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Use of Swirl-Induced Particle Separation to Clean
Nuclear Rocket Plumes

D. Oh* and D. Hastings!
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

A detailed computational analysis is undertaken of a vortex cleaning system designed to remove radioactive
particulates from the plumes of nuclear rockets. An axisymmetric, inviscid flow model coupled with particle-
tracking is used to analyze swirling flow in a nuclear rocket. The model shows that under some conditions a
vortex-based particle removal system can have removal efficiencies of over 99%. However, it is also shown that
the effectiveness of the system depends heavily on the size and density of the particles in the flow. Two critical
parameters, the particle coupling velocity and a dimensionless frequency, are shown to govern the effectiveness
of the system. These parameters are based on the length of the separation chamber, the swirl velocity, and the
composition of particulates in the plume. It is concluded that the system can have negligible specific impulse
losses associated with it, although there may be very substantial mass and thrust penalties associated with its
use.
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Nomenclature
radius of particulate
drag coefficient
specific heat at constant pressure
specific heat at constant volume
local speed of sound
damping vector
flux vectors
centrifugal force on particulate
magnitude of drag force on particulate
components of drag on particulate
radial pressure force on particulate
source vector
total enthalpy
specific impulse
Riemann invariant
molecular weight
mass of particulate
chamber pressure
local pressure
Reynolds number
distance from centerline to skimmer
radius of separation chamber
radial position
entropy
skimming ratio
temperature
chamber temperature
separation time
fluid state vector
particle tangential velocity
flow radial velocity
flow axial velocity
flow tangential velocity
fluid velocity vector
particle velocity vector
critical coupling velocity
axial position
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y = ratio of specific heats
77 = cleaning efficiency
j]' = radius based cleaning efficiency
r/i — radius based efficiency when sr = 0
0 — angular position
fju = viscosity
v = dimensionless frequency
p = density of fluid
pc = chamber density
pp = density of particle
$ = flow turning angle
U = vorticity vector
ft.. = axial component of vorticity
ft(2-2) = average effective collision integral
a) = fluid rotation rate

Introduction

N UCLEAR thermal rockets have existed as a concept
since the 1950s, and offer a combination of high thrust

and high specific impulse that make them ideal systems for
the transportation of large payloads in a timely manner. Over
the past two decades, a great deal of experimental and the-
oretical work has been done on these systems and, given the
need, solid-core rockets could be built and flown within the
decade. However, the presence of radioactive material creates
very serious safety and contamination issues if these devices
are to be ground-tested or used in the near-Earth environ-
ment. In particular, during the NERVA tests of the 1960s, it
was observed that solid-core rockets can emit highly radio-
active hydrogen plumes. These plumes not only make these
systems difficult and expensive to test, but may contaminate
the area on and around the spacecraft with radioactive ma-
terial. At present, there is little experimental data available
on the composition of these plumes, but judging from what
is available, it is reasonable to assume that both gaseous and
solid radioactive material will be present in the exhaust plume.1
This article describes a system that would use artificially in-
duced swirl to remove solid material from the exhaust plume
before it leaves the rocket nozzle. It outlines the proposed
system, describes the computational model used to analyze
it, and discusses the parameters that govern its overall effec-
tiveness. This article includes a detailed description of the
system, a list of significant system parameters, charts showing
its theoretical effectiveness, and a brief discussion of the pen-
alties associated with its use.
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80 OH AND HASTINGS: USE OF SWIRL-INDUCED PARTICLE SEPARATION

Background
The basic principle behind swirl-based particle separation

is simple: since the radioactive material in the plume has a
much higher density than hydrogen gas, centrifugal forces can
be used to force it to the outside of the flow where it can be
"skimmed" off before it passes through the nozzle. Such forces
can be created by passing the flow through a fixed vane swirler
and creating a vortex in a separation chamber. A diagram of
the proposed system is shown in Fig. 1.

Centrifugal separation systems have been used for decades
in chemical processing and uranium enrichment systems. The
proposed system is similar to these ground-based systems, but
because it is intended that the system be usable in flight, it
must be able to separate the material relatively quickly. Under
typical conditions, the hydrogen propellant might leave the
combustion chamber at velocities near 1100 m/s (Mach num-
ber = 0.3). Therefore, if the separation chamber is a meter
in length, the separation time must be on the order of a
millisecond.

