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ABSTRACT

A program for computing ths thrust/weight ratio of a rocket engine,

based on a rotating fluidized bed reactor, is described. The radial

and axial power shapes are illustrated and discussed. The variation of

233

propellant temperatures and pressure within the bed of a U-fueled

rocket engine having a 90,000-N (20,000»lb ) thrust is computed. An ex-

perimental method of measuring the heat transfer coefficient is outlined,

and finally the modifications of the present experimental setup to make

it more compatible with a rocket reactor are described.
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I. INTRODUCTION

The rotating fluidized bed reactor was initially proposed for rocket

propulsion by L. P. Hatch, W. H. Regan, and J. R. Powell at Brookhaveri

National Laboratory in 1960. * The fuel in this system is in the form

of small diameter particles that are retained by centrifugal force in a

rotating cylindrical structure to form an annular core. The use of small

fluidized particles for the reactor fuel offers the following specific

advantages:

1. The large surface-to-volume ratio of the fuel and the high

fuel-to-coolant heat transfer coefficient permit very high rates of

heat transfer with a minimum temperature difference between the fuel and

the gas stream.

2. Since the primary structure remains cool, design requirements

are dictated by high temperature stability of the fuel rather than

structural factors which are limiting in conventional solid fuel element

nuclear propulsion systems.

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

force and the fuel loss problems characteristic of gas core concepts are

minimized.

Thus, the rotating fluidized bed reactor promises to avoid many of

the problems that limit the performance and suitability of solid fuel

elements and gas core systems. High gas temperatures and a high specific

impulse can be achieved, with the limit depending on the melting and

sintering properties of the fuel particles.
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II. 13ACKGR0UND AND HISTORY

For many years fluidized bed techniques have been utilized by the

chemical process industries. Sup 22-ior temperature control, heat transfer,

and continuity of operation have resulted in certain applications. Studies

of the characteristics of powder suspensions (100 to 500 microns) showed

that a dense concentration of solids could be maintained in a highly

turbulent state by a proper combination of gas velocity and particle size of

the powder. The behavior of the agitated solids indicated contact between

gas and solids, with a modest pressure drop equal to the weight of the bed.

Early fluidized bed studies were carried out with liquid flow, which

resulted in uniform dispersion of the material. In the gas fluidized

system, however, there is a definite tendency for bubbles to form and for a

portion of the gas to pass through the beri in the form of bubbles. The

question that arises in nuclear reactor design considerations is how much of

the gas passes through the bed without contacting a sufficient number of

particles to maintain efficient heat transfer.

Preliminary studies were performed at Brookhaven from 1962 to 1966

with rotating beds of glass particles fluidized with air to demonstrate

the principles involved and to provide a basis for the definition of a

development program. A rotating fluidized bed test rig with a bed

25.4 cm (10 in.) in diassetej. and 2.54 cm (1 in.) long was operated with

various bed depths at 138, 500, and 3450 g. As expected, no loss of the

simulated fuel occurred during these experiments and die beds did not show

any instabilities.

Work was resumed at Brookhaven National Laboratory under the guidance

of the present sponsors during 1970. ' The analytical results and experimental
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work confirmed the suitability of this reactor concept for consideration

in future nuclear rocket propulsion systems.

III. PROGRESS DURING THE REPORT PERIOD

A. Analytical

The primary effort during this six-morth reporting period consisted

of developing a computational tool for determining the performance of a

propulsion system based on a rotating fluidized bed reactor. Although

many components of this computer program were in existence, it was thought

that it could be used more efficiently if it were all in one code. In

addition, more sophisticated models for the turbopump and fluidized bed were

incorporated in this program.

