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Feasibility of Rotating Fluidized Bed Reactor for
Rocket Propulsion

HANS LUDEWIG, A. JAMES MANNING, AND CHAD J. RASEMAN
Brookhaven National Laboratory, Upton, N.Y.

The rotating fluidized bed reactor concept is outlined and its application to rocket propulsion discussed.
Experimental results obtained indicate that minimum fluidization correlations commonly in use for \-g beds can
also be applied to multiple-^/ beds. It was found that for a low thrust system [90,OOON (20,000 Ibf)] the fuel particle
size and/or particle stress play a limiting role on performance. The superiority of 233U as a fuel for this type of
rocket engine is clearly demonstrated in the analysis. The maximum thrust/weight ratio for a 90,OOON thrust
engine was found to be approximately 65N/kg.

Introduction

THE rotating fluidized bed reactor concept was initially
proposed as a propulsion reactor in I960.1'2 A schematic

representation of such a rocket engine is shown in Fig. 1.
Fuel (UC-ZrC) in the form of small diameter particles (100-
500ju in diam) is retained by centrifugal force in a rotating
cylindrical structure to form an annular core. The cylinder is
made up of a porous material backed up by a squirrel cage-type
support structure known as a frit. Hydrogen propellant passes
first through the cooling passages in the rocket nozzle and then
through the reflector. All or part of it then passes through the
turbine of the turbo-pump unit and then enters the core region.
The gas flows radially inward through the cylindrical structure
and annular core at a velocity sufficient to fluidize most of the
bed. Finally, the heated gas flows out through the nozzle
generating the desired thrust. The advantages of such a concept
over other nuclear propulsion systems have been outlined in
Ref. 2, and will be summarized here.

1) The larger surface-to-volume ratio of the fuel and the high
fuel-to-coolant heat transfer coefficients permits very high rates of
heat transfer with minimum temperature difference between the
fuel and gas streams.

2) Since the primary structure remains cool, design require-
ments are dictated by the high temperature stability of the fuel
rather than structural factors which are limiting in conventional
solid fuel element nuclear propulsion system.

3) The volume and mass of material that must be handled
in loading and unloading fuel is less than that handled in
comparable solid fuel element systems and refueling of the core is
simplified.

4) The fuel particles are retained in the core by centrifugal
forces and the fuel loss problems that are characteristic of gas
core concepts are minimized.

It is the purpose of this article to outline the latest experi-
mental data obtained on a new bed, correct the previously
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made critical mass estimates2 and analyze the performance of
the rocket engine in a more complete manner. Experiments
were designed to extend the data into regions which would be
more compatible with propulsion reactors. Analytically derived
results cover both the reactor physics parameters, such as
critical uranium loading, and engineering quantities such as tem-
perature distribution within the fuel bed. The latter quantities
are related to an engine of a specific thrust.

Experimental Methods and Results
These experiments were designed to: a) study the bed dynamics

and b) obtain an experimental correlation which can be used
to predict the point of minimum fluidization, i.e., the minimum
flow rate required to fluidize a given bed.

The current experimental program differs from that carried out
earlier3 in that the bed length and diameter are equal [25.4 cm
(10 in.)]. In the previous case, the length-to-diameter was 0.1;
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Fig. 1 Schematic diagram of a rotating fluidized bed rocket engine.
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Fig. 2 Rotating drum show-
ing perforated frit support,
drive shaft, pulley, and nozzle.

the present experiments would make the bed geometry agree
more closely with conceptual designs for a propulsion reactor.
The experimental setup has been described in great detail
elsewhere4 and will briefly be described here.

High pressure nitrogen (gas used in the cold flow experiments)
is supplied to the gas distribution shell after it has passed
through a pressure regulator, an orifice to measure flow, and a
flow control valve. Figure 2 is of the rotating drum showing
the perforated frit support, drive shaft, pulley, and nozzle.

Bed Dynamics
Dynamic behavior of the bed was determined by using high-

speed photographic techniques. The bed apparatus is arranged
so that single frame photographs may be taken through windows
in the bottom plate of the rotating assembly.

Two photographs of the bed in this experimental series are

Fig. 3 View of bed taken through bottom plate, SOOju glass, 1000 rpm,
0 m3/min.