Once the flow has passed through the separation chamber,
its outer portion can be skimmed off and filtered to remove
the radioactive material. The nonradioactive portion of the
flow can then be returned to the reactor and reused as a
propellant. The result is a regenerative cleaning scenario that
limits the engine's /sp losses (although the lost mass flow still
lowers the thrust of the system). There are additional per-
formance penalties associated with the mass of the separation
chamber, the filtering system, and their associated cooling
systems, but this article does not examine these issues. Rather,
it deals with the vortex separation process and the ability of
this system to keep radioactive material from escaping out
the rocket nozzle. The specifics of the filtering and cooling
process are left for future work. (Information on one filtering
system designed for use on the ground is available in Ref. 1,
but the system discussed is not directly applicable to this work.)

While vortex separation can theoretically be used with both
solid and gaseous radioactive material, this article consists of
a computational and analytical study of a particle removal
system. For this study, it is assumed that the system is coupled
to a NERVA class nuclear rocket with a nominal thrust of
300,000 N, a nominal chamber pressure of 29 atm, and a
chamber temperature of 2500 K. The system has a throat
radius of 0.119 m, a chamber radius of 0.148 m, and is assumed
to be operating in vacuum. This results in an axial velocity of
approximately 1100 m/s (Mach number = 0.3) in the sepa-
ration chamber.

Although the propellant should not come into direct contact
with the radioactive portions of solid-core nuclear reactors,
ground-based furnace experiments indicate that nuclear rocket
plumes can carry substantial amounts of radioactivity that may
include solid radioactive material.1 Any solid material present
is likely to consist of eroded moderator mixed with metallic
fission products that left the core in gaseous form and con-
densed after reaching the flow. To date, no experimental data
is available about the size or distribution of particles in the
plume. Therefore, several assumptions are made about the
composition of the material in the plume. Any solid material
present is assumed to consist of solid, spherical particles dis-

tributed uniformly across the flow. These particles are as-
sumed to be composed of solid graphite or uranium with
diameters ranging from 2 to 200 ^tm; an arbitrarily chosen
range of distributions that corresponds roughly to the distri-
bution of aluminum oxide particles in a solid rocket booster.2
It is also assumed that any particle that reaches the outer wall
of the channel will remain in the boundary layer and will not
rebound off the wall back into the center of the flow. This
implies that any particle that can be caught by a skimmer
placed at a given position in the channel can also be caught
by a skimmer placed downstream of that position. The im-
plications of this assumption are discussed in the section on
particle-wall interaction effects.

The effectiveness of the cleaning system can be expressed
in terms of two figures of merit. The overall cleaning efficiency
of the system 77 is defined to be

where np is the number of particles removed from the flow,
and Np is the total number of particles initially present in the
flow. This parameter represents the fraction of the radioactive
material removed from the flow. It is also convenient to define
a radius based cleaning efficiency as follows

7?' = [(R0 - RJ/R0] (2)

where R^ is the initial radial location of the innermost particle
that is removed from the flow. All particles that enter the
channel with an initial radial location greater than or equal
to R^ are skimmed off, and all particles with an initial radial
location less than R^ continue out the end of the nozzle. If
the particles enter the channel with a uniform distribution, 77
and 77' are related as follows:

77 = 1 - (1 - (3)

Finally, a useful system design parameter is the skimming
ratio sr, which represents the portion of the total flow radius
removed by the particle skimmer. It is defined as

sr = [(R0 - RS)/R0] (4)

The skimming ratio is a design parameter, not a measure of
efficiency, and specifies the width of the skimmer. It is related,
but not identical to, the fraction of the total mass flow re-
moved by the skimmer.

Computational Model
In order to study the swirl separation process, a two-part

computational simulation has been developed to model the
motion of particles in a swirling flow. The first part consists
of an inviscid flow solver to model the hydrogen in the chan-
nel, and the second of a particle tracker to model the motion
of particles in the flow. The simulation was run on a 189 x
70 Cartesian grid that simulates a constant radius channel with
a choked exit. The choked exit simplified the boundary con-
ditions by making the flow supersonic at the exit.

From
Reactor

H 2 and Radioactive
Material

To Reactor
Filter

Fixed Vane Swirler 11
Fig. 1 Proposed swirl-based cleaning system.
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The computational flow model solved the Euler equations
for an axisymmetric geometry to obtain the steady-state so-
lution for the flow in the separation chamber. The governing
equations for an axisymmetric flow with swirl can be written
in nonconservative form as

dU—
dt

dE
—
dz

dF
—
dr (5)

Where U,E,F, and G are given by the following expressions:
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line. Since the outgoing flow is supersonic, the outlet con-
ditions can be extrapolated from the interior of the flow. The
inlet conditions are more complicated and merit discussion.