Work was also started on the formulation, of a dynamic model. No new

critical configurations were computed during this period, and those determined

previously ' will be used in any analysis.

rhe overall layout of the program is illustrated in Figure 1. The main

program (RAK) computes the propellant mass flow rate, average power, specific

impulse, thrust, and average particle stress, given the cavity conditions

and particle diameter. Also determined in this section are the initial

estimates of the fuel bed pressure drop and turbine exit temperature. In

this particular model of the system the turbine exit temperature is equal to

the bed inlet temperature. The subroutine CYCL, in which the temperatures

and pressures at various points within the propellant feed system (except

the fuel bed) are computed, is then called. A new value of the turbine exit

temperature is determined during this step using a value of the bed

pressure drop, either estimated in RAK or determined from BBDTEM. Next, the

3 —



Mo

RAK

Computes: mass flow rate, average power, specific impulse,
thrust, average particular stress, and initial estimates of bed
pressure drop and turbine exit temperature.

\r
CYCL

Computes: pump outlet temperature and pressure, turbine inlet
temperature and pressure, turbine outlet temperature and pressure.

BEDTEM

Computes: pressure and temperature distribution in gas and solids
within the bed and total pressure drop.

1

Checks convergence of total bed pressure drop and turbine exit
temperature.

Yes
1

Computes thermal stress distribution in fuel particle.

Computes:
ratio.

component weights,

1
WATE

total weight, and thrust/weight

Figure 1. Description of computer program.
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subroutine BEDTEM is called and the temperature and pressure distribution

within the bed are determined. A new total bed pressure drop is also

determined. The turbine exit gas teuaperature computed from CYCL is used

in this step. At this stage the convergence of the bed pressure drop and

the turbine exit temperature is tested. If convergence is unsatisfactory,

the new value of bed pressure drop is used in CYCL to compute among other

things, a new turbine exit temperature. This process of iteration between

CYCL and BEDTEM continues until a suitably converged result is obtained.

Once all the temperatures and pressures within CYCL are known, the thermal

stress in the fuel particle can be determined. Finally the subroutine WATE

is called, and the weights of the various components are computed. These

weights are primarily a function of the pressure at the various points and

thus a converged solution of the pressure in the various areas is required.

Control is then finally returned to RAK, where either the description for

the next system is read in, or the calculation is terminated.

The details of the various steps in the program are outlined below.

1. RAK

The relations programmed into RAK to compute the mass flow rate,

average power, specific impulse, thrust, and particle stress can be found

in standard texts on the subject. However, for the sake of completeness,

they are civen here.
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Y

Ac T 3600
p = _JLJ:
° 3.41 x 10 (2)

r2Y766.53Tc / V X

I (Y - 1)32.2 \32.2ysp I (Y - 1)32.2 \32.2y J ' (3)

Th = I m , (4)
sp

where

m = mass flow rate,

A = area of throat,

P = cavity pressure,

y = c ,c

P/ v,
T = cavity teraperature,
c

P = power (MW),
o

I = specific impulse,

V = axial velocity in cavity, and

Th = thrust.

An initial estimate of the bed pressure drop is made by assuming it

to loa ha.l\t fluidized and half settled and by using the gas properties

corresponding to T and P . The turbine exit temperature is set equal
c c

to T /2.
c
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2. CYCL

In this subroutine the temperature and pressure within the cycle,

which includes everything in the propellant flow path except the fuel bed,

is computed. This model is partly based on a model outlined in Ref. 7.

Figure 2 is a schematic diagram showing the path taken by the propellant

in this model. It was assumed that the propellant is pumped out of the

supply tank and passes through the nozzle and reflector to cool these parts

and then through the turbine before passing through the bed and finally

into the cavity. This is known as a full topping cycle, since all the

propellant passes through the turbine.

