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1. INTRODUCTION

1.1 Program Description

A program sponsored by JPL was estatlished at Westinghouse
to develop a high temperature silicon production process using
existing alectric arc heater technology. Silicon tetrachloride
and a reductant, liquid sodium, were injected into an arc heated
mixture of hydrogen and argon. Under these nigh temperature
conditious, a very rapid reaction occnrred and proceeded essentially
to completion, yielding silicon and gaseous sodium chloride.
Techniques for high temperature separation aand collection of the
molten silicon were developed using standard engineering approaches.
Although the desired degree of separation was not achieved, it has
been determined that higher wall temperatures via more insulation
will improve separation significantly. Preliminary technical
evaluations and economic projections indicate not only that this
process is feasible, but that it also has the advantages of
rapid, high capacity production of good quality molten silicon

at a nominal cost.l-“

The Westinghouse program consists of a four-phase effort
directed to the development ard implementation of this technology.
The initial phase of the program, Phase I, was an eleven-month
study funded by JPL which was completed in September, 1977.

While the oversll JPL program objective is to produce 1000 metric
tons of high quality silicon per year on a continuous basis,

Phase T was defined as a comprehensive feasibility and engineering
review of the reaction process, and a formulation of the design
for a test system to experimentally verify the high temperature

reaction,

Phase II involved a multi-task approach including (1) a
detailed engineering analysis of the entire process (2) design,

fabrication, and assembly of the experimental system (3) experimental

1-1
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testing of the reduction resction to produce silicon and (4)
complementary research programs to augment the experimental
system design. The Phase Il effort was initiated in

October, 1977, and completed in December, 1979.

Although only Phase I and II of the program were funded,
Phase III is defined as the design, construction and operation of
a pilot plant for the process. This phase would optimize hoth

the product silicon and process parameters.
Phase IV is defined as design and construction of a full scale

commercial plant for the production of 1000 metric tons of silicon

per year.
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2. SUMMARY

During the performance of the program, the experimental
verification system for the production of silicon via the arc heater-
sodium reduction of 81014 was designed, fabricated, installed, and
operated. Each of the attendant subsystems was checked out and
operated to insure performance requirements. These subsystems
included: the arc heaters/reactor, cooling water system, gas
system, power system, Control & Instrumentation system, Na injection

system, SiClA injection system, effluent disposal system ar.’' gas
burnoff system.

Prior to introducing the reactants (Na and Sicla) to the
arc heater/reactor, a series of gas only-power tests was conducted
to establish the operating parameters of the three arc heaters of
the system. Followirg the successful completion of the gas only-
power tests and the readiness tests of the sodium and SiCl, injection

4
systems, a shakedown test of the complete experimental verification

system was conducted.

On December 8, 1979 the initial shakedown test was conducted
wit'. full reactant injection into the reactor to produce the initial
silicon product. Both sodium and SiCl4 were injected into the
arc heated reactor with ease and the system operational capability
was confirmed. A total of 160 lbs. of sodium and 346 1lbs. of SiCla
were injected during the test and a total of 482 lbs. of products
produced were obtained (i.e,, a mass balance error of approximately
5%) . Of the material produced during the test, the silicon content
ranged from 8% to 97% by weight of silicon. The concentration of
silicon in the material produced was less than expected due to the
presence of NaCl mixed with the product silicon. The NaCl content is
attributed to an insufficiently high wall temperature. Thus, the NaCl

was condensed on the reactor walls with the silicon, instead of

2-1




resaining as NaCl vapor and exiting with the gas stream. However, the
condensation techauique for silicon collection on a skull wall was
verified, i.e., & skull wall of increasing thickness wvas formed and the
reaction kinetics were confirmed (i.e., the reaction of Na snd Sicla
proceads essentially to completion very rapidly). This lower
temperature of the gas stream results mainly from the arc heater thermal
input being approximately 1000 kW compared to the anticipated 1500 kW
used in the design calculations. This lower power capability was the
unexpected result of derating the motor/generator set. With the addi-
tion of increased insulation to the reactor walls, it is believed that
proper separation of the silicon and NaCl will be achieved, resulting

in a silicon product of high purity (see Section 3 - Conclusions and
Recommendations). This lower temperature condition was also experienced
in the bench scale kinetics experiment (see Appendix G). Changing

the tube size enabled the tube wall temperature to increase to a value
sufficient to prohibit NaCl condensation over a significant length.

It should be further noted that the product separation analysis
described in Appendix A was supported by the silicon product separation
observed in the Kinetics experiment.

t




%i, 3. CONCLUSTIJUNS AND RECOMMENDATIONS

The following conclusions are made as a result of this program:

e Westinghouse has designed, built and operated a high

%p, temperature experimental silicon production apparatus

utilizing arc heater technology.

e Controlled the reduction of 5iCl, with sodium to produce

; silicon at high temperatures.

@ Achieved the design production rate of silicon of 45.4
kg/hr.

o Demonstrated that a plasma reactor of high reliability
and integrity can be bhuilt and operated.

e Demonstrated that the experimental system can be started
and stopped as required without the need for extensive

disassembly and decontamination.

o Demonstrated that the reaction between $iCl; and Na

within a plasma reactor goes essentially to completion.

e Demonstrated that the products of reaction can be

recovered by condensation on the reactor walls.

¢ Demonstrated the potential of producing high purity
silicon via the reduction of SiCla with sodium at high

temperature.

It is recommended that additional experimental tests on the

"

Westinghouse program for '':.: elopmeat Of A Process for High Capacity

Arc Heater Production Of Si{ilicon For Solar Arrays' be undertaken.




The test conducted on Decamber 8, 1979 demonstrates that

the Westingh.use proposed production process for producing

silicon via the reduction of S1Cl; with sodium at high temperature
is viable. Although complete separation of the products was not
achieved, only minor modifications to the reactor are required to
attain separation. The addition of thermal insulation between

the graphite liners and the reactor shell wall will reduce the
heat loss from the liner to the cooling wa-er, thereby increasing
the wall temperature of the liner. The increased wall temperature

will promote separation of slilicon from the product stream.

Purity of the silicon product was not a primary concern during
the initial testing and, therefore, is not reported on in detail.
However, the program should be continued to optimize the operating
parameters of the process and to establish the ultimate product

purity.
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4. TEST SYSTEM DESIGN AND INSTALLATION

The following sections (4.1-4,11) describe the design requirements,
and installation sequences completed for each of the subsystems which
collectively formed the experimental verification unit for arc heater-

silicon production.




4.1

Electrical System

To meet the electrical needs of the Westinghouse high
temperature silicon production process the electrical system
in the Arc Heater lLaboratory had to be modified and expanded.
The following objectives were established:

o Extend existing high current A.C. supply to Silicon
Test Cell.

e Expand and distribute the D.C. field supply to
Silicon Test Cell.

¢ Modify existing auxiliary power system and expand it
to supply additional equipment.

o Supply heating/cooling system with normal and

emergency ventilation equipment.

o Control the power equipment and include necessary

interlocks.

To meet these objectives the layout shown in Figure (ES-1)
was developed to establish the locational requirements for
electrical power and controls. With the development of the
new Silicon Test Cell it became necessary to supply high current
A.C. power to that cell. Figure (ES-2) shows schematically
how the A.C. system is interconnected with the Westinghouse
High Power Laboratory generator at Station #1. Also shown in
Figure (ES-2) is the D.C. power supply schematic. Figure (ES-3)
is a photograph of the four D.C. welders used for the arc heater-
D.C. power supply. To satisfy the remaining objectives a schematic
for the A.C. low voltage supply (see Figure (ES-4)) was developed
from the revuirements for auxiliary power, heating/cooling

equipment, normal and emergency ventilation equipment, and
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power equipment controls. Figure (ES-5) is a photograph of the
motor control center located in the electrical distribution room
at the Arc Heater Laboratory.

The installation and debugging of the electrical system
was completed in October, 1979, During the reactant test
conducted on December 8, 1979 tie electrical system functioned

as required with the arc heaters operating at a power level of
1500 kw.
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4.2 Control & Instrumentation

The objective of the Control & Instrumentation task is to
control the production of silicon at 100 1bs./hr. (45 kg/hr.)
and to gather pertinent data relative to that production. Because
of high level electrical noise generated by the arc heaters during
operation, all controls and instrumentation have to be shielded
or be of a design not affected by the noise. Also, the controls
have to be remotely operable and explosion proof or intrinsically
safe because of the potential explosion hazard related to the
presence of hydrogen. In aduition, the controls and instrumentation
have to be state-of-the-art and provide maximum flexibility due
to the experimental nature of the project. To meet the above
objective and design requirements, pneumatic type controls and
instrumentation were used where applicable. All cooling water
flow rates were determined by measuring the pressure drop across
an orifice plate and converting this measurement to a proportional
3-15 psig signal that is transmitted to a remote control point.
The 3-15 psig signal is then converted to a proportional electrical
signal (4-20 mA) that can be recorded by a data lcgger. Similar
devices were used tc measure and control the flow of argon and
hydrogen gases to the arc heaters, Likewise, to record the data
all pneumatic signals are converted at the control panel to

proportional electrical signals.

The sodium and silicon tetrachloride flows were controlled
pneumatically. However, in the case of sodium the electromagnetic
flow meter generates an electvical signal that is converted to
a proportional 3 to 15 psig pneumatic signal. This signal is
used to control a pneumatically operated variable transformer
(power stat) that supplies power to the electromagnetic pump
that pumps the liquid sodium. The cunverted pneumatic signal
from the flow meter is also transmitted to the main process

control panel where it is reconverted back to a propertional




electrical signal for data logging. The flow of sodium can be
controlled from either the sodium panel or the main process control
panel. Flow of silicon tetrachloride is measured and controlled

by using a flow-thru type differential pressure cell and a pneu-
matically operated flow control valve. Again the pneumatic flow
signal is converted to an electrical signal for recording. The

ratio of these two reactants is maintained by comparing the pneumatic
signals from the respective flow meters. Figure (CI-1) is a
schematic of the Na-SiCla flow and ratio control system described

above.