The inlet flow conditions are determined by coupling con-
ditions in the swirler and combustion chamber to downstream
conditions via the /_ Riemann invariant.4 The four conditions
that are imposed from outside the system are 1) that the flow's
radial velocity is zero, 2) that the flow's swirl velocity is a
function of radius only, 3) that the flow's total enthalpy is
everywhere equal to the total enthalpy in the combustion
chamber, and 4) that the flow's entropy is given by Crocco's
steady-state relation. The assumption that the inlet flow is
cylindrical is also imposed through Crocco's relation. To-
gether, these requirements can be written as

Upstream conditions

ur = 0 (12)

«* ^ f ( r ) (13)

CPTC = CPT = i(M2 + ul) (14)

V// = TVs + (u x ft) (15)

Downstream condition

/_ = uz - [21 (y - l)]c - const (16)

These conditions were implemented in the following manner:
ur, ue, and/_ are known from outside conditions. Given these
values, uz and T can be obtained by combining Eqs. (14) and
(16). The result is

2J_ + V4/2_ - [2/(y - 2_ - Tc[4yR/(y - I)2] - 1)]}
uz = 2 + [4/(r - 1)]

The first entry in each matrix represents the continuity equa-
tion, the next three represent momentum equations, and the
last represents the energy equation for a nonconducting ideal
gas. An explicit, cell-centered version of the Jameson finite
volume method was used to solve these equations.3 When
applied to Eq. (5), this method can be written as

TTn+l —
Uj,k —

(10)

where the summation represents the flux through each of the
four sides of the cell, and Dm represents a sum of second- and
fourth-order damping terms. A detailed description of these
terms is given in Ref. 3. Equation (10) was iterated in a time-
accurate manner using a four-step Runge-Kutta discretization
that can be written as

— JJn _

~ (5 -

FAjc - D) + > '/.* (11)

- t/fi

where p is incremented from 1 to 4 during each time step.
The upper and lower boundary conditions are specified by

imposing zero mass flux through the upper wall and center-

T=[(y- 2uzJ_

(17)

(18)

Crocco's relation can now be used to determine the density
of the flow. For a constant enthalpy flow, Eq. (15) can be
written as

Vs = -CP{1/[H» - \(ul + nj)]}(v x ft) (19)

Since the flow is cylindrical, the vorticity has no radial or
tangential component, and the entropy gradient can be writ-
ten

ds
dr (20)

This integral can be evaluated numerically to give s as a func-
tion of radius. Once s has been calculated, the thermodynamic
definition of entropy can be combined with the equation of
state to determine the flow's pressure and density, giving the
following result:

P = - l)](Cpr)exp(-./Ct,)}^-1) (21)

where p0 and P0 are reference values taken where s = 0. In
these simulations, the centerline was chosen as the reference
point, and the P0 and p() were calculated by assuming that the
stagnation pressure along the centerline was a constant 29
atm. This is equivalent to the assumption that as the swirl
velocity increases, the chamber pressure increases to com-
pensate for losses in the swirler. The local pressure can then
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be calculated using the ideal gas law. The result is a set of
four equations [Eqs. (17), (18), (20), and (21)], which fully
specify the inlet boundary conditions.

The flow solutions used in this study were produced using
fourth-order damping with damping coefficients from 0.02-
0.04 in both the r and z directions. The final solutions con-
served mass flow to within 2.5% and angular momentum flux
to within 4%. The deviations in these quantities are caused
by the combination of discretization error and the noncon-
servative formulation of the equations used in this study. Al-
though these flowfields were considered sufficiently accurate
for this study, future work would benefit from the use of a
conservative formulation of the axisymmetric Euler equa-
tions.

