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A Little Bit About Where I Come From

Strong German 
influence in Huntsville 
because of Wernher
von Braun and his 
rocket team from 
Peenemünde. 
Wernher von Braun 
was the first director 
of the NASA Marshall 
Space Flight Center

USA Alabama
Huntsville – “The Rocket City”

Home of NASA
Marshall Space Flight Center

Son & family in front of 
Saturn 5 moon rocket



• For astronauts to travel to Mars or any other place in the solar system in any 
practical sense propulsion systems more efficient than today ’s best chemical 
rocket engines will be required (e.g. chemical engines are energy limited).

• Nuclear rocket engines, on the other hand, have no such constraints.

• Almost unlimited energy is available to heat the propellant.  A typical manned 
Mars mission would require the energy released from the fissioning of only 
about 150 gm of uranium.

• The main constraints on the efficiency of nuclear engines are those associated 
with limitations on the rate at which energy can be transferred to the propellant 
(e.g. nuclear engines are power density limited).

• The energy transfer rate to the propellant is limited by the maximum 
temperature the uranium fuel material can withstand.

Why use a Nuclear Rocket Engine Over a Chemical Rocket Engine



Typical Nuclear Rocket Engine Configurations

Conceptually, nuclear thermal engines are quite simple.  They simply involve 
using a nuclear reactor to heat a propellant, such as hydrogen, to high 
temperatures and then expelling the propellant through a nozzle.

Hot Bleed Cycle Expander Cycle



Rocket Engine Efficiency – Specific Impulse
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• To determine the performance of a nuclear rocket engine it is necessary to 
define a parameter called specific impulse (or 𝑰𝒔𝒑).  Specific impulse 

provides a means to evaluate the operational efficiency of a rocket engine 
(nuclear or otherwise) and is analogous to liters per 100 km for an 
automobile.

• Specific impulse is calculated by dividing the rocket thrust in Newtons by 
the propellant mass flow rate in kg/sec.  It has units of seconds and 
physically represents the length of time a rocket engine can produce one 
newton of thrust from one kilogram of propellant.  It is also proportional 
to the propellant exhaust velocity (𝝊𝒆).
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Specific Impulse for the H2/O2 Space Shuttle Main Engine



Specific Impulse Characteristics of a Nuclear Rocket Engine



The “Rocket” Equation

𝑽𝒇 = −𝒈 𝑰𝒔𝒑 𝑳𝒏
𝒎𝒇

𝒎𝟎
= −𝒈 𝑰𝒔𝒑 𝑳𝒏 𝒇𝒎

• Applying the conservation of momentum to the rocket exhaust gas yields 
the rocket equation.  The rocket equation is a relationship which gives the 
maximum velocity increment attainable by a space vehicle in terms of the 
vehicle mass fraction and the engine specific impulse

• Every space mission undertaken requires that a specified series of 
velocity increments be given to the spacecraft in order to meet the 
particular mission objectives under consideration

• For a round trip interplanetary mission, the total velocity change that the 
spacecraft must execute is divided into four major velocity increments 
consisting of:

− Earth departure

− Destination capture

− Destination departure

− Earth capture



Mars Missions Using Chemical Engines

• Assuming that the lowest possible 
energy Mars mission is undertaken 
(Hohmann transfer), the total 
velocity increment which must be 
given to the spacecraft is 11.4 
km/sec

• Assuming that a H2/O2 chemical 
engine with a specific impulse of 450 
sec is used, the spacecraft must have 
a mass fraction of no more than 
0.075.

• Achieving such a small mass fraction 
in a spacecraft is VERY hard to 
achieve



Mars Missions Using Nuclear Engines

• Assuming that a nuclear engine with 
a specific impulse of 900 sec were 
used, the spacecraft could 
accomplish the same mission with a 
mass fraction of 0.275 … much easier 
to construct

• Assuming that a nuclear thermal 
engine with a specific impulse of 900 
sec was used on a spacecraft having 
a more reasonable mass fraction of 
0.15, the one way travel time to 
Mars would  reduced to 161 days.

• If the same mass fraction that was 
used for the chemical rocket engine 
case were used for the nuclear case, 
the travel time to Mars would be 
only 124 days



Sooo … What Are the Challenges to Developing a Nuclear Rocket Engine?

