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a b s t r a c t

An analytical model of fluid flow and heat transfer of a Nuclear Thermal Rocket (NTR) engine concept is
presented. The engine is based on the direct conversion of the kinetic energy of the fission fragments (FFs)
into the propellant enthalpy. The FFs can escape from an extremely thin layer of fissionable material:
a sufficiently large surface coated with few micrometers of Americium 242m, confined by a neutron
moderator–reflector, may become a critical reactor.
Three dimensional coupled CFD-Monte Carlo simulations have already been presented in Di Piazza
and Mulas (2006). In this paper, an analytical integral 1-D model of fluid dynamics and heat transfer is
built in order to foresee the performances on the basis of simple, physically founded correlations. The
Peclet number has been identified as the main governing parameter of the system, and theoretically based
correlations have been found for the thermodynamic efficiency of the engine and for the specific impulse.
The correlations show a good agreement with numerical results presented in Di Piazza and Mulas (2006)

D-Mo
from fully coupled 3D CF

. Introduction

Nuclear Thermal Rocket propulsion is considered the only tech-
ology that can lead to manned interplanetary missions (De Luca,
003; Grey, 2004). This is due to the fact that thermal Nuclear
ropulsion can reach a specific impulse1 much higher than chem-

cal propulsion due to the higher enthalpy level of the propellant
n the stagnation chamber; this topic is fully discussed in Di Piazza
nd Mulas (2006). The higher possible value of the specific impulse
s crucial for interplanetary missions, as it is directly related to the
ocket mass by the standard rocket equation:

p = M(e�V/Isp − 1) (1)

here Mp is the mass of propellant needed for the mission, M is
he total burnout mass of spaceship and �V is the velocity change
equired for the mission. For a given mission, a higher Isp implies
lower mass of propellant Mp to be carried. The large amount of

ropellant to be carried is considered the main limiting factor for
anned interplanetary missions.
A review of the evolution of the Nuclear rocket propulsion is pre-

ented in Di Piazza and Mulas (2006), see Borowski et al. (1989),

E-mail address: ivandipiazza@yahoo.it.
1 The specific impulse represents the thrust force exerted by the unit propellant
ass flow rate and, in S.I. units, has the dimension of a velocity [m/s] and it is almost

qual to the exhaust velocity of the propellant at the nozzle exit section; it can be
lso expressed in seconds dividing by the gravity acceleration g.

029-5493/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.nucengdes.2009.09.029
nte Carlo calculations.
© 2009 Elsevier B.V. All rights reserved.

Frisbee (2003), Grey (2004), Howe (2000); a new nuclear rocket
concept has been recently introduced by Rubbia (2000) and it is
based on an idea also proposed by Chapline (1988), Ronen and
Shwageraus (2000) and Kammash et al. (1993), among others in
the past two decades. Fission fragments escaping an ultra thin layer
of few micrometers of Americium 242m can be used to heat up
a hydrogen flow. Heavy ionising fragments produced by neutron
induced nuclear fissions carry the major part of the corresponding
fission energy in the form of kinetic energy (about 168 MeV out of
approximately 191 MeV per fission event). FFs convert all of their
kinetic energy into internal energy of the propellant gas, slowing
down via electromagnetic interaction, provided that a sufficient
effective thickness2 of propellant is present (about 500 �g/cm2

(Rubbia, 2000)). By this unconventional (direct) heat transfer mech-
anism, the enthalpy of the gas in the stagnation chamber can reach
values of about 200–300 MJ/kg, at low pressures of few bars, corre-
sponding to temperatures of about 4000–4800 K and to a specific
impulse Isp of the order of 15,000–20,000 m/s.
Due to the direct energy conversion (unconventional heat trans-
fer) this new concept of NTR shares the same “cold” structure—“hot”
propellant configuration of the gas-core nuclear rocket concept,
thus outperforming the conventional NTR concept: the hydrogen

2 the effective thickness is defined as the mass of propellant per unit area of Ameri-
cium 242m, and it can be seen as the mass of propellant available to slow down
fission fragments.