It was assumed that the supply pressure is negligible in comparison

with the pump delivery pressure. The equations relating T , P to T , P

in Figure 2 are based on the roodel and are

T2 = Kl(Tc" V

Kfh2T
pi = -^T1 + V

By equating the power requirements of the pump to the power delivered

by the' turbine and neglecting the supply pressure, a second relationship

for P is obtained:

f (Y - DA]
P, - K 3 T 2 | _ 1 - (P3/P2) J. (7)
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CAVITY

NOZZLE
AND

REFLECTOR

Figure 2. Diagram showing propellant flow.
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The value of P is obtained by adding the bad pressure drop, AP,

to the cavity pressure, P . It is assumed that AP is either known from

an initial estimate or determined from BKDTEM, and that P is known from
c

input.

P, = P + AP. (8)
3 c

In Eqs. (5) to (7), K , K , and K are constants.

K = 0.01
suggested values from Ref. 7,

K = 0.16

K == c n T\ p J#3 p t p h

n = Turbine efficiency,

D = Pump efficiency,

p, = propellent density in pump, and
n

J = mechanical equivalent of heat.

Finally, it is assumed that T is known {100 K). Thus T_ and P_ can be

computed from Eqs. (5) and (8), and Eqs. (6) and (7) can be solved simul-

taneously for P and P . The value of T can be obtained from the following

relation :

T
2 (9)

It can be seen from the above that all the pertinent pressures and

temperatures can be estimated by using this model.
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3. BEDTEM

Subroutine BEDTEM computes the gas and solids temperatures ar.J the

pressure distributions within the fuel bed. The total pressure drop is

also estimated.

In estimating the variation within the bed of the gas and fuel particle

temperatures, the assumption is made that the fuel bed can be represented

by a homogeneous mixture. Thus, separate energy balance equations can be

written for the solid phase and the gas phase:

Gas phase,

h(T }A{1 - e) {T - T ) = -GV(C T )j (10)
g s g p g

Solid phase.

Q{r) = h(T )A(1 - e) (T - T )- K ?2T , (11)
g s g e s

where

T = gas temperature,

T = solid temperature {fuel particle surface),
s

A = fuel surface area,

h = heat transfer coefficient,

G = mass flow rate {per unit area),

e = bed void fraction,

K = effective thermal diffusion coefficient, and
e

Q(r) = imposed heat source.

The effect of including K in the determinations of the temperatures

T and T has been found to be negligible {±0.4^). It is thus assumed that
g s
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the conduction term in Eq. (11) can be neglected. Furthermore, the flow

of the propelIant mass is assumed to be only radial, i.e.,

G = ft/2ttrh. (12)

Equations {10} and (11) can thus be reduced to

, (13)

m

T =s g h{T )A<1 - e) * (14)

These equations can now be solved for the gas and solid temperatures

under the following conditions:

(1) T (o.d. of bed) => T (turbine outlet temperature, obtained

g 3

from CYCL or initial estimate for RAK).

(2) Q{i~) itormalized in such a manner that the gas temperature at the

inner surface is equal to T , the cavity temperature.

The shape of Q(r} is obtained from criticality calculations and

typical distributions are shown in Figure 3. As can be seen, the power

peaks very sharply along the reflector, with a minor peak along the cavity

edge. In conventional reactors such power peaks might be limiting;

however, in this case no difficulty is anticipated, since at all times the

peak fuel temperature is very close to the propellent temperature (maximum

difference, as 40°F}. Fxnally the structure of the curves at«17 cm

{6.7 in.) is due to the change in void fraction when the bed changes from

fluidized to settled.

A correlation due to Sen Gupta et al. 8 was used to compute the

heat transfer coefficient in the packed section of the bed:
2.06 R e 0 ' 4 2 5

 n 1/3
Nu - Pr ,
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Figure 3. Power distribution as a function of radial position
233

within the bed of a U-fueled rocket engine.

- 12 -



where Nu = Nusselt number, Re = Reynolds number, and Pr = Prandtl number.

In the fluidized section of the bed, the Nussslt number is essentially

flow-rate independent and the correlation used here was due to Chang

et al.9

Nu = 2.0 + 0.79Ga1/4Pr1/3, (16)

where Ga = Galileo number.