The second part of the simulation consists of a particle
tracker that simulates the release of a uniform distribution of
spherical particles at the entrance to the chamber. This pro-
gram tracks the particles individually to determine which are
caught by the skimmer, and which pass through the nozzle.
The particle tracker did not model the skimmer in detail, but
instead took a series of cross sections of the separation cham-
ber and assumed that any particles with a radial position greater
than Rs were caught by the skimmer. The governing equations
for spherical particles in an axisymmetric swirling flow are

f - rfc = [(Fdr + Fpr)/m]

r'0 + 2rB = (FJm)

z = (FJm)

(22)

(23)

(24)

Fpr is usually small and can be neglected. The drag force is
calculated using the usual expression

(25)

where Ctl is the drag coefficient for a fully immersed sphere.
For 0 < Re < 2.5 x 105, the drag coefficient is given by the
following formula to an accuracy of approximately 10%5:

Cd = (241 Re) + [61(1 + VRe)] + 0.4 (26)

where Re is the diameter-based Reynolds number based on
the differential velocity between the particle and the fluid.
The viscosity of H2 is determined using a low-order approx-
imation for the viscosity of a pure gas. The following equation
gives the viscosity in units of kg/m/s6:

IJi = 2.6693 x 10-26[(Mr)1/2/ft<2-2>] (27)

H ( 2 2 ) is temperature-dependent and has been recorded for
H2 by Vanderslice et al.7 Typical values for JJL at the temper-
atures encountered in the simulation range from 2.5 x 10~5

to 3.8 x 10~5 kg/m/s. Overall, for particles with radii under
100 ju,m, this model is valid at relative velocities from 0 m/s
to over 10,000 m/s, and at temperatures up to 15,000 K.

Each simulation consists of the release of 500 particles at
evenly spaced distances from the centerline (i.e., the first
particle is released at r = 0, the last one at r = R0). In all
simulations, particles enter the chamber with an axial velocity
equal to the flow's axial velocity and with a swirl velocity of
zero. In practice, particles are likely to acquire some swirl
while passing through the vanes, and so the assumption that
the initial swirl velocity is zero is a "worst-case" assumption.

Computational Results
The computational simulation described above was used to

examine the effectiveness of two types of fixed vane swirlers
over a variety of operating conditions. The two devices ex-

amined were constant-angle and solid-body-rotation swirlers.
In constant angle swirlers, the swirl velocity is given by

ue = uz tan i/f (28)

This relation does not apply close to the centerline, where
the swirl velocity is restricted by a no-swirl boundary condi-
tion. In solid-body rotation swirlers, the governing equation
is

UH = cor (29)

where a) represents the flow's rotation rate in radian/s. All of
the results discussed in this section are based on solid-body
rotation results. Constant angle swirlers are discussed in the
section on "alternate flow profiles."

A total of five parameters were varied during the solid body
rotation swirl simulations: 1) the chamber length, 2) the par-
ticle density, 3) the particle radius, 4) skimming ratio, and 5)
the flow rotation rate. The particle density was varied between
that of graphite, 1800 kg/m3, and Uranium, 18,700 kg/m3. The
other parameters were varied as follows: chamber length—0
to 1 m, particle radius—1 to 100 /xm, rotation rate—0 to
8000 rad/s, and skimming ratio—0 to 0.2.

The assumption of constant total pressure along the cen-
terline caused the axial velocity in the separation chamber to
vary with rotation rate. The data is therefore expressed in
terms of separation times rather than in terms of the chamber
length. The separation time t, is obtained by dividing the
chamber length by the mean axial velocity of the flow. It
represents the time necessary to obtain a given degree of
particle-flow separation.

The solid body rotation results can be characterized by
several simple relationships that simplify analysis of the over-
all system. Figure 2 shows a graph of the system's radius-
based cleaning efficiency vs skimming ratio for a series of
different separation times. It shows simulated data for 40-jam
graphite particles in a flow with a rotation rate of 8000 rad/
s, and each point on the graph represents a simulated data
point. Figure 2 clearly shows the presence of a linear rela-
tionship between the skimming ratio and the radius-based
cleaning efficiency. This relationship can be written in the
following form:

i}' = r]'{) + (1 - J]'(})sr (30)

The solid lines on the graph are based on this approximation.
It has been found that Eq. (30) accurately represents the
simulated data to within 10% under all of the conditions ex-
amined in this study. Therefore, Eq. (30) and a table of ref-
erence efficiencies provide the information necessary to cal-
culate the efficiency of the system at any skimming ratio. It
should be noted that as the reference efficiency rises, changes
in the skimming ratio have less effect on the system. In the
operating ranges of interest to the designer, the choice of

0 0.04 0.08 0.12
Sr

0.16

Fig. 2 Radius-based cleaning efficiency vs skimming ratio at 8000
rad/s.
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skimming ratio should have relatively little effect on the clean-
ing efficiency. These results reflect the assumption that par-
ticles do not rebound when they collide with the wall, dis-
cussed in detail below.

