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Assessment of Fission Fragments Enhancement
for Nuclear Thermal Propulsion

Ivan Di Piazza* and Marco Mulas'
CRS4, 09010 Pula (Ca), Italy

A novel concept of nuclear thermal rocket (NTR) propulsion is presented. It is based on the direct conversion
of the Kkinetic energy of the fission fragments (FFs) into the propellant enthalpy. A sufficiently large surface coated
with a few micrometers of Americium 242 m, confined by a neutron diffuser, can become a critical reactor, in
which the FFs can escape from the thin layer of fissionable material. The novel FF NTR propulsion concept can
allow the propellant to achieve temperatures higher than the nuclear fuel, thus overcoming the limit in the specific
enthalpy imposed on the propellant in the conventional solid-core NTR propulsion. A preliminary assessment of
the FF NTR concept’s propulsion characteristics has been carried out using an in-house developed software system
that integrates a computational-fluid-dynamic code, a neutronic code and a Monte Carlo code. The assessment
shows the potential to reach specific impulses of about 15,000 m/s and thrust levels in the range 4000 to 6000 N,
with a thrust-to-weight ratio of a few percent of the acceleration of gravity. Such performance can make the FF
propulsion a candidate for human missions to the planet Mars.

Nomenclature

Bup = fuel burn-up

cp = propellant specific heat at constant pressure

D = module diameter

dQconv = power loss of elementary volume due to heat
convection

dQsn = power deposited inside dV

dQ, = power loss of elementary volume due to heat
conduction

dv = volume of elementary module

dx = small elementary portion of module length

Er = engine gross nuclear energy

f = correction factor of order unity

h = average propellant stagnation enthalpy

hy, = average propellant stagnation enthalpy before
entering heating chamber

I = specific impulse

k = propellant thermal conductivity

kefp = reactor multiplication factor

L = module length

M = total burnout (final) mass of spaceship

My = mass of fuel available for the mission

M, = mass of propellant needed for the mission

my = engine mass flow rate

Ty, = mass flow rate per unit surface

N = number of modules

Pe = Peclet number

Pr = Prandtl number, v/«

P = propellant stagnation pressure

Qcond = power loss due to heat conduction

Or = gross nuclear fuel power

Orriose = power not transferred from the FFs to the propellant

)1 = heating power available for generating thrust
Onozze = power loss associated to the flow in the nozzle
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0 » = propulsion power of the engine

grF = rate of fuel energy consumption per unit surface
of fuel layer

Gw = wall heat flux

Re = Reynolds number

S = lateral surface of the heating tube

Tii = lithium temperature

Ty = wall temperature

o = propellant thermal diffusivity

Ah = enthalpy increase due to the direct energy
conversion process

Ahgss = dissociation enthalpy of hydrogen

AV = velocity change

Sk = thickness of fuel layer

n = overall efficiency

Neapure = FF capture efficiency

NFE = fission fragments efficiency

N = heating efficiency

Mayer = Americium layer efficiency

nN = nozzle efficiency

v = propellant kinematic viscosity

OF = density of fuel layer

TF = fuel duration

T = propellant duration

Introduction

HE nuclear thermal rocket (NTR) represents a relatively ma-

ture advanced propulsion technology that can be considered
for near-future human missions to Mars."'? In principle, nuclear
propulsion can allow much higher specific impulses, in comparison
to chemical propulsion: the energy available from one unit mass
of fissionable material is 107 times larger than that available from
chemical reactions. The heat of combustion of the most energetic
reaction (liquid oxygen and liquid hydrogen) limits the specific im-
pulse I, to about 4 km/s, which corresponds to a specific enthalpy
of the propellant below 107 J/kg. Specific enthalpies of 10 and
10° J/kg, in principle easily attainable with a nuclear energy source,
would lead to specific impulses well above 10 and 30 km/s, respec-
tively. By looking at the rocket equation (1), which limits the mis-
sion that any rocket can complete as a function of rocket specific
impulse, such values can open the doors to interplanetary human
space exploration:

Mp — M(eAV/[sp -1 (€))
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In Eq. (1) the effects of gravity have been disregarded, and so it is
only valid for propulsion systems with a high thrust-to-weight ratio.

NTR refers to conventional solid-core thermal rocket. It is based
on conventional convective heat-transfer mechanism between a solid
“hot” material (fissioning fuel) and a “cold” propellant. Starting in
the mid-1950s, the NERVA (Nuclear Engine for Rocket Vehicle
Application) NTR project® was developed in the United States in
order to make Mars exploration by humans feasible. In the NERVA
concept, the rods of a fission nuclear reactor were cooled by a hy-
drogen flow with a standard convective heat-transfer mechanism.
To keep the fuel rods’ temperature below safety limits, the engine
was designed to run at very high mass flow rates of about 40 kg/s
and at very high pressures, on the order of 100 bar. The overall
engine weight was about 10 metric tons. A smaller version (with a
mass flow rate of about 9 kg/s) was actually built and tested. When
the program was terminated, ground tests showed the potential for
the high mass flow rate version to reach specific impulses of about
9000 m/s and thrusts of the order of 350 kN.

