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SYMBOLS, ABBREVIATIONS, AND ACRONYMS

A particle surface area

Af filter surface area

C1  concentration of NaCI behind the virtual impact collector
aperture

C2  concentration of NaCl behind the shock and in front of the
virtual impact collector aperture

CD = drag coefficient

D = diffusion coefficient

Dp particle diameter

F = flux of NaCi across the aperture of the virtual impact
collector aperture

H(a,b,c) enthalpy of substance "a" in "b" phase at temperature c

KI  "bare" filter resistance to flow

K2 particle layer resistance to flow

Mc  mass concentration of Ti vapor in free stream - away from

particle

Mx  = mass concentration of Ti vapor at particle surface

MW = molecular weight

Nu Nusselt number

Pexp = separator chamber pressure

Pr = Prandtl number
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Pr reactor pressure

Q gas volume flow rate at the filter temperature and pressure

QC = heat transferred by buffer gas (NaCI) to particle in At time

Qd = heat change for Am' moles of Ti vapor deposited in At time
step = (H(Ti, gas, Tg) - H(Ti, refn, T)) x Am'

Qp heat change of particle and coating already on particle
(i.e., previous to the time increment) = (H(B, refn, T) -
H(B, refn, To)) x moles of boron in core of particle +
[H(Ti, refn, T) - H(Ti, refn, To)] x moles of Ti coating
already on particle

Qr radiative heat lost by particle to surrounding vessel walls

in At time = a' x A x c x (Tn4 - T.4) x At

Re Reynolds number

Ta adiabatic flame temperature

Tg gas temperature

Tn  = particle temperature after a coating time iteration step of

At seconds

To  particle temperature before a coating time iteration step of

At seconds

Tp = particle surface temperature

Tr recovery temperature

Tw  = coating vessel wall temperature (assumed TW = 700 K)

U = velocity

a = Dp/2
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Cg speed of sound in gas

d. jet diameter, 23.5 mm, taken from the thermodynamic
equilibrium calculations for an expansion ratio of 15 in
this illustration

g gas phase

h = heat transfer coefficient, = Nu" x k / (2 x a)

h = shock standoff distance = 0.25 x jet diameter, d.

hp = specific enthalpy of particle

k = thermal conductivity of buffer gas (NaCl) at gas temperature
of Tg

k = rate coefficient of mass deposition per boron particle

kr = gas thermal conductivity at Tr

1 = liquid phase

m = mass of Ti acquired by particle

m' = moles of Ti acquired by particle

MP = particle mass

n = natural physical state for substance at pressure and
temperature of coating process

r = recovery factor

refn natural physical state of substance at 101 kPa and specified
temperature

s = solid phase

t = time

xi



TP-489

ui jet speed immediately downstream of the shock

v gas flow velocity at filter face

w filter mass loading

x distance along nozzle centerline

Am' moles of Ti acquired by particle in At time step

AP - maximum allowable pressure drop across filter

At time step for iterations

Iratio of specific heats

I average molecular weight

6 diffusion length taken as the thickness of the velocity

boundary layer

C emissivity of titanium at particle temperature

C = ratio of throat to nozzle area

A mean free path, based on viscosity

A viscosity

p density

a' Stefan-Boltzmann constant

VJ kinematic viscosity immediately downstream of the shock

- equivalence ratio

subscripts:
g = gas

p = particle
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SUMMARY

Because of its low mass and high heat of combustion, boron is a very attrac-
tive fuel in volume limited, air-breathing engines. Boron has failed to
deliver its promised performance because an oxide film on the boron particle
surface hinders combustion. It has been proposed that a thin coating of
titanium or zirconium would alleviate the problem. In this program, a new
process to prepare titanium coated boron particles was evaluated by computer
modeling, and an apparatus was designed to prepare titanium coated boron
particles.

The new process is based on a process previously demonstrated by AeroChem to
prepare pure silicon by reacting sodium with silicon tetrachloride in a rocket
motor type system. In that work a photovoltaic grade silicon was prepared at
the rate of 1.5 kg/h.

In the new process, sodium is reacted with boron trichloride to produce boron
particles and sodium chloride gas. This reaction is exothermic, and in
analogy with the silicon process, is assumed to be hypergolic. The reactor
resembles a rocket motor and the products are expanded through a nozzle to
produce a supersonic stream of boron particles in gaseous sodium chloride and
an excess of sodium vapor. The excess sodium reacts with titanium tetrachlo-
ride, which is added in the throat of the nozzle or downstream in the expand-
ing section of the nozzle, producing titanium gas which immediately coats the
boron particle. The titanium tetrachloride cannot be mixed in the reactor
before boron particles are formed because titanium diboride would be formed.
The assumption that the titanium coats the boron particle rather than nucleat-
ing to form a titanium particle is based on the well known fact that heteroge-
nous nucleation is faster than homogeneous nucleation.

One of the major issues is the collection of very fine particles, 0.5 to 5 Am
in diameter. In the silicon process the product is collected as a solid
boule. The original concept was to collect the particles on a hot filter, but
this seemed cumbersome because of the large quantity of NaCl vapor present. A
new method, a supersonic virtual impact collector, was thus conceived. It is
the combination of several phenomena. These include the supersonic impact
collector used for separating silicon from gaseous sodium chloride, the
observation that heavy species are concentrated in the center of a supersonic
jet, and the virtual impactor used to classify aerosol particles. Estimates

xiii
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of the effi ,ency of this device for separating titanium coated boron parti-
cles from gaseous sodium chloride are greater than 95%. The remaining
separation would be achieved with a high temperature filter. The gaseous
sodium chloride is condensed out as a liquid and removed from the system in
the same manner as in the silicon process.

The new process has been analyzed extensively by computer models involving
equilibrium thermodynamics; temperature, velocity lag of particles expanded
through a supersonic nozzle; and the rate at which titanium coats the boron
particles and the increase in particle temperature due to the heat released in
coating. The main technical issues are identified as controlling the
gas/particle temperatures in the coating operation so that particle tempera-
tures are low enough that the Ti coating remains solid while the gas tempera-
tures are high enough to prevent premature NaCi condensation This analysis
required the development of a computer program to calculate the change in
particle and gas temperatures during expansion, and the rate of titanium
deposition on a boron particle. The information obtained in the modeling work
was combined with the design of the silicon apparatus to design an apparatus
for demonstrating the process experimentally and producing samples of titanium
coated boron particles for evaluation.

xiv
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1. INTRODUCTION

This is the final report on Phase I of an SBIR the ultimate objective of
which is to provide a means of producing Ti or Zr coated boron particles. The
coatings will be applied simultaneously with the production of the boron
particles to avoid oxidation in handling.

