜌
     (1) 

𝜔 =
𝑛𝑠𝑝(𝑔0𝐻𝑝)

3 4⁄

√∀̇𝑝

=
𝑛𝑠𝑝(𝑃𝑜𝑢𝑡−𝑃𝑖𝑛)3 4⁄

𝜌1 4⁄ √𝑚̇𝑝
       (2) 

𝑑𝑠𝑝
=

𝐷𝑝(𝑔0𝐻𝑝)
1 4⁄

√∀̇𝑝

=
𝐷𝑝[𝜌(𝑃𝑜𝑢𝑡−𝑃𝑖𝑛)]1 4⁄

√𝑚̇𝑝
             (3) 

Similarly, the affinity laws for the turbine are 

expressed through the fluid enthalpy instead of the 

pressure. The pump dictates the performance that the 

turbine must provide, therefore the turbine work must 

equal the pump work 𝑊̇𝑡𝑢𝑟𝑏 = 𝑊̇𝑝𝑢𝑚𝑝  and the turbine 

rotational velocity is equal to the pump velocity. Using 

this, the expression for the required turbine specific speed 

𝑛𝑠𝑡
 and specific diameter 𝑑𝑠𝑡

 (based on the physical 

turbine diameter 𝐷𝑡 ) are shown in Eq. 4 and Eq. 5, 

respectively. 

𝑛𝑠𝑡
=

𝜔√∀̇𝑡
 

(𝑔0𝐻𝑡)
3

4⁄
=

𝜔√𝑚̇𝑡
 

√𝜌(ℎ𝑖𝑛−ℎ𝑜𝑢𝑡)
3

4⁄
       (4) 

𝑑𝑠𝑡
=

𝐷𝑡(𝑔0𝐻𝑡)
1

4⁄

√∀̇𝑡
 =

𝐷𝑡√𝜌(ℎ𝑖𝑛−ℎ𝑜𝑢𝑡)
1

4⁄

√𝑚̇𝑡
        (5) 

The turbines are throttled by controlling the mass flow 

rate. Therefore, depending on the turbine specific speed, 

rotational velocity, and required work that needs to be 

produced, the mass flow rate can be determined by using a 

modified and simplified expression of the 1st Law of 

Thermodynamics for an open system, as shown in Eq. 6. 

The details of its derivation were provided in previous 

work2. Since the turbine specific speed and specific 

diameter are known from Eq. 4 and Eq. 5, the turbine 

efficiency can be found from a contour plot. Using the 

isentropic efficiency, the isentropic outlet enthalpy can be 

found by using Eq. 7 and, in conjunction with the inlet 

entropy, the outlet pressure can be found to determine the 

turbine pressure ratio via fluid properties look-up table. 

𝑚̇𝑡 = (𝑊̇𝑠ℎ𝑎𝑓𝑡 − 𝑄̇𝑖𝑛)
3 5⁄

(
𝑛𝑠𝑡√𝜌

𝜔
)

4 5⁄

      (6) 
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𝜂𝑡 =
ℎ𝑖𝑛−ℎ𝑜𝑢𝑡

ℎ𝑖𝑛−ℎ𝑜𝑢𝑡𝑠

→ ℎ𝑜𝑢𝑡𝑠
= ℎ𝑖𝑛 −

ℎ𝑖𝑛−ℎ𝑜𝑢𝑡

𝜂𝑡
      (7) 

II.B. Cooling Channel Flow 

The cooling channel flow analysis is based on a nodal 

model using a first order iterative upwind CFD scheme and 

determines both the temperature gains and pressure losses 

of the fluid at each node as shown in the schematic in Fig. 