The specific impulse of a conventional NTR is thus clearly limited
by the need to keep the structure temperature below 3500 K, which
corresponds to the hydrogen temperature between 3000 and 3500 K.
This means that both NTR and chemical propulsion mechanisms
operate at the same propellant temperature of the order of 3000 K,
and that the superior performance of the NTR is therefore caused
only by the higher specific heat of the propellant (lighter molecular
weight): hydrogen vs water vapor. As a result, with respect to the
space shuttle case, propellant specific enthalpies are five times larger
for an NTR and the gain in the specific impulse is little more than
twice as much. Though this represents an important improvement,
the energy delivered to the unit mass of propellant is limited by the
effect of temperature on the structure resistance and, in a sense, by
the conventional heat-transfer mechanism used to convey the energy
from the nuclear source.

Recently developed technological variants of NTR, such as liquid
oxygen-augmented NTR, or bimodal NTR-NEP (nuclear electric
propulsion)* do not change the potential of the baseline conventional
solid-core NTR from a performance point of view.

Another concept of nuclear propulsion, based on fission reactions,
is the so-called gas-core fission propulsion.’ In such a device, the
fissionable material is allowed to heat up to plasma temperatures, and
its radiation is used to heat up the hydrogen gas. In this concept the
propellant temperature can be significantly higher than the engine
structural temperatures. The cooling of the engine walls remains
however a major engineering problem.* This scheme can ideally
reach specific impulses in the range of several tens of kilometers/
second, but with a much larger weight (in the order of 100 metric
tons) and a lower thrust in the range of 50 to 100 kN, and the thrust
to weight ratio is lower than a solid-core NTR. Nonetheless the
performance would allow shortening the total roundtrip time to Mars
to less than a year’ compared to over two-and-a-half years needed
to fly on the Hohmann route,’ the transfer ellipse that connects the
orbits of Earth and Mars with minimum mission AV. However,
the gas-core reactor represents a more far-term option, for many
technological challenges have still to be solved.

Another concept that also needs a more detailed engineering de-
sign is based on heating a hydrogen flow by using a plasma fusion
reactor. It represents an enhancement of a plasma fusion propulsion,
where the propellant is the fuel itself (light hydrogenous ions). A
preliminary engineering design’ shows that adding a hydrogen mass
flow rate of a few kilograms/second can lead to specific impulses of
1.1-1.2 km/s with a thrust of several tens of kilonewtons.

A new nuclear rocket concept has been recently introduced by
Rubbia,® based on an idea also proposed by Ronen,” who showed
that fuel elements of Americium 242m of less than 1 xm, with BeO
as moderator, can guarantee k.g large enough to have the possibility
of having an actual reactor design. The fission fragments (FF) can
escape from such an ultra thin layer carrying over 45% of the to-
tal fission product energy. Without discussing engineering details,
Ronen proposed using the FFs to heat a gas up to a high tempera-
ture for propulsion purposes. A hydrogen mass flow enhances the
fission fragments propulsion concept,'? where the FFs, moving with

a velocity of several percent of the speed of light, are the propellant
working fluid.

The work presented in this paper is based on the work of
Rubbia and discusses a preliminary engineering design of a fission-
fragments propulsion enhancement. In this design, the FFs escaping
from an ultra thin layer of few micrometers of Americium 242m are
used to heat up a hydrogen flow. Heavy ionizing fragments pro-
duced by neutron-induced nuclear fission carry the major part of the
corresponding fission energy in the form of kinetic energy (about
168 MeV out of 191 MeV per fission). FFs convert all of their ki-
netic energy into internal energy of the propellant gas, slowing down
via electromagnetic interaction, provided that a sufficient thickness
of propellant is present (about 500 pg/cm?).® By this unconven-
tional (direct) heat-transfer mechanism, the enthalpy of the gas in
the stagnation chamber can reach values of about 200-300 MJ/kg,
at low pressures of few bars, corresponding to temperatures of about
4000 to 4800 K and to a specific impulse I, of the order of 15,000
20,000 m/s. At such low pressures, compared to order 100 bar of
conventional NTR, hydrogen dissociation occurs, with an associated
enthalpy change of Ahgss =230 MJ/kg. This reaction contributes to
store energy in the chemical bonds, rather than as sensible enthalpy,
keeping the temperature lower.

Compared to the convective heat-transfer mechanism, the direct
energy conversion might allow the propellant to heat up to temper-
atures higher than the material temperatures, thus outperforming
the conventional NTR concept in terms of propellant specific en-
thalpies: the hydrogen flow can enter the stagnation chamber at low
temperature (say in the range 1500, 2000 K) and can heat up while
flowing towards the nozzle.