Temperature measurements are made via platinum resistance
temperature devices (RTD) in locations where the temperature is
expected to be less than 750°C. RID's were chosen because
(1) RTD's are considered to be immune to electrical noise and
(2) their high electrical output provides an accurate input to
a datalogger. RTD's are used to measure the temperature of all the
cooling water and the incoming gas temperatures. In locations where
the temperature is expected to exceed 750°C, chromel-alumel
thermocouples are used along with shielded thermocouple extension
wire. The temperatures of the graphite liners in the reactor are
measured using thermocouples because the temperature is expected
to exceed 800°C. The millivolt signal from the thermocouples

are converted to a 0-5V signal for data logging.

To record the data generated during testing, a datalogger with
one hundred channels (expandable to 1,000 channels) was chosen. To
store the data, the datalogger is equipped with a paper tape print~
out that records all data in sequence as each of the channels is
scanned. In addition, the datalogger is interfaced with a 9-track
magnetic tape deck that can store all the data generated during a
test on magnetic tape. To achieve maximum flexibility all data

is converted to and stored as millivolts. Converting the

4-114)
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millivolts to engineering units is done by a computer program

vhich allowa for changing of scaling factors at a minimum expensa.

In addition to the datalogger, each point that is recorded also

has a visual readout device for real time monitoring during

testing. PFigure (CI-2) is a photograph of the arc heater control

t and alarm panel. It contains the arc current, voltage and power
meters and all interlocks for starting and stopping the arc heaters.
It also contains the start-stop controls for the cooling water
pumps, the open and close controls for the gas (argon, hydrogen)
valves, and the controls for the burnoff stack igniter. Figure (CI-3)
is a photograph of the Mai.. Process Control Panel. It contains
the datalogger, .ape deck, conling water temperature readout, and
cooling water f’w readout. Additionally, it contains the ratio

controller for Na and SiClA, the SiCl, flow controller, the valve

4
r controls for injecting Na and SiCl4 and the flow controls for

| argon and hydrogen to the arc heaters. Also mounted on this panel
| is the temperature readout for the reactor liner and the pH

control instruments for the effluent treatment tank.

The assembly and installation activity for the C&I task was
] completed during November, 1979.

4-12
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4.3

Cooling Water System

Arc heaters and their auxiliaries require substantial cooling
water systems because of the high temperatures and high internal
heat fluxes involved. Therefore, the cooling water system had

to:

e Provide closed loop (high pressure) cooling water

for the arc heaters.

e Provide closed loop (low pressure) cooling water for
the reactor sections, Si collector, effluent system,

and burnoff stack.

® Provide effluent cooling water capability.

A piping schematic of the coolirnz water system as installed
is presented in Figure (CW-1).

The cooling water system has two closed-loops with a common
line consisting of a surge tank, strainer, filter, and demineralizer.
The water from the deminerali:zer flows to two pumps: one at
800 TDH and 250 gpm feeding the arc heater electrodes and coils;
and the other, at 250 TDH and 600 gpm feeding the reactor sectioms,

silicon collector and effluent separation system.

Each loop 1s equipped with a heat exchanger requiring 75 to
100 gpm of cooling water, thus reducing the circulating water
temperature by about 15°F in the range of 120 to 140°F. This
moderately elevated temperature minimizes the amount of raw

cooling water required,

The demineralizer is provided in order to minimize scale
build up and corrosion. It is preferred over the water softener

and water conditioner types when concerned with scale or corrosion,

» S Y A

i o s o i



T ATV i
LA ,..N... i Pmiaw 1V

A Rt Lo R A
W5 7200m surnt Derihens e N

IHERY

n
B
o D |
.«HM \A.
o=
wa3sAg 133eM Burroo) 2yl jo Surmeaq Burdig - [-MD 2an81g e
< =
g
™ B

ARG

EISE2D A~ "wevaior”  IN

o XTI oM

WL NI Qs pimetl " 14
Boiwsizra Junss 2  1dd
wIiAT VT §4
WIVSIENT BT 1o
W41 TNV RTT 84
;e wr&uuﬂqu*

i 190 Y 4t P i O

Y

775/225

P —




il

i

and especially suitable for high voltage systems where leakage
currents through the water are possible.

The filter will remove unwanted particles over 5 microns,

while the strainer removes the coarser particles.

The materials of construction for the system are copper and

carbon steel.

The cooling water for the effluent scrubber is provided
by the outlet water from the heat exchangers for the two closed
loop systems. Figure (CW-2) is a photograph of the water pump
room components which include the two pumps, surge tank, heat
oxchangers and demineralizer. A photograph of the cooling

water distribution piping is shown in Figure (CW-3).
The cooling water system installation was completed during

February, 1979 and functioned well during the reactant tests
on December 8, 1979,
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4.4

GCas System

The Westinghouse Arc Heater high temperature silicon
production prbcess brings together silicon tetrachloride and
liquid sodium to react and form silicon and sodium chloride.
This reaction must take place at a high temperature in a
relatively pure and inert atmosphere. Therefore, hydrogen and
argon gases were selected as the heat transfer medium and argon
wvas selected as a cover gas for each of the reactant storage
systems. The gas system designed for use in this process
had the following objectives:

e Indicate, monitor, and regulate the individual
supplies of argon and hydrogen gas to the arc

heaters.

e Blend argon and hydrogen in the appropriate ratios

for the arc heaters.

o Supply argon as a cover gas for the Na and SiCla

systems,

e Provide instrument air to subsystems for pneumatic

control and monitoring.

To meet these objectives a system was designed and sized
to provide hydrogen and argon in a ratio of 4 to 1 from 65 scfm
up to 350 scfm and to provide argon injection gas up to 100 scfm.
(Figure (GS-1) presents the conceptual design for the gas
system.) Hydrogen is stored in a tube trailer at approximately
2500 psig and is supplied to a blend panel through & regulating
panel at 150 psig. Argon is stored as a liquid in a 500 gallon
vessel and is supplied as a gas at 150 psig to the blend panel,
the SiCla storage system, tha sodium storage systean and the

injection systems for both reactants.
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The argon-hydrogen blend panel controls the flow rate and
ratio of the two gases to the arc heaters. This panel is
located on the outside wall of the Silicon Tetrachloride Pump
Room. Control of flow thru the blend panel is accomplished
remotely from the Main Process Control Panel via two pneumatic
valve loading stations that open and close the flow control
valves. Readout of the flow 1s also at the Main Control Panel.
Pressure upstream of each sonic orifice and temperature of the

gases are also read out at the main panel.

Figure (GS-2) 1s a photograph of the gas blend panel and
Figure (GS-3) is a photograph showing the hvdrogen and argon

storage facilities.

The instrument air for pneumatic contrels is provided for
by a 27 scfm, 5 horsepower compressor equipped with a dryer
that furnishes air with a dew point of 32°F. Instrument air
supplied to the gas blend panel located outside the arc heater
laboratory is further dried to a dew point temperature of
-10°F.

The gas system functioned successfully during the reactant

test on December 8, 1979,
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4.5

Plasma Reactor-Separator (0616)

Design of the reactor components is based on the results
of the Product Separation Analysis (see Appendix A). Results
of the analysis indicate that a reactor length of 5 meters
is adequate for silicon collection by condensation. The reactor

bore diameter is approximately 19 centimeters.

For silicon separation via condensation within the tubular
reactor, a cyclone is not absolutely necessary for product
separation. However, to maximize the particulate or droplet
collection efficiency, a cyclone has been included in the
cystem, The cyclone design analysis indicates that higher inlet
velocities and reduced body diameters will collect higher
percentages of small diameter particles, but will have a higher
overall pressure drop. The design selected is approximately
52 cm inside diameter of liner with an inlet velocity greater
than 100 m/s. Collection efficiency will be nearly 1007 for all
particles exceeding 4um dfameter. The pressure drop will be
less than 0.1 atn, Based on heat transfer rates predicted for
the condensatior. method of silicon collection (see Appendix A),
a stress analysis was conducted for candidate materials. A
final selection of the reactor shell material was based upon
stress and chemical compatibility considerations. Detailed
stress analysis of the various sections indicatcd that high
strength carbon steel provides a reasonable safety factor for
the high heat transfer rates predicted and. therefore, the high
thermal stresses encountered. For maximum corrosion resistance
the interna’ surface of the carbon steel was nickel coated to

a thickness of about ,25mm (.010 {nch).

Table PR-1 presents a summary of the results of the
analysis for candidate materials of construction. As indicated

in the table, aluminum would appear to be the most likely




Transfer Rates For Reactor Section Analysis

; Table PR-1 - Material Properties, Dimensions, And Heat

Mechanical Properties

i
)
l Yield Str k « x 108 y Poisson's E, Young's Mod
| Matcrial kpsi Btu/hr ft °F ft/ft °F Ratio _psi x 106
! Inconel 625 60 6.67 7.1 3 3o
t Monel 400 40 12.58 7.7 .32 26
316 St. Stl. 30 9.4 8.9 .3 28
? Carbon Stl. A242 42 27 8.4 3 29.5
Aluminum 6061-Té6 40 99 13.0 3 10.0
| Nickel 200 15 37.5 1.4 .26 29.6
]
Dimensions And Heat Transfer Rate (At Wall)
‘ Section Name Inside Dia. Q, W/ cm? (max)
1 Arc Heater Plenum 406 mm (16 {n) 32.3
Reducer Section 356 mm (14 in) Ave 32.3, 50
| Reactor Section 305 mm (12 {n) 50
‘ Cyclone Inlet 305 mm (12 in) 17.3
Cyclone 771 mm (28 {n) 33.3
426




candidute material provided that it could be completely isolated
from the corrosive (HCl or Na) environment. Carbon steel was
selected over aluminum because it is more corrosion resistant.
Other candidate materials considered have more corrosion
resistance than carbon steel, but do not qualify because thermal

stresses are higher.