• It was noted that the efficiency of most nuclear rocket engine 
systems is constrained by the fact that they are power limited 
rather than energy limited

• The problem for nuclear rocket engine designers therefore, 
becomes one of determining the best way to maximize the rate at 
which the available energy in the nuclear fuel can be extracted 
from the reactor core

• From heat transfer considerations, the rate at which energy may 
be extracted from the core is limited chiefly by the maximum fuel 
operating temperature and by the available surface area over 
which heat transfer can occur



• It is important to note that there are lots of factors to consider in developing a 
successful nuclear engine such as the need to accomodate high exhaust 
temperatures, high fuel surface to volume ratio, light weight, etc.

• The problem becomes one of reconciling these many competing factors with one 
another.  In essence, it is a giant optimization problem that can only really be 
answered through testing competing designs

• Types of testing

- Materials Testing – Small samples of candidate materials are subjected to 
temperatures, pressures, and environmental conditions to which they will likely be 
exposed to determine robustness (inexpensive)

- Component Testing – Individual fuel elements or other components are subjected to 
reactor like conditions with regard not only to temperatures and pressures, but also 
flow rates, vibrations, temperature distribution, etc. characteristic of what they 
would encounter during engine operation (relatively inexpensive, but more expensive 
than materials testing, especially if nuclear tests are involved)

- Full Scale Testing – Entire reactor and engine system is tested to prototypic conditions 
with exhaust capture (Very expensive)

Well ... How Do We Address These Challenges???
Answer - Testing … Testing … And More Testing



Nuclear Engine for Rocket Vehicle Applications (NERVA)



NERVA XE’’ Engine at NASA Marshall Space Flight Center



NERVA Reactor Core Configuration



Testing Facilities for the NERVA Reactor and Engine 

Engine Maintenance Assembly
and Disassembly (E-MAD)

Reactor Maintenance Assembly
and Disassembly (R-MAD)

Jackass Flats, Nevada



Many of the NERVA Tests Went Quite Well



NERVA Testing Accomplishments

• Nuclear rocket testing occurred between 1959 and 1973

• A total of 23 reactor tests were performed

• Highest power achieved was 4500 MW

• Highest temperature achieved was 2750 K

• Maximum thrust achieved was 1100 kN

• Maximum specific impulse achieved was 850 seconds

• Maximum burn time in one test was 90 minutes

• Typical time to full power was 30 seconds yielding temperature 
ramp rates of about 10,000 K/minute

• Total NERVA program cost was about $ 2 billion



Particle Bed Reactor Engine Configuration

• Program was a Strategic Defense Initiative 
program from 1987 to 1991 to develop a nuclear 
engine for use in a ballistic missile interceptor.

• Target specific impulse of 1000 sec

• Target thrust to weight ratio of 30   (NERVA 
engine was ~3.5, Space Shuttle main engine was 
~40)

• Thrust range was 393 kN to 1912 kN

• Program was terminated in 1994 prior to full 
scale engine testing



RD-410 Nuclear Engine

RD-410  Engine Test at Semipalatinsk

Twisted Ribbon
Fuel PieceFuel Element Bundle

● Program existed between 1955 and 1988

● Maximum thrust achieved by the RD-410 
was 35 kN

● Maximum specific impulse achieved by the 
RD-410 was about 900 seconds

● RD-410 engine could fire for an hour with up 
to 10 restarts

● The collapse Soviet Union ended the program

Russian Nuclear Rocket Program



Small Non-Nuclear Subscale Material Testing

• Compact Fuel Element Environmental Tester (CFEET) located at the NASA 
Marshall Space Flight Center

• Very inexpensive testing possible

• Uses induction heating to simulate fission processes. Currently the maximum 
heating capability is 50 kW

• Designed for small subscale fuel and materials testing
(2.5 cm – 10 cm length  and  0.5 cm – 2.5 cm diameter)

• H2 Flow Rates: 0.0007 g/sec – 0.002 g/sec  (1 atm)

• Two-color pyrometer readings for temperatures:  650 - 3000 °C

• Thermal imaging camera for temperatures < 2500 °C

• Licensed by the Nuclear Regulatory Commission to handle depleted uranium



CFEET Operational Configuration



Material Testing in CFEET

Thermal Cycling at 2500 K
Testing at 2750 K

Tricarbide VC-ZrC-NbC



Small Nuclear Subscale Material Testing

• Transient Reactor Test (TREAT) located at the Idaho National Laboratory

• TREAT is an air-cooled, thermal-spectrum test facility specifically designed to 
evaluate the nuclear response of reactor fuels and structural materials