The method of computing the bed pressure drop has been outlined

elsewhere . However, for completeness it is included here. Since the fuel

bed was considered to be composed of tv/o distinct regions, different methods

were used in these regions to determine the pressure drop. The region

closest to the inside radius is fluidized, and the region closest to the

outside radius is generally settled. This assumption is supported by

photographic evidence gathered in the experimental program. In this model

it will be assumed that the inside half of the bed is fluidized. Using the

experimentally obtained correlation for the Reynolds and Galileo numbers,

it can be shown that

VeX(DpX + 67.4)

0.0408D 3Y
P

where

g = artificial gravitational force due to rotation at

radius where fluidization starts,

V = superficial velocity,
e

X = p/y,

Y = '.p - p)/u2,
P
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p = particle density,

p = gas density,

y = viscosity, and

D = fuel particle diameter.

Thus, given the superficial velocity (from the flow rate) and the

particle diameter, the gravitational force required foi flnidization can be

determined. Therefore the pressure drop across the fluidized section can

be computed, since this section of the bed must be supported by the

gas flow.

In the settled section of the bed the pressure drop is given by

p

where L = depth of packed section.

The total pressure drop /\P rin now be computed.

Figure 4 shows an example of the variation of gas temperature and
233

pressure within the bed of a U-fueled rocket engine. In this case

the temperature of the entering propellant is less than 1000°R. This

implies that the maximum temperature of the fuel particles in the region

where the power peaks is well below the melting point. It also indicatss

that the frit and rotating structure are exposed to a relatively low temper-

ature. Only the inside faces of the fuel bed and the cavity are exposed

to the operating temperature.

After the iterative scheme outlined earlier involving CYCL and BEDTEM

has converged satisfactorily, the particle thermal stress can be estimated

with the use of the relationship
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EaQ(r)l) 2

°th = 24K(1 - ~ ) ' (19)

v/here E = Young's modulus, a = coefficient of expansion, K = thermal

diffusion coefficient, and v = Poisson's ratio.

It can be seen that the stress is directly proportional to the power

and diameter squared. Since these are reflector-moderated reactors the

nighest power densities occur at the outer edge of the bed, where the

particles are at the lowest temperature. Thus the particles sustaining

the highest thermal stresses are the coolest.

4. W&TE

This subroutine is used for estimating the weight of the system. The

total weight of the system comprises the fixed weight (fuel, reflector,

rotating gear), nozzle and controls, pressure vessel, and turbopump.

Weights for the last three items are based on a model proposed by

Johnson and Smith . The fixed weight was determined from criticality

calculations. In this section the model for estimating the weight of the

last three items is outlined.

W = 0.00334P / 1m , (20)
TP 4

(21)
PV 2o

% = To P R " D T J ' <22>
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Figure 4. Variation of gas temperature and pressure
233

within the bed of a U-fueled rocket engine.
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(23)

= 0.7m + 55, (24)

where

W = weight of turbopump (lb),

W = weight of pressure vessel (lb),

p = density of wall = (275 lb/ft3),

w
2

c = working stress (85,000 Ib/in. ),
D = outer diameter of reactor,
R

L = height of reactor,
R

W = weight of converging section of nozzle (lb),

W = weight of divergent section of nozzle (lb),

D = throat diameter, and

W = weight of control system.

From the above relationships, together with a knowledge of the critical

loading and reflector size, the total weight of the system can be estab-

lished for various operating conditions. The pressure vessel is assumed to

12
be manufactured of a titanium alloy (Ti-Al-V) which is light and can

sustain a relatively high working stress. Results based on part of or the

entire model outlined above have been ' or are about to be published.

The ability to predict dynamic changes with accuracy is missing in

the above model. Such a model would be potentially useful in the analysis

of a transient situation such as a start-up or load change (increasing and

- 17 -



decreajjing thrust). It would also be useful in analyzing accident con-

dition;; such as total or partial loss of propellant flow and anticipated

transients without compensation by the control drums.