Fig. 4 View of bed taken through bottom plate, 500// glass, 1000 rpm,
170 m3/min.

shown in Figs. 3 and 4. For experiments at 140 g (1000 rpm),
flow rates were varied from 0-170 STP m3/min (0-6000 SCFM).
The settled bed (zero flow) is approximately 1.60 cm (f in.)
thick in this particular case and made up of 500/x glass spheres.
It is seen that the bed expands to about 1.9 cm (f in.) when the
flow of gas reaches 170 STP m3/min (6000 SCFM) and "bubbles"
of gas are starting to form within the bed. It has been found
that these gas bubbles can be eliminated by increasing the
rotational speed.

Experimental data from the present series, together with that
gathered from the previous experiment,3 demonstrate that a
rotating fluidized bed can be operated in a stable mode over a
range of length diameter ratios of 0.1-1.0. Furthermore, to
achieve a bed free from bubbles but maintaining a high flow
rate, the rotating speed need only be increased, increasing the
gravitational force. This is an important feature for reactor
operations, since it would thus be possible to vary the power
over a wide range. More specifically, in the case of rocket
propulsion it would enable the same reactor to operate over a
wide thrust range.

Minimum Fluidization
The point of minimum fluidization occurs when the drag

forces on the bed due to the gas flow balances the weight of the
bed. This condition is determined experimentally by measuring
the pressure drop across the bed as a function of flow rate.
Initially, the bed will be settled, and as the flow rate is increased,
the pressure drop increases until the balance point is reached.
After this point, the pressure drop across the bed stays constant
with increasing flow rate.

Figure 5 shows typical variations of pressure drop as a
function of flow rate. It can be seen that in all cases where the
settled bed thickness was 0.95 cm (f in.) a point of minimum
fluidization was determined. In the case of the other bed thick-
nesses shown, a higher flow rate would be required to fluidize
the bed.

It is interesting to note from the curves in Fig. 5 that at least
two of the three cases reaching the minimum fluidization
condition show a characteristic "hump." This "hump" indicates
that a larger pressure drop than that required for fluidization
occurs and has been attributed5 to frictional forces occurring
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Fig. 5 Correlation of fluidization data for 500// glass beads (specific
gravity = 2.5).

within the bed. This phenomenon is most frequently seen in
beds composed of small diameter particles, such as the ones
under consideration.

Resulting from this experimental program is a correlation
useful in predicting the point of minimum fluidization. This is
an important piece of information since this would automatically
give the minimum flow rate to fluidize a system which is
dynamically similar. This correlation is obtained by plotting
Galileo number (Ga) as a function of Reynolds number (Re)
where

i = Dp*p(pp-p)g/ii2

and
Re = GDp/n

p,H,G = the fluid density, viscosity, and mass flow rate per unit
area, respectively

Dp> pp = the particle diameter and density
g = the gravitational acceleration

The correlation, which has been suggested6 by earlier workers
using 1.0 g beds, is

Remf = [(33.7)2+0.0408G£W]1'2-33.7 (1)
The subscript mf refers to minimum fluidization in the above
equation.

Figure 6 shows Eq. (1) and the experimentally obtained
results. It can be seen that the fit between Eq. (1) and experiment
is good.
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Fig. 6 Correlation of Galileo number vs Reynolds number for minimum
fluidization.

spatial variation of the spectrum from the cavity containing
hot hydrogen to the reflector composed of beryllium and
hydrogen can be accounted for. Furthermore, the diffusion
cooling effects in the spectrum, due to the neutron leakage out
of the reflector are incorporated.

The one-dimensional calculations were further divided into
two separate calculations, one for those neutrons above the
thermal cutoff and another for those below the cutoff. In this
case, the thermal cutoff was assumed to be 2.15 ev. The
epithermal range was treated by using the ABBN7 cross section
set and the diffusion theory code 1-DX.8 It was felt that diffusion
theory would be adequate in this range since the flux gradients
would not be very steep. Four few-group cross sections were
obtained from these calculations for the epithermal range. In
the thermal range a great deal of care had to be taken since
the gradients in the neutron flux from the reflector into the fuel
region are very steep, the Bragg scattering of beryllium had to
be accounted for, and the reactor is highly thermal. For these

Reactor Physics and Rocket Engine Operating Condition
In this section the reactor physics associated with this type

of reactor and an analysis of the operating conditions of a rocket
propulsion reactor based on this concept are outlined. Details
of the critical mass determination are outlined next, to be
followed by an analysis of the operating conditions of a
90,000 N (20,230 Ibf) thrust rocket engine.