• TREAT has an open-core design that allows for ease of experiment 
instrumentation and real-time imaging of fuel 

• 120 kW steady state operation

• High-intensity (20 GW), short-duration (80 ms) neutron pulses possible

• Shaped transients at intermediate powers and times (flexible power shapes 
with up to 60 seconds duration)

• Tests typically displace a few driver fuel assemblies (each 10 cm2, 122 cm long) 

• No H2 flow or pressurization possible



TREAT - Transient Reactor Test Facility



• Nuclear Thermal Rocket Element Environmental Simulator (NTREES) located 
at the NASA Marshall Space Flight Center

• Uses induction heating to simulate fission processes. Currently the maximum 
heating capability is 1.2 MW (~720 kW to test article)

• Hydrogen flow rates from 0.1 g/sec to 250 g/sec at pressures up to 7 MPa

• Capable of testing with propellants other than hydrogen (e.g. CH4, NH3, etc.)

• Arbitrary axial power profiles in test articles may be produced through the 
use of specially designed replaceable induction coils.

• Measurement suite includes pyrometers to measure axial temperature 
profiles and a mass spectrometer to detect possible test article degradation 
during testing, also instruments to measure various flowrates, pressures, etc.

• Licensed by the Nuclear Regulator Commission to accept prototypic fuel 
elements containing uranium 

Full Scale Non-Nuclear Fuel Element Testing



Nuclear Thermal Rocket Element Environmental Simulator 



NTREES Operational Configuration

Chamber is back pressurized with N2 or Ar to a pressure close to the hydrogen working 
pressure so as to prevent unrealistic hoop stresses from developing within the test article 
and to provide a safe, inert atmosphere for any hydrogen which might leak into the chamber

Note:



NTREES Testing HfN Test Element at about 1800 K



Test Element State after Testing NTREES

Before Test After Test

Temperature approximately 2825 K

During Test

NTREES designed to accommodate test element failures without damage to facility



Current Activities in the United States - NASA

• NASA is currently working with the Department of Energy (DOE) to 

advance space nuclear technologies. 

• NASA’s space nuclear technologies program is led and funded by the 

Space Technology Mission Directorate and is based at NASA’s Marshall 

Space Flight Center in Huntsville, Alabama.

• The reactor would utilize high-assay low-enriched uranium fuel

• The government team has selected three reactor design concept 

proposals for a nuclear thermal propulsion system contracts to be 

awarded through the DOE’s Idaho National Laboratory (INL).  Each 

contract is valued at approximately $5 million and have been awarded to:

- BWX Technologies, Inc. of Lynchburg, Virginia partnered with 

Lockheed Martin.

- General Atomics Electromagnetic Systems of San Diego partnered 

with X-energy LLC and Aerojet Rocketdyne.

- Ultra Safe Nuclear Technologies of Seattle partnered with Ultra Safe 

Nuclear Corporation, Blue Origin, General Electric Hitachi Nuclear 

Energy, General Electric Research, Framatome, and Materion.



Current Activities in the United States - DARPA

• Program is known as the Demonstration Rocket for Agile Cislunar 

Operations (DRACO). 

• The goal of the DRACO program is to demonstrate a nuclear thermal 

propulsion system on orbit.

• Over the course of 18 months teams will develop reactor and spacecraft 

concept designs for Phase 1 of the program which will consist of two tracks:

- Track A - focused on the baseline design of the nuclear reactor

- Track B - focused on the operational spacecraft upon which to

demonstrate the reactor

• Subsequent program phases will lead to the detailed design, manufacture, 

ground tests, and in-space demonstration of the Draco nuclear propelled 

spacecraft

• Contracts for the DRACO program have been awarded to:

- General Atomics (Track A valued at $22 million)

- Blue Origin partnered with Ultra Safe Nuclear Technologies (Track B 

valued at $2.5 million)



The BOTTOM Line

• Nuclear rocket propulsion is an exciting field of study which 

begs for innovative thinking and risk taking

• Nuclear propulsion is crucial for fast deep space crewed 

interplanetary missions

• We have come a long way in a short time

• But …

• We have a long way to go … Ad Astra



That’s All Folks

Questions ??