2. Here, the energy coming into node 𝒊 of length ∆𝒙 is the 

fluid enthalpy 𝑚̇ℎ𝑖  (not specific enthalpy) as well as the 

heat allocated to this node 𝛿𝑄𝑖 . It is assumed that all 𝛿𝑄𝑖  

goes into the fluid to result in the energy leaving the node 

of 𝑚̇ℎ𝑖+1. This leads to a temperature rise of ∆𝑇 and a node 

exit temperature of 𝑇𝑖+1. The heat transfer coefficient ℏ for 

this study is assumed to be the Westinghouse correlation 

shown in Eq. 8 with an expected error of ±20% and valid 

for a Reynolds number between 4,000  and 1.5 × 106 

(Ref. 4).  

The surface temperature of the node 𝑇𝑠𝑖
 and the exit 

temperature 𝑇𝑖+1  are found by solving Eq. 9 and Eq. 10 

simultaneously. The pressure drop within the node is found 

by incorporating both frictional and momentum pressure 

losses, as shown in Eq. 11. For the frictional pressure 

losses, the friction factor that is used is that of Churchill for 

which the expression together with the coefficients 𝐴 and 

𝐵 are shown in Eq. 12. 

 

Fig. 2. Reactor Channel Nodal Heat Transfer Schematic 

 

ℏ = 0.025
𝑘

𝐷
𝑅𝑒0.8𝑃𝑟0.4 [1 + 0.3 (

𝐷

∑ ∆𝑥𝑖
𝑗=1

)
0.7

] (
2𝑇𝑠𝑖

𝑇𝑖+𝑇𝑖+1
)

−0.55

  (8) 

𝛿𝑄𝑖 = ℏ∆𝐴𝑠 [𝑇𝑠𝑖
−

𝑇𝑖+𝑇𝑖+1

2
]                    (9) 

𝑇𝑠𝑖
=

𝑇𝑖𝑒𝑥𝑝(
ℏ𝜋𝐷∆𝑥

𝑚̇𝑐𝑝
)−𝑇𝑖+1

𝑒𝑥𝑝(
ℏ𝜋𝐷∆𝑥

𝑚̇𝑐𝑝
)−1

                       (10) 

∆𝑃 = 𝑓
𝜌∆𝑥𝑉𝑎𝑣𝑔

2

2𝐷
+

𝜌

2
(𝑉𝑖+1

2 − 𝑉𝑖
2)                (11) 

 

 

 

𝑓𝐶𝐻 = 8 [(
8

𝑅𝑒
)

12

+
1

(𝐴 + 𝐵)1.5
]

1 12⁄

 

Where:                    (12) 

𝐴 = [2.457 ln (
1

(
7

𝑅𝑒
)

0.9

+ 0.27
𝜀
𝑑

)]

16

 

𝐵 = (
37530

𝑅𝑒
)

16

 

 

The maximum expected average fuel temperature is 

also of high importance as it determines the performance 

limitation of the NTP engine. Although angular 

temperature dependencies will occur in the physical 

system, their calculation methods will require significant 

computational effort and will not yield to a practical 

evaluation of an entire power balance model for the engine. 

Therefore, the present analysis focuses on an average 

single channel within the core to simplify the overall 

analysis. The location of the maximum fuel temperature is 

calculated by finding the total cross-sectional area of the 

fuel in the fuel element 𝐴𝑓 given the fuel element diameter 

𝑑𝑓 , the number of channels 𝑛 , and the channel internal 

diameter 𝑑𝑐𝑖
. This area is divided by 𝑛 as shown in Eq. 13, 

thus giving the cross-sectional area of the fuel per channel 

𝐴𝑓𝑐
. The virtual outer diameter of the channel 𝑑𝑐𝑜

 is then 

found by forcing 𝐴𝑓𝑐
 to equal the outer area around the 

flow channel as shown in Eq. 14. Although this is not a 

high-fidelity calculation method, it will still yield results 

with a small error4. The maximum fuel temperature is then 

calculated by the cylindrical heat transfer expression 

shown in Eq. 15. 