The objective of the this paper is to present a preliminary assess-
ment of the thermodynamic and propulsive performance of the un-
conventional, FF NTR. Advantages, disadvantages, and open ques-
tions of the propulsion concept will be discussed, compared to the
conventional NTR. Important scientific and technological aspects
of the system, which are likely to play a very important role in the
overall design process and would necessitate the interaction of many
specialized scientific teams (neutronics outputs, physicochemical
behavior of the Americium thin layer under thermal and mechani-
cal stress, etc.), are either neglected or some realistic assumptions
are made. The scientific feasibility of the FF unconventional NTR
concept has been demonstrated in Ref. 8, and an integrated soft-
ware system has been developed and used for simulating the fluid
dynamic and thermal behavior of the system.!!

The analyses have been performed on a single heating module
with three-dimensional axisymmetric simulations. The system is
made of a computational-fluid-dynamics (CFD) code coupled to
a neutronic code and to a Monte Carlo code. The neutronic code
was developed over the past two decades at CERN, the European
Center of Particle Physics. For a chosen fissile material and a given
layer thickness, the neutronic code constructs a database containing
the FF power density (in W/m?), the percentage of FFs escaping
the fuel layer and the kinetic energy distribution of the FFs.® The
outputs of the neutronic code are then used by the Monte Carlo
code for modeling the fission fragments emission from the fuel
layer and the direct energy conversion into propellant enthalpy. An
experimental validation of the interaction model is still not available.
The CFD code, which computes the flow inside the engine, has
been fully validated for a variety of compessible flows of fluids
defined by arbitrary equations of state!?: in this case the equation
of state implements chemical equilibrium conditions for hydrogen,
in a wide range of temperatures and pressures, by means of look-
up tables obtained with the NASA CEA (Chemical Equilibrium for
Application) code.'

Engine Description

General Layout

The conceptual design is based on a number N of cylindrical
modules (heating tubes) immersed in a bath of boiling lithium at a
temperature 71; =~ 2000 K. Figure 1 shows a schematic representa-
tion of the engine. The tubes are internally coated with a thin layer of
242m Am: because of the high cross section of 2**” Am (one order of
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Fig. 1 Schematic representation of the FF heated propulsion engine.
The configuration is a critical reactor cooled by boiling lithium and con-
fined by a neutron diffuser. The heating chamber is made of a number
of cylindrical tubes immersed in the lithium bath. Though not shown
in the figure, hydrogen enters the system from the top of each heating
tube as shown in next Fig. 2.
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Fig. 2 Cross-section view of the heating chamber of the engine (center)
with a schematic representation of the single tube (right): the cylinders
are coated with the 2> Am thin layer and cooled by the boiling lithium;
the H, propellant flow enters the cylinder uniformly from the tube walls.
On the left is the schematic representation of the permeable tube wall,
based on the use of carbon composite fibers and matrices.

magnitude higher than that of 2*3U), such a configuration represents
a critical reactor confined by a neutron diffuser. Carbon (graphite)
or beryllium (Be or BeO) can be used as reflector-moderator around
the engine, and a sort of n-hohlraum can be created, assuring a mul-
tiplication factor k. sufficiently high to give a reasonable burn-up,
even for a fissile layer of few micrometers of thickness. Hydrogen
enters the tubes uniformly, permeating the solid walls, and heats up
as it flows out of the heating tubes by absorbing the kinetic energy
of the FFs.

Figure 2 shows the so-called Catiuscia arrangement of heating
tubes. The tubes are constructed from carbon composite fibers and
matrices, a material that is porous and permeable to hydrogen. A
slab with thickness of the order of 1-2 cm with a limited number of
narrow, hollow channels in which hydrogen can be introduced under
pressure can provide the necessary mass flow rate of propellant 7z ,.
Preliminary simulations of the hydrogen flow through the porous
material showed a pressure drop of about 40 atmo for a mass flow
rate of about 4 g/s in a single heating tube. The simulations were
carried out using a finite element model'* for the Darcy law with a
porosity of 0.1. The computer model also included the evaluation
of the structural stresses under the thermal and mechanical loads.

The thermal and fluid-dynamic conditions of the propellant flow-
ing inside the heating tubes depend on the volumetric heat addition
coming from the FFs: the energy deposition rate, proportional to

the local propellant density, heats up the propellant and so changes
its temperature and density, modifying in turn the FF energy depo-
sition rate itself. The final state of the propellant flow exiting the
tubes, as well as the thermodynamic state in terms of temperature
and pressure, comes from the equilibrium among many different
effects: the conservation equations of mass, momentum, and energy
including a model for the FF heating® and the H, dissociation. Once
the fluid has been heated, it flows in the stagnation chamber, and
then it is accelerated through a conventional convergent-divergent
nozzle, where the internal energy is converted into kinetic energy
generating thrust. The portion of nuclear fission energy that is not
converted into propellant enthalpy must be evacuated by the lithium
refrigerant that flows out of the core region through small tubes to the
radiating panels. In a preliminary conception of the cooling system,
the lithium would enter the system in liquid phase and would par-
tially vaporize, evacuating heat from the heating tubes. The lithium
returns to the liquid phase inside the radiative panels.