This Phase I program had four tasks:

1. Determine optimum operating conditions for producing Ti or Zr coated
boron particles.

2. Determine the range of concentrations required of Ti or Zr chlorides.

3. Evaluate various high temperature filters to be used in separating the
product powder from NaCl.

4. Design an apparatus to be built and operated in Phase II.

These tasks have all been completed. In addition, a new means of separating
the product powder from the NaCl has been identified and evaluated. We call
it a "supersonic virtual impact collector". It will greatly alleviate the
problems associated with the envisaged use of high temperature filters. In
addition, to make the required optimization calculations, two computer
programs were designed and utilized.

The work draws upon the authors' experience in combustion, and specifically in
rocket and ramjet technology. It demonstrates the use of combustion technolo-
gy to produce a valuable product.

Thermodynamic, kinetic, and fluid dynamic calculations were incorporated into
computer programs to evaluate the process requirements for producing titanium
coated boron powders to meet the specifications identified by King' as
important for the use of boron for propulsion purposes. An apparatus for the
production of the unique coated boron fuel particles was designed based upon
the above analysis. In Phase II, the apparatus will be constructed, and
coated boron particles prepared for evaluation.

The value of this program is not restricted to the limited application which

motivated the work, but has significant implications for other applications
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where pure coated metal or composite powders would be useful. One such
application would be the relatively (at least in this country) new technique
of materials preparation known as SHS (solid high temperature synthesis). In
this process, two or more solid particles are m ixed together and ignited. A
superior product should be produced if the reactants are intimately mixed,
e.g., coating one of the reactants with the other.

2

In this report, we present the background motivating this endeavor, discuss
the three computer models which were employed in evaluating the process,
present some of the results, describe the new supersonic virtual impact
collector, and finally describe the design of the apparatus which will be
constructed in Phase II.

2. BACKGROUND ON REQUIREMENTS FOR PROCESS

2.1 BORON PROPELLANTS

Because of its low mass and high heat of combustion, boron has long been
considered to be a fuel of choice for both solid and slurry combustors in
ramjets or other volume limited, air-breathing systems. However, incomplete
and inefficient boron combustion degrades performance in such applications and
boron has failed to deliver its promised performance.3 To overcome this and
other difficulties, there is a need to develop improved pure boron fuels
containing spherical particles with diameters in the 0.5 to 5 /AM range.
Calculations indicate that this small particle size is required for complete
combustion in the short, about 10 ms, residence time in a combustor.

Such boron fuels are not currently available. Most high purity boron powders
in use are supplied by overseas sources,4.5 e.g., the European firm, Starck

Chemical. The disadvantages of such non-domestic sources in times of conflict
are obvious. Present fuel boron generally contains 4-6% (weight) impurities,
mainly as boron oxide and magnesium, resulting from incomplete cleanup of the
boron which is produced by reduction of boron oxide with magnesium. Such
impurities not only reduce the volumetric heat release of the boron fuel, but
also impede the ignition of boron particles in practical combustors. Further-
more, the powders are reduced to the desired size range by grinding, which
results in irregular particles, with sharp edges; grinding can also add

2
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impurities to the product. Such irregular particles present processing and
handling difficulties.4 It is not known how impurities in the boron affect
factors such as combustion efficiency, fuel processing, or compatibility with
binders in solid fuels. It is nearly impossible to determine these effects
experimentally without high purity boron powders to establish a baseline.

The presence of an oxide coating, B203, on the boron particles lengthens
ignition and combustion times. The difficulty arises because the oxide has a
low melting point (about 730 K) but a high boiling temperature (about 2070 K
for 101 kPa vapor pressure). The liquid oxide layer prevents oxygen from
reaching the boron except by slow diffusion processes. The boron may diffuse
out or the oxygen may diffuse in. For our purposes the difference is unimpor-
tant. Thus the oxide coated boron particle takes a long time, on the scale of
the available residence time in the combustor, to get sufficiently hot to
evaporate off the oxide and reach the ignition temperature of boron. Once the
hot particle begins to burn, this difficulty no longer exists since the
particle temperature then exceeds the oxide boiling point.

The boron particle must not only be initially oxide free, but must also be
protected from oxide buildup during the particle heatup time prior to igni-
tion. Thus, starting with oxide free boron particles is not sufficient.
Various protective coatings of boron particles have been considered to
overcome the problems created by the oxide. It would be a relatively simple
matter to coat the boron with a material that would protect it from oxidation
during storage at ambient temperature. However, many materials that would
protect the boron at low temperatures would be either quickly evaporated or
burned off the particle surface at temperatures much lower than the evapora-
tion temperature of B203. These materials also lower the volumetric heat
release of t .e boron fuel. Thus, although initially oxide free, these
particles would build up an oxide coating long before reaching the boron
ignition temperature. Their overall ignition time would therefore be exces-
sive.

King' has considered coating boron with high boiling temperature materials.
He suggests using a combustible metal with a very high boiling but relatively
low ignition temperature. The coating would protect the boron from low
temperature oxide buildup and, additionally, the heat release from the
combustion of the coating metal would heat the particle faster than for an
uncoated particle, thus shortening the boron particle ignition time. Two
metals suggested by King are titanium, Ti, and zirconium, Zr, with melting

3



TP-489

points of about 1950 and 2125 K and boiling points of 3535 and 3850 K,
respectively. The melting points of Ti and Zr oxides are high, about 2100 and
2975 K, respectively.

King I modeled the ignition of boron particles coated with various thicknesses
of Ti and Zr and assumed that the heat released from the coating combustion
was used to heat the boron particle. If the boiling point of B203 was reached
before complete burnup of the coating, the boron particle was assumed to have
ignited. If the coating was completely consumed before reaching the boiling
point of B203, a model for pure boron particle ignition was then used,
starting at the temperature attained in burnup of the coating, to compute the
additional time until boron particle ignition. This study showed that the
ignition times could be significantly reduced by Ti coatings representing 9 to
17% of the total particle weight. For example, 2 pm diameter particles in a
2200 K environment at 400 kPa pressure would ignite in 0.09 ms compared to
0.90 ms for pure boron, a factor of ten improvement. Such particles would
exhibit about 90 to 94% of the heat of combustion of pure boron particles of
the same total weight. Similarly, Zr coatings decreased the ignition times
compared to uncoated particles but required slightly larger amounts of Zr (20
to 30% weight) with correspondingly lower heats of combustion (81 to 87% of
pure boron).

2.2 AEROCHEM SODIUM FLAME SYNTHESIS PROCESS

A process developed at AeroChem6 for synthesizing pure metals should be

applicable to the preparation of boron powders of the required size, spherical
shape, density, and purity. This process has been shown to produce high
purity silicon in aerosol form with an estimated average particle diameter
greater than 3 pm. If boron powders of similar purity and size could be
produced using this technology, a significant step toward overcoming the
deficiencies in presently available boron fuel powders would be made.