Critical Mass Determination

The critical mass determination was made using the two-
dimensional representations shown in Fig. 1. However, before
computations could be carried out using this representation,
appropriate few-group cross sections had to be determined. Few-
group cross sections were obtained by assuming a one-
dimensional model with many energy groups. In this way, an
accurate representation of the neutron energy spectrum can be
determined in the various regions of the reactor, and can be
used to collapse the large number of micro-groups to fewer
macrogroups. Only a radial variation was allowed for in the
one-dimensional model; thus, the cavity, fuel bed, frit and
reflector were assumed to be coaxial cylinders. In this way, the Fig. 7 Two-dimensional reactor model.
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Fig. 8 Spatial variation of neutron flux. Fig. 9 Neutron spectra at various positions.

reasons, the one-dimensional calculations were carried out using
30 thermal groups, with up and down scattering among all
groups and the DSN code ANISN.9 These cross sections were
based on ENDF/B data and collapsed down to a single
macro-group in the thermal range.

Results of the one-dimensional calculation in the thermal
range are shown in Figs. 8 and 9 for a 233U fueled reactor.
Figure 8 shows the spatial variation of the neutron flux for
0.765 and 0.053 ev. The discontinuity in the 0.053 ev curve
occurs at the point where the bed changes from settled to
fluidized. Figure 9 shows the neutron energy spectrum in the
cavity, fuel and reflector. From these curves the progressive
softening of the spectrum is evident as one moves out from the
cavity to the reflector.

Criticality determinations of the actual rocket reactor were
carried out using the two-dimensional DSN code DOT.10 All
the two-dimensional calculations were carried out using the five
macro-group cross sections and four angular quadratures. As an
example, the critical dimension for a 233U-fueled reactor and a
235U-fueled reactor are given in Table 1. Both these reactors
are optimized around a thrust of 90,000 N (20,230 Ibf).

Table 1 Critical dimension for 90,000 N thrust engine

throat diam (dt)
bed internal diam (d2)
radial reflector thickness (tt)
axial reflector thickness (£2)
fuel bed thickness (t3)
cavity height (/ix)
over-all height (h2)
critical mass (m^

233JJ

Fueled reactor

18 cm
24cm
16 cm
25cm
10cm
44 cm

104cm
140.0 kg

235U
Fueled reactor

18cm
48cm
21 cm
25 cm
10cm

74.7 cm
135.0 cm
420.0 kg

90,000 N Thrust Engine Operating Conditions

It has been found11'12 from earlier investigations that the
reflector weight dominates the total weight of the system and
there is a great incentive to reduce the reflector weight. A
reduction in reflector weight and hence thickness, increases the
neutron leakage. The loss of neutrons may be compensated for
by reducing the nozzle area and thus the loss due to streaming.
However, a nozzle of reduced area implies a higher chamber
pressure to maintain a desired thrust level. The increased
chamber pressure increases the weight of the containment vessel
and turbo-pump. Thus, it was found that a reduction in the
reflector weight implied an increase in the weight of the remainder
of the system and vice versa. An optimum throat area can be
found which minimizes the weight for a given thrust level, thus
maximizing the thrust/weight ratio.

An important component of the pressure to be overcome
by the turbo-pump is the pressure drop across the fuel bed. It
was found that the fuel particle size can, under certain circum-
stances, be a limiting factor on the optimum thrust/weight ratio
of an engine. This limitation is brought about by the balance
between low fuel bed pressure drops for large particle diameters
and high thermal stress for large particle diameters.

The total weight of the system will be defined to be com-
posed of: a) fixed weight (fuel, reflector, rotating gear); b) nozzle
and controls; c) pressure vessel; and d) turbo-pump. Weights
for the last three items are based on a model proposed by
Johnson and Smith.13 The fixed weight was determined by the
criticality calculations. In estimating the weights for the last three
items of the list above, it is necessary to know the pressure
and temperature at various points within the propellant supply
system. It was assumed that the propellant is pumped out of a
supply tank and rTasses through a pump, nozzle, reflector,
turbine and the fuel bed before entering the cavity. This path
is shown schematically in Fig. 10. The model used for estimating
the temperature rise Ti to T2 and pressure drop P± to P2 was
based on Ref. 14. Relationships between T3P3 and T2P2 can be



FEBRUARY 1974 ROTATING FLUIDIZED BED REACTOR 69

SUPPLY TANK

T P

TURBOPUMP

FUEL BED

v
CAVITY

NOZZLE
AND

REFLECTOR

(2)

(3)

Fig. 10 Schematic of flow system.

obtained from the power requirements by the turbo-pump unit.
The relationship between T4P4 and T3P3 is obtained from the
model used for the fuel bed. In the remainder of this section
the methods for computing the temperature shape within the
fuel bed and the pressure drop will be outlined. Finally, the
dependence of thrust/weight ratio on nozzle diameter, the
implied variation of system weight mentioned above, and the fuel
particle diameter will be discussed.