http://www.sciencedirect.com/science/journal/00295493
http://www.elsevier.com/locate/nucengdes
mailto:ivandipiazza@yahoo.it
dx.doi.org/10.1016/j.nucengdes.2009.09.029
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Nomenclature

cp specific heat of the gas [J/kg/K]
dQconv power extracted by convection in the volume dV

[W]
dQwall power lost by conduction in the volume dV [W]
dQgen power deposited in the volume dV [W]
dV elementary volume of the module used to write bal-

ance equations [m3]
D module diameter [m]
h average propellant stagnation enthalpy [J/kg]
hwall average propellant stagnation enthalpy before

entering heating chamber [J/kg]
Isp specific impulse [m/s]
IspRED nondimensional reduced specific impulse
IspSCALE specific impulse scale [m/s]
L module length [m]
M total burnout (final) mass of spaceship [kg]
Mp mass of propellant needed for the mission [kg]
ṁp engine mass flow rate [kg/s]
ṁ single module mass flow rate [kg/s]
ṁwall mass flow rate per unit wall area [kg/s]
N number of modules
Nu Nusselt number for conductive losses
P propellant stagnation pressure [Pa]
Pe Peclet number
Pr Prandtl number
q̇FF rate of fuel consumption [W/m2]
q̇

′′
wall

wall heat flux [W/m2]

Q̇cond power lost by heat conduction [W]
Q̇F gross nuclear fuel power [W]
Q̇FFlost nuclear fuel power entrapped in the fuel layer [W]
Q̇h heating power available for generating thrust [W]
Q̇nozzle power lost in the nozzle expansion [W]
Q̇p propulsion power of the engine [W]
Re Reynolds number based on the specific mass flow

rate
Remod proper module Reynolds number
S surface of the heating tube [m]
T average propellant stagnation temperature [K]
Twall wall temperature [K]
Vexit propellant velocity at the nozzle exit [m/s]
ıf fuel thickness [m]
�T average temperature drop in a module [K]
�Tmax maximum temperature drop in a module [K]
�V velocity change [m/s]
�h hydrogen enthalpy gain in a module [J/kg]

Greek letters
˛ themal diffusion of the gas [m2/s]
�capture FFs capture efficiency
�layer Americium layer efficiency
�FF fission fragments efficiency
�h heating efficiency
�N nozzle efficiency
� overall efficiency

fl
i
l

t

modules (heating tubes) immersed in a bath of boiling lithium at a
temperature TLi ≈ 2000 K. Fig. 1 shows a schematic representation
of the engine. The tubes are internally coated with an extra thin
layer of 242mAm: due to the high fission cross-section of 242mAm
(about 5000 barns against 583 barns of 235U for thermal neutron at
� kinematic viscosity of the gas [m2/s]

ow may enter the stagnation chamber at low temperature (say

n the range 1500–2000 K) and can heat up, in principle without
imits, flowing towards the nozzle.

The aim of this paper is to present an analytical study of heat
ransfer and fluid dynamic performances of the engine alone. The-
Design 239 (2009) 3171–3177

oretical correlations are therefore derived and compared with
numerical fully 3D results presented in Di Piazza and Mulas (2006).
The theoretical analysis shows that the dominant parameter of the
system is the Peclet number, and the performances are therefore
linked to this nondimensional parameter.

The scientific feasibility of the FF unconventional NTR concept
has been demonstrated in Rubbia (2000), while reference Di Piazza
and Mulas (2006) presents an integrated software system for sim-
ulating the fluid dynamic and thermal behaviour of the system.

In reference Di Piazza and Mulas (2006), the analysis has been
performed on a single heating tube (module) with 3D axisymmetric
simulations using a hybrid integrated software system. The system
is made of a CFD code (Mulas et al., 2002) coupled to a neutronic
code and to a Monte Carlo code. The neutronic code, for a cho-
sen fissile material and fuel layer thickness, computes a database
containing the power density (in W/m2) per unit fuel area, the
percentage of FFs escaping the fuel layer and the kinetic energy dis-
tribution of the FFs. The outputs of the neutronic code are then used
by the Monte Carlo code to model the fission fragments emission
from the fuel layer and the direct energy conversion into propellant
enthalpy. The CFD code computes the flow inside the engine.