The concept involved in such a model is outlined below.

5, PiaOPOSED DYNAMIC MODEL

A dynamic model would require rewriting of the subroutines CYCL and

BEDTEM.

The major changes to subroutine CYCL would be

(1) A two-phase model for computing the pressure drop and temperature

rise in the nozzle cooling tubes.

(2) An improved method of determining the heating of the propellant

as it passes through the reflector and control drums and of determining

the cojrresponding pressure drop. This would be a single-phase model.

P ) Modification of the turbopump model to allow for speed

changes. Such a model could be based on the equation

d(Iw ),,. = w - W m , (25)
/ox. p T

where

W = mAh /n = pump work required,

W = mn Ah = turbine work delivered,

I = moment of inertia of turbopump rotor,

co = angular velocity,
Ah = isentropic enthalpy difference across pump, and
P

Ah = isentropic enthalpy difference across turbine.

In the present model the left-hand side of Eq. (25) is zero; i.e.,

W -W . Furthermore, the model is based on empirical data for determining
T p

the pressure drop and temperature rise across the nozzle and reflector.
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In the case of subroutine BEDTEM two basic changes have to be made.

(1) An improved bed model based on the conservation of mass, energy,

and momentum. Such models have been proposed for 1-g beds and these

could be generalized to allow for multiple g forces (an additional body

force of the form p (1 - e)to r /g and cylindrical geometry.)

(2) Finally, the bed model should include the ability to feed back

changes in the state of the bed and reflector to the power level. This

could be accomplished by including a reactor kinetics model in the description

of the bed. Initially, a point reactor model ' would be adequate

since the reactors are in general small in terms of neutron mean free

paths. However, any serious study of the system, such as would be required

prior to construction of a rocket engine, would benefit from using a model

allowing for spatial changes in the power and feedback coefficients.

Possible feedback mechanisms to be included in such a model are

(a) The reactivity effects due to propellant density changes in the

reflector and core (fuel bed and cavity)•

(b) Temperature of the hydrogen in the reflector and core and

of the beryllium reflector.

(c) Void fraction in the bed. This would be dependent on the. radial

position within the bed and thus coupled with the first part of the bed

model.

(d) Doppler feedback due to fuel temperature.

(e) Finally, the feedback due to the motion of the control drums.

The model currently used in BEDTEM is based on the conservation of

energy and on experimentally obtained data to determine the rotational

speed. No reactor kinetics model is included.

- 19 -



B. Experimental

The experimental program consisted primarily of two efforts during

the reporting period. First, the cold flow experimental apparatus was

modified to allow extension of the experimental data into a region more

compatible with the propulsion reactor. Second, a transient technique

for measuring the high heat transfer coefficients expected in a multi-g

fluidized bed was evaluated.

During the analytical program it had become clear that a high-performance,

low-thrust engine would require a fluid bed whose thickness was a sub-

5 14stantial fraction (0.2 to 0.25) of the cavity o.d. ' It was decided to

modify the experimental equipment to allow for a 2-in.-thick bed (bed

thickness/cavity o.d.=0.2).

Since a thicker bed would require a greater gas flow rate for flu-

idization to occur, the nitrogen supply tanks, piping, and manifolds had to

be redesigned. Modifications to the rotating assembly included a throat of

smaller diameter, to ensure that no particles are expelled during an experiment

involving a thick bed, and an enlarged viewing window. This window had to

be fitted to the top of the rotating assembly since there was not enough

space for a larger window at the bottom. It was planned to repeat the

minimum fluidization experiments on these thicker beds to gain the first

data of this type on a bed with a strong variation of gravitational force

across it. All experimental data collected up to this time had been on

thin (multi-g) or thick (1-g) beds; the variation of the gravitational force

across the bed was small for the thin beds and zero for the thick beds.