The AeroChem sodium flame synthesis process consists of: reducing a metal
halide (e.g., SiCl4) with a reactive metal (e.g., Na) to produce the pure
metal (e.g., Si) as an aerosol in a vapor of the halide salt (e.g., NaCl) of
the reductant; expanding these through a nozzle to produce a high velocity
stream, usually supersonic; and causing that stream to impinge upon a surface,
producing a shock wave, such that the aerosol particles strike the surface and
are collected and the NaCl gas is diverted and collected on a condenser as a

4
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liquid. This process has been operated in the laboratory at the scale of 1.5
kg/h to produce a very high quality silicon.

In the specific application previously investigated, the silicon aerosol was
produced as a liquid and collected in a novel fashion as a consolidated
product. This collection method is not applicable to this program because
boron is required as a powder. However, based on the results of this Phase I
program, it appears that the AeroChem process will effectively produce high
quality boron powders; that it can be modified to allow for the in situ
coating of fresh boron powders with Ti or Zr; and that the powders can be
efficiently collected. If this can be done, the AeroChem process will provide
a material which offers the possibility for realizing almost the full perfor-
mance potential of boron fuel.

3. DESCRIPTION OF PROCESS

The process to be used for producing coated boron powders is based on the
highly exothermic reactions of sodium with boron trichloride and titanium (or
zirconium) tetrachloride:

(1) 3Na(l or g) + BCl 3(g) - B(s) + 3NaCl(g)

(2) Na(g) + TiCl4(g) - Ti(s) + 4NaCl(g)

The AeroChem process6 will be utilized to produce boron powders by the
spontaneous reaction of excess sodium with boron trichloride, Reaction (1), in
a high temperature, well-stirred reactor, resembling a rocket motor, Fig. 1.
Boron will be produced in the reactor as a solid aerosol with the sodium
chloride as a vapor. These will be expanded through a supersonic nozzle, and
TiCl4 vapor will be injected in the nozzle to react with excess sodium to
produce Ti(g). This gas will condense on the boron particle producing a
titanium coated boron particle. The coating process is dependent upon the
well-known fact that heterogeneous nucleation is very much faster than
homogeneous nucleation. Thus we are not concerned with titanium particles
forming separately from the boron particles. The titanium tetrachloride
cannot be introduced in the reactor where boron particles are being produced

5
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because titanium boride is a very stable compound thermodynamically and would
most likely be formed if the two reactions were carried on simultaneously.
The solid boron particle is thus formed first and the titanium coats out on
the boron in a separate part of the apparatus.

We assume that, in the times involved, the titanium will condense on the
particle and not react to produce titanium boride. A thin coating of titanium
boride may not be objectionable (it would still form a protective coating but
if the titanium were to penetrate the particle, the coating would no longer be
effective) yet an energy penalty would have to be accepted. The objectives
are pure boron powder ( 99.9%), free of surface oxides, with diameters in the
0.5-6.0 urn range. Also, the particles should be spherical, to enhance their
flow properties, and fully dense to maximize their volumetric heating value.

The solid particle product will be separated at high temperature from the
gaseous sodium chloride by-product which will be condensed and removed as a
liquid. The original plan was to separate the particles from sodium chloride
vapor on a high temperature filter, but the size of the filter required, which
must be maintained at a high temperature, would be cumbersome. A new means of
commercial separation of particles from gas was thus conceived.

In keeping with our analogy of a rocket motor as reactor, we use the entrance
to a ramjet diffuser to separate and collect the particles, Fig. 1. A shock
wave is formed in front of an aperture in a chamber forming a virtual impactor
and a pressure is maintained in the collector chamber equal to the pressure
behind the shock (close to the reactor pressure) so that particles can
penetrate into the collector chamber, but the NaCl(g) will be turned away to
be collected on the NaCl condenser as a liquid. The particles will then be
collected on a small filter where any NaCl(g) which gets through the virtual
impactor will be passed through and subsequently collected as a liquid on a
cold surface.

The apparatus, Fig. 1, resembles a rocket motor and a ramjet diffuser, and its
performance was modeled using this analogy.

6
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4. DETERMINATION OF OPERATING CONDITIONS

4.1 CONSTRAINTS

Some of the constraints on the process, which led to a large number of
computer runs to satisfy all of them, are:

1. Yields of boron and titanium must be high. Thermodynamics indi-
cates that relatively low temperatures favor high yields.

2. Reaction temperatures must be sufficiently high to support combus-
tion.

3. Temperatures must be sufficiently high to maintain sodium chloride
in the gas phase, except at the NaCl collector.

4. Temperatures in the system must never exceed the melting point of
boron, or the melting point of titanium or zirconium --after they
are introduced.

5. Reactions must be carried out under conditions such that titanium
boride, (a stable compound) does not form.

6. The particles exiting the nozzle must form a defined supersonic
beam so that they can be separated from the sodium chloride gas by
the supersonic virtual impact collector

7. The temperature of the sodium chloride collector (condenser) must
be controlled to allow liquid salt to be collected and to prevent
formation of NaCl aerosol.

8. Materials of construction; determined by s-afe operating pressures
for high temperature operation.

4.2 THERMODYNAMICS

Numerous experimental studies have demonstrated that metal halides react
spontaneously with gaseous alkali metals. The reactions are rapid and highly
exothermic. The mechanism appears to involve successive halogen abstraction

7
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reactions to produce the alkali halide and the parent metal atom. Since the
reactions are extremely rapid, thermodynamics serves as an important consider-
ation in determining the course of the reaction under various sets of condi-
tions.

The adiabatic flame temperatures, Ta, and product compositions were calculated
on a desk top computer using the ISP Thermodynamic Equilibrium Program
developed by Curt Selph and Robert Hall at the Air Force Astronautics Labora-
tory, Edwards Air Force Base, California. A computer program was developed
under this program to produce graphs automatically from the ISP program
output.

The ISP program is ideal for our application because it was designed for
rocket performance calculations and includes the capability to handle solid
products. The AeroChem process for preparing boron particles coated by
titanium or zirconium involves expansion through a supersonic nozzle exactly
as in a rocket. The following properties, in addition to Ta and composition,
of the expansion process are calculated by the ISP program and are used as
input to the two programs discussed below: c, the ratio of throat to nozzle
area; ISP, specific impulse, from which the gas velocity is obtained; average
molecular weight; -y (=Cp/Cv), and the gas density.