𝐴𝑓 =
𝜋

4
(𝑑𝑓

2 − 𝑛𝑑𝑐
2

𝑖
) → 𝐴𝑓𝑐

=
𝜋

4𝑛
(𝑑𝑓

2 − 𝑛𝑑𝑐
2

𝑖
)      (13) 

𝐴𝑓𝑐
=

𝜋

4𝑛
(𝑑𝑓

2 − 𝑛𝑑𝑐
2

𝑖) =
𝜋

4
(𝑑𝑐

2
𝑜

− 𝑑𝑐
2

𝑖) → 𝑑𝑐𝑜
= √

𝑑𝑓
2−𝑛𝑑𝑐

2
𝑖

𝑛
+ 𝑑𝑐

2
𝑖
  (14) 

𝑇𝑓𝑚𝑎𝑥𝑖
=

𝛿𝑄̇ ln(
𝑑𝑐𝑜
𝑑𝑐𝑖

)

2𝜋𝑘𝑓∆𝑥
+ 𝑇𝑠𝑖

               (15) 

II.C. Nozzle 

The nozzle is the component responsible for 

converting the potential energy inside the chamber into 

kinetic energy that is responsible for providing thrust. The 

calculations for estimating the performance of the nozzle 

are based on the standard compressible flow relations at 

location 𝑥 which are shown in Eq. 16 for the temperature 

ratio, Eq. 17 for the pressure ratio, Eq. 18 for the maximum 

mass flow rate, Eq. 19 for the Mach number based on the 

area ratio, Eq. 20 for the thrust 𝐹 , and Eq. 21 for the 

specific impulse 𝐼𝑠𝑝. 

𝑇0

𝑇𝑒
= 1 +

𝛾−1

2
𝑀𝑒

2           (16) 
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𝑃0

𝑃𝑥
= (1 +

𝛾−1

2
𝑀𝑥

2)

𝛾

𝛾−1
                      (17) 

𝑚̇𝑚𝑎𝑥 = 𝑃0𝐴∗√
𝛾

𝑅𝑇0
∙ (

2

𝛾+1
)

𝛾+1

2(𝛾−1)
              (18) 

𝐴∗

𝐴𝑥
= 𝑀𝑥 [

𝛾+1

2

1+
𝛾−1

2
𝑀𝑥

2
]

𝛾+1

2(𝛾−1)

                   (19) 

𝐹 = 𝜂𝑛𝑜𝑧[𝑚̇𝑣𝑒 + (𝑃𝑒 − 𝑃𝑎)𝐴𝑒]       (20) 

𝐼𝑠𝑝 =
𝐹

𝑚̇𝑔
                                (21) 

The channels that run inside the nozzle provide forced 

convective cooling and the same correlations and methods 

are used to determine the fluid and surface temperatures as 

were described in the previous section. However, the 

plume flow uses the Bartz correlation6 for ℏ as shown in 

Eq. 19 instead of the Westinghouse correlation. Here, 𝜎 is 

the dimensionless boundary layer factor which is expressed 

in Eq. 20 where 𝑠 is the exponent inside the Power-Law 

Force equation shown in Eq. 21. 𝑠 is determined by using 

Eq. 21 alongside a reference state (throat conditions) and a 

state of interest (at location 𝑥). 

ℏ𝑥 =
0.026

𝐷𝑡
0.2 (

𝜇𝑥
0.2𝑐𝑝

𝑃𝑟0.6 )
0

(
𝑚̇

𝐴𝑡
)

0.8

(
𝐷𝑡

𝑟𝑐
)

0.1

(
𝐴𝑡

𝐴𝑥
)

0.9

𝜎       (22) 

𝜎 = {[
1

2

𝑇𝑠𝑜

𝑇0
(1 +

𝛾−1

2
𝑀𝑥

2) +
1

2
]

0.8−
𝑠𝑥
5

[1 +
𝛾−1

2
𝑀𝑥

2
]

𝑠𝑥
5 }

−1

      (23) 

𝜇𝑥 = 𝜇∗ (
𝑇𝑥

𝑇∗)
𝑠𝑥

           (24) 

II.D. Reactor 

To inform the thermal hydraulic modeling discussed 

in Section II, a comprehensive power distribution of the 

reactor should be included in the modeling suite. In this 

work, the radial and axial power profile information is 

generated using a representative SERPENT input deck that 

mimics the government TRD. This modeling approach 

uses probabilistic Monte Carlo methods to estimate the 

reactor neutronic performance at steady state operation. 