Table PR-2 {8 a compilation of material properties and
section dimensions used for the stress analysis. The bhasic
reactor vessel design which was analyzed for thermal stresses
is shown in Figure PR-1. The highest stress occurs on the
inside diameter of the inner sh¢i'. The maximum stress is
a result of combined compressive loads due to temperature
gradients through the inner shell material and axial
differential thermal expansion between the inner shell and
outer shell. The equation for this combtined stress is given

as:

n = compressive stress (maximum)
Q = heat transfer rate

t = shell thickness

A = shell cross sectional area

}' = Young's modulus

« = linear expansion coefficient
k = thermal conductivity

y = Poisson's ratio
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S

AT = temperature difference
{ = {nner shell subscript

o = outer shell subscript

The outer shell i{s assumed to be at the same temperature
as the cooling water. AT {s a sum of the temperature gradient
of the cooling water film and the mean temperature of the

inner shell due to heat transfer.

Table PR-1 shows a ratio of the maximum stress as cal-
culated in Fquation (1) to the yie d strength of the candi-
date material, A reduced inner sh.l]l thickness results in
lower thermal stress, but decreases the safetv factor for
inner shell buckling pressure. Wall thickness was selected
bv evaluating che minimum standard material thickness which
vielded a buckling pressure safety factor of three or
greater. On this basis, a wall thickness ot 3.2mm (0.125
inch) was selected for the reactor sections. The larger
diameter bore of both the arc heater plenum and cvclone
requires material thickness of 4.8mm (.1R75 inch) and 6.4mm

(.250 inch), respectively.

Reactor Liners. The straight section of the reactor and

the cvclone are lined with high purtty graphite. The internal
surfaces of the graphite are sealed with pvrolvtic graphite.

The heat flow, which i{s required teo insure a skull wall, is very
high, especlally near the reaction zone, and requires a close
fit of the graphite liner within the water-cooled jacket.

Hence, both the water-cooled jacket and the ypraphite liner are

machined to close telerances.

Pvrolvtic graphite was chosen for coating the internal

surtaces ¢f the graphite lners for the tollowing reasons:




a. ¢tyrolytic graphite forms a good seal having total
fmpurity levels as low as 10 to 30 ppm.

b. In the application of a pyrolytic graphite coating
to the graphite, fabrication advantages are
realized. The furnace is run up to a high
temperature for purification of the graphite.

The temperature is lowered and the pyrolytic
coating is applied. During the run, the graphite
is stress relieved due to the high temperature.
Final machining of high accuracy is performed
after the furnace operation on the stahilized

parts.

The cyclene outlet was lined with both graphite and
a retractory insulation. The purpese of the liners {s to
maintain the gas temperature high enough to prevent condensation

of NaCl.

A tvpical toint between sectlons {s shown in Figure PR-2.
It is a slip joint with the lin~-r sections positioned axially
bv a seal ring. One or two turns of thin pyvrolvtic graphite
tofl can be used for better scaling. Where the steel flanges
add the most stiftness, relief cuts in the graphicte as shown

fn Figure PR-2 prevent higher stresses {n the graphite.

Heat Flow And Temperature Distri{bution. One of the

objects ot the reactor wall desf{gn {s to create the amount
of cooline needed to matntain the thickness of the silicon
skull wall reasopably close to the desired value of 0 ocm.
The expected heat transter rvate has been determined in the
condensatfon calceulatfons (see Appendix A and arve plotted
as a tunction of reactor axfal position {n Figure PR-1,  The

zevo length point has been estimated to tall approximately
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Figure PR-2 - Typical Reactor Section Joint
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six inches into the tanered section following the SiCla
injection. The average heat flow for each reactor section as
determined from this graph is chown in Table PR-3 and i3 the
basis for the wall design. The section designations are shown

in Figure PR-3.

As the condensation calculations do not apply directly
to the cyclone conditions, it was necessary to make some
assumptions regarding an "equivalent length". This was done
by simply treating the cyclone as a reactor length having the
same wall area as the cyclone. The entrance to the cyclone

has a smaller diameter, 10 cm, than the reactor, 15 cm, and the

heat transfer coefficient was adjusted for the increased gas

velocity according to the expression:

The average heat flow for the cyclone equivalent length in
Figur2 PR~3 was, therefore, multiplied by 2.07. The resulting

value was rounded to 30 W/cm2,

The wall composition is obtained by an iterative cal-
culation. The end result of one such series is shown in
Figure PR-4. It indicates the wall geometry and the temperature
distribution. This figure applies to Section G (see Figure PR-3),

with the results based upon the following assumptions:

a. The heat flow is 31 W/cm? at the gas-silicon

interface.

b. The silicon skull is 3.7 cm thick and the bore

diameter is 11.6 cm.

A=34




Table PR-3 - Nominal Heat

Section

D

H
1

Cyclone

Flux At The Wall For A 15 cm Bore Reactor

Axial Extension Average Heat Flow
0. -0.46m 100* W/cm?2
0.46 - 1.37 63
1.37 - 2.29 41
2,29 - 3.20 31
3.20 - 3.66 25¢#

3.66 - 4.29 23%
4,29 - 7.50 30

*Not Corrected For Diameter Deviation

™
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¢c. The liner consista of Stackpole 2128 graphite with
a 0.07 inch thick pyrolytic graphite costing on the
inner surface., The liner is of one piece construction
with a close fit in the steel shell.

o~

d. The temperature drop in the graphite/steel interface
is equivalent to a 0.010 inch gap filled with

2:lAr). The thickness of

the silicon skull layer will vary with the gap

carrier gas (i.e., 4H

and it is, therefore, in part, determined by

component tolerances.

Material Data. As various sources do not agree on the

material properties, the following listing shows data which

has been used for the liner calculations.

Silicon

Thermal conductivity: The graph in Figure PR-5
has been derived from a curve given by Ho & Powell, >
The curve is a recommended average of a large number
' of curves from different sources. Above room
temperatures the various investigators agree fairly

well.

Thermal Expansion

g " 2,33 ¢ 1076 + 4,1 x 107 x t

(the temperature t is in °C; valid 0-650°C)

This expression is a straight line fit to the
graph given by Runyan.® Above 650°C silicon exhibits
plastic flow and does not normally develop large

stresses.

-

4-37
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Graphite Liners

The materials selected are Stackpole's grade 2020
and Great Lakes Carbon grade HLM. The variations in
properties are attributable mainly to manufacturing
methods such as isostatic pressing, molding, and
extrusion. Typical thermal properties as shown in
Table PR-4 {llustrate these variations and the similarity
to grade 2128 for which the previous calculations were

performed.

Grade HLM has the advantagz2s that it is less
expensive and is available in large sizes. The
disadvantages are that less data is available and the
ash content (impurity level) is somewhat higher.
Thus, the HLM grade material is used in the areas
where heat transfer is lower and dimensions are not

as critical.

Pyrolytic Graphite

Thermal conductivity: Flgure PR-6 has been
used for this analysis.’ It has been supported by
data from one supplier, Pfizer Inc. Pyrolytic
graphite properties vary strongly depending on the
conditions at the time of deposition.

Drawings which depict the assembly of the reactor
shells and respective liners are presented in

Figures PR-7 - PR-11.

Figure PR-12 presents a view of the arc heater-
reactor assembly mounted on the frame within the test
cell. Key reactor system components are labeled on
the figure. One of the three-phase arc heaters {rom
the reactor is presented in Figure PR-13 along with its

protective outer cover shown in the left background.

4=3a




¥
-

(urean yimm) 8e°1

9T
se”
sy’

19°

8¢t”
8L
It°1

£9°

Nwo wd /SI3eN

£3TATIONPUO) TewmidY]

o1 x

o1 x

Lt

L't
£°¢

S c

9'9
8°S
£°s

1°%

o1 %

X
§-0T

L°c

8°t

£t

9°9
8°S
£°S

"%

(O,/1) 1EIPEY
uoysuedxj [euwaayl 3O IU3TO13I20)

sajjydeas aepypued 30 say3jaadoxg Tewiayl

(O /1) Te¥xy

-d4d 214el

00s1
0001
009

174

00s1
0007
009

ST

00s1
0001
009

S¢

a1qeTIeAY ION EIEB(y

(pepniixy)
WIH uoqie) saje] 1e3l19

(P3P1OK)
0202 210dyoElS

(pe@ssaad 2131e1S08])
821z atodyoeas

adfl 2a3yydeas




padwip e e i

399 Yo YWSVE O MY WIDIUN dau 3¢ - NOILD BN D,

(L @duai1a3jay woig) 3irydeirn d73410144d JO AITATIONPUO) [PWIAY] - 9-{d =2andT4

S5 €5 5 6 4» S» S5 I» O I S5 SE K & &2 S ©® B & 4 & @ 0 & ;i § € . - & &
— Y 0
¢ A | q r T f
- | | ' | '
r o2
ov
09
B
[ )
»
o M
8 L 3
owl |
A
o .
2 7
~
0! m $8
B 718
‘ ‘ 202 m .clm
" | -
- T — 4 wz & "3
Ik , m ’
| | -
»2 T\a)\ - SR - . b - -— ., - - - - - o2 “
h ] A
22— - (OIS SN SRS +~ | W—— e —_—t — ﬂ‘ . - - . - - - - -~ - - o
. 0w S ) — i | _ q | _
[ | T 7 .
o2 f—— e s + ' ' . ﬂ o8 B
et wie. L ewV ORlesis | M | | | e / 3
N D m— H | | _P H H = 'd
- f - - 008 e IS
s e lem e 1 1 1 ! -t o A
-~ - T e b’d u‘.
Nm = (viv.|r.‘,'.lu 4 ! 1 ) 4 . ' . , 8 = I..
L L - H | | X
T T e Cemabes | { —n
vi — —— S— —n — s ‘ + I | | ' . + - - ot »
i - . - - o% ;