Because the engine has to be assembled in the International Space
Station and can only be ignited in space, the number of modules
that can be assembled together is limited by the size of the engine,
which in turn is limited by the size of the cargo bay of the next-
generation space shuttle. As an estimate, consider the dimensions of
the actual space shuttle cargo bay, which is about 4.5 m in diameter
and 18 m long. With the constraint of D =4 m, three multiple-
module arrangements are shown in Fig 3. The three configurations
would fit 37, 19, and 7 modules, respectively, with diameter 0.4,
0.6, and 1 m. A perspective view of the assembled Catiuscia engine
is shown in Fig. 4, where the length of the modules has been fixed
to 5 m.

The following numerical values are assigned to a few vari-
ables that play an important role in understanding the concept
feasibility and in quantifying the engine performance (taken from
Rubbia®): Byp =500 MWday/kg (4.32 x 10'3 J/kg in S.I. units),
8r=3x10"%m, pp =13, 670 kg/m>, and Ggr =4 MW/m>. With
regard to the physical-chemical form of the fuel layer, for instance,
because metallic Americium melts at 1270 K, Americium carbide

N=7d=1m

N=19 d=0.6 m

Fig. 3 Three possible Catiuscia configurations with an external diam-
eter of 4 m. N =37, 19, or 7 respectively for modules of diamater D = 0.4,
0.6, or 1.0 m.

Fig. 4 Perspective view of the
assembled Catiuscia engine. All
modules discharge in the same
nozzle.



648 PIAZZA AND MULAS

represents a potential alternative. At this stage of the development
however, all values refer to metallic Americium.

Engine Overall Efficiency

The number of fissions that occurs in the engine per unit time and
per unit surface of the fuel layer determines the rate at which energy
is transferred to the propellant. The overall rocket engine efficiency
n is defined as the ratio between the propulsion power Q,, and the
gross nuclear power available from the fission process Q r:

n:&:L”ISZP/z 2)
Or  NSgrr

The propulsion power is given by
Qp = Qll - Qnozzle = m/zAh - Qnozzle =N Qh (3)

where Qnozz1e Tepresents the losses associated with the expansion
process in the converging-diverging supersonic nozzle caused by
the missed chemical recombination into molecular hydrogen and
eventually the frictional and heat flow losses at the nozzle walls.
In Eq. (3) the nozzle efficency ny < 1 has been introduced. The
gross fission fragment power Q r is converted into heating stagnation
power Q; with several losses. This power budget can be expressed
as

Qh = QF - QFF_IOSI - Qcond (4)

where Orr 1ost represents the power associated with the fission frag-
ments that remain entrapped in the fuel layer and in the tube structure
or escape from the system, never becoming available for heating the
propellant; the third term Q.. represents the power loss as a result
of heat conduction through the tubes’ walls. The Reynolds number
associated with the flow inside the heating tubes might, in fact, be
low enough so that heat-conduction losses can be important. The
two sources of power that are lost return to the tube structure and
need be evacuated by the lithium refrigerant through the radiative
panels. By introducing two more efficiencies ngg, that takes into
account the FF losses and 7, for the heat-transfer losses, the heat-
ing power Q,, representing the power that remains available for
conversion into propulsive power, is given by

Qh = (nFFnh)QF (%)
or, by introducing 1FF = Niayer Ncapture -
Qh = (nlayer Tcapture nh) QF (6)

where the FF losses have been split into two contributions: one,
Niayer» caused by the FFs, which leave part or all of their power
inside the fuel layer (FFs that cannot escape from the thin layer,
for instance), and the second one, Neapwre, caused by insufficient gas
thickness present inside the tube to stop all available FFs escaping
from the fuel layer. By combining all relations, an expression for
the overall engine efficiency 7 is given by

Qp = (Ulayerncaplure Mh rlN) QF = UQF @)

Now, Nayer depends on the fuel thickness (the thinner the layer,
the higher 7jayr), on the fuel chemical form (metallic rather than
carbide, for instance) as well as on neutronic issues, and it is always
less than 0.5 for symmetry reasons (half of the FFs would tend to
escape from the wrong side, converting their energy into heat of
the wall structure). Neutronic simulations® provided a value for the
layer efficiency given by 9y, = 0.31, which means that 70% of the
overall power Q is instantaneously converted into heat.

The second efficiency 7capwre measures the amount of power ex-
tracted by the FFs during the interaction with the flowing propellant
and depends upon the gas thickness and on the propellant thermo-
dynamic pressure as a consequence. Its actual value depends on the
design choices in terms of operating pressure and nozzle throat area:
the higher the pressure, the higher ncgpure (eventually approaching

Table 1 Efficiencies of the FF

NTR concept
Efficiency Value
Mayer 0.3
TNcapture 0.7-0.95
Nh 0-1
NN 0.6

unity), but the smaller the throat area increases the nozzle losses
caused by heat transfer. Values obtained in the simulations carried
out are in the range between 0.75 and 0.95.