2. Engine description

2.1. General layout

The conceptual design is based on a number N of cylindrical
Fig. 1. Schematic representation of the FF heated propulsion engine. The config-
uration is a critical reactor cooled by boiling lithium and confined by a neutron
moderator–reflector. The heating chamber is made of a number of cylindrical tubes
immersed in a lithium bath. The heating tubes are 5 m long, while the external
diameter of the engine is 4 m.
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ig. 2. Cross-section view of the heating chamber of the engine (left) with a schema
he 242m Am thin layer and cooled by the boiling lithium; the H2 propellant flow ent
he permeable tube wall, based on the use of carbon composite fibers and matrices

.025 eV), such a configuration represents a critical thermal reac-
or confined by a neutron reflector–moderator made of carbon
graphite) or beryllium (Be or BeO), and a sort of n-hohlraum can
e created, assuring a multiplication factor keff sufficiently high
o give allowance of a reasonable burn-up, even for a fissile layer
f few micrometers of thickness. Hydrogen enters the tubes uni-
ormly, permeating the solid walls, and heats up as it flows out of
he heating tubes by stopping the FFs.

Fig. 2 shows the so called Catiuscia (Benetti et al., 2005) arrange-
ent of N heating tubes of diameter D. The tubes structure is made

ut of carbon composite fibers and matrices, a material which is

orous and permeable to hydrogen. A slab with thickness of the
rder of 1–2 cm with a limited number of narrow, hollow channels
n which hydrogen can be introduced under pressure can provide
he necessary mass flow rate of propellant ṁp. The thermo and
uid dynamic conditions of the propellant flowing inside the heat-

Fig. 3. Three possible Catiuscia configurations with an external diameter of 4 m.
ial representation of the single heating tube (centre): the cylinders are coated with
e cylinder uniformly from the tube walls. On the right: schematic representation of

ing tubes depend on the volumetric heat addition coming from the
FFs: the energy deposit, proportional to the local propellant density,
heats up the propellant and so changes its temperature and den-
sity, modifying in turn the FFs energy deposit itself. The final state
of the propellant flow exiting the tubes, as well as the thermody-
namic state in terms of temperature and pressure, comes from the
equilibrium among many different effects: the conservation equa-
tions of mass, momentum and energy including a model for the FFs
heating (Rubbia, 2000) and the H2 dissociation. Once the fluid has
been heated, it flows into the stagnation chamber, and then it is
accelerated through a conventional convergent–divergent nozzle,

where the internal energy is converted into kinetic energy gen-
erating thrust. The portion of nuclear fission energy which is not
converted into propellant enthalpy must be evacuated by the liq-
uid lithium that flows out of the core region through small tubes to
the radiating panels.

N = 37, 19 or 7 respectively for modules of diameter D = 0.4, 0.6 or 1.0 m.
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The number of heating tubes (modules) which can be assembled
ogether is limited by the size of the engine, which in turn is limited
y the size of the cargo bay of the next generation Space Shuttle, for
he engine has to be assembled in the International Space Station
nd can only be ignited in space. The dimension of the actual Space
huttle cargo Bay are about 4.5 m in diameter and 18 m long. With
he constraint of D = 4 m, three multiple-module arrangements are
hown in Fig. 3. The three configurations would fit 37, 19 and 7
odules, respectively, with diameter 0.4, 0.6 and 1 m. A perspective

iew of the assembled Catiuscia engine is shown in Fig. 4, where
he length of the modules has been fixed to 5 m.

.2. Efficiency definition

The number of fissions occurring in the engine per unit time
nd per unit surface of the fuel layer determines the rate at which
nergy is transferred to the propellant, or the rate of fuel consump-
ion, q̇FF . The overall rocket engine efficiency � is defined as the
atio between the propulsion power Q̇p and the gross nuclear power
vailable from the fission process Q̇F :

= Q̇p

Q̇F

= ṁpV2
exit

/2

N�DLq̇FF
(2)

here Vexit is the propellant velocity at the nozzle exit, S = �DL
s the available emission surface of a single heating tube, N is the
umber of heating tubes and ṁp is the hydrogen total mass flow rate
f the engine. The propellant leaves the Americium coated heating
ube wall with an enthalpy level hwall; it gains energy and goes to
n average enthalpy h. If �h = h − hwall represents the enthalpy
ncrease due to the heating process, with respect to a initial (wall)
nthalpy level hwall , then the propulsion power can be computed as