4.3 PARTICLE VELOCITIES AND TEMPERATURES

A computer program was developed for calculating a single particle velocity
and temperature during gas expansion through a nozzle. When a single particle
moves at the same velocity as a uniform temperature gas flow surrounding it,
the heat transfer rate from the particle is proportional to: (1) the differ-
ence between the particle's surface temperature, Tp, and the gas temperature,
Tg, and (2) the appropriate Nusselt number Nu, a nondimensional heat transfer
parameter dependent on the gas properties and particle size (especially the
ratio of the mean free path to the particle diameter), and the particle shape.
Under some of the conditions of interest in this program, the mean free path
for gas collisions becomes comparable to the particle diameter and the
particle velocity is less than the gas velocity. In this region, the Nusselt
number is a complex expression and simple continuum results are no longer
valid. Expressions for Nu appropriate for this nearly free molecular flow
regime were used.7 In this regime Nu becomes inversely proportional to the
mean free path.

8
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The relevant temperature difference is also more complicated than just (Tp -
Tg) and is expressed as (Tp - Tr) where the recovery temperature, TrO is
always greater than Tg. Tr differs from Tg when the gas and particle veloci-
ties are unequal. Tr includes effects due to viscous and thermal boundary
layer transport and adiabatic compression as the slip velocity stagnates on
the particle.

The mathematical model used in design of the computer program is summarized
here. The particle velocity was calculated based upon the following basic
equations:

P gJ I Up - "91 17p - Ug) P -CD (1)
'n.dt 2 g 4p g p

m -i 'n ( DP p (2)
U P

dU = dU(
dt d (3)

For subsonic values of IU p - UgI the following expressions and experimentally
obtained constants were taken from Millikan.8

CD 24 (4)Re a 
I4

• a

A = 0.874
B - 0.35

C - 1.7

9
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Re= PgI Up - UgI D 6

Re D (6)

For heat transfer the following equations were used:

- 2.52 Vy- L = Knudsen number (7)
a Cg Re

d U2 - 3 6 Ia (UpU) (8)
d ~ ( p 2D(8

Sdhp Q = n Dpk1 (Tp- Tr) Nu  (9)mpdt

dhp = U 6 k, (Tp- T) Nudt - U- 2 (10)

Tr = (1-r) Tg + rTg (11)

TgO T41 + ~yj.-;IM2ei] (12)

M = 1Up- UgI lcg (13)

(14)

= U _; valid for Mrei : 1 (15)
1 + 3.42 (Mr* 1 /R, P,) Nu

iu = 2 + (0.4 R1/2 + 0.06 R2/3) p0 , (16)

10
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Curve fits were used to obtain:

hp = hp (TP)

Mg = Ag (Tg)
kr = kr (Tr)

A computer program was developed to calculate particle temperature and
velocity based on the above mathematical model. In this analysis we treat the
effects of velocity slip between the particle and the gas and a finite gas
mean free path. The computer program solved (numerically) the two first-order
differential equations (Eqs. I and 9) for particle enthalpy (temperature) and
particle velocity. Input nozzle flow properties, e.g., gas velocity and
temperature, and the chemical composition as a function of distance along the
nozzle centerline were obtained from the ISP program. The particle velocity
and temperature computations are based on the approximation that all condensed
phase material is sufficiently finely divided that its temperature and
velocity are the same as that of the gas, except for a single test particle of
fixed size, whose temperature and velocity are calculated. There is thus some
ambiguity in applying this program to an ensemble of particles; the total
enthalpy computed in the ISP program is that of particles and gas in thermal
equilibrium, while in practice, the distribution of enthalpy between particles
and gas is determined by the heat transfer mechanism used in this calculation.
Thus the gas temperatures taken from the ISP program and used in the calcula-
tion will be greater than in practice. The calculated rates of particle
cooling on expansion will thus be slower than in reality because Tp - Tg in
the model calculation will be less than reality. This is a conservative
calculation. Increased cooling of the particle, as will be seen below, is
important.

4.4 RATE OF GROWTH OF PARTICLE SURFACE COATING

The basic equation for calculating the rate at which Ti vapor molecules
deposit onto a growing boron particle surface is:

- A x k (17)dt

where k is the rate coefficient of mass deposition per boron particle.
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When the coating process is described by continuum fluid mechanics, a simple

relationship can be derived for the rate coefficient9

k = D x (M -M") (18)
a

The value of MC is obtained from the ISP calculation constrained to produce
only gas phase titanium. This is an artificial device for imposing a kinetic
restriction on an equilibrium calculation. The assumption is that titanium
vapor is first formed, and because heterogeneous nucleation on the boron
particle is infinitely rapid compared to homogeneous nucleation, the titanium
or zirconium will solidify only on the boron particle. The value of Mx is
taken to be that established at the equilibrium vapor pressure of Ti or Zr at
the current temperature of the particle. The relationship between Ti vapor
pressure and temperature was found by fitting data reported in Refs. 10 and
11.

The coating simulation calculation is performed by a finite difference method,
that is, we calculate the moles (m') of Ti deposited in a small time incre-
ment:

Am, = A xkx At (19)

From the moles deposited on the particle in this time increment, the heat
gains/losses for the coating system are balanced by iteration on Tn. The heat
balance equation is:

Op= Od + Oc + Or (20)

The heat gained by the particle is equal to the heat transferred to the
particle by the condensation of Ti vapor, heat transferred to/from the buffer
gas, and the loss of heat from the particle through radiation. Note that Eq.
(20) assumes that the particle has infinite thermal conductivity, i.e., that
it instantly distributes incoming heat throughout its entire mass. There is
some theoretical evidence in our calculations that this does not occur; boron
is a poor thermal conductor.
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In the next, and subsequent, time steps, Tn is used as the starting particle
temperature. The gas temperature, particle radius (for the amount of Ti
coated) and drop in Ti vapor concentration are all updated before each time
step in this calculation.

In the finite difference approach, if the time increment, At, is made too
large the calculations will yield very crude approximations to the actual
coating process. However, by simply making At smaller, and observing the
results, it can be verified that the At value chosen is sufficiently small.
In this case, the step size was judged to be sufficiently small when the
results did not change by more than about 1% when the At step size was
decreased by a factor of two.

The thermodynamic data were taken from the JANAF tables. Self diffusion
coefficients; coefficients of diffusion of Ti(g) in NaCl(g); viscosity; and
thermal conductivity were calculated over the required temperature range
following procedures employed in Ref. 12.

4.5 RESULTS

A large number of computer runs was made to arrive at a set of operating
conditions which meet all of the constraints (Section 4.1) on the process.
This research program could not have been performed without the availability
of inexpensive computer time such as a desk top computer offers; laboratory
experiments could never be justified without first examining the possibilities
by computation. We report only on some of the results, notably those which
are most definitive in determining the experiments to be performed in Phase
II.