The relationship of greatest interest to the designer is that
between the efficiency and the flow rotation rate. We plot
the efficiency vs v, where

v = cat (31)

Figure 3 shows simulated data taken at five different rotation
rates, and demonstrates that data taken from a wide range of
rotation rates collapse down to a single curve when plotted
against v. Using Eq. (30) and Fig. 3, a designer can determine
the effectiveness of the system for any skimming ratio, ro-
tation rate, or chamber length. Therefore, this plot contains
the information necessary to carry out design studies and
construct an initial design of a vortex cleaning system. Using
a family of these plots, it is possible to summarize the per-
formance of this system across a range of performance pa-
rameters. Figure 4 shows a similar plot made with a particle
of different size and density. It shows that the collapse onto
a single curve occurs for a variety of particle sizes and den-
sities. The only simulated case in which this does not occur
is with the 1-jU.m graphite particles, which are very strongly
"coupled" to the flow; a condition discussed below. Figure 4
also indicates that the effectiveness of the system depends
strongly on the composition of the particles in the flow. For
instance, while a 1-m separation chamber operating at 8000
rad/s would remove almost 98% of the 1-̂ m uranium parti-
cles, it would remove at most 50% of the 20-ju,m uranium
particles and becomes even less efficient with larger uranium
particles.
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Analytical Model and Fundamental Physics
One way to develop an understanding of the relationship

between cleaning efficiency and particle size and composition
is to construct a simple analytical model of the vortex sepa-
ration process. In general, the presence of drag makes it im-
possible to solve the particle equations of motions using an-
alytic methods. However, if it is assumed that particles entering
the channel move at the same axial and tangential velocity as
the fluid, the centrifugal forces on the particle are much larger
than the forces due to particle-fluid interaction. Particles trav-
eling in this regime are said to be "uncoupled" from the flow.
This is in contrast to a particle whose motion is dominated
by fluid interaction forces which is said to be coupled to the
flow. Neglecting fluid forces reduces Eqs. (22-24) to the fol-
lowing form:

r - rO2 = 0

rS + 2r0 = 0

z = 0

(32)

(33)

(34)

Solving Eqs. (32) and (33) analytically results in the following
solution:

ts = (35)

where r0 is the particle's initial radial position. Setting r = Rs
gives an expression for the time it takes for a particle to move
from r() to a position where it can be caught by the skimmer.
•ts then represents the particle separation time.

Equation (35) can also be written in terms of the design
parameters 17' and sr

r,' = [(1 - (36)

Equation (36) shows that there are two fundamental param-
eters that determine the system's efficiency: 1) the skimming
ratio and 2) v. For a given value of v, sr and 77' are linearly
related with the efficiency ratio approaching unity as sr ap-
proaches unity. This matches the behavior seen in the sim-
ulations, particularly in Eq. (30) above. The relationship be-
tween v and 17' is less clear, because the shape of Eq. (36)
does not match the curve shown in Fig. 3. It is true that in
both cases, the cleaning efficiency is a function of v. This
implies that under some conditions, particles in the full sim-
ulation act as though they are uncoupled from the flow. How-
ever, since particles in the full simulation enter the chamber
with a tangential velocity of zero, it is also clear that drag
forces must play an important role in determining their mo-
tion.

The critical parameter that determines whether a particle
is coupled or uncoupled from the flow is the ratio of the fluid-
particle interaction forces to the inertial forces acting on it.
The magnitude of the centrifugal forces on a particle is given
by

Fc = (mu2
pelr) = (37)

Using this and expression (25), it can be shown that the ratio
of the centrifugal to drag forces on a particle is approximately

3 Cd pf - upt>)2 (38)

When upe = 0, Fc/Fd = 0, so that the particle is strongly
coupled to the fluid. As upe approaches rco, FJFd approaches
infinity, and the particle is uncoupled from the fluid. In-be-
tween these extremes, there is a critical coupling velocity vc,
where FcIFd = I. When upe is much less than vc, a particle is
coupled to the flow, and when upe is much greater than vc, it
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is uncoupled from the flow. A particle entering with a tan-
gential velocity of zero is initially coupled to the fluid, but
eventually uncouples as it experiences tangential acceleration.