FFs that remain entrapped in the structure can cause material
damage and structural swelling because of further FF decay. These
issues have not been studied and might need further investigation.

The third efficiency, called the heating efficiency, measures the
power loss caused by the heat conduction through the tube walls.
The heating efficiency is the crucial efficiency, for it can vary widely,
depending on the operating conditions. High mass flow rates (high
Reynolds numbers) will allow a high 7, a low propellant specific
enthalpy, and a low specific impulse. In contrast, high specific im-
pulses and low efficiencies will be obtained running the engine at
low mass flow rates because of increased conductive losses.

Finally ny is the nozzle efficiency. The value of ny ~0.60 rep-
resents a good approximation if the accelerating flow inside the
nozzle remains in chemical equilibrium conditions and if negligible
viscous and wall heat-transfer losses occur. This will turn out to be
a good approximation if the nozzle dimensions are not too small.
(Again, a high nozzle Reynolds number results in negligible heat-
transfer losses: the nozzle throat area does not have to be too small.)
Again, the design pressure in the stagnation modules appears as one
of the critical design choices for the whole system. The lowest pos-
sible pressure seems to be the optimal choice, provided that capure
remains at an acceptable level.

A summary of all efficiencies is given in the Table 1 for the
sake of clarity. By considering the values just discussed, the overall
engine efficiency n is smaller than about 0.16. The power losses
associated with (fiayer Mcapwure 71) Tepresent the heat that must be
removed by cooling the external walls by the lithium loop and by
the radiative panels. If n, &~ 1, such a power loss amounts to the
74% (minimum) of the gross nuclear power. The remaining 10%
of the initial power is associated with the nozzle efficiency and
represents mostly the power stored in the chemical bonds of atomic
hydrogen (missed recombination of molecular hydrogen in chemical
equilibrium conditions). This portion is is directly lost to deep space.
The lower 7,,, with respect to unity, the higher the power percentage
that must be evacuated through the lithium loop, which must then
be designed for evacuating all of the power, as in the case of zero-
propellant mass flow rate with the nuclear reactor operating at 100%
power.

In the next section a correlation for the heating efficiency 7, is
given, based on one-dimensional approximation.

Approximate Analytical Model of the Single Module

One-Dimensional Approximation

This model is based on the mass and power balances of the single
heating module'S shown schematically in Fig. 5.

The walls are kept at a constant temperature 7,,, and thus the
propellant will be preheated while permeating the solid walls of the
carbon-carbon structure and will enter the heating tube with the inlet
enthalpy &,,. The heating process by the FFs can be approximately
described by a constant power per unit volume Q (units W/m?),
given by

: grenerS
= — 8
Q 7 D?/4L ®)
The mass flow rate is provided from the solid wall at a constant
specific rate per unit area 7, (kg/m?s). If an x-coordinate system
is defined along the module axis, mass and energy balances can be
made with reference to an infinitesimal portion dx of the module
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Fig. 5 Schematic representation of
W the heating module.

of volume dV = 7 (D?/4) dx. The balances refer to sections located
far from the top of the module, in which an asymptotic radial tem-
perature profile, and thus an asymptotic section-average enthalpy
level has been reached.

It can be shown that the mass flow rate at the exit section located
at L is

m(L) ~ m,wDL )
The energy balance can be written in the following way:
ngen = dQconv + de (10)

where dQ,., is the power deposited in the volume dV, while dQ ony
and dQ,, represent the power extracted by convection and the power
loss for heat conduction at the walls. The three pieces of Eq. (10) can
now be estimated separately. The power generation in the volume
dVis

dQgen = Q7 (D*/4) dx an

If h(x) is the average gas enthalpy at section x, by introducing the
new variable Ah(x) = h(x) — h,,, the power extracted by convection
in the volume dV can be computed as

dQconv & Ah(x)m,m D dx (12)

For relatively low Reynolds numbers and with internal heat gen-
eration, the temperature profile maintains the parabolic shape of the
pure conductive case. The wall heat flux ¢,, can then be expressed
as

Gu = f5 (kAh/c,D) 13)

where a correction factor f > 1 has been introduced to account
for the higher FF power deposition close to the walls caused by
the higher hydrogen density. The CFD calculations showed that a
correction factor f ~ 1.5 is appropriate.

From this relation, the total power exiting from the side walls in
the volume dV can then be written as

dQy, = gurDdx = 4 fr(k/c,)Ahdx (14)

With the terms 11, 12, and 14 explicitly written, the power balance
10 can be revisited. The enthalpy drop can thus be finally expressed
as:

° 2
PR L (15)
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Fig. 6 Comparison between analytical correlation for heating effi-
ciency and three-dimensional numerical simulations.