Calculations have been made based upon the sodium feed in the vapor phase, in
the liquid phase, and mixtures of the two phases. The possibility of using
magnesium instead of sodium has also been considered. The most significant
challenge has been to define a set of conditions under which the particle
temperature does not attain the melting point of the coating metal, Ti, and
yet the gas temperature is sufficient to maintain the sodium chloride in the
vapor phase. Prior to initiating experiments, additional computer runs should
be made in which the two programs for calculating the particle temperature and
velocity and the rate of deposition of titanium on the boron surface are
coupled. In our initial thinking about this process, we underestimated both
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the importance of particle heating due to deposition of a coating and the
sensitivity of the particle temperature to gas-particle fluid mechanical
coupling. A large quantity of energy, the heat of fusion, is transferred to
the particle when it is coated and the rate of heat transfer from the particle
to the gas is very slow. The rate of equalization of temperature throughout
the particle should also be incorporated into the calculation; it may, in
fact, enhance the rate of heat loss from the particle to the gas.

4.5.1 General Considerations

Thermodynamic calculations for Reaction (1) are presented in Figs. 2 to 7.
Except where specified, the reagent ratio is stoichiometric (the equivalence
ratio, 1, 1.0 or Cl/Na 1 1), the reactor pressure, Pr' = 25 kPa and the
separator chamber pressure, Pexp' = 2 kPa. The data reported in Figs. 2 to 7
are based on adiabatic thermodynamic equilibrium calculations, i.e., ISP
calculations, in which various parameters such as Cl/Na ratio, initial
pressure, pressure ratio between the reactor and separator chamber, frozen or
shifting equilibrium nozzle expansion, and reactor temperature (controlled by
heat loss or diluents), have been varied to ascertain their influence upon
adiabatic flame temperature and boron yield.

Shifting and frozen flow represent the two extremes for the reaction rates
during expansion. In the shifting equilibrium case, the chemical reaction
rates are infinitely fast compared to the flow time in the nozzle; frozen flow
is the other extreme, the reactions are infinitely slow compared to the flow
time. The kinetics of the process determines the condition between these
extremes. In our work with silicon, the experimental results were close to
the shifting equilibrium case.

These figures indicate those conditions for which high. yields of boron are
expected. Figure 2 shows the reaction temperature is not sensitive to the
Cl/Na reagent ratio. Figures 3 and 4 show the stability of the BC1; other
products were less than 0.01 mole fraction. When the phase of a chemical
species is not indicated, it is in the gas phase. In Fig. 3, boron is
indicated as liquid or solid. In the reactor it is liquid; it may or may not
solidify in the nozzle when the gas temperature falls belL' the melting point,
depending upon the rate of heat transfer from the boron droplet to the gas
phase. In subsequent calculations, it was determined that heat transfer from
the boron aerosol to the gas was very slow, so that reactor conditions had to
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be chosen in which the aerosol was a solid and not a liquid. The boron yield
increases, Fig. 5, with excess of sodium (no heat losses) but is still lower
than desired. The temperature in the reactor is artificially controlled in
Fig. 6 for a stoichiometric mixture. This can be done, e.g., by dilution,
controlling the heat loss, or heating reactants. The yield of solid boron is
about 60% of the input BCl3 at the adiabatic flame temperature, 2510 K, and
this yield increases rapidly to > 95% as the temperature is reduced to 2100 K.
In the exhaust of the reactor, the exit nozzle in our rocket motor analogy,
the boron yield is increased as the temperature decreases and the equilibrium
composition changes, as shown in Fig. 6 by the line labeled "SHIFTING".
Figure 6 thus indicates that for a stoichiometric mixture, 100% yield can be
obtained by reducing the flame temperature. it is recognized, of course, that
if solid particles are formed from cooling in the expansion, nearly the
reactor temperature will be recovered when they strike a surface, e.g., the
particle filter, so that energy will have to be extracted from the exhaust
stream before it strikes a surface. Previous experience indicates that with a
poorly designed nozzle this readily occurs through mixing with exhaust gases
when shock waves (Mach diamonds) are formed.

Figure 7 demonstrates the effects on boron yield of changing the reactor
pressure and the expansion pressure. The yield increases with reactor
pressure and with increasing pressure ratio. This may be more of a tempera-
ture than a pressure dependence.

When either TiC14 or ZrCl 4 were added to the reactor in realistic quantities
to coat the boron particles, TiB 2(s) or ZrB2(s) was produced. This is clearly
undesirable so that later computer experiments were done by adding the
titanium tetrachloride in the nozzle throat or in the nozzle downstream of the
throat, see Fig. 1. The results of one of these sets of calculations are
shown in Figs. 8 and 9. In this example, the reactor was operated at 101 kPa
and the titanium tetrachloride was injected into the nozzle after the products
from the reactor had been expanded to 50 kPa. By using liquid sodium feed
instead of gaseous sodium, the temperature was maintained sufficiently low
that solid boron was formed immediately in the reactor. In this run we also
operated at 10% excess sodium which suppressed the TiC1 2 concentration below
0.0005 mol fraction. The Ti(s) produced would be expected to coat out on the
boron particles.

15



TP-489

4.5.2 Design Conditions

In this section we report on the results which indicate the feasibility of the
process and at this stage represent the best set of conditions at which to
initiate laboratory experiments. Some fine tuning will be required prior to
initiating experiments.

The results of the ISP program thermodynamic calculations are reported in
Figs. 10 to 14 with TiCl4 injected in the throat of the nozzle. We chose to
inject the coating reactant in the throat because mixing should be better
there with minimal disturbance to the integrity of the jet, and because it is
the lowest temperature at which the reactant could be injected without B- and
Ti-forming reactions occurring in the same reactor space and probably produc-
ing TiB.

Figure 10 presents the variation of shifting and frozen equilibrium tempera-
tures. Our experience with silicon has indicated that shifting equilibrium
dominates in that system. Reaction rates will determine the temperature to be
between these two extremes. We have generally chosen to consider the shifting
flow case, the worst case for meeting the constraint of maintaining the
titanium on the boron particle in the solid phase. The frozen flow case would
be the worst case for maintaining the sodium chloride in the gas phase. In
Fig. 11 the pressure as a function of distance from the nozzle throat is
compared with the vapor pressure of NaCl determined by shifting equilibrium
temperature of the gas from Fig. 10. Beyond about 12 'm the NaCl would
condense out.

The equilibrium concentrations of products are shown in Figs. 12 and 13. The
yield of boron is 100% throughout the whole system, Fig. 14. Titanium
concentration increases rapidly with expansion ratio--remember this is
equilibrium--reaching greater than 70% yield and then rising rapidly to about
98% yield. It of course levels off because it is depleted. We will see below
that a slower rate of titanium production may be desirable to minimize the
rate of temperature rise of the particle.