Figure 5 shows the approximate value of the force ratio
FJFd vs upQ for graphite and uranium particles under condi-
tions similar to those used in the computer simulations. Each
particle's coupling velocity is indicated by the point at which
the curve crosses the solid line. As one would expect, Fig. 5
shows that FJFd is zero when upe = 0, and approaches infinity
as ue approaches rll. Figured also shows that small particles
with low densities have very high coupling velocities. At in-
termediate velocities, the relative importance of Fc and Fd
depends on the size and density of the particle being analyzed.
Comparing the simulated data with Fig. 5 showed that par-
ticles with coupling velocities in an intermediate range (be-
tween 200-800 m/s) have relatively high recovery rates, while
those at the high and low end of the range have relatively low
recovery rates. The reasons for this correlation are evident
in Fig. 6, which shows that particles with different coupling
velocities follow radically different paths in the separation
chamber.

All three of the particles shown in Fig. 6 begin at the same
location. The 1-jnm graphite particle, which has a high cou-
pling velocity, follows a long spiral path towards the outside
wall. The 100-/im particle, which has a low coupling velocity,
travels directly down the channel and ignores the influence
of the fluid altogether. Neither particle is moved to the outside
of the flow in a particularly efficient manner. In the first case,
although the particle is quickly accelerated to a high tangential
velocity, drag forces dominate its motion and prevent it from
gaining radial velocity. In the second case, the particle's mo-
tion is dominated by inertial forces, and so it never gains
tangential velocity. The particles that are separated most ef-
ficiently are those with intermediate coupling velocities. These
particles remain coupled to the fluid long enough to reach a
high tangential velocity, and then uncouple as they travel
towards the outside of the channel.

Equation (38), then, defines another parameter that is of
importance to the designer. The critical coupling velocity de-

400 600 800 1000
Velocity

Fig. 5 Ratio of centrifugal to drag force as a function of tangential
velocity.

Particle Radius

m 0.5 -

termines the effectiveness of the vortex separation system and
determines which types of particles can and cannot be re-
moved by a given separation geometry. Given specific data
on the distribution of particles in a nuclear rocket plume, Eq.
(38) can be used to determine what portion of the radioactive
material will be removed efficiently from the flow. At the
present time, however, such data is not available, and all that
can be said with certainty is that vortex separation systems
will be most effective on particles with coupling velocities in
an intermediate range.

Alternative Flow Profiles and Results
Although solid body rotation swirlers are convenient to

characterize and study, they distribute swirl energy in a rel-
atively inefficient manner. In particular, because they create
higher swirl velocities at the outside of the flow, they tend to
give the greatest acceleration to those particles that are closest
to the edge of the chamber. Constant angle swirlers distribute
energy more evenly across the flow, and are therefore better
suited to particle removal. To simulate constant angle swirl-
ers, a series of simulations was conducted using the swirl
profile defined in Eq. (28), but with the velocity tapering off
linearly from zero at the centerline to its proper value at
0.2/?(). This core of solid body rotation is necessary to meet
the centerline no-swirl condition. The profiles studied cor-
respond to turning angles ranging from 0 to 35 deg.

Figure 7 shows a plot of constant angle rotation data for
40-jum graphite particles at a turning angle of 35 deg. Data
is presented in a plot of radius-based cleaning efficiency vs
skimming ratio and separation time. The solid lines indicate
curve fits made using Eq. (30). A comparison of this plot to
the equivalent data in Fig. 2 shows that the efficiencies in this
case are quite a bit higher than those in Fig. 2, even though
the maximum flow turning angle represented in Fig. 2 is ap-
proximately 50 deg (the value at the outer radius when the
rotation rate is 8000 rad/s). Figure 7 also shows that Eq. (30)
no longer fits the simulated data, and so a table of reference
values is no longer sufficient to calculate the cleaning effi-
ciency at an arbitrary skimming ratio. To fully characterize
this system, it is necessary to collect data at each individual
skimming ratio. Figure 8 shows two graphs of simulated con-
stant angle efficiency data vs a dimensionless frequency based
on the rotation rate in the core solid body rotation region.
Although the values of v differ, this data was taken over a
range of conditions similar to that covered in Figs. 3 and 4.

Figure 8 shows that the constant angle swirlers are consid-
erably more effective than their solid body rotation counter-
parts. Under some conditions, constant angle swirlers can
easily remove 99% of the material in the flow, even at mod-
erate turning angles. In addition, constant angle swirlers are
able to remove a wider distribution of material from the flow
than their solid body rotation equivalents. With a 1-m-long

O . L S ^ -0.15

Fig. 6 Particle tracking data.