(&

SUOFIOIS wWNUI[4 13383 21V puy 10323fu] eN ;0 Supmeiaq ATquassy - (-¥d @an8}4

1 L3 1
e H.ll\'c\ T o

oS ZISEL . = |

et ——-r————a—d s < e _

R e »
- ar LT J
. Sy e | :
et e 7
sy o 200 @ & |
o Y

PAORE W W LAY BT P WPy o

ow

orws® smepay) CLINCEES PEPPF PEapeesw  o@
WEAP AT cpwTeew ) recerw

TIV B erverw

LETIIN

4-42

- .. -
e D G—

Nk Y T - T
s L S iy g R ..:.!mH*H !..‘\u...iu'nm
..... Stmnnn UL P en— a8 S 2 v 113
’0.’ ERO S [ 7Y i | R . 29 I v
% | R A R 7] 1
——- 9% 3% b > S 33 an % e !
— $ o — e - & ie 25 P '
e b L. IP.—.‘J or & e~ . i L
< D Bt I SR N TV B e e LR
T A..l g JSRE A T sig vy T 1Y
i i l.h\ .’ Seay P "5 ., >y & 207/
7 Vg agtenin (BRI e S T L
~ - B [ o eae v ] “ o7
1 i - " - PR . = ‘A
.‘u e e T P 1=
140 - = e
THERE o sy T 5=me
y R | -
SR8 S8 B il SN sy 1 vor | 171
.u. IS B e L lllg ﬂ P >
B0 8BS L o et .7 \~ L
“d i “ ' o a3 - — — 11 \A
H . - ‘e ) 2 &
o M M b 4 e e 1 ] &Sdve atow -._ Hﬁ.
-t u g -~ e ol A - N.
“ll» ln“Yl SER S 'c"-m ———— et e - —— n-
——
ii 1 _ == e = Y =
! Lol .2 el =
ijtjli = T 4w SN i e 35T FET e h‘w.“\\ m _
v ) L T ®

™y




SUOT393g 1030B3Y puy 3Bury 10303fug q._.owm 24l JO Surmeaq A[quWassy - g-yd 2anSTg

[} ! L3
=24 21 el T T
LST/SEL T 1——=
I .nMw.ni\th l...m.
VN S - S———— — o -

- - e e

d

|
|
hr)s N
_—
——i
e ot
e (u1.pe

® T w39t Gl
s e Sunen
= - e

—me - onorm swrmn
-
— e

13;)

WA aIT AT DTN

@ 437 eaial fo4 30773

WId N DS X DT -

Sl M) ssanduine |

-

T

¢ 2 R’’’

| S

ue
! 1=
SN S s NS

1 L
4
H v
YR
|
|

‘enle it
CreF. Fis
ool

£l ARP O s Ty ir

28 H. i | BOHA iy rti i im &3

ISORSREE!

T

A ﬂp\]\tn

s

7 U
...\o. D ﬁv\\.x
~IVEY § v Aizes

T
“

~

————— -

——
-y -

-

el e VBt I N S KD Tes

— _ ~ & el e 7 e F XA
T

(7357257




S - -
SUOT3ID3S§ 10303y JO Burmeaq ATquessy - 6-¥d 2and14g
e ' ' 3 1 i e
e L, I . S S ‘i
65T ’EE > -
s _
I ——" o =
- - ~ge i -
iL ...ch.i VD AN S T EIE L awe |
o . ! W 8w 38 LS et W
. - .- B - = e T —
—— B e L e L T
et @rmcn s oo anrme SIS DR RO S e
e il e L OPPP—
i arepe TAIETE . see P s n._ 2
i w7y ey wee . sei | _ e _
@ A - m (R ~ - = A e
¢ v & 2 © % £ & 2 1 20 ‘
|
| } | \ \ __
\ T AR] R, T 3 R |
e e %0&“‘11 _
: Fo) ) G
. > e S g [ e A s e e e ———. > § | |
XWJHQIJ‘WEI‘”UH ;“,\Vllu. == Il!b}..mlqu(,ﬁ . Uy == Wre——e s T R s .l*»l =g Fvﬂ"...vc.",hlrﬁv’loh*ﬂ“vﬂ S _
1 1) p /! / ’ \ |
3 1 !
LS. Y TSR . T R e 4 —- d |
i
<
| ~3
_ &
| i 3
| — ¢ $— 1
| | _
|
! |
_ - |
| |
e -y —————t— ———y————— |
{ ! § : |
\ v /
\ | —— / > f b—
1
1L-4auu“wﬂu|ync¢<ﬂ.opu‘~ﬁ|\l\l.~ﬂ LS SRS AL SIS |
* T R ey, T o g p == n.[ﬁn‘l:fx e S W AR L > 4 Bncany
Lol ) M ¥ 8 —al T = e
- ~I>l;l\. - .l..._
it ===y
L ¥ 7 S X
(sromy smwonr) 03 SLrwviny WPEPNY JOFLEAIA  wd TP T
IR T Y ) S A ]
N R e . A =l 477 | fsl\.
....... e I T 7 2w 227 (| | rmpweoir | [
4 e e Pw apv weyioow (] PR 7 |
PR Y " | —— | |
Al peeiewd T R p \\i—\\\'_ 7] |
3 H i L i el - _ . ,.nL ‘N\l\\\\._ 3
s 1 (54 10in o twns oGy i |i0d swv o 22
» T B L o \v\w ”m
...... : ° o i v | .Vl
2 3 4 leedi| ~ !m yis vy v.»
] i = rdezzord| 2arsrres J mersi Ao “i5r Z]
S B Sl (ot = e LA 8 b e 2§ 2
o SR e ———r——— dl—r —— e
e |
S —— T ey Gy T e TETT e —
i S 1 B i |
hﬂﬂl I i 2 et T e~ A “m“\b“lhg
) ) T .




10323TT0) PUY 3UOTJL) UODTTIS 3JO Jurmei] A[quassy - (Q[-dd 2and14

. . i = 1 3 ! & . =2

.
Lo

i N PP el i e, P A
P R T e
® . 33wy e

T ﬂ\ > 202008 7 \\N 22 7 il sz > ' » s
X 30 (5 <

Che /7 TTT T

=)

ALy
B S 2 e

4
m o t
S [ | 4 E3 i
il #® ¥
. BT, = e re——
& , | Vil S :
S W T4 ' r— ] | ;ﬂ
» ' - -
“v._ i ﬁlrx ; it o Voo ) _ o
A | | S
‘B , | >
g e e ==
lamPS siomw) 83 CLNCind PIPPIS IR ILENON  swesd OF .0 & w / * - -t‘t.
Tl /O QF o v s PP os O DOy TIIIWS JoW [ oS et (77w o ‘ « b s L
1 1 i -
————— P — .- “ vl.lpdllllcll.T.lﬂl..q et ] == b
T FEAAT TIF W sk sip ey i i’ 4 7721 & . E S
I BB WW G g e s .\\J.':\-n AT AW e h : 1.!!.“10“\‘@ .|.<-4M\o 4 ' —!lllill\\\\
Eup = 2 e BT (A £37 1 ) » NSO 1 SI— | 171 i : e o '
W e AL - AL . ¥ - 2o - ) s 4 3 | I K ! . | \
B ¢ - vl P ‘a L T3 - ) ———e 1 -
Pl S ) S T AL L / L S ?
: — -
fusussen / _
‘e — 4 & -
- £ » s
T ,||
1] R IR P =Ny o ad e e eiioas ) Y Py T G =k Y ) T E I e R W R e et et = (—— e P2V -
biea i - w ar-i
’
P el ey =
—t e
R
b e
itz
3 R4
-
S p
- -4
o
— e ——
v T v - T X T .




e g i T

uoy3ID9g IF[U] 12Qqnids seH jo Buymelq ATquassy - [[-¥d 2an8j4

o | g 4 4‘-1yc\.\|’|" .

T e

oy

. L i : }
Ser/SEL, . TS - _ i
llllll Er ] .- - .
v - - - -
| (TG - T8 * |L_
P - .-y ” IIIII - )= =]
T - s Y BEIUDURE T I T LN Py
Bore e 0 oy s | T 8 3N 5 a2 : ;
o vz oo | peste
——— e+ an M - _ P e e L e i - - = ‘;
" S PN T T L N\ 7 2) a & 2
- - T Temw gaoee o T -
- s ~r - " - - - . r el
_.s\U o L e
f Il.ﬂ”‘ ™
! fof) IRt
! N ]
‘ -.
N r“.ﬂ_kr.
“ ,-.v h(_-. \ [
m ==
[ 0
# - 1] -J\ 1||IJ—
i = —————Z > S
! o =1 —————
, R A !
s ' 7’ 20,0700 LA
" . { - VN 2L LL L L L4
! .
i m\.
— | - ‘A <
f t.A , <
1 ¥ 1 | |
L | A, ! S = ~=
—1‘1 h\u T
-~ 2
_ 9%
)
ﬁ | ..m
. {
] v
{ 1
|l I - — 3
| X
| 1\ ;
. P T TT T 77777, 777
| i ! X , » ;s 7 PR R P A A \\\\\\\\\ , p
1 ’ Ay ’ , p P p ’ .
Lo Y | A A . 4 W 2L da
I = ———hre— e e = ———
p — z = ?~Nk z 1 ..,ml.lu -
, g Jl
\ 4 i
’ )
< ¢
(PP PC sy B s 2T el MEEEPT PV ML ORI pwtsia O -
S137;:F Noorerorl A cw e t\m\.‘m\\\a Z7
I I B 2y I V. e i« i S AR B 7
Ol e nd T Tmar v w1 T e | e
113 7 i —rewd (| || miiraes | |E
Fi i3l r- o.mllil [ romr 17
04 T [ e (] 1] \\.\\,..o..\.JT 3
it LT L AT _zwerl |e]
Ll — ozt v i w1 7]
1 i H ol P A e crim QMM ”
ISPRSEREY, Ml 7020 S ll.w‘& ey St LA}
IS ED R R P S o S 204 W 3
S | esrsi S isi w5 FAOTI A e 4555 7
—=z=] | === . [2] — M
T AT .