The results of the particle temperature, velocity calculations for the above
equilibrium calculations are presented in Figs. 15 to 18 for 1 AM and 6 Am
diameter initial boron particles. The temperature of the 1 Am particle, Fig.
15, lags sPveral hundred degrees behind the gas temperature. The nozzle
entrance and expansion angles have already been decreased to increase the time
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scale so that both half angles are 2". It would be desirable for these two
temperatures to be close together, that is a lower particle temperature to
prevent Ti from liquefying on the boron particle and a greater gas tempera-
ture, to prevent NaCl from condensing. Figure 16 shows, as expected, that the
temperature of a 6 Am particle lags the gas temperature even more.

The velocity lag for the 1 /pm particle is very small, Fig. 17, so that for all
practical purposes the particle may be considered to be at the local gas
velocity. However, for the 6 Am particle, Fig. 18, the lag is significant and
must be taken into account in the particle growth and heat transfer calcula-
tion.

The rates of growth for 1 and 6 Am particles are shown in Figs. 19 and 20.
The diameter required for a 10 weight % coating would be 1.017 and 6.10 pm
for a 1 and 6 p m initial boron particle, respectively. For the I Pm particle
the limiting diameter is determined by the melting point of titanium, Fig. 21.
For the 6 p m particle the limiting diameter is determined by the NaCl gas

temperature reaching the condensation temperature of NaCl, Fig. 22. Thus the
conditions for the process will be varied depending upon the size of boron
particles produced. The reaction rates controlling the production of boron
particles and the rates of coagulation are not sufficiently well known to use
them in making such calculations. These rates may be deduced from our Phase
II experiments. We do know, however, how to alter the experimental conditions
to control the particle size. Thus when the particle sizes are determined in
a specific experiment and it is desirable to increase or decrease them, we
know what experimental parameters to change and in which direction.

The calculated range of limiting conditions, above, should be broadened by
combining the two computer programs which now separately calculate particle
temperature/velocity and particle growth/temperature increase due to coating
metal deposition. The coating process is very exothermic, about 460 kJ/mol at
1500 K. The condition is exacerbated by the low heat transfer coefficient for
NaCl gas, 8 mW/M/K at 500 K. This could be increased by adding a high thermal
conductivity gas to the system, e.g., He. The heat transfer for He at 500 K
is 2,000 mW/M/K, 250 times that of NaCl gas. Thus in the fine tuning of the
system prior to initiating Phase II experiments, we will perform some calcula-

tions in which helium is either added in the reactor or in the nozzle throat
with the TiCl 4. The implications of this are, of course, a requirement for
minimal pumping capacity with helium addition. Some is already required by
the supersonic virtual impact collector. Because all of the products and by-
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products are solids the helium could very easily be cycled through the system.
It would only have to be pumped from the low pressure chamber to the reactor
pressure.

5. APPARATUS DESIGN

This section concerns the apparatus design. The reactor and feed systems are
largely based on our previous experience with silicon preparation. The major
issue in this program is the collection of small particles rather than a
consolidated material. This is an even greater challenge than usual because
the particle collection system must be maintained above the boiling point of
sodium chloride everywhere except on the NaCl condenser. Since the apparatus
design work was pursued simultaneously with the process optimization studies,
and some of the basic design parameters differ in the two studies, e.g., in
the process optimization studies, a reactor pressure of 50 kPa with a combined
Na(g)/Na(l) feed was considered while in the apparatus design work, a reactor
pressure of 25 kPa and Na(g) feed was considered, some of the basic design
parameters differ in the two studies. This does not represent a problem;
prior to initiating construction in Phase II the differences will be recon-
ciled. They do not alter the feasibility of the process.

5.1 REACTOR AND FEED SYSTEMS

The apparatus has been chosen to be as small in scale as possible consistent
with a reactor nozzle diameter large enough to avoid clogging and to simplify
heat control problems. Based upon our work with silicon we estimate a
reasonable minimum nozzle throat diameter to be about 0.5-0.6 cm. The most
conservative estimate for the reactor nozzle assumes minimum gas flow, i.e.,
that we are producing pure, uncoated boron (only the BC3 + 3Na reaction takes
place) in the reactor. Adding the amount of Na required to react with TiCl4
or ZrCl4 downstream of the nozzle, the product gas from the reactor consists
of 3 moles of NaCl for each mole of boron plus [4 x Xc x (number of moles of
boron)] moles of Na, where 4 is the stoichiometry required to convert TiC14
(or ZrCl4) to free coating metal vapor, and Xc is the mole fraction required
to give a coating of the "appropriate" thickness. Appropriate thicknesses were
chosen based on the work of King' who suggests Ti coatings in the 9-17% mass
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fraction range and Zr coatings in the 20-30% mass fraction range. For fully
dense particles, these ranges correspond to coating thicknesses in the range
of 2-3.5% of the particle radius for Ti coatings and 3-5% of the particle
radius for Zr coatings. For both coating metals, 0.03 ! XC 5 0.05. Thus, the
flow from the reactor consists of 3.12 to 3.2 moles of gas for each mole of
boron produced. We chose a 0.3 kg/h production rate of boron particles at a
reactor pressure of 25 kPa with a 0.6 cm diameter nozzle for the design
condition.

Higher reactor pressures would require special materials (e.g., zirconium
alloy) if sodium vapor were used. The above thermodynamics indication that
liquid sodium can be used allows us to work at higher pressures without
special materials.

Table I lists some design parameters for a 0.3 kg/h laboratory scale coated
boron powder production apparatus operating at a reactor pressure of 25 kPa.

A process and instrumentation diagram is presented in Fig. 23. Some detailed
designs are presented in Figs. 24 to 28. Detailed dimensions are not always

provided but the figures are generally to scale, are in a CAD program, and so
can be easily modified to exact machining dimensions prior to initiating
construction in Phase II.

5.2 PARTICLE SEPARATION

As pointed out above, one of the major issues in this program is the collec-
tion of very hot small particles. We have previously considered several
techniques of doing this.13 14 When this program was proposed, we considered
using hot ceramic type filters. During the course of this work, the hot
filters required to do the job appeared to be excessively large, so we
considered other techniques and came upon the idea of a supersonic virtual
impact collector described below. This is a combination of three experimen-

tally demonstrated technologies; concentration of the heavy species in the
core of a jet, the AeroChem supersonic impact particle separator, and a

supersonic virtual impact collector. Should this work as well in practice as
it seems to on paper, its demonstration would be a significant contribution to
the general subject of particle collection.
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5.2.1 Supersonic Virtual Impact Collector

Product coated boron particles will be separated from NaCl vapor using a

supersonic virtual impact collector,'5 Figs. I and 29. The basic principles
governing the separation of product particles from by-product gas are very
similar to those for the impactors used previously in our silicon work. The

unique new features are: (1) taking advantage of the fact that under appropri-

ate conditions the heavy species remain concentrated in the core of a high
velocity jet while the lighter species diffuse out of the jet, and (2) after

the jet is caused to produce a shock wave by impacting the virtual impact
collector face plate containing an aperture, Fig. 29, letting the particles
flow through the aperture into a chamber maintained very close to the pressure

downstream of the shock, where they are collected by conventional techniques,

e.g., a filter.