0.04 0.08 0.12 0.16 0.2
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Fig. 7 Radius-based skimming efficiency vs skimming ratio at the
turning angle of 35 deg.
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Fig. 8 Efficiency data for constant angle swirlers.

separation chamber and a skimming ratio of 0.1, the simulated
constant angle system can remove more than 90% of all the
graphite particles in the flow with radii from 10-50 /im.
Therefore, a practical cleaning system would probably be de-
signed around a constant angle swirl profile or something
similar to it. Given further work, it may be possible to develop
more effective flow profiles that will distribute swirl energy
more efficiently across the flow and enhance the system's
efficiency over a wide distribution of particle sizes and den-
sities.

Particle-Wall Interaction Effects
The results presented to this point are based on the as-

sumption that particles that strike the walls of the separation
chamber are trapped in the boundary layer and eventually
enter the skimmer. This implies that the wall has a restitution
coefficient of zero. In reality, particles impacting the wall may
bounce and re-enter the main flow. If the particle has a low
enough coupling velocity, it will act as though the flow is not
present, and particle-wall collisions will dominate its motion.8
The particles of interest in this study, however, are those with
intermediate coupling velocities. To examine the effect of
particle-wall collisions on these particles, several simulations
were conducted in which particles that struck the wall were
assumed to undergo fully elastic collisions (i.e., the normal
velocity component was reversed while the tangential velocity
component remained constant). Figure 9 shows typical par-
ticle trajectories for 40-/mi graphite particles traveling in a
35-deg constant angle flow projected onto the r-0 plane.

Figure 9 shows that when~particles with intermediate cou-
pling velocities strike the wall, they are confined to a relatively
narrow region along the outside of the separation chamber.
This occurs because the particles still have a considerable
tangential velocity after each collision that quickly returns
them to the outside wall. Based on this observation, one can
make several general comments about the effects of inelastic
collisions on the particles. Wall-particle collisions that cause
the particle to lose normal momentum without losing tan-
gential momentum will lower the width of the confinement
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Fig. 9 Paths of particles including elastic wall-particle collisions.

region, while collisions that cause the particle to lose tangen-
tial momentum without losing normal momentum will widen
this region. Determining exactly how a particle would react
to a series of inelastic collisions requires detailed knowledge
of the particle's angular momentum as well as the shape and
composition of the wall, and is therefore left for future work.

It should be noted that the width of the confinement region
sets a practical lower limit on the skimming ratio. The results
presented in Fig. 8 give a nominal efficiency of 99.0% for 40-
fjim graphite particles at a skimming ratio of zero. The fully
elastic collision model gives different results that are sum-
marized in Table 1.

Table 1 shows that elastic wall-particle collisions have a
large influence on the cleaning efficiency when the skimming
ratio is small, but have very little effect once the skimming
ratio exceeds 0.15. Based on this observation, it can be said
that the results present in Figs. 3-9 are valid above a certain
limiting value of the skimming ratio. The exact value of this
limit depends on the size and composition of the particles in
the flow, and will be very high for particles with low coupling
velocities. A designer's choice of skimming ratio depends not
only on the desired efficiency, but also on thrust loss consid-
erations. This point is discussed below in more detail.

Limits on System Efficiency
The results presented to this point show that it is desirable

to make the swirl number as high as possible, as higher swirl
rates lead to lower separation times and, thus, to shorter
separation chambers. There are, however, practical limits to
the amount of swirl that can be imparted to the flow without
causing performance losses. An absolute limit is set by the
need to avoid vortex breakdown. Vortex breakdown refers
to a phenomenon in which the structure of the swirling flow
is suddenly destroyed by a spontaneous and pronounced re-
tardation of the flow and a divergence of stream surfaces near
the core of the vortex.9 If breakdown were to occur in the
separation chamber, it would destroy the structure of the flow
and cause a large drop in flow velocity. Breakdown is gen-
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erally found in highly swirling flows and in the presence of
adverse pressure gradients, although boundary-layer effects
can produce breakdown in parallel geometries like the one
proposed for the separation chamber. Although the mecha-
nism by which breakdown occurs is poorly understood, ex-
perimental data indicates that the possibility of vortex break-
down exists in situations where the flow turning angle is greater
than 40 deg.9 Therefore, in the geometry tested, the threat
of vortex breakdown precludes the use of solid body rotation
rates greater than 6000 rad/s and of constant angle turning
rates greater than 40 deg.