- — ‘r“
m .ﬂﬂ—'q S — - xSl
RS eSS

B i ittt d

>
GO C e P DGR MMa I D B St T
- h i -

775/T56




Experimenta

INAL PAGE IS
OR QUALITY




E I

\
|

A(

Iy

AL




v

4.6 Sicl‘ Storage and Feed System

The Westinghouse Arc Heater process reduces silicon
tetrachloride with sodium at a high temperature to form silicon
and a by-product sodium chloride. The objective of the 8101“
system is to supply SiClh of known purity to the reactor at a
rate equivalent to the production of 45.36 kg (100 1bs.) per
hour of silicon. The rate of flow muet be variable and
proportional to the sodium flow. The system must be capable
of operating for short runs (1 to 2 hrs.) and for continuous
running. The purity of the SiClb must be preserved and
monitored and there must be a method for venting and

recycling it.

A schematic of the designed system is shown in Figure (STC-1)
and the component identification for this system is itemized
in Table STC-1. This design provides for a large storage
tank (4,000 gal.) where the SiClb is stored as received from
a supplier and a smaller 2C0 gal. storage or ''day" tank where
material for a specific test run is stored. Thus, should
material being used during a test become contaminated, only
the quantity in the 'day" tank need be discarded. As part
of the injecting system, a recirculating loop has been included
to allow the SiCla to be pumped thru the flow meter and
returned to the 'day'" tank. This allows for adjusting the

flow rate prior to directing the SiClb to the reactor.

Because of the reactive nature of SiClA with the normal
atmosphere, a method for providing argon as a cover gas to
the storage tanks and as a purge gas for cleaning the lines of
air and/or SiCla was incorporated into the system design. The
argon gas is also used for cooling the injection nozzles
located in the reactor when SiCIA is not being injected. An

H,0 analyzer and an 0

? monitor are included in the argon

2

4=49




Sagen Suemy pEReniry Ay (¥ MRSy
e iy 31 Iy SEIRIEEY WS g
P PRIy 4 PSR
.0 ] -
Y MRy

wa13184§ qﬁo«m 3y 103 d>73IPWAYDS UOTIED07] juauodwo) - [-J1S 2and}4

[
=

J\m__J.

4-50




Boap~prppmm—

AR A B3 E A3 F F A 1]

Table STC-1 - Component Identification For The SiCl

Q1o Gation Storage Tank

24 Gallon Storage Tenk

T pige -~ Connaction o Tank Truch

1" page = Argen Vet Line

1 page = Argn Pressurizetion Line

1" pape = SICiy Tronsier Line

¥ pipe - Drain Line

1 ppe = SIClg Transter Line

V2 plpe = Argen Purge Line

“ pige = Connection o SIC1y Injection System
" pige = Pressure Rellel Line

* pige = Argn Vent Line

290 - Drain Line

* worcester Ball Vave = Tank Truch Fill Line
* wercester Ball Vaive = Main Storage Vent

* worcester Ball Vawe = Main Storage Argn Pressure
* worcester Ball Valve ~ SICIy Transter Line
** worcester Ball Valve = SIC|g Trensler Line
Prounstc Actugior - Worcester Series 3
V2 worcester Ball Vaive = Argn Pressure

1" wrcester Ball Vaive = SICiy Fosd

1" wrcester Ball Valve =~ Bypass Line

1" worcester Ball Vaive = Day Tont vVenl
worcester Ball Vaive -~ Main Storage Drain
worcester Ball Vaive = Day Tank Dravn
Companion Flangs

19¢ Carton Steel flange

19¢ Corton Stesl Flange

194 Carton Stesl Flangs

194 Carton Stesl Flangs

194 Carton Stee! Flange

199 Carton Steel Flangs
Orifice Piste Flow Meter

Stainiess Steel |leaible Connector

17 194 Carton Stesl Flangs

1 190 Carton Steel Flangs

SiC g Ligu i Lovel Prode

VI Pipe Coupling

I 19 Carton Stee! flangs

119 Carton Steel Flange

1 19 Carton Steet flangs

1190 Carton Steel flange
1
|

—————y g ——

ey

1% Carton Stee! | lange
19 Corton Stee! Hangs

SIELBCRCREBIKCPSRINESIRERD

m‘ Comgonents

¥ 100 Corton Steet Flange

T 194 Corton Stesl Flang

Y& Slainiess Stesl Flamible Connector

Vagor Trap = Main Tank

Molsture Trp

Chach Voive

Soleroid Vaive ~ Actusted by Pressure Swikch ¢ 9
VI Nupro SWainiess Stesl Bellows Vae

Y& worcester Ball Vaive

VI SWiniess Stesl Plug Velve br Vacuum
Pressure Gage = Pumg Inidt Pressure = 0" 0 138l
Mifon Roy Disphragm Pumg

Accumulstor

Grove System Over Pressure Reliel Vaive

Mercold Pressure Switch

Main Flow Meter Orifice Plate Type

Oypars Bach Pressure Reguiser
Pressure Gauge = Pump Outiet Pressure = 0 - M0 psi
Progortioning Volve

Inpxt Voive

By Pass Voive

 way Sampling Vaive

Sample Inkdt vave

Sample flown ter

Samgple Prevsure Neguiaior

Chach Vaive

Slomen Solennid Volve

Vagor Trap = Day lenk Purge Line

3 veen | owmaer

00 psig Rupture Disc

¥ Plug Voive Dowiben

Pressure Gauge = Main Argon Gas Pressure 0 - 160 pyl
VI Plug Voive = Argan Purlty

SEESFSECEEEsacs2 g2n=83

Ponametric Hz0 Analyzer \n
weslinghause 07 Monier 2
Prevsure Reguisior - System o Bypass Over Pressure I\
Pressure Gauge =0 - JODD pai Over Pressure devied M
Flowmeter -~ Argon Main flow 1
Pressure Relief Vave A
Prossure Gauge =0 15p8) \n
Pressure Gauge -0 - @ i a
1 worcester Ball Vaive - Day Tant Vet (P, ]
0 prig Rupture Dincsy 10
P prig Rugture Dixy n
B4

m

I

»n

()1
), L /(;{\' 1
l

4 System

0wy BIK®

0 paig Pressure Rened

Chech Vaive

Pressure Reguistor

Argn Vent Purgs Vane

V-9 Dowdbon

V&' Nupre Stainiess Stee! Bellows Vaive -
Sowdwn Orein

Nozrie Cooling Argon Flowmeter

Y& Nupro Stainless Steel Dellows Vave
Y Nupro Stainiess Stesl Dellows Vaive
Chact Voive

Argon Pressure Regulsor

vapor Trp

Chech Voive

1" worcester Ball Vaive = Main Storage Vent
Solenoid Vaive

Solenoid Volve

Reollet Vove

Crach Vaive

Main Tonk Argon Veive

By Pass Thratling Volve

Pressure Gouge = 0 - 80 psi

Prossure Gauge = 0 - @ psl

Pressure Gauge - 0 - 19p8l

SIC g Dlow Down Tonk

Argon Pressure Reguistor

Relief Valve

Rolief Yoive

Chact Vaive

Sampie Baftle

Cheasd Voive

Chach Voive

YU Nupro Stainiess Steel Bellows Vave
¥E Nupro Stainiess Steel Bellown Vae
¥E Nupro Slainiess Steel Dellows Vahe
Sampling Cylinder

Pressure Roguisior

Pressure Gauge = 0 - &0 pyi

Pressure Reguistor

Pressure Gauge -0 - ®0 pu

Pressure Regu stor

By Pass Voo

Pressure Gauge - 0 19pw

flowmeler  Panametry

f bumater Vent
I owmeter venl
bypars LA L
Argen Nozrie Cooling Gas Vawe

T U
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cover gas loop so that the purity of the gas can be checked
during testing. The design of the SiClb system included an
infrared process analyzer for real time analysis of the SiCI6 |
purity. However, an analyzer was not built into the system |
used for testing because a suitable supplier could not be
found, but a method for taking ''grab samples" has been
provided. To pump SiCla to the reactor a "Milton Roy Diaphram
Pump" is used with a capacity of 11.4 litre/min (3 gal/min).

The SiClb
ten commercially available nozzles supplied by Spraying Systems

is hydraulically injected into the reactor via

Co., Whelton, Ill. The nozzles are spaced equidistant around
the periphery of the reactor and are supplied from a common
manifold. The SiCla enters the reactor chamber in the form

of a uniform, fine mist of liquid droplets.

A patent has been issued on the design of the Silicon
Tetrachloride Feed System. Photographs of the main storage
tank and the Injection Control Module are shown in Figures (STC-2)
and (STC-3), respectively.

Installation of the silicon tetrachloride storage and feed
system was completed in October, 1979 and the system functioned

satisfactorily during the December 8, 1979 reactant test.

— - p——
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Sodium Storage and Feed System

The purpose of the sodium storage and feed system is to
deliver sodium to the plasma reactor at the flow rate, purity and
condition required by the process. The major design goals were
to design the system to meet the above requirements with cthe minimum
danger to personnel, and with the maximum reliability within
reasonable cost and time restraints. Flexibility was also a
design goal. Although initial silicon production tests were
conceived as being relatively short term (1 to 2 hou.s) operations,
the sodium system was designed for long term (sevrral hours),

continuous operation.

The reactive nature of sodium with normal atmosphere and the
fact that sodium 18 in the solid state at normal ambient temperatures
required special system design considerations. An inert gas system
was designed to provide cover gas over the entire sodium system,
thus eliminating contact with air. Electrical resistance heaters
and thermal insulation were designed for installation over the
entire sodium system to heat the system above the sodium melting

point of 98°C.

The system was conceptually designed as illustrated in
Figure (SS-1).

sodium transport drums commercially supplied by a sodium manufacturing

Item "B" represents the 55 gallon (420 1bs.)
plant. Sodium is liquified and drained, one drum at a time, into

the base tank, item "A". From the base tank, sodium is pumped
by the electromagnetic pump (item "C'"), through the flowmeter
(1tem "J"), through one of the sintered metal filters (item "E"),
and into the chemical reactor. During check-out and prestart
operations, valve Na-14 can be closed and Na-13 opened allowing

the sodium to recirculate through the base tank.