Under appropriate conditions in an expanding jet, particles will concentrate

on the centerline of the jet. Haegele16 has shown that de Laval nozzles can
form aerosol beams in which particles are focused into a core due to the fact

that outward radial acceleration of the particles is smaller than that of the

gases.

The ability of the particle trajectories to follow or separate from gas jet

streamlines determines the focusing effect, and consequently particle size

will be important. In Phase II work, the phenomena will be analyzed and

modeled in more detail to optimize nozzle design for particle focusing.

For present design purposes, we assume that we can achieve Haegele's focusing

result, i.e., the particles concentrate into a core of approximately half the
exit diameter with a small divergence angle.

The concept for the supersonic virtual impact collector is taken from the
literature of particle measurements where such devices are used to separate

particles according to their sizes. In these devices a subsonic gas stream

containing particles is caused to impinge upon a surface containing an

aperture. By maintaining a gas pressure behind the aperture equal to the

pressure of the impinging stream, the gas in the jet and the small particles

which follow the gas flow are inhibited from entering the aperture, but larger

particles, with greater momentum, will enter. Very accurate and balanced

control of the two pressures on either side of the aperture prevent convective

flow, so that the only transport of gas across the aperture will be by diffusion.
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For our work, we will combine the virtual impact collector concept with the
supersonic jet we have previously used to form a shock wave in front of a
particle collecting surface. In this jet, even small particles such as those
we wish to collect have sufficient momentum to deviate from the gas flow
streamlines behind the shock. The gas behind the shock is at nearly the
pressure in the reactor so that if the aperture of the virtual impact collec-
tor is placed behind the shock, Fig. 29, and sufficient gas pressure is
maintained in the impactor chamber, the particles in the jet will enter the
aperture and the gas in the jet will flow to the side.

For design purposes, the aperture in the virtual impact collector was chosen
to be the particle beam diameter, assumed to be 0.75 cm, i.e., 0.15 cm larger
than the nozzle throat diameter (0.6 cm); this allows for some particle beam
divergence. A conical shape was chosen for the virtual impact collector, with
an included angle of 120, so that the shock standoff distance is reduced
compared to what it would-be with a flat surface. Inert gas, e.g., Ar, is
introduced through a porous tube into the impactor chamber, Fig. 29, to
maintain the pressure in the impact chamber slightly greater than the pressure
behind the shock wave. The Ar flow is divided: a small part moving toward the
impactor aperture and the bulk being pumped in the opposite direction toward a
filter to collect coated particles. Assuming that the recovery pressure is
25 kPa (reactor pressure) and that the temperature of the Ar in the virtual
impact collector is about 1400 K (see below), 3 Am diameter boron particles
moving at 100-500 m/s will penetrate 7 about 3.2 to 14 cm behind the shock
before slowing to their gravitational settling velocity. To obtain the
pressure balance desired without flow disturbances it is necessary to minimize
the flow perturbances in the virtual impact collector chamber. This has been
achieved in a subsonic virtual impact collector by using a porous wall tube
to introduce the inert flow behind the impactor aperture.'5  The porous tube
was axially aligned with the particle jet and the inert gas flow through the
tube walls was adjusted to obtain proper flow balance.

The amount of inert gas needed to maintain the virtual impact collector is
small--the flow velocity toward the particle filter should exceed the settling
velocity of the particles to increase the rate of filtration. For the 25 kPa,
1400 K condition, the settling velocity 17 of 3 /Am diameter particles is about
0.05 cm/s. To be conservative, we assume a gas flow velocity of about 2 cm/s
to transport the particles to the filter. Using a filter area of 0.24 m2

(about 2 ft in diameter, see below), an Ar flow of 0.2 standard (101 kPa,
273.2 K) L/s is required to achieve this velocity.
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An estimate of the degree of separation of NaCl from particles at the virtual
impact colector was obtained by computing the flux of NaCl vapor across the
plane of the aperture of the virtual impact collector, assuming that diffusion
is the only process involved. Thus18 :

F = D (C2 - C1)/8 (21)

Equation (21) was evaluated at the recovery conditions behind the shock,
assumed to be those of the reactor: T = 1900 K, P = 25 kPa. For these
conditions, D = 10.4 x 10-4 m2/s. The NaCl concentration, C2 = 9.7 x 1023

molecules/m3 and C, = 0 (i.e., the maximum gradient is assumed so that this is
a worst case calculation). The diffusion length, 6, was taken to be equal to
the thickness of the velocity boundary layer which would exist if the impactor
surface were solid:

8/h = 6.39V/uTj-dUj (22)

The functional form of Eq. (22) results from a standard analysis of boundary
layer growth in stagnation flows, 19 and the constant results from an analysis
of data on impinging jets. Equation (22) gives 6 z 0.1 cm and Eq. (21)

gives F = 1 x 1026 molecules/m2-s. The area of the virtual impact collector
aperture, A. is taken as 4.4 x 10-5 m2 (diameter - 0.75 cm, see above). Thus,

FAi - 5 x 1016 molecules/s (0.08 mmol/s) enter the virtual impact collector.
The net flow of NaCl from the reactor and coating process is (Table 1) 31
mmol/s, so that (0.08/31) x 100 z 0.3% of the NaCl produced in the reactions
enter the impactor with the coated particles; the calculated separation
efficiency is thus > 99%.

5.2.2 Hot Particle Filter

The coated boron particles will be collected downstream of the virtual impact
collector separator using a filter. The flow through the filter is comprised
of particles suspended in Ar and a residual amount of NaCl vapor (see above).
We estimate the size of the filter required and the amount of Ar needed as
follows: As a conservative design estimate, we assume that 5% of the NaCl
produced in the reactions (0.05 x 31 - 1.55 mmol/s = QNaC1) gets into the
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impactor chamber downstream of the virtual impact collector. This amount of
NaCl will be contained in sufficient Ar to maintain the flow velocity through

the filter at > 2 cm/s (for particle transport as indicated above), and the
total gas flow, Qtot, will be sufficiently hot that NaCl condensation does not
occur at a total pressure, Ptot 2 25 kPa. The condition for no condensation
can be written as:

(ONac1/Qtod pcoc < paat (23)

i.e., that the partial pressure of NaCl must be less than its saturation vapor
pressure, Psat, in the flow. Equation (23) may be recast

QAr > QNac1 X (Ptot/Psat - 1) (24)

from which we can obtain the minimum Ar flows required at various operating
temperatures (to maintain Psat)" The filter area, Af, is obtained from the
requirement that the flow velocity, v 2 Qtot/Af, where Qtot is now expressed in
volume units/s at Ptot and the operating tcmperature using the perfect gas
law. Table 2 diplays the values of Qtot and Af computed using Eq. (24) and the
velocity condition with QNac1 = 1.55 mmol/s and for temperatures up to 1560 K
(where Psat = 25 kPa--the collector could be operated above this, but we
prefer to operate at as low a temperature as possible).