Key inputs to this tool include the TRD geometry, 

materials, and power level. The user can also provide 

interface files that SERPENT will use to axially discretize 

the temperature and density of selected materials. This 

addition will allow for temperature-dependent cross-

sections and more representative assumptions in the 

transport solver. 

Using the baseline TRD, the primary results of interest 

include the radial and axial power shape in the fuel, 

moderator, and reflector through SERPENT’s core power 

distribution (CPD) and material-specific detectors. The 

CPD flag will generate a high-fidelity power distribution in 

the fuel lattice, including power per assembly, per channel, 

and per axial bin. Each of these results files are post 

processed in the Simulink suite to have a representative 

heating profile in all crucial flow channels, as discussed in 

Section II.B. Iterative feedback is being investigated as a 

viable option to reach autonomous thermal hydraulic and 

neutronic convergence. 

II.E. Model Assembly 

The engine model is assembled in Simulink with each 

engine component coded separately to provide its 

operating characteristic and outlet independent of the 

model itself as shown in Fig. 3. This provides the power to 

reassemble the engine components easily into alternative 

cycle configurations without recoding the components. 

 

Fig. 3. Arbitrary Engine Component Schematic 

 

For the TRD model configuration, the solution method 

is shown in Fig. 4. Here, the desired chamber pressure and 

temperature along with the pump inlet pressure and 

temperature are set to those of the TRD and are not 

changed. The guess 𝑚̇ and 𝑄̇𝑡𝑜𝑡 are also set to that of the 

TRD but are iterated as the solution progresses. The fluid 

flow path is modeled to match that of the TRD shown in 

Fig. 1. Within the Simulink model, there are two iteration 

loops that govern the cycle convergence. The internal loop 

is within the reactor which iterates on 𝑄̇𝑡𝑜𝑡 to achieve the 

desired chamber temperature 𝑇𝑐𝑑𝑒𝑠
. The external loop 

iterates the reactor inlet pressure to achieve the desired 

chamber pressure 𝑃𝑐𝑑𝑒𝑠
 as well as a stable 𝒎̇ through the 

nozzle. 

 

Fig. 4. Solution Flow Diagram 

 

III. ENGINE PERFORMANCE ANALYSIS 

The primary purpose of this study is to analyze the 

performance of the TRD engine by varying the 

Westinghouse ℏ  shown in Eq. 8 by ±20% to capture an 

expected thermal performance band. This will help 

determine the impact on the engine performance if the 

predicted ℏ is not reached. The secondary purpose is to 
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provide a relationship between the specific impulse 𝐼𝑠𝑝 and 

the maximum average fuel temperature for performance 

estimation when the specific impulse of 900 seconds 

cannot be reached due to fuel temperature limitations. 

The chamber temperature is set to 2700 K to match 

that of the TRD. Since the system is iterated for both the 

chamber pressure and temperature to match the desired 

values, the mass flow rate, specific impulse, and thrust of 

the engine do not change. There are marginal differences 

±5  K in the temperatures throughout the cycle which 

contribute to marginal differences in the flow rates through 

the turbines and TBCV. If the same chamber conditions are 

achieved, then there would be marginal impact to the 

overall power balance cycle regardless of the HTC error. 

However, the same cannot be said for the maximum reactor 

element temperatures which are summarized in Table I.  

Here, it is observed that the HTC plays a critical role 

in determining the maximum fuel temperature which rises 

significantly more at an HTC that is 20% lower than the 

nominal (temperature rise of 127.1 K or 4.14%) than that 

which is 20% higher than the nominal (temperature drop of 

55.5 K or 1.81%). This states that if there is a fuel 

operational temperature limit within the band of the HTC 

uncertainty, then there is a possibility of critical reactor 

failure should the actual HTC be close to the -20% limit. 