Cover gas pressure is controlled separately over the sodium

4-55
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drums and the base tank. This allows sodium to drain freely into
the base tank by gravity. The sodium level in the base tank 1is
contr:*lled automatically by sensing the level with the level

probes (item "I") and operating the sodium drain valves (Na-6,

7 & 8). Each sodium drum is also equipped with a pressure relief
valve (R-1 thru 5) to limit the internal drum pressure to less

than 5 psig in case of a malfunction of the drum cover gas pressure

control system.

The sodium system is designed and constructed basically from
300 Series stainless steel. The low solubility of iron
(< 5 wppm) and other elements in sodium at the projected operating
temperature between 150 and 200°C will preven* contamination of
the silicon product by the sodium feedstock. The sodium injection
nozzle, however, may erode because of the higher sodium velocity
through the nozzle and impingement of particles on nozzle surfaces.
Therefore, parts of the nozzie are being constructed from
Hastelloy which will not contaminate the silicon product (i.e.,

lower the photovoltaic efficiency) 1if erosion occurs.

A critical component of the sodium storage and injection
system is the sodium injection nozzle. The sodium must be
injected in a fine spray of particles so that complete vaporization
occurs within a reasonable axial length of the arc heated chemical
reactor chamber. Particles with medium volume diameters (MVD's) of

< 200 microns are required.

A nozzle design which overcomes many injection problems
is the Sonicorquatomizing nozzle from the Sonic Development Corp.
Upper Saddle River, New Jersey. This nozzle breaks up the liquid
with self-induced sonic energy pulses and produces very small
particle sizes at comparatively large liquid flows. This nozzle

was selected as the primary choice for the system.



A normal flanged arrangement has been designed for housing
the sodium injection nozzle and installing it into the chemical
reactor. This is shown schematically in Figure (SS-2). It
features a jacked thermal control system for heating the nozzle
during start-up and cooling the nozzle during full power operation.
The sodium-potassium eutectic (NaK 78) was chosen as the heat
transfer fluid because it is compatible with the system should a
leak occur. It can operate effectively throughout the required
temperature range and is liquid at normal room temperature.

Figure (SS-3) is a schematic representation of the NaK system.

NaK is pumped by an electromagnetic pump through & 10 kW
NaK heater, where the temperature is automatically controlled as
required. The NaK then flows through the jacket of the sodium
injection nozzle where it can either give up or absorb heat,
depending upon the operating mode of the chemical reactor. From
the nozzle, the NaK flows through a heat exchanger where the
atomizing gas for the sodium nozzle is preheated. The NaK flow
then continues through a 10 kW NaK/air heat exchanger, where the
NaK temperature is cooled below the set point of the NaK heater,

and finally the NaK flows back to the pump inlet.

Installation of the hardware portion of the sodium system
was completed in March 1979. The application of trace heaters and
insulation and electrical wiring were completed in October of 1979.

A photograph of the completed system at the Arc Heater test

facility in East Pittsburgh is shown in Figure (SS-4). Figure (SS-5)

is a photograph of the Sodium System Control Panel.
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 C 4.8 Silicon Collection System

It is the function of the silicon collection system to
collect the liquid silicon product leaving the walls of the
cyclone separator and to preserve the purity of the product
without the introduction of additional contaminants. Since
the shakedown tests were planned to be short in duration, a
batch type collection system was selected over a continuous
casting method which would be much higher in cost. The batch
type collector was sized to hold the milicon produced from a

minimum of one hour continuous processing. The collector is

attached to the bottom of the silicon cyclone. The design
consists of a water cooled steel vessel lined with a layer

of refractory insulation creating a cavity to receive a graphite
crucible holder. The maximum dimension cf the graphite is

30 inches 0.D. in order to simplify raw material procurement.

A transition ring between the cyclone and the holder is the only

large graphite component necessary. This ring serves to direct

flow of the product leaving the cyclone. The ring is coated
with pyrolytic graphite to reduce product contamination since
all graphite grades in 30 inch 0.D. and larger are quite
impure (i.e., >1000 ppm total impurities).

The grapnite crucible holder is lined with an opaque, fused
quartz crucible. The quartz crucible liner is separated from
the graphite holder by a layer of alumina-ceramic fiber felt
and i: held in place by the graphite transition ring. Figure (SC-1)
is a cross sectional drawing of the silicon collector. The
design of the silicon collection vessel was completed in
March 1978.

For the test conducted on December 8, 1979 it was decided
to replace the fused quartz crucible and graphite transition

ring with a less expensive expendable crucible. The expendable
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crucible as shown in Figure (SC-2) consists of a stainless
steel can filled with a castable refractory similar to the
insulation brick. A cavity was molded into the casting to
provide for product collection. Assembly and installation

of the expendable collector was completed in February 1979,
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4.9 Effluent Disposal System

The effluents (by-products) from the plasma reactor and
silicon separator (cyclone) consist primarily of NaCl (vapor)
and Ar-H2 arc heated gases. However, small amounts of excess
reactants Na or SiCla. uncondensed silicon, and limited amounts
of Si subchlorides may be present in the effluent gas. Therefore,
some method for cooling the arc heated gases and removing
pollutants before burning off the hydrogen was necessary. The
system designed consists of a venturi quencher-scrubber, a
packed column scrubber demister, an effluent treatment along
with automatic pH monitoring and control equipment and all
interconnecting piping between each piece of equipment. The
venturi quencher-scrubber is located downstream of the silicon
cyclone and is connected to the cyclone with an insulated
U-bend section of piping. Figure (ED-1) is a photograph of
the venturi quencher-scrubber and the packed column scrubber-
demister. Figure (ED-2) 1is a photograph of the effluent treatment
tank installed beneath the gas burnoff stack (reported in the

following sections).

The gases (argon and hydrogen) and the sodium chloride
vapor exit the cyclone and enter the venturi at a temperature
of approximately 2390°K. A spray of water (25 gpm) cools the
gases to approximately 300°K and the sodium chloride vapor
condenses to crystals. As the gases and solids pass through
the throat of the venturi, most of the sodium chloride crystals
are scrubbed out of the gases. Any salt that passes onto the
packed column with the gases is scrubbed out with water
(150-200 zpm) as are other chlorides such as HC1 that might
have been formed in the reactor. The gas scrubbing equipment
is reported to be 95% efficient for all particles 0.1 micron
in diameter or larger and 99% efficient for all particles

0.3 micron in diameter or larger.
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The wvater from the scrubbing system enters the effluent
treatment tank where the pH of the water is continuocusly ]
motiitored. If the pH falls outside of a range from 5.5 to 9,
then the pH is adjusted automatically by adding either a 20X
solution of NaOH or a 327 solution of HCl. The pH of the effluent
is monitored again just before it enters the drein.

Installation of the Effluent Disposal System was completed !
in October, 1979.
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4.10 Gas Burnoff Stack

The Westinghouse Arc Heater process for producing silicon

b R Ll

utilizes hydrogen gas as a heat transfer medium. After passing
through the reactor and scrubber the hydrogen exits the process
and must be disposed of. The purpose of the burnoff stack is
to burn the hydrogen gas as it leaves the system. The stack

as designed 18 a jacketed water cooled pipe approximately

3 feet in diameter and 25 feet high. The bottom and top

ends of this stack are open to the atmosphere. The exhaust
mixture of hydrogen and argon enters the base of the stack at

a central location and is ignited by an attached igniter

torch. Air for combuscicn 1is supplied by aspiration and natural
draft at the base of the stack. Figure (ED-2) in the Effluent
Disposal Section of this report includes a photograph of the

gas burnoff stack.

Installation of the gas burnoff stack including igniter
was completed in February of 1979. Operation of the stack
during the December 8, 1979 reactant test proved to be both

safe and reliable.
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4.11 Decontamination and Safety

The objective of this task is the elimination of personal
injuries, occupational diseases, or property damage resulting
fror accidents, work exposures, or the products produced. To

achieve this objective ihe following was proposed:

e Provide safe and healthful working conditions
to the maximum extent practicable for all

employees.

o Make available safety devices and parsonal
protective equipment whenever their use was

warranted.

The equipment that was purchased and installed can be
divided into two categories. First, there is equipment for
system safety or general safety of personnel, equipment, and
facilities, and second is the equipment or devices for specific
personal safety. In the category of system safety is emergency
ventilation equipment in the silicon tetrachloride pump room,
the sodium room, the silicon test cell and the blowout panels
in the silicon test cell. Also in this category are the
hydrogen gas and oxygen concentration detection and alarm units
located in the SiClA storage and pump areas, the sodium pump
room and the silicon test cell. The ventilation equipment is
required because of the highly reactive nature of sodium and
silicon tetrachloride should these materials come in contact
with the environment. The blowout panels and tl.e hydrogen gas
detector are required because of the explosive potential of
small concentrations of hydroren in air. The oxygen level
detector is required to insure there is a sufficient quantity
of oxygen in the air to support life. Argon is heavier than

air, does not support life, and could collect in low or stagnant

parts of the buildings should a leak occur. The fire fighting
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equipment located in each room of the Arc Heater Laboratory
includes fire extinguishers for fighting general fires, electrical
fires and 1iquid metal fires. This equipment is also considered
part of system safety. The last item in the system safety
category is the "Emergency Shutdown Circuit" that interlocks

all the subsystems together in such a manner that by activating
any one of the four emergency stop buttons all systems are

placed in a fail safe mode and shut down automatically. The
emergency stop buttons are located on each of the four control
panels (electrical, sodium, silicon tetrachloride, and main

process).

In the category of personal safety, each operator was
issued appropriate safety equipment including hard hat with
face shield, safety goggles, safety glasses, and a chemical
type respirater. In addition, each operator was issued a
complete set of protective clothing appropriate for the particular
material being handled, i.e., leather suits for working around
11quid sodium, and vinyl suits for working around SiCla. Also
given to each operator was a copy of the Safety Manual written
for the JPL Project. There are also available two self-contained
respirators with air tanks. Cne is located in the sodium

control room the other is in the main control room.