Another issue of concern is the effect of swirl on the thrust
and specific impulse of the rocket. The available experimental
data indicates that the addition of constant angle swirl to the
flow has virtually no effect on the specific impulse, even when
the swirl angle reaches 40-45 deg.10 The thrust of the engine
is affected, however, as the addition of swirl results in lower
mass flow through the throat. The available data indicates
that the addition of 40-45-deg constant angle swirl to the flow
results in a thrust loss of about 5%.10 It may, however, be
possible to compensate for swirl thrust losses by raising the
chamber pressure and, thus, compensating for stagnation
pressure losses induced by the swirler.

Additional thrust losses would be induced by the skimmer.
These losses are proportional to the mass flow removed from
the core of the flow and are, therefore, strongly related to
the skimming ratio. A lower limit to the skimming ratio is set
by the need to capture particles after they collide with the
walls of the separation chamber. The exact value necessary
depends on the nature of the particle wall interaction. In the
case described in Table 1, a skimming ratio of at least 0.1 is
clearly desirable. For small values of sr, the fraction of the
mass flow removed is approximately twice the skimming ratio.
This means that a skimming ratio of 0.1 (a 1.6-cm slot for the
geometry shown in Fig. 1) would cause a thrust loss of 20%.
Therefore, a practical vortex separation system could end up
causing very significant thrust losses. The actual thrust loss
would depend on details of the particle-wall interactions and
the desired removal efficiency.

There is also a question of whether it is possible to build a
fixed angle swirler that can withstand a 2500 K flow. The high
temperature, combined with the high density and specific heat
of the hydrogen in the flow, will produce severe heating prob-
lems in the swirler. Although experimental jet engines have
operated with turbine temperatures in the range of 2300-2500
K,11 these operating temperatures are clearly at the state-of-
the-art. In addition, the high specific heat of hydrogen would
probably increase the heat transfer to the blade, although this
effect might be mitigated by the use of hydrogen as a working
fluid for active cooling of the blade. These cooling issues place
serious constraints on the effectiveness of the system and
further work is required on the design of the swirler and its
cooling system if this separation scheme is to be implemented
in a practical manner.

Finally, it should be noted that the results presented in this
article are based on the assumption of laminar flow in the
separation chamber. A turbulent flow description could sub-
stantially alter the results presented above, particularly for
particles with high coupling velocities. Further theoretical work
is needed to clarify the influence of turbulence on the system's
cleaning efficiency.

Conclusions
This article contains a detailed analysis of a vortex cleaning

system designed to remove radioactive material from the plumes
of nuclear rockets. A computational analysis of this system
indicates that it can operate with particle removal efficiencies
in excess of 99%, but that its effectiveness depends heavily
on the sizes and densities of the particles in the flow. Due to
a lack of experimental data, it is impossible to state whether
or not this system is suitable for use on real nuclear rockets.

However, this article does identify vc as the parameter that
determines the effectiveness with which the system removes
a particle of given size and density. Once the size and com-
position of the particles in a nuclear rocket plume have been
determined, it will be possible to calculate their critical cou-
pling velocities and determine the potential effectiveness of
a swirl-based particle cleaning system.

This article also identifies a dimensionless frequency as a
parameter of interest to the designer. The dimensionless fre-
quency determines the relationship between the flow rotation
rate and the length of the separation chamber. The perfor-
mance of both constant angle and solid body rotation systems
is governed by the coupling velocity and the dimensionless
frequency parameters. In addition, there is one other param-
eter, the skimming ratio, which has relatively little influence
on the cleaning efficiency, but does determine the thrust/mass
losses associated with this system. A lower limit on the skim-
ming ratio is set by wall-particle interaction effects. Above
this limit, the efficiency should be equivalent to that calculated
under the assumption that all particles that strike the wall are
captured by the skimmer. Using these three parameters, it
should be possible to conduct basic design studies on this swirl-
based cleaning system.

In conclusion, the vortex separation system proposed in
this article shows some promise. By customizing the swirl
profile, it should be possible to remove most of the particles
in the plume before they leave the nozzle. There should,
however, be substantial mass and thrust penalties associated
with this system, particularly if it is necessary to remove par-
ticles with nonintermediate coupling velocities. Further ex-
perimental work is required to verify these computational
results and to determine the size and composition of the ra-
dioactive material in actual nuclear rocket plumes. Once such
data is available, this article identifies the parameters that are
of interest to the designer, and provides the tools necessary
to estimate the effectiveness of the system based on those
parameters.
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