Because of the very high heat transfer coefficient expected, con-

ventional means of measuring the coefficient would require enormous amounts

- 20 -



of energy. To reduce the expenditure of energy, a cyclic technique of

18
measuring the coefficient was suggested. It is not the commonly used

method of alternately subjecting a bed to a hot and a cold stream of

19
gas, i.e., cycling in time, but rather a cycling in space. Such a system

could be designed by using two separate continuous gas feeds of different

temperatures to opposite sides of the bed. A schematic representation of

the arrangement is shown in Figure 5. The bed is subjected to a square

wave temperature pattern as it rotates into the alternately hot and cold

regions. One could thus monitor the temperature of the outlet gas streams

(amplitude and phase shift) with stationary thermocouples (Figure 5).

From this information the heat transfer coefficient could be determined

in a manner similar to that used in other cycling methods. '

Preliminary analysis of the experiment has indicated that

accuracy decreases with bed thickness. However, an exhaustive study was

not made, and further investigation will be necessary to delineate the

area of applicability of this technique.

IV. FUTURE PROGRAM

At present there is no support for this program. However, it is %,

appropriate to point out that experimentation with thick beds and the

development of a dynamic analytical model are the next logical steps toward

the initial program goal of a hot flow test assembly suitable for inclusion

in a cavity reactor. These extensions of the analytical and experimental

programs would be used to design an experimental core to be fitted into the

01

proposed NASA cavity test reactor. This would be the first hot flow test

of the concept, and data from such an experiment would be used to remedy

any shortcomings in the analytical model. The rotating member of such an
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COLD 6AS FEED -FLUIDIZEO BED

HOT GAS FEED

Figure 5. Diagram of arrangement
for cyclic heat transfer test.
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experiment would be a right cylinder, 6 to 10 in. on a side. Hydrogen gas

would be the coolant, supplied at a pressure of 250 to 1000 psia at a

rate varying from 0.1 to 2,10 Ib/sec. The power generated in the exper-

iment would be from 5 to 50 MW. In addition to making measurements of

temperature, pressure, and xiux distribution, an attempt would be made to

carry out transient experiments for use in checking the feedback coef-

ficients.

Such an experiment would not yield all feedback data, since the re-

flector for this reflector-moderated reactor would be missing.

Information gained from this experiment, together with the improved

analytical model, would make it possible to design the first rotating

fluidized bed reactor.

V. NOMENCLATURE

A = fuel surface area

A - throat area

D = particle diameter

D = outer diameter of reactor

D = throat diameter

T

E = Young's modulus

G = mass flow rate (per unit area)

g = gravitational constant

Ga = Galileo number

h = heat transfer coefficient

I = moment of inertia

I = specific impulse
sp
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J = mechanical equivalent of heat

K = thermal diffusion coefficient

K = effective thermal diffusion coefficient
e

K1#K2,K = constants

L = thickness of packed section of bed

L = height of reactor

R

lbf = pound force

m = mass flow rate

N = newton

Nu = Nusselt number

P = cavity pressure

P = power (MW)

Pr = Prandtl number

Q(r) = imposed heat source

Re = Reynolds number
T = cavity temperature
c

T = gas temperature

Th = thrust

T = solid temperature
S

V = axial velocity in cavity
c

V = superficial fluid velocity
e

W = weight of control system

W = weight of converging section of nozzle

W = weight of diverging section of nozzle

W = weight of pressure vessel

W = pump work required
P



W = weight of turbopiunp

W = tvirbine work delivered

Ah = isentropic enthalpy difference across pump
JP

Ah = isentropic enthalpy difference across pump

AP = pressure drop

a = coefficient of expansion
Y = c /cp v

e = void fraction

n = turbine efficiency

n = pump efficiency

p = viscosity

v = Poisson's ratio

p, = propellent density in pump

p = particle density

p = wall density
w
a = working stress

cr, = thermal stress
th

u = angular velocity
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