To insure continuity of the two safety categories, two
operator safety training sessions were conducted. The first was
conducted on October 10, 1979 at the (W) R&D Center and the second
was conducted on October 11, 1979 at the (W) Arc Heater Laboratory.
A copy of the agendas for these training sessions is shown in
Figures: (DS-1) and (NS-2). 1In addition, the Westinghouse East
Pittsburgh in plant fire fighting personnel were also given
training In fighting l1iquid sodium fires and shown the loca*ion of

all fire fighting equipment within the Arc Heater Laboratory.
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Safe

Safe

OPERATOR TRAINING SESSION I

Building 303 - R&D Center

Handling Of Sodium & Nak A. R. Keeton

Properties

Health Hazards

Fire Hazards --- Demonstration
Protective Clothing

First Aid

Handling Of Small & Large Spills
Emergency Procedures

Handling Of Silicon Tetrachloride —=--=—— G. C. Burrow, P. A. Ciarelli

Properties

Health Hazards

Handling

Protective Clothing

First Aid

Handling Of SiCl, Spills
Opening SiCl, Closed Systems
Emergency Procedures

Figure DS-1
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OPERATOR TRAINING SESSION II

8:30 A.M. - October 11, 1979
MX-10 Lab, East Pittsburgh

Arc Heater & Reactor System T. N. Meyer

Precautions During Assembly & Disassembly

Effluent Disposal - J. W, George

Scrubber, Demister & Piping
Precautions During Disassembly
Handling HC1 & NaOH
Health Hazards
Protective Clothing
First Aid
Igniter-Pilot
Operatinn
Fire Hazard-Propane

Electrical System P. E. Martin

General Precautions
Specific Hazards
Location Of Main Breakers

Gas System J. W. George

Argon & Hydrogen
Properties
Health Hazards
First Aid
07 & Hp Sensors
Fire Hazards
Precautions-Operations
Location Of Main Hand Valves

Cooling Water System J. W, George

General Precautions
Maintenance

Location Of Shutoff Valves
Backup System Function

General Emergency Procedures J. W. George, T. N, Meyer

Before, During & After Operation
Effect & Consequences

Figure DS-2
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Installation of all safety equipment and apparatus was
completed in October 1979.
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5.1

5. TESTING

Procedure Manuals

Three procedure manuals were prepared for this project to
insure a safe and reliable testing program. The specific manuals
are 1) a safety manual, 2) a system operational manual, and 3) an
analytical procedures manual. The safety manual encompasses all
phases of system and personnel safety in terms of sodium handling,
SiCla handling, high temperature systems, electrical systems,
gas systems, mechanical systems, personnel protection, fire
safety, decontamination, emergency situation procedures, etc.

This manual served as the document for training the system

operators.

The operation manual details procedures for checkout,
start-up, test operation, shutdown and post test operation of the
subsystems and overall experimental verification system. This

manual was also used for operator training.

Finally the analytical manual describes the methods,

procedures and requirements for evaluating the silicon system.

5-1
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5.2

Shakedown Tests

Initial shakedown tests of the subsystems began in early 1979.
Tests were conducted on the gas, cooling water, electrical, and
associated control and instrumentation systems. The reactor and
burnoff stack were operated together for the first time in late
spring of 1979 on a mixture of hydrogen and argon but no arc power.
No leaks were detected in the reactor and the burnoff stack
performed satisfactorily. Shakedown testing of the arc heaters/

reactor proceeded with an electrical power input level of

100 kW to 125 kW, Initially the arc heaters were run on pure

argon only. A second run made with power to the arc heater used

a mixture of hydrogen and argon gases (i.e., in the 0.5 Hz:l Ar to
1 H2:1 Ar range) and a power level of 300 kW to 750 kW. The
variable power levels were obtained by varying the output voltage
of the generator and changing the gas composition and flow rate.
The arc heater/reactor was operated successfully for a period

of 2 hours during this second run.

During August 1979 another set of gas only tests was conducted
to continue shakedown of the arc heater/reactor, the gas, water
and the control and instrumentation systems. The tests were used
to determine operation characteristics of the arc heaters and to
establish optimum flow rates and gas ratios. Following this
geries of tests it was determined that the capability of the liquid
argon evaporators had to be increased in size and the regulators
for the argon supply had to be changed to increase capacity. 1In
addition one of the two hydrogen regulators at the tube trailer
had to be replaced due to leaking. Also noted during testing was
a malfunctioning of the igniter in the gas burnoff stack. The

original igniter had a flame monitoring and relighting circuit
that would attempt to relight the igniter flame if it should go
out. This circuit began malfunctioning and after several repair

attempts, it was replaced with a thermocouple device that monitors
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the flame and shuts off the propane supply to the igniter and
energizes partial system shutdown if the temparature drops below a

nreset point. The igniter must be manually lighted or relighted.

In September 1979 an arc heater/reactor test was conducted
with the arc heater running for a pericd in excess of 3 hours.
Examining data from this test, it was determined that the thermal
efficiency of the arc heaters was marginal. Two additional
gas only arc heater tests were conducted in October 1979 to verify
this finding. The power per arc heater was varied from 380 kW
to 530 kW with gas flows ranging from 56 scfm (1.6 m3/min) to
112 scfm (3.2 m3/min) and 4 H2:1 Ar gas mixture. The results
verified the findings made in September and the arc heaters were
modified by placing a graphite liner in the bore of the eleci-udex
to reduce heat loss to the cooling water and to improve heat
transfer from the arc to the gas. In November 1979 a single
modified arc heater was successfully tested in the reactor. The
ports in the reactor for the other arc heaters were blanked off.
During the test the flow of hydrogen and argon gas was varied
from €0 scfm (1.7 m3/min) to 80 scfm (2.3 m3/min). An arc power
level of 575 kW was attained and a thermal efficiency exceeding
707 was achieved. The maximum gas temperature was determined to

be about 4000°K.

Based on the success of the November test a full system tasr
was scheduled and -onducted on December 8, 1979, It was plazved
to run the arc heaters at a combined power level of 1500 kW, a

gas flow rate of 255 scfm (7.2 m3/m1n), a gas ratio of 4 H,:1 Ar,

and a reactant feed rate equivalent to a production rate o?
100 pounds (45.4 kg) of =i{licon per hour. In order to preheat
the reactor prior to injecting reactants, the arc heaters were
run for approximately 1 1/2 hours at a power level of 1500 kW,

a gas flow rate of 254 scfm (7.2 m3/min) and a gas ratio of




4 Hp:l Ar. During this time period, the reactor inside wall tem-
perature did not go above approximately 900°K. but it was decided
to go ahead with the injecting of the reactants. However, after
having run the motor/gcnarator set to provide 1500 kW of power to
the arc heaters during the preheat period, the temperature of the
motor was precariously close to the thermal trip point and the
trip energized. Therefore, the power to the arc heaters was
reduced slightly to approximately 1400 kW before introducing the

reactants.

While the reactor was being preheated, the sodium and SiCla
flows were placed in the recirculating mode and the rates adjusted
to 507 of the desired production rate of 100 pounds (45.4 kg)

per hour of silicon.

Injection of SiCla into the reactor was Iinitiated first.
The flow rate stabilized within two minutes and then the sodium
was Introduced. The flow rate of sodium also stabilized very
quickly and both reactant flow rates were increased to 100%.
Reactants were injected at the 100% rate for approximately 33
minutes when the automatic shutdown circuit was energized and the
power to the arc heaters was turned off. Also the two reactarts
were directed from the reactor into a recirculating mode. After
a review of the alarm circuit and the apparatus, it was concluded
that the gas exhausting from the demister was carrying over
water into the exhaust pipe., The gas flowing thru this pipe
produced a slugging that splashed water onto the thermocouple
detecting the flame in the burnoff stack. The cooled
thermocouple normally indicative of a '"flameout' caused the
shutdown. The arc heaters were restarted with no difficulty and
run for a period of approximately one half hour without reactants
to drive off any unreacted materials in preparation for disassembly
of the reactor, Following this period, pcwer to the arc heaters

was stopped and the reactor was allowed to cool. The reactor was
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cocled by purging with argon gas and allowing the cooling water
to run for about two hours. No disassembly was attempted until

the reactor and collector had cooled completely.

The Sodium Storage and Feed System operated in accordance
with the design specifications during the test. Sodium was
injected for approximately 33 minutes a: a flow rate of 310 1b./hr.
to 335 1b./hr. (140 kg/hr. to 152 kg/hr.). The slight variation
in flow rate during injection of the sodium is believed to have
been caused by fluctuations in pressure within : 2 rv=actor. To
produce atomization of the sodium, argon was supplied to the sodium
nozzle at a rate of 40 scfm (1.1 m3/min). The injection temperature
of the sodium ranged from 190°C to 235°C. Prior to the start of
injecting sodium into the reacvor, the programmable controller
that was programmed to control the temperature of the sodium system
malfunctioned and it was necessary to switch to manual control.
However, this inconvenience did not cause any problems during
the test. Switching the flow of sodium from the recycle mode to
the inject mode and back to recycle was done with no problem, but

it must be done with the flow controller in the manual mode.

The SiCla Storage and Feed System functioned as planned.
Silicon tetrachloride was introduced into the reactor first,
followed by sodium approximately two minutes later. The SiClA
was Injected for slightly less than 36 minutes at a rate of
605 1b./hr. (274,4 kg/hr.). Although the flow rate in the recycle
mode showed some instability, once the SiClA was placed in the
injection mode the flow rate became very stable and easy to control,.
Switching the flow from the recycle mode to the inject mode and

back to recvcle was accomplished without problems and conly minimal

variation in the flow rate.

In general, the system as a whole operated extremely well

s
|
N




during the test and those operational problems noted can be readily
corrected.




jt, 5.3 Data Acquisition and Analysis

Data acquisition was accomplished with an Acurex Autodata-Nine
data logger capable of collecting data on one hunired channels.
The data collected in raw form was printed as either volts or
o millivolts on paper tape and stored simultaneously on magnetic
tape. The magnetic tane was subsequently processed via a
computer program to expedite data ireduction and subsequent

analysis.