˙ ˙
he heating stagnation power Qh = mp�h minus the nozzle losses:

˙ p = Q̇h − Q̇nozzle = �NQ̇h (3)

˙
nozzle represents the losses associated with the expansion process

n the convergent–divergent supersonic nozzle; these are due to

ig. 4. Perspective view of the assembled Catiuscia engine. All modules discharge
n the same nozzle.
Design 239 (2009) 3171–3177

the missed chemical recombination into molecular hydrogen, and
eventually to the frictional and heat flow losses through the nozzle
walls. In Eq. (3) the nozzle efficiency �N < 1 has been introduced.
The gross fission fragment power Q̇F is converted into heating stag-
nation power Q̇h with several losses. This power budget can be
expressed as:

Q̇h = Q̇F − Q̇FF lost − Q̇cond (4)

where Q̇FF lost represents the power associated with the fission
fragments that remain entrapped in the fuel layer or in the tube
structure or escape from the system, and, hence, never becomes
available for heating the propellant. The third term on the right
hand side, Q̇cond, represents the power loss due to heat conduction
through the tubes walls. The Reynolds number associated with the
flow inside the heating tubes may, in fact, be low enough so that
heat conduction losses can be important. The two sources of power
which are lost return to the tube structure and need be evacuated
by the lithium coolant, through the radiative panels. By introducing
two more efficiencies �FF , which takes into account the FF losses,
and �h for the heat transfer losses, then the heating power Q̇h, rep-
resenting the power which remains available for conversion into
propulsive power, is given by:

Q̇h = (�FF �h)Q̇F (5)

Alternatively we can introduce �FF = �layer�capture,

Q̇h = (�layer�capture�h)Q̇F (6)

where the FF losses have been split into two contributions: one,
�layer , due to 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, �capture due to insufficient gas effective thick-
ness 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 � is given by:

Q̇p = (�layer�capture�h�N)Q̇F = �Q̇F (7)

The layer efficiency, �layer , depends on the fuel thickness (the
thinner the layer, the higher �layer), on the fuel chemical form
(metallic rather than carbide, for instance) as well as on neu-
tronic issues; it is always less than 0.5 for symmetry reasons (half
of the FFs would tend to escape from the wrong side, convert-
ing their energy into heat of the wall structure). In this work, a
layer of metallic 242mAm of thickness ıf = 3 × 10−6 m and den-
sity �F = 13, 670 kg/m3 has been assumed. Neutronic simulations
based on these figures provides a value layer efficiency of �layer =
0.31 (Rubbia, 2000), which means that 70% of the overall power Q̇F

is instantaneously converted into heat.
The second efficiency �capture measures the amount of power

extracted by the FFs during the interaction with the flowing pro-
pellant; this value depends on the gas effective thickness, defined as
the mass of the gas in a heating module per unit module area �D/4.
This quantity depends on the density of the gas which increases
with the thermodynamic pressure. Its actual value depends on
the design choices in terms of operating pressure and nozzle
throat area: the higher the pressure, the higher �capture (eventually
approaching unity), but this corresponds to a tighter throat area
and higher nozzle losses (heat transfer losses in the nozzle). Values
obtained in the simulations carried out, range between 0.75 and
0.95.

The heating efficiency �h measures the power loss due to the

heat conduction through the tube walls. The heating efficiency
is the crucial efficiency, for it can vary widely between 0 and 1,
depending on the operating conditions. High mass flow rates (high
Reynolds numbers) will yield high �h, but low propellant specific
enthalpy and specific impulse, and vice versa.
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Finally �N is the nozzle efficiency. The value of �N ≈ 0.60 rep-
esents a good approximation if the accelerating flow inside the
ozzle remains in chemical equilibrium conditions, and if negligible
iscous losses and wall heat transfer losses through the nozzle walls
ccur. This is attained if the nozzle dimensions are not too small; in
act a high Reynolds number inside the convergent–divergent noz-
le yields negligible heat transfer losses through the nozzle walls.
he design pressure in the stagnation modules appears as one of
he critical design choices for the whole system. The lower possible
ressure appears to be the optimal choice, provided that �capture

emains at an acceptable level.
Considering the values discussed above, the overall engine effi-

iency is given by � < 0.16. The power losses associated with
�layer�capture�h) represent the heat that must be removed by cool-
ng the external walls by the liquid lithium loop, and by the radiative
anels. If �h ≈ 1 such a power loss amounts to 74% (minimum) of
he gross nuclear power.