Correlation for the Heating Efficiency

The heating efficiency 7, can be derived from the main result
of the analytical one-dimensional model of Eq. (15). In fact, the
heating efficiency is defined as

= _m(L)Ah (16)

Th ;
7 D Lngrgrr

By introducing the expressions derived for (L), Ah, and Q
in Eq. (16), it is possible to express the heating efficiency in the
following way:

n, = Pe/(1 + Pe) 17
where Pe is the tube Peclet number defined as
Pe = Z1/(paf)r,D (18)

The Peclet number represents the product of the Prandtl number and
a particular form of a Reynolds number given by

Re = £ 1/(pvf)rir, D (19)

where all of the physical properties are to be evaluated at a con-
stant average temperature. A comparison between the correlation of
Eq. (17) and the heating efficiencies computed with CFD calcula-
tions shown in Fig. 6 shows an excellent agreement.

Performance Assessment
FF Engine Optimization

The choice of interplanetary mission and the route determines the
necessary A V. Consider, for example, a mission between Earth and
Mars. The cheapest way to get to Mars is on the Hohmann transfer.
A round trip from the low Earth orbit (LEO) of the International
Space Station to a low Mars orbit (LMO) would require a velocity
change of about AV =23,000 m/s. If, in 20 or 30 years from now,
humans will routinely travel to Mars, it is reasonable to think of
starting from a LEO coplanar to the ecliptic: moving the Interna-
tional Space Station orbit from today’s 51 to 23 deg will reduce the
overall velocity change from LEO to LMO and back, on a Hohmann
transfer, to about AV = 11,500 m/s.

For the sake of simplicity, without entering into the mission design
business, one can think of mission requirements of, for instance, 12
and 6 km/s: the first one can represent either a round-trip require-
ment on a Hohmann transfer, or a one-way trip on a faster route
(inbound or outbound); the second one can represent a one-way trip
on a Hohmann transfer. One approach could be that of having light
spaceships, with crew onboard, running on faster than Hohmann
transfers and using FF propulsion. Whereas one-way unmanned
heavy cargo missions on Hohmann transfer can be utilized to bring
all that would be needed to land on the planet to stay the required
time and also to bring the return spaceship for the crew to get back
to the Earth. For the unmanned cargo missions, conventional NTR
or nonnuclear propulsion systems could be used. What matters is
that the manned trips should move the crew quickly and safely.
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Table 2 Examples of FF engine configurations

Mp, Or, GFF, TF,
D, m N kg MW MW/m? days L,m
0.4 37 438 230 2 8 25
0.6 19 3.7 179 2 8 2.5
1.0 7 2.3 110 2 8 2.5
1.0 7 2.3 220 4 4 25
1.0 7 4.6 220 2 8 5.0
1.0 7 9.2 440 4 4 5.0

One important concern is the availability of the nuclear fuel: there
must be enough nuclear fuel My for accomplishing the mission,
and the nuclear reactor must be able to keep at criticality at the full
nominal power for a time interval at least equal to the time needed
to consume all of the propellant at the nominal mass-flow rate.

The time 7 needed to exhaust the nuclear fuel to below criticality
is given by the ratio of the engine gross energy Er to the engine
gross power Qp:

Er = MrByp = NS3rprBup (20)
Or = NSgrr @1

Because both terms scale with the total surface area NS, 7 does not
depend on the number of modules, nor on their diameter.

tr = Er/Qr = 8rprBup/drr (22)

The time 77 represents the engine maximum duration, depends only
on the layer thickness and on neutronic and nuclear criticality issues,
and it is inversely proportional to the rate of fuel consumption.

On the other hand, the time 7, needed to consume all of the pro-
pellant mass M p is simply given by the ratio of M p to the propellant
mass-flow rate m ,. By using the rocket equation (1),

T = M, /m, = M(*"" — 1)/m, (23)

Without resorting to refueling options, the mission is possible if
the engine maximum duration t is greater than the propellant time
Tp.

Tfp > Tp (24)
or
AV < Isp En{(”’ll,fp/M) + 1] = AVlimn (25)

which means that the achieveble AV might be limited by fuel short-
age rather than by weight or propellant issues, though refueling
might represent a technical option.

Table 2 shows the engine overall power, fuel mass and time of fuel
duration tr, for various engine configurations in terms of number
of modules and their diameter, length of the modules, and the rate
of fuel consumption ggg.

Figure 7 shows a schematic representation of the optimization
process: starting from the mission requirements, a number of design
choices have to be optimized in order to make the mission possible.
The number of modules, their diameter, the overall propellant mass
flow rate, and the type and quantity of the nuclear fuel determine the
engine overall efficiency, the specific impulse, and the fuel burn-up
such that there will be enough fuel and enough propellant to com-
plete the mission. Engine power, weight, and thrust also represent
results of the optimization procedure.

Running the engine at low efficiencies risks running out of nuclear
fuel. On the other hand, the overall efficiency can be increased pay-
ing a price in terms of lower specific impulse. In other words there
is a tradeoff between efficiency and specific impulse. The pressure
established inside the heating tubes has an influence on the neqpure
(the higher the pressure, the better the efficiency) and also on the
throat area and on the nozzle efficiency as a consequence (the lower
the pressure, the larger the nozzle and its Reynolds number, and so
the higher ny and the overall efficiency).