In estimating the variation within the bed of the gas and fuel
particle temperature, the assumption will be made that the fuel
bed can be represented by a homogeneous mixture. Thus,
separate energy balance equations can be written for the solid
(fuel particle) phase and gas phase.

The equations to be considered are
a) gas phase

h(Tg)A(l - s)(Ts- Tg) = - GV(Cp Tg)
b) solid phase

Off) = h(Tg)A(l-B)(Ts-Tg)-keV2Ts

where
Tg — gas temperature
Ts = solid temperature (fuel particle surface)
A = fuel surface area

h(Tg) = heat transfer coefficient
G = mass flow rate (per unit area)

Cp = specific heat at constant pressure
£ = bed void fraction

ke = effective thermal diffusion coefficient
<2(r) = imposed heat source.

The effect of including ke in the determinations of the tem-
peratures Tg and 7^ has been estimated and found to be
negligible (±0.4%). In the model for computing the variation
of Tg and Ts, it was thus assumed that the conduction term
in Eq. (3) can be neglected. Furthermore, the flow of propellant
was assumed to be only radial, i.e., G = m/2nrh, where m = total
mass flow rate. The following equations can thus be written for
the gas temperature and the solid (fuel particle surface)
temperature.

(- d/dr)(Cp Tg) = (2nrh/m)Q(r, z) (4)
and

T, = T, + [Q(r, z)/h(Tg)A(l - a)] (5)
The boundary conditions on these equations are: a) Tg

(r — outer bed radius) = T3 and b) the imposed heat source
Q(r, z) is normalized in such a fashion that at the inner bed
surface the gas temperature in the cavity, T4, reaches the level
dictated by performance requirements. The shape of Q(r, z) is
obtained from the criticality calculations, and is given by the
fission distribution within the fuel bed. The heat transfer
coefficient, h(Tg), can be computed from a correlation by Sen
Grupta et al.15 for the packed section of the bed, i.e.

(6)
where Nu = Nusselt number and Pr = Prandtl number
In the fluidized section of the bed, the Nusselt number is
essentially flow rate independent. This was hypothesized by
Chang et al.16 and demonstrated by Lindauer.17 The correlation
used in this region of the bed is given by16:

Nu -2.0 + 0.79 Ga1/4Pr1/3 (7)
Furthermore, the particle thermal stress is given by18:

v = EzQ(r,z)Dp
2/24K(l-v)

where
E = Young's modulus
a = coefficient of expansion

K = thermal diffusion coefficient from particles
v = Poisson's ratio

It is seen that the stress is directly proportional to the power,
and particle diameter squared. Since this is a reflector moderated
reactor, the highest power densities occur at the outer edges of
the bed, where the particles would be at the lowest temperature.
It is, thus, seen that the particles sustaining the highest stress
are the coolest. Finally, the probability for a hot particle
entering this region of high stress is remote, since this section
of the bed will very likely be settled in an operating reactor.

The fuel bed was considered to be made up of two distinct
regions, one fluidized and one settled. This assumption is sup-
ported by photographic evidence gathered from the experimental
program. The bed fluidizes at the inside edge first, with the
boundary between fluidized and settled region moving out with
increasing flow rate at a given rotational speed; a model to
simulate a two-region bed was used.

Using the experimentally confirmed correlation given by
Eq. (1), it can be shown that

g = Ve X(Dp X + 67.4)/0.0408D/ Y (9)
where

Ve = superficial velocity
X = p/fi = kinematic viscosity

Thus, given the superficial velocity and a particle diameter, the
gravitational force required for fluidization can be determined.
Hence, the pressure drop across the fluidized section of the bed
can be computed.

In the settled region the pressure drop is given by19

(10)
Re J D_e332.17

where
L = thickness of packed section.

The total pressure drop can thus be computed using Eqs. (9)
and (10).

Using the model outlined above the temperature and pressure
variations within the bed for a 90,000 N (20,230 Ibf) thrust,
233U-fueled rocket engine is shown in Fig. 11.

