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Oak Ridge National Laboratory (ORNL) is 
participating in the nuclear thermal propulsion (NTP) 
research and development effort supported by the National 
Aeronautics and Space Administration (NASA). This effort 
involves collaboration between multiple research groups 
that represent various government agencies and industry 
partners. ORNL has developed a Modelica-based 
modeling package for dynamic system modeling of nuclear 
reactors called the Transient Simulation Framework of 
Reconfigurable Models (TRANSFORM). While this 
software has been successfully demonstrated in 
simulations of traditional pressurized-water reactors, 
boiling-water reactors, liquid-metal reactors, and molten-
salt reactors, it has also been adapted for nontraditional 
use in modeling hybrid energy systems and in tritium 
transport. This versatility is being applied to the current 
NTP project, where specific modules within TRANSFORM 
are being developed for and applied to transient modeling 
of the NASA NTP design. This paper presents the current 
state of the ORNL-NTP model, the utility of TRANSFORM 
methodologies in NTP transient simulations, the ability to 
develop NTP-specific modules, and proposed future work 
for the model. 

 
I. INTRODUCTION 

To support NASA’s maturation of NTP technologies, 
ORNL is developing a dynamic system model coupling the 
combined disciplines of reactor kinetics, rocket propulsion, 
and thermal-hydraulics into a single model to be optimized 
specifically for representing transient behavior of NTP 
systems during startups, shutdowns, and various failure 
modes (e.g., stuck control drum). 

This effort is being undertaken by using an ORNL-
developed open-source Modelica library, the Transient 
Simulation Framework of Reconfigurable Models 
(TRANSFORM).1 TRANSFORM is written in the 
Modelica2 language, and simulations are run in the 
Dymola3 modeling environment. The hydrogen fluid 
properties are referenced through the open-source 
ExternalMedia Modelica library,4 which accesses 

                                                        
1 This manuscript has been authored by UT-Battelle, LLC, under contract DE-AC05-00OR22725 with the US Department of 
Energy (DOE). The US government retains and the publisher, by accepting the article for publication, acknowledges that the 
US government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of 
this manuscript, or allow others to do so, for US government purposes. DOE will provide public access to these results of 
federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-
access-plan). 

CoolProp.5 Table 1 illustrates the various interrelationships 
of the software involved in ORNL-NTP development. 

TABLE I. Explanation and illustration of the  
ORNL-NTP model’s constituent software. 

 CoolProp An open-source database 
of fluid properties 

 External Media A CoolProp wrapper 
allowing interface between 
CoolProp and Modelica 

 Dymola A virtual environment for 
developing Modelica 
models 

 Modelica An object-oriented 
programming language 
designed to model physical 
systems 

 TRANSFORM A Modelica library 
developed at ORNL for 
nuclear reactor modeling 
applications 

 
TRANSFORM is used at ORNL to model numerous 

large-scale systems representing everything from grid-
level power distribution of hybrid energy systems and 
nuclear power plants to subsystems such as coolant, control 
rods, valving, proportional-integral (PI) controllers, 
electrical distribution, pumps, turbines, and more. System 
models also allow interrogation of numerous time-
dependent state variables such as mass flow rate, 
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temperature, density, enthalpy, etc. Therefore, 
TRANSFORM was chosen as the ideal tool for modeling 
NTP transients. Furthermore, TRANSFORM components 
are rapidly reconfigurable, allowing relative ease in the 
development and implementation of modules or blocks that 
represent various components in physical systems.  
II. THE MODEL 
The ORNL-NTP model consists of volumes, resistances, 
valving, turbomachinery, heating elements, and reactor 
kinetics that represent the actual aspects of an NTP system.  
Lumped volumes are used instead of discretized pipes to 
provide a simple means of fluid transport delay and 
reasonable fluid properties in the system. Various sensors 
have been placed throughout the model to monitor fluid 
properties. Data from these sensors will aid in 
understanding and interpreting system performance and 
transient behavior. A depiction of the current ORNL-NTP 
system model is shown in Figure 1. 
While the current state of the model is representative of 
actual physical processes and components, design 
assumptions have been made at this stage of the project to 
avoid preemptively over-describing any system-level 
behaviors that are not yet finalized. An iterative process 
between design changes and model updates will be 
implemented over the coming year(s), and assumptions 
regarding the model will follow accordingly. A current 
subset of the most impactful ORNL-NTP assumptions are 
as follows: 

• Heat transfer from radiation, conduction, or 
convection in the regenerative section, the control 
drums, the tie tubes, and the core is represented by 
direct energy deposition into the fluid volumes using 
representative fractions of the total core power as 
provided by collaborators. 

• The tie tubes are split into two directional sections 
representing the two passes (primary and secondary 
heating) of the fluid through the tie tubes. 

• Control drum reactivity is limited to a maximum 
reactivity insertion of $1 when fully rotated inward. 

• Simple PI controllers are used for ramping up the 
power and controlling the turbine bypass valve 
position with no regard given to thermal limits of 
structural materials. 

An important aspect of the ORNL-NTP model is its ability 
to interface with external codes such as SysML6 and 
Simulink.7 ORNL is tasked with developing a transient 
model of the reactor/propellant/coolant systems, but these 
systems interface with portions of the greater spacecraft 
(e.g., instrumentation and controls, spacecraft electronics, 
telemetry, cryogenics) that will be modeled and designed 
by other research groups. It is important to facilitate 
communication between the ORNL-NTP model and other 
system models, and the Modelica/Dymola environment 

easily allows boundary inputs and outputs to be supplied to 
or received from external software. 