& (layer thickness)
AV

r;-|p (mass flow rate)

N & D (dimensions)

objectives

CIC

Design choices
\ results /

Isp M
Bup

M payload

M structure

Mission requirements

Fig. 7 Schematic representation of the optimization process for the FF
rocket engine.

The criticality of the system must also be ensured'®: clearly the
reactor multiplication factor k. increases by increasing the overall
fuel mass M, using more modules of smaller diameter, and with a
higher operating pressure in order to keep 7capure high. The engine
must provide a sufficiently high reactivity reserve to accomplish the
mission; in other words, the burn-up must be as high as possible.
A higher burn-up can be obtained increasing the thickness of the
fuel layer, which in turn decreases 7iuyer together with the overall
engine efficiency. The engine weight depends on the surface area
of the radiative panels, which scales with the engine power, and
on the size (weight) of the neutron diffuser, which depends on the
multiplication factor k.g. Last but not least, the engine length (the
length of the modules) has an influence on the overal power and on
the keff.

From the point of view of tube dimensions, an engine configura-
tion with many small tubes needs a higher pressure and can deter-
mine a lower efficiency (though however increases the kg and the
burn-up). The reverse is true for an engine configuration made of
few large tubes. A global engine optimization is a problem whose
solution is beyond the objectives of the present preliminary per-
formance assessment. The understanding of how the optimization
problem has to be set will however provide the guidelines for a
preliminary parametric analysis of the engine performance.

Results and Discussion

A parametric analysis of the engine performance has been car-
ried out. The analyses have been performed on a single heating
module with three-dimensional axisymmetric simulations using a
hybrid integrated software system!! that integrates a CFD code and
a Monte Carlo code. The latter code models the FFs trajectories into
the hydrogen flow and the direct energy conversion. The focus of
the analysis was on the simulation of the heating process, without
considering the supersonic expansion in the converging-diverging
nozzle. Inputs to the system are a database containing the FF power
density (in W/m?), the percentage of FFs escaping the fuel layer,
and the kinetic energy distribution of the FFs.

The results can be expressed in terms of pressure and temper-
ature fields, average enthalpy level of the propellant /4, and effi-
ciencies Niayer, Neapuures Nn- The nozzle efficiency ny has been es-
timated with the NASA open source code CEA,'3 and a value of
ny = 0.60 has been assumed in the study. Three-dimensional com-
plete simulations!” of the whole engine have shown the basic con-
sistency of this assumption. Once the nozzle efficiency is known,
the specific impulse Iy, can be easily derived from the enthalpy
h of the gas in the stagnation chamber. Each engine configuration
listed in the Table 2 has been calculated for three different mass-
flow rates. It can be shown via nondimensional analysis that, in the
proximity of the planets, buoyant forces are negligible with respect
to inertial forces, and thus buoyancy has not been considered in the
numerical simulations. During the trip, in microgravity conditions,
buoyant forces are absent. On the other hand, the maximum accel-
eration is limited by the system’s thrust-to-weight ratio, which is,
as it will seen later on in this paragraph, only a few percent of g,
the acceleration of gravity at the Earth surface.
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Table 3 Performance of FF engine

D,m g, MWm? s gls 1, % Ip,km/s TN AV, km/s

0.4 2 19 0.91 14.8 280 35
0.4 2 74 3,51 14.8 1100 10.7
0.4 2 222 8.63 13.4 3000 19.2
0.6 2 38 2.96 16.7 640 73
0.6 2 95 6.62 15.8 1500 13.6
0.6 2 210 11.44 14.0 2950 19.5
1.0 2 35 5.26 18.2 640 7.4
1.0 2 63 8.52 17.3 1100 11.1
1.0 2 132 12.95 14.7 1950 15.6
1.0 4 105 8.72 19.1 2000 10.7
1.0 4 197 13.17 17.1 3400 15.1
1.0 4 280 15.32 15.5 4300 17.1

overall efficiency [%]
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Fig. 8 Overall efficiency vs the engine mass-flow rate.
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Fig. 9 Specific impulse vs the engine mass-flow rate.

Figures 8 and 9 show the results in terms of overall efficiency and
specific impulse respectively vs the engine mass-flow rate. For all
configurations, at the low mass-flow-rate regime the specific impulse
is maximum and the efficiency minimum. At the high mass-flow-
rate regime there is the tendency to approach the maximum possible
overall engine efficiency of about 15-16% (zero conductive losses
at high tube Reynolds numbers, and 7, = 1). The quantitative results
are shown in the Table 3. All results refer to 2.5-m long modules
and to a rate of fuel consumption of 2MW/m?, except the last group
which has double the rate of consumption. The last column shows
the attainable velocity change before exhausting the fuel, for a total
mass of the spaceship at the end of the mission of of 50 metric tons.
The mission velocity drop has been calculated using the simplified
version of the rocket equation, which disregards the gravity terms.
A higher effective mission velocity drop has to be considered for a
propulsion system with low thrust-to-weight ratio.