Furthermore, this suggests that experimental investigation 

of the expected HTC within the fuel element channels is 

key in maximizing the performance of the TRD engine by 

decreasing the HTC uncertainty. Both the moderator block 

and control drum/reflector channels do not exhibit the same 

high temperature variation as the fuel elements likely due 

to a much lower overall temperature rise through the 

channels. 

TABLE I. Maximum Reactor Temperatures 

Max Fuel Temperature (K) 

HTC ±0% 3065.5 

HTC +20% 3010.0 

HTC -20% 3192.6 

Max Moderator Temperature (K) 

HTC ±0% 575.8 

HTC +20% 554.3 

HTC -20% 613.1 

Max CD/Reflector Temperature (K) 

HTC ±0% 693.4 

HTC +20% 669.2 

HTC -20% 735.4 

 

This analysis was extended to different chamber 

temperatures which correspond to different 𝐼𝑠𝑝  values 

while the thrust was kept the same by varying the throat 

diameter. Furthermore, the pump and turbine designs were 

also modified to accommodate for the increase of 𝑚̇ as the 

𝐼𝑠𝑝  is lowered. The resulting maximum fuel temperature 

versus 𝐼𝑠𝑝  relationships at the bounding HTC values is 

shown in Fig. 5. The curves stop at a 𝐼𝑠𝑝 of 715 seconds 

which indicate that the TRD design is unable to provide the 

same amount of thrust below this 𝐼𝑠𝑝  as the turbine inlet 

temperature becomes too low and the turbine flow rate 

becomes too high to retain throttleability of the system 

through the TBCV. Operating below this 𝐼𝑠𝑝 will require 

modifying the component parameters and/or the engine 

cycle which is outside the scope of this study. The small 

bumps on these graphs are a product off the accumulation 

of small errors during convergence, variable fluid 

properties, and small differences in turbomachinery design 

convergence with the different operating conditions. 

 
Fig. 5. Maximum Fuel Temperature Bounds as a Function 

of Specific Impulse 

IV. CONCLUSIONS 

A physics-based power balance model of the NTP 

TRD engine was assembled in Simulink to examine 

various cycle configurations and performance 

specifications. The industry standard Westinghouse 

correlation for the convective HTC has an uncertainty of 

±20%.  

The current study modified the provided value by the 

Westinghouse correlation by ±20% to analyze the impacts 

to the engine performance when the uncertainty limits of 

the HTC were reached. The datum maximum fuel 

temperature was 3065.5 K. One of the key findings was 

that when the HTC was lowered by 20%, the resulting 

maximum fuel temperature increased to 3192.6 K to by 

4.14%. On the other hand, when the HTC was raised by 

20%, the maximum fuel temperature dropped to 3010.0 K 

corresponding to a drop of 1.81%. This suggests that a 

lower HTC will have a more profound effect on the 

temperature change which would be detrimental to the 

engine operation due to a limited operational temperature 

of the fuel. This work has suggested that experimental 

studies that will result in lowering the HTC uncertainty are 

critical for the NTP project as these uncertainties will drive 
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margins which will affect the predicted engine 

performance. 

This study further analyzed changing the chamber 

temperature while keeping the chamber pressure and thrust 

the same to provide an estimation to the engine 

performance should the HTC yield a higher-than-expected 

maximum fuel temperature than the datum of the TRD. The 

results showed that if the chamber temperature and 

pressure remained constant while the nozzle throat was 

changed to produce the same amount of thrust, the TRD 

engine will operate to produce a minimum specific impulse 

of 715 seconds with modifications to the turbopump and 

nozzle throat diameter. The reactor parameters remained 

the same. Furthermore, this study presented a graph of the 

maximum fuel temperature versus the specific impulse 

with the ±20% HTC uncertainty values incorporated as 

the bounding performance cases. This graph can be used to 

estimate high level vehicle performance approximations 

given various operating maximum fuel temperature 

limitations of different fuels for NTP engines. 
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