The remaining 10% of the initial power is associated with the
ozzle efficiency and mostly represents the power stored in the
hemical bonds of atomic hydrogen (missed recombination of
olecular hydrogen in chemical equilibrium conditions). This por-

ion is directly lost towards deep space. The lower �h, with respect
o unity, the higher the power percentage that must be evacu-
ted through the liquid lithium loop. The lithium loop should be
esigned to remove the total power produced with the reactor
perating at 100% power to accommodate the case of zero pro-
ellant mass flow.

In this paper, the attention is focused on the heating efficiency
h, which exhibits the largest variations, and thus is the crucial
arameter to estimate. A simplified 1-D axial integral theory based
n an energy balance is presented, and a theoretical correlation is
erived for �h and Isp.

. The analytical model of a single module

.1. Nondimensional analysis

If attention is focussed on the thermo-fluid dynamic perfor-
ances of the single module only, i.e. on the heating efficiency �h,

he physical quantities describing the system can be identified as:
he effective energy flux (�FF qFF ), the module diameter D, the mod-
le length L, the specific mass flow rate per unit wall area ṁwall , the
inematic viscosity �, the thermal diffusivity ˛, the specific heat
p and the average enthalpy gain �h. The Buckingham’s theorem
rescribes that the number of nondimensional parameters fully
escribing the system behaviour is given by the difference between
he number of physical quantities involved (8) and the number of
asic units used (4, m, kg, s, K); therefore 4 nondimensional param-
ters provides a full description of the system. These parameters
re naturally selected as: the heating efficiency �h, a module aspect
atio L/D, a Reynolds number Re (more precisely defined later), and
he Prandtl number Pr= �/˛. A functional relation exist between
ne parameter and the others; for example:

h = f
(

Re,Pr,
L

D

)
(8)

Developing the simplified theory these nondimensional groups
ould appear, in some sense, naturally, and the most appropriate
efinition of the Reynolds number will emerge from the formula-
ion. The final aim of the theory is to find an analytical expression
or the efficiency given in Eq. (8).
.2. The integral analytical model

The model is based on the mass and energy balance of the single
odule schematically shown in Fig. 5.
Fig. 5. Schematic representation of a single heating module.

The walls are kept at a constant temperature Twall , and thus the
gas is pre-heated while permeating the solid walls, and it will have
the inlet enthalpy hwall . Internal heat generation is provided by
the fission fragments stopping in the chamber. This process can
be approximately described by a constant power per unit volume
Q̇ [W/m2]. The mass flow rate is provided from the solid wall at a
constant specific rate per unit area ṁwall [kg/m2 s]. The module has
a diameter D [m] and a length L [m]. If an x coordinate system is
defined along the module length (see Fig. 5), the balances can be
made with reference to an infinitesimal portion dx of the module of
volume dV = �(D2/4) dx. If ṁ(x) [kg/s] is the mass flow rate of the
gas at the generic section located at x, the mass balance prescribes:

dṁ = ṁwall�D dx (9)

The module mass flow rate at the section x is then given by inte-
gration:

ṁ(x) = ṁ(0) +
∫ x

0

ṁwall�D dx = ṁwall�
D2

4
+ ṁwall�Dx (10)

The mass flow rate at the exit section located at L, can now be easily
computed:

ṁ(L) = ṁwall�
D2

4
+ ṁwall�DL (11)

The energy balance can be written in the following way:

dQgen = dQconv + dQwall (12)
where dQgen is the power deposited in the volume dV , while dQconv
and dQwall represents the power extracted by convection and the
power loss for heat conduction at the walls. Theoretical consider-
ations (Rubbia, 2000) indicate that below 7000–8000 K, radiation
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osses become negligible, and therefore have not been considered
n this analysis. The three pieces of Eq. (12) can now be estimated
eparately. The power generation in the volume dV is simply:

Qgen = Q̇�
D2

4
dx (13)

If h(x) is the average gas enthalpy at section x, the power
xtracted by convection in the volume dV can be computed as:

Qconv = ṁ(x + dx)(h(x + dx) − hwall) − ṁ(x)(h(x) − hwall)

= (ṁ(x) + dṁ)(h(x) − hwall + dh) − ṁ(x)(h(x) − hwall)

= ṁ(x)dh + (h(x) − hwall)dṁ (14)

eglecting the highest order infinitesimal quantities. Introducing
he new variable �h(x) = h(x) − hwall , and using the continuity Eqs.
9) and (10), dQconv has the final expression:

Qconv =
(

ṁwall�
D2

4
+ ṁwall�Dx

)
d(�h) + �h(x)ṁwall�D dx

(15)

t can be shown that in realistic configurations, documented in Di
iazza and Mulas (2006), turbulence does not play a relevant role
nside the tubes because the Reynolds number at the module exit
ection is at most 1000 for the largest values of module diameter
nd mass flow rate. Therefore, in this laminar flow condition, wall
adial heat transfer mechanisms can be decoupled, i.e. the Nusselt
umber is independent from the Reynolds number. The effect of
onvection is simply to carry energy along the axial direction, and
hus to produce different enthalpy (and temperature) levels accord-
ng to the mass flow rate; higher mass flow rates lead to lower gas
nthalpy levels.

To evaluate the wall heat flux, the pure conductive tempera-
ure distribution can be used. For a cylinder with constant heat
eneration per unit volume and constant wall temperature, the
emperature distribution is parabolic:

(r) = Twall + �Tmax

(
1 − 4r2

D2

)
(16)

here �Tmax is the maximum temperature drop between the axis
nd the wall. The wall heat flux can be computed as:

′′
wall = −k

∂T

∂r

∣∣∣∣
wall

= 4k�Tmax

D
(17)

ith the parabolic distribution in Eq. (16), the ratio between the
verage temperature drop �T and the maximum temperature drop
Tmax is:

T = 3
4

�Tmax (18)

nd thus the wall heat flux q
′′
wall

can be expressed with respect to
he average drop as:

′′
wall = 16

3
k�T

D
(19)

efining a Nusselt number on the wall heat flux, as

u = q
′′
wall

k�T/D
(20)
constant value of Nu = 16/3 is obtained in this case.
The total power exiting from the side walls in the volume dV

an the be written as:

Qwall = q
′′
wall�D dx = Nu�k�T dx (21)
Design 239 (2009) 3171–3177

If this is expressed with respect to the average enthalpy drop �h,
the heat lost by conduction in a module becomes:

dQwall = Nu�
k

cp
�h dx (22)

Now the differential power balance equation in the module can
be written from Eqs. (13), (15) and (22):

Q̇�
D2

4
dx = ṁ(x)

d(�h)
dx

+
(

ṁwall�D + Nu�
k

cp

)
�h(x) (23)

Eq. (23) is a total differential equation with variable coefficients,
and the exact integration would lead to the function �h(x). In the
limit, we can realistically approximate x >> D, i.e. L >> D; in this
case thermal equilibrium is reached and only the particular solu-
tion survives. This concept has been confirmed by 3D numerical
simulation, as shown in Fig. 6, where the axial distribution reaches
an asymptotic behaviour close to the module exit section.

Under this hypothesis, the solution of Eq. (23) for x >> D does
not depend on x, i.e. it is a constant with respect to x. This solution
can easily determined as:

�h = Q̇ (�D2/4)
ṁwall�D + Nu�(k/cp)

(24)

From this solution, introducing the expression for the mass flow
rate previously derived (Eq. (10)), with trivial passages, a clear ana-
lytical solution for the heating efficiency can be derived from the
efficiency definition:

�h = Pe
Pe + Nu

(25)

where the Peclet number has been introduced as the product of
Reynolds and Prandtl numbers:

Pe = Re<CE:HSP SP="0.25"/>Pr = ṁwallDcp

k
(26)

The Prandtl number is, as usual, Pr = �cp/k, while a special
Reynolds number is properly based on the specific wall inlet mass
flow rate ṁwall , Re = ṁwallD/�. This Reynolds number is related to
the module outlet section Reynolds number Remod, through the
relationship Remod = 4ReL/D. It should be noticed that the ana-
lytical expression for the heating efficiency in Eq. (25) does not
depend on the module aspect ratio L/D for a module length L much
larger than module diameter D. In the limit, we can realistically
approximate L >> D.