The above results apply to an engine having a specific
impulse of 8185 m/sec (835 sec). However specific impulses to
9820 m/sec (1000 sec) are felt to be possible with this system.

From Eqs. (9) and (10) it can be seen that the total pressure
drop increases with increasing Ve and decreasing Dp. In order to
decrease Ve for a given reactor, the propellant flow rate has to
be reduced; however, to maintain a constant thrust level, the
cavity pressure must be increased. It is thus seen that the sum of
the cavity pressure and the bed pressure drop must be minimized.
In minimizing this combined pressure, it is important to take
account of the corresponding particle diameter, since the bed
pressure drop decreases with increasing particle size. Although
this decrease is very desirable, increasing the particle size is not,
since its thermal stress rises very rapidly.

The specific example to illustrate the type of results obtained
from the above discussion will be a rocket reactor generating
90,000 N (20,230 Ibf) of thrust and fueled by 233U. A maximum
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Fig. 13 Flow diagram for thrust/weight optimization.

particle diam of 500/i and/or a maximum thermal stress of
55 MN/m2 (8000 psia) will also be assumed. The variation of
thrust/weight ratio as a function of throat diameter and particle
size is shown in Fig. 12 for this system. The curves on Fig. 12
include the optimization discussed above regarding the trade-off
between reflector weight and the weight of the remainder of the
system. However, they also include the effect of different particle
size. Briefly, increasing the throat diameter improves the per-
formance initially, due to a reduction in cavity pressure, which
reduces the pump and pressure vessel weight. However, larger
throat diameters require increasingly heavier reflectors which
reduce the performance. Furthermore, it can be seen that larger
fuel particle diameters correspond to improved performance
levels since they result in lower fuel bed pressure drops.

It is interesting to note that for a combination fluidized-
settled bed of this type, for a constant particle diameter, and
constant thrust, the Reynolds number is constant. This implies a
constant Galileo number; however, increasing the throat
diameter decreases the cavity pressure and thus the propellant
density. It is thus seen that g has to increase to maintain a
constant Galileo number. Therefore, for the same reactor
operating at a constant thrust the bed pressure drop will increase
rapidly with increasing throat diameter. This explains, in part,
the rapid drop off of the curves for 200/^ and 300/i diam
particles for the larger throat diameters in Fig. 12. For larger
particle diameters the bed pressure drop is comparatively small
and this effect is not important.

Finally, it can be seen from Fig. 12 that an engine using
233U as a fuel can generate a thrust of 90,000 N (20,230 Ibf)
at a thrust/weight ratio of approximately 65 N/kg (6.63 Ibf/lb m).
At higher thrust levels it is possible to improve upon this
performance, i.e. a 233U fuel engine generating a thrust of
1.8 x 106N (400,000 Ibf) could conceivably operate at a thrust/
weight ratio of 167 N/kg (17.0 Ibf/lb m). The method used for
determining the maximum thrust/weight ratio is summarized in
Fig. 13.

Summary and Conclusions
1) The experimental results obtained indicate that the rotating

fluidized bed is a feasible concept operating satisfactorily over
a wide range of parameters.
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2) Experimental data obtained fits the minimum fluidization
correlations used for \-g beds (Fig. 6).

3) From the reactors studied, it is evident that although a
rocket engine based on this concept would be able to operate
over a large range of thrust, it is worthwhile to optimize it
for a thrust range of interest.

4) In addition to problems posed by optimizing the reflector
weight and the remainder of the system weight by adjusting
the nozzle throat diameter, it has been found that the particle
size and/or stress play a limiting role on performance (Fig. 12).

5) For comparatively low thrust rocket engines, 233U seems
to have an overwhelming advantage over 235U-fueled engines
from a performance point of view. This conclusion is based on a
thrust/weight ratio of 65.7 N/kg (6.7 lbf/lbm) for a 233U-fueled
engine and 33.3 N/kg (3.4 lbf/lbm) for a 235U-fueled engine.
Both these engines produced 90,000 N of thrust, and had a
specific impulse of 8185 m/sec (835 sec).

6) The small size of the fuel particles greatly reduces the
difference between the gas temperature and the maximum fuel
temperature. In the case of conventional reactors this difference
could be an order of magnitude higher (Fig. 11).

7) A possibility for the continuous replacement of fuel exists
in this concept, which would minimize fission product build-up
and reduce the over-all fuel loading. The core excess reactivity
would not have to be high at beginning of life.
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