As shown in Table 2, doubling the rate of fuel consumption ggr,
for the 1-m-diam configuration, results in doubling the overall en-

gine gross power from 110 to 220 MW, and halving the time of
fuel duration t, which has an influence on the maximum velocity
change achievable (the engine runs out of fuel in half of the time).
However, the overall efficiency improves.

Note that the limit in the achievable velocity change refers to
exhausting the fissile fuel and is unrelated to exhausting the pro-
pellant. By finding efficient and reliable engineering solutions to
refueling, the AV limit would be eliminated. Nevertheless, many
of the achievable velocity changes listed in the table are well above
12 km/s, which was taken as a reference value for representing a
requirement for a one-way trip on a faster than Hohmann transfer
route.

The slow reaction configuration with 37 modules and 40 cm diam
is equivalent, from gross power point of view, to the fast reaction
configuration with seven modules and 100 cm diam. Doubling the
module length, to 5 ms, also would result in doubling the gross
power, in this case however by paying a price in terms of a heavier
spaceship, but with the same time 7x. A 5-m-long version with the
fast rate of consumption (4MW/m?), for the seven-tube and D = 1 m
arrangement, and a mass-flow rate of the order 600 g/s, would have
a gross power of 440 MW, a specific impulse above 15,000 m/s, and
a thrust in the vicinity of 10,000 N.

Operating pressures for the three diameter choices are in the range
1.5 to 3 bars, for the larger and smaller diameters respectively. Av-
erage propellant stagnation temperatures, before expansion in the
supersonic nozzle, would be in the range 4000 to 4800 K, respec-
tively for specific impulses in the range 15,000 to 18,000 m/s, and
would depend also on the operating pressure (the lower the pres-
sure, the higher the dissociation level and the lower the average
temperature).

In addition, as the diameter D diminishes, the neutronic effi-
ciency of the system increases, and thus the reactivity reserve (i.e.,
the burn-up) to accomplish the mission increases. Because there
exist a technological burn-up limit of about 30%, the best diam-
eter would probably be the one that guarantees this technological
burn-up. From the point of view of the residual power to bring out
of the system, a fixed reactivity reserve can be reached much more
efficiently with smaller diameters. Concerning the weight of the
spaceship, the larger the diameters of the heating tubes, the larger
the moderator (Beryllium) structural mass, because of the lower
multiplication factor k.g. Preliminary estimations indicate that the
beryllium mass can grow from 20 to 60 tons switching from the 60-
cm to the 100-cm tube configuration. From these considerations, it
appears that, from a neutronic point of view, small diameters would
be favored, which seems in contrast with the results of Table 3. Fi-
nally, preliminary design of the lithium cooling system shows that
two “sails” of approximately 13 x 6m? would be needed to evacuate
100-MW power, with an overall mass smaller than 1 ton. These fig-
ures show an approximate thrust-to-weight ratio of the FF nuclear
propulsion system similar to that of the gas-core nuclear reactor: a
few percent of gy, where g, represents the acceleration of gravity
at the Earth surface. As for the conventional NTR, a liquid-oxygen
augmentation would represent a potential system for increasing the
thrust, at the expenses of decreasing the specific impulse. Further
optimization studies will be needed to take into account the many
variables.

Conclusions

The novel concept of fission-fragments (FF) enhancement for
nuclear propulsion has been described and discussed. As opposed to
conventional solid-core nuclear-thermal-rocket (NTR) propulsion,
which relies on the convective heat-transfer mechanism to convey
the energy from the nuclear source to the propellant, the FF NTR
is based on the direct conversion of the fission-fragments kinetic
energy into propellant enthalpy.

A preliminary assessment of the propulsion characteristics has
been discussed. The potential to reach specific impulses above
15,000 m/s has been shown. Though based only on theoretical as-
sumptions and on computer simulation, this result represents an
important improvement with respect to conventional NTR specific
impulse of about 9000 m/s.
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The FF rocket concept can have operating conditions, in terms of
mass flow rate, thrust, and specific impulse, tailored to specific mis-
sion requirements. Another difference between FF in comparison
with chemical and conventional NTR propulsion is that the achiev-
able velocity change might be limited as a result of fuel shortage
rather than to propellant shortage.

The main disadvantages, with respect to conventional NTR, are
the low overall efficiency, below 16%, the lower thrust-to-weight
ratio caused by the mass of the neutron diffuser, and the larger size
caused by the radiative panels.

A number of key issues must still be investigated with wind-
tunnel experiments and more and extensive computer simulation.
The chemical form of the fuel has to be devised, and the physico-
chemical behavior of the fuel layer has to be studied and tested under
realistic conditions in a nuclear reactor. More studies and experi-
ments must be devoted for assessing the effective nozzle efficiency,
which was assumed equal to 0.6 throughout the paper. A further
decrease of the nozzle efficiency, caused by wall heat flux, can put
the whole concept in jeopardy.

Finally, finding engineering solutions for refueling during the
mission would represent a major step forward for demonstrating
the feasibility of the novel rocket propulsion concept for allowing
human missions to the planet Mars.
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