In a similar way, from Eq. (24), it is possible to derive an
analytical expression of the rocket performance in terms of nondi-
mensional specific impulse:

I2
sp

(2q̇FF /�D)�layer�capture�N(D2/˛)
= 1

Pe + Nu
(27)

From this balance equations, a proper scale for the specific impulse
Isp emerges:

IspSCALE =
√

2q̇FF

�D
�layer�capture�N

D2

˛
(28)

and Eq. (27) can be rewritten as a nondimensional reduced specific
impulse:

IspRED = Isp

I
=

√
1

Pe + Nu
(29)
spSCALE

Eqs. (25) and (29) represent the main reference parameters of
the engine and can be computed in closed form analytically with
the present analysis. In the next section this analytical model will be
compared with fully 3D numerical solutions obtained by coupling
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Fig. 6. Temperature distribution [K] in a module from a 3D
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ig. 7. Comparison of the analytical and numerical heating efficiency. Circles rep-
esent numerical 3D results, while the continuos line is the analytical Eq. (25).

FD codes with a Monte Carlo code for fission fragment energy
elease with an equation of state for chemical equilibrium.

.3. Analytical vs numerical results

In Fig. 7 the function (continuos line) obtained for the analyti-
al heating efficiency of the rocket module is compared with fully
D numerical results (circles). The agreement is good with an RMS
rror of about 12%. The analytical expression can be considered a
imiting upper value for the efficiency. This result is justified by the
act that the gas density is higher close to the wall where temper-
tures are lower. The fission fragments mean free path is shorter
here density is higher, and the resulting power per unit volume

eleased by the fission fragments is higher close to the wall. This

ituation leads to an underestimation of the conductive losses by
he analytical model presented in Section 3.2, where a constant
ensity for the gas, and thus a constant power deposition per unit
olume, was assumed through the domain. In any case, numerical
ata collapse with the Peclet number regardless of the tube diam-

ig. 8. Comparison of the analytical and numerical reduced specific impulse. Circles
epresent numerical 3D results, while the continuos line is the analytical Eq. (29).
numerical computation; walls are kept at 2200 [K].

eter; in fact three different values of tube diameters were used in
the numerical study (Di Piazza and Mulas, 2006) as well as in other
studies documented in Di Piazza and Mulas (2002), Di Piazza et al.
(2003), namely D = 0.4, 0.6, 1.

Fig. 8 shows a comparison between the analytical solution for
the scaled specific impulse (continuos line), and the numerical
results (circles) at different Peclet numbers. The agreement is good
even for this important performance parameter with an RMS error
of about 5%. Therefore, the specific impulse scale IspSCALE Eq. (28) and
the reported analytical function Eq. (29) can be applied to estimate
Isp on the basis of mass flow rate and module diameter.

4. Conclusions

An analytical model is presented for the fluid dynamic per-
formance of a single module of a fission fragment rocket engine
for interplanetary missions. The analysis shows the crucial role of
the Peclet number in rocket engine efficiency and performance.
The analytical treatment was based on the integral continuity and
energy equations, where all terms were considered and evaluated
properly. From these integral equations analytical solutions have
been found both for the heating efficiency and for the scaled specific
impulse of the engine. These expression are: �h = Pe/(Pe + Nu), and
IspRED = Isp/IspSCALE = (Pe + Nu)−0.5, where the Nusselt number is a
constant given that the flow is fully laminar inside the modules.
The Nusselt number is estimated on the basis of the conductive heat
transfer, and a value of 16/3 is obtained analytically. The agreement
between numerical fully 3D results and the analytical function is
good for both quantities, with RMS errors of 12% for the efficiency
and 5% for the specific impulse.
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