 

Fig. 1.  Top-level ORNL-NTP model overview in the 
Dymola environment. 

Currently, external inputs are represented by placeholders 
that are hard-coded into the ORNL-NTP model. In Figure 
1, all boundary conditions represent opportunities for 
external input that is either provided from an outside 
software in real-time or referenced from embedded data 
(tabulated/analytical) that is used in the solution process.  

Tie Tubes 

Regenerative 
Nozzle 

Control Drums 

Turbine 

Turbine Bypass 
 
 
 
 

& Control 

LH2 Supply 

Reactor 

Drum 
Control 

Specific Impulse 
Chamber & 
Nozzle 

Pump & 
Control 



3 

Examples of external values currently implemented in the 
model are as follows: 

• Reactivity coefficients based on the density of 
hydrogen were calculated externally, tabulated, and 
provided to the model for interpolation. 

• Properties of two-phase hydrogen as a function of 
temperature and pressure are currently referenced 
from the CoolProp database via ExternalMedia  

• Drum rotation rates are currently hard-coded but will 
reflect design points once performance of actuators is 
understood. 

• PI controllers currently trigger off arbitrary set-points, 
but as realistic instrumentation and control (I&C) 
requirements are identified, these parameters will be 
reflected in PI functionality. 

III. DEMONSTRATION OF TRANSIENT STARTUP 
Along with the ORNL-NTP model, which includes all the 
assumptions and simplifications previously discussed, a 
sample transient is provided to show system behavior, 
interrelated input/output variables, and the coupling of 
nuclear-, coolant-, and propulsion-related subsystem 
models. The specific results of these simulations are 
deliberately ambiguous for two reasons:  
1) System specifications are not final, so the specific 

performance metrics of a model are not of value. Only 
the functionality of the model, its components, and 
working fluids are demonstrated. 

2) Specific power outputs and performance values of 
NTP systems can verge on information that qualifies 
as classification-, export control-, or International 
Traffic in Arms Regulations (ITAR)-sensitive 
information.  

For these reasons, the notional startup sequence and steady 
state values presented here are discussed in nonspecific 
terms such as fraction of nominal (FON) and are intended 
to demonstrate functionality and utility of the ORNL-NTP, 
not to target design point performance. Future iterations of 
the model will be used to predict performance of the 
developing NTP system design and will contain 
performance values that are more representative of the 
actual system.  
Figure 2 shows a collection of state variables and their 
relative values during a notional startup transient. While 
the trends presented here are crucial variables for observing 
overall system performance, it should be noted that this a 
small sample of the total number of state variables 
available to monitor in the ORNL-NTP model, and the 
subset presented here is only a demonstration of the 
model’s functionality. Any subset of variables can easily 
be displayed, inspected, and analyzed per the modeler’s 
discretion.   
While the variables presented here are interrelated, a 
sequential cause-and-effect discussion is helpful in 

understanding the behavior of the system during a notional 
startup. The current sequencing of components and the 
resulting startup behavior is as follows: 
1) Simulations are initiated with reactor core at low 

power, and a small flow of hydrogen is initiated  
(~10% of nominal). Control drums are rolled out, or at 
0.0° (i.e., contributing no positive reactivity). 

2) PIs for the control drums compare an arbitrary initial 
power set-point (1.0W) to the power state of the core 
(also initially 1.0W) until 1,000 sec, when the set-point 
initiates a ramp at towards full power. 

3) The control drum PI attempts to minimize the set-point 
/ measured value discrepancy by adjusting the position 
of the control drums accordingly. 

4) The increase in reactivity from the control drum 
actuation drives the point kinetics equations to 
increase core power. 

5) The power ramp proceeds exponentially but appears 
slow due to the large range of power increase required. 
Gradually, the temperature of hydrogen after the 
regenerative section increases, which drives the 
turbine and thus turbine power output. 

6) The turbine power output is modeled to be coupled to 
the pump power, which drives hydrogen flow. 

7) The turbine bypass valve (TBV) diverts/allows 
hydrogen flow from/to the turbine and has a PI 
controller like the control drums, with logic similar to 
the control drum PIs to target some nominal turbine 
output power. 

8) All PI controllers in the system seek to minimize their 
respective set-point/measured discrepancies and work 
together to reach a steady-state of full-power operation 
by 1,000 sec after transient onset. 
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Fig. 2. Demonstration of ORNL-NTP startup transient. 

These results do not indicate a proposed startup. For 
example, unacceptably high values of hydrogen 
temperature are achieved, as the rudimentary control 
system is not setup to prevent overshoot. Also, the 
inclusion of more reactivity feedback mechanisms and 
solid heat capacity for the fuel and tie tubes will certainly 
increase the fidelity of these simulations. 
IV. CONCLUSIONS 
The ORNL-NTP model has proven the ability to simulate 
a transient startup by modeling reactor kinetics, two-phase 
hydrogen flow, and I&C sub-systems of an NTP model.  
This first phase of model development serves largely as a 
proving ground for investigating the abilities of 
TRANSFORM/Modelica as an appropriate modeling tool 
for NTP systems.  
This package modeling method is capable of accurately 
reflecting transient performance of an NTP system. The 
second phase of this effort will involve creating a higher 
fidelity model, identifying specific reactivity feedback 
parameters, modeling degradation modes as a function of 
burn-time, time-lags for thermal transport, and mechanical 
response of various components.  
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