The values in Table 2 suggest that a reasonable design temperature for the

filter collector is about 1400 K with an Ar flow in the range 0.15-0.2

standard L/s and a filter area of 0.18-0.25 m 2. Lower collector temperatures
demand excessive Ar flows and filter areas.

The temperature requirements indicate that ceramic or graphite filter materi-

als will be required. Commercial ceramic plate filters are available from

Selas, Inc. (Selas Micro-Porous Porcelain, 0.2-0.5 cm thick, continuous use to

1600 K with retention capabilities to submicron particle sizes).2 1 In a

plate, or surface filter such as this, particles are collected at the surface

with little or no penetration. Fabric or fiber filters, e.g., Nextel fabric

from 3M (Nextel 312 woven fabric, AF style, continuous use up to 1500 K,

0.036-0.12 cro thick)22 allow particle penetration and their main filtering

action takes place after a layer of particles builds up on them. The layer
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buildup and filtering efficiency are favored by low gas flow velocities such
as required here.

The power required to heat the Ar flow from room temperature to 1400 K is
about 200 W. For the initial experimental apparatus of Phase II, the Ar flow
will be separately preheated, but in a commercial device it is likely that
preheating will be accomplished in part by tapping off part of the coolant gas
from the main salt collector. Radiant graphite rod heaters of the kind we
have used previously in our silicon synthesis work will be used in the
experimental program.

The basic engineering equation for filter performance is given by Perry:
23

AP = K v+K 2 wv (25)

We use Eq. (25) to determine the time between filter "cleanings" by mechani-
cal agitation. For fabric filters, K O, and Pz K2 w v. For the ceramic
porous plate filters, K, is non-negligible. Values of K1 depend primarily on
pore size and filter thickness0 ; K2 depends primarily on particle size and
shape (i.e., on "packing" in the filter cake). Values of K2 increase with
decreasing particle size. Values of K.2 are usually given for air at 273 K
and are corrected for other filter gases and temperatures by multiplying by
the viscosity ratio of the actual filter gas to that of air (0.018 cps). We
used Eq. (25) to compute w for the filters at the 0.3 kg/h coated particle
production rate.

We consider first the case of a fabric filter: For 2 jum diameter particles
(carbon black), Perry23 gives K2 = 466 (K2(1400 K, Ar/NaCl mixture) = 1540);
thus, to obtain the maximum pressure drop (worst case) of 25 kPa, w = AP/(K2
v) - 0.8 kg/m 2. From other work at AeroChem, we have found that 3 Am diameter
boron powders exhibit a tap density of 1000 kg/m 3; the maximum mass loading
thus corresponds to a filter cake thickness of -O.01 cm. Thus, we predict
that a 0.24 M2 fabric filter will achieve a pressure drop of 25 kPa after
collecting 0.192 kg of particles. This corresponds to an operating time of
0.5 h between cleanings.

For the ceramic plate filter from Selas, K, 2 180 for a 1.5 pm diameter rated
filter (K, (1400 K, Ar/NaCl mixture) = 650) giving w = 0.4 kg/m 2 for AP- 25
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kPa and a time between cleanings of 0.3 h. Clearly, both predicted values for
times between cleaning are sufficiently small that continuous agitation or
vibration of the filter will be desirable. The filter will be mounted in a
vertical position to allow the product particles to fall into an accumulator.
In terms of standard filter practice, this will allow us to utilize either
"bag" filters of fabric or rigid "candle" filters of porous ceramic. Based on
the longer times between cleaning, cost, and ease of use, the fabric filter
appears more desirable than the ceramic plate filter. The fabric filter will
have an initial startup loss until particles build up within the fabric;
according to Perry, after the first cleaning, this internal buildup remains
partially intact (i.e., Ki > 0, but smaller than for surface filters) and
losses between cleanings are reduced from the virgin filter condition.

6. PATENTS

AeroChem plans to file for a patent on the coating process as a generic
process for coating particles, and on the supersonic virtual impact separator

as a generic process for separating small particles.
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Pressure/Vacuum Tube
6 mm SS 316
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(Chromel-Alumel)
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Figure 24. Titanium tetrachloride vaporizer
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Figure 25. Overall schematic of coated boron powder production apparatus
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Figure 26. Detail of reactor electrical heater
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Figure 27. Transition piece
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Figure 28. Sodium vaporizer
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Table 1. Preliminary Design Parameters for 300 g/h Coated Boron Powder
Reactor

P T Flow rate Power
Design unit (kPa) (K) (mmol/s) (kW) Material

Na vaporizera 60 1100 32 5 316 ss
BC13 feed systemb 200 300 7.7 1 Monel
TiCl4 feed systemc 100 410 0.4 0.5 316 ss
Reactord 25 1900 31 12f  2020 graphite
Salt condensere 1 1100 32 -6 316 ss
Virtual impactor/boron

filterf'g  < 25 1400 8.9 0.2 2020 graphite
Salt accumulatorh 1 300 32 -3 316 ss

aUse orifice flow meter.
bDelivery from cylinder.
CDelivery from vaporizer.
dThroat 0.6 cm diameter. Volume (chosen same as for silicon reaction) = 0.5 L.
eGas cool to control temperature.
f0.75 cm diameter aperture in virtual impactor.

gUse ceramic or graphite filter.
hFreeze liquid salt.
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Table 2. Argon Flows and Filter Diameters for Particle Collection

Ptot = 25 kPa, v - 2 cm/s

T Psat QAr Qtot A Diameter
(K) (kPa) (standard (L/s at (m ) (M)

L/s) T,Ptot)

1000 0.01 90.8 1330 66.5 4.60

1100 0.07 12.4 201 10.0 1.79

1200 0.37 2.35 41.8 2.09 0.82

1300 1.50 0.55 11.22 0.558 0.42

1400 4.98 0.14 3.62 0.181 0.24

1500 14.1 0.28 1.37 0.0685 0.15

1560 25.3 0 0.79 0.0397 0.11

48