During the reactant test, the data logger was run
continuously and a complete scan of all points was made every
43 seconds. Data analysis was done using a typical single
data scan. Figure DA-1 is a printout of a single data scan
without reactants and Figure DA-2 18 a scan with rocactants.
Each scan looks at one hundred channels numbered zero (000)
thru 99 (099). The data that is recorded on the magnetic tape
is recorded as volts or millivolts. A computer program
written at the Westinghouse R&D (enter corverts the data to
engineering units, identifies the sensor number and describes

its function.

In addition to the data logger, Penn Environmental Consultants,
Inc. were contracted to collect samples from the effluent
treatment system and to monitor and sample the gas entering the
burnoff stack during the reactant test. They were to then
analyze these samples and report the pH, chloride content,

sodium content and silicon content.

Table DA-1 {s a summary of the data gathered from the gas
only porcrion of the test run of December 8, 1979. The list

e A 1

headed "Calculated" is the set of conditions required to

achieve the desired end results. The list headed "Actual"

I
.

is, of course, the set of condlitions that was actually achieved.
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Figure DA-2 - Reactants Flowing

5-9

. - NV Wparapesig
5

1




i

[4 4

IVI:THYE ¥V1: HYy

(urs/e® 6Z°4) WAD 96T (s3w/cm 77°/) WD
(vym/em 19°6) MWID 861 (urm/c® g/°¢) WD

(U3m/c@ %9°T) RAD 8§ (UIB/cm 99° 1) RID

%8°0L ¥SL-20L
M1 TeST M1 00ST
FEEL paIwInoTe)

€52
702

16

3IX3 193e9H Day 3y 2anjeaada@l]l sen

o13ey
Te30L
ud301pLH
uoday

?21ey moT4 seo

Loua1o1333

ando]l a3mog

83991 LJuQ sey 104 ®3BQ JO Livemng

I-va ?1qe1

H5-10

:
i
,_




The efficlency reported is the thermal efficiency or amount of
energy transmitted to the gas from the arc heaters and not lost

to the walls of the arc heater compared to the electrical energy
R supplied to the arc. The flow rate of gas is the total flow of

33

- each gan to the three arc heaters over time and corrected
to 70 degrees Fahrenheit and 1 atmosphere pressure. The
ratio of gases is a mole ratio. The gas temperature is a !

calculated temperature and is inversely proportional to the

beat loss from the gas to the cooling water and the mass of

gas entering the arc heaters. Table DA-2 is similar to

Table DA-1 except the reactant flow rates have been added.
The rates listed under "Actual" are the rates that existed
the instant the data was taken and will be slightly different
over the entire test period. The reactant ratio like the gas

vatio {s expressed in moles.

Table DA-3 reports the products recovered at the skull
L wall and in the collector and the products determined to be
in the effluent tank and in the gas stream to the burnoff
stack. The quantity of product in the collector was determined
by removing it from the crucible and weighing it. The mass
of product collected as the skull wall was determined by removing
samples of the wall from each section, determining their density,
estimating the volume »f material in each section and then
calculating the mass from these two determinations. The
amount of material in the effluent tank and stack gas was

determined from the results of the analyses submitted by

DO . A

Penn Environmental Consultants, Inc. on the samples taken

from these two areas.
Table DA-4 displays the mass balance both theoretical and

actual. Also shown 1s the actual input of reactants and the theo-

reticral total product yvield from that input. Although insufficient
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Table DA~3

Products Recovered

Silicon Collector 110 1lbs
Skull Wall 159 1bs
Total 269 1bs

Product In Effluent

Effluent Tank 154 1bs
Burnoff Stack 59 1bs

Total 213 1bs
Cumulative Total 482 1bs

(49.9 kg)
(72.1 kg)

(122 kg)

(69.9 kg)
(26.8 kg)
(96.6 kg)

(218.6 kg)

Percentage Of Theoretical Yield

Percentage Recovered
Percentage In Effluent

Total
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Table DA-4

Summary Of Data With Reactants

Masg Balance

Theoretical

4 Na +1 SiCla———bl Si1 + 4 NaCl

Actual

*3,42 Na + 1 SiClé———+».86 Si + 3.42 NaCl + .14 SiCla

Actual Reactant Input Theoretical Total Product Yield

Na 160.5 1bs (72.8 kg) 51 49.2 1bs  (22.3 kg)
sic1, 346 1bs  (156.9 kg) NaCl 408 1bs (185 kg)

SiCl4 49.3 1bs  (22.4 kg)

Total 506.5 1bs (229.7 kg) 506.5 1bs (229.7 kg)

Total Element Recovered

(A1l Forms)** Y of Input
St 52.3 1bs  (23.7 kg) 91.5%
Na 127.2 1bs  (57.7 kg) 79.3%
Cl 259.2 1bs (117.6 kg) 89.8%

*Based on total maverial injected during the test on 12/8/79.
*®*Based on anilyses by Penn Environmental Consultants, Inc.
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sodium was supplied to react all the S1C1,, additional silicon
will have been produced by reaction of the 5101‘ with hydrogen.

SiClﬁ + 2H2——> 51 + 4.l

The '"Total Element Recovered" reported on in Table DA-4 was
also derived from the analyses performed by Penn Environmental
Consultants, Inc. To determine the chloride content they use
a titrimetric procedure Standard Method 304. They report the
standard deviation for this method is 23.3% and the error is
$2.9X. Sodium is quantified by atomic adsorption with a
reported error of *10%. To quantify silicon, atomic absorption
was used on the soluble forms and gravimetric analysis used on
the insoluble forms with an error of 25XZ. The cumulative error
of these test mefttods helps explain the difference between the
quantity of product recovered and found in the effluent and
that reported as Si, Na, and chlorides, Following is a summary
of the reports on samples taken during testing and submitted

by Penn Environmental Consultants, Inc.

The name such as "City Water" identifies where the sample
was taken and the time and date indicates when it was taken.
The nonfilterable residue is the dissolved solids and the
filterable residue is the solids that are gathtered on the filter

paper.

City Water Time - 8:30 A.M, Date - 12/8/79
pH + .+« . . 8.5
€l (mg/l) . . . 14
Na (mg/1) . . . 31
St (mg/l) . . . 2.0
Residue
Nonfilterable (mg/l) . . .

4
Filterable (mg/1). . . . . . 19.¢
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Effluent Time - 1:05 P.NM. Date - 12/8/79

pa * L] L] L ] L] L[ ] 9.0
Cl (mg/1) . . . 275
N. (‘8/1) LI T ) 173
Si (mg/1) . . . 30.3

Residue o

Nonfilterable (mg/1) . . . . 5S4
Filterable (mg/1). . . . . . 606

Effluent Time - 1:20 P.M. Date - 12/8/79
PH + ¢« ¢ v o 9.7 ;
Cl (mg/1) . . . 1350
Na (mg/1) . . . 870 g
S1 (mg/l) . . 148 |
Residue |

Nonfilterable (mg/l) . . . . 308
Filterable (mg/l). . . . . . 2652

In addition to the samples taken during testing, samples
from both the skull wall and the collector were submitted to
Penn Environmental Consultants, Inc. for determination of
Cl, Na and S1. Following is a summary of these analyses. Each
of the elements is reported as a we’ght percentage. As
explained previously, because of experinental error the percentages
will not necessarily total to 100%. To determine pH, 20 grams
of solid sample were added to 200 ml of distilled water.

Reactor Section Inlet "E" Date - 12/12/79
PH . . . . 8.4
cl .. .. 3322
Na . . . . 13.02
S1 . . . . 46,7
c .. .. l.27

5-16
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Reactor Section Inlet "H" Date - 12/1%/79

pH . .. . 6.0
c1., ... 68,62
Na . . . . 24.7X i
st . .. . 10.5% j

S{licon Collector i

pH . . . . 8.6
cl1. ... 65.82
Na . . . . 26.5%
s1.... 8.22

The sampling of the gases going to the burnoff stack was done
by WFI Sciences Co. in conjunction with Penn Environmental
Consultants, Inc. A port was provided in the exhaust pipe leading
from the scrubber to the burnoff stack and a sampling probe was i
ingserted into this port. The gas was sampled continuously through- :

out the test. The sample gas was passed through a series of cold

traps where the condensables were taken out of the gas. The
chemical analysis was performed by Penn Environmental Consultants,

Inc. o~ the condensables and is reported in Table DA-5. ;

As reported in the section on the Plasma Reactor, one of the
objectives of the reactor wall design was to create balanced
cooling to maintain .he thickness of the silicon skull wall
reasonably close to the desired value of 2 cm, The expected heat
transfer rates were determined in the condensation calculations
and are plotted as a function of reactor axial position in Figure
DA-3. For comparison the actual heat transfer rates, with
reactants flowing at the conditions given in Table DA-2, are also
plotted on this figure. Since (1) the equilibrium thickness of the
skull wall had not been established (i.e., a inside diameter of

15¢m) and (?) the power level of 1400 kW was well below the antic-

ipated level of approximately 1B00 kW, the calculations were not
done for the conditions of data reported. Thus, the ccmparison
can be expected to provide only qualitative information. The third

line plotted on Figure DA-3 {8 the heat flux with arc heater power

o
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Table DA-5

CHEMICAL ANALYSIS

ARC HEATER - SILICON PRODUCTION REACTOR
AIR QUALITY TESTS

DECEM3ER 8, 1979

WESTINGHOUSE ELECTRIC CORPORATION

[ 3
Lmu'rs j Gr/SDCF* Gr/ACF** Lt/ur X
| JOTAL PARTICULATE 16.46 14.89 ' 98.3 -
Silicon 5.16 4.67 30.8 31.3%
Sodium 3.64 3.29 21.7 22.12
Chlorid‘ 1002 Ooﬂ 601 61 21
Cardbon 0.02 0.02 0.1 0.11
*. TOTAL 9.84 8.90 58.7 59.78
INSOLUBLE PARTICULATE 5.89 5.3) 35.2 T —
Silicon 4.79 4,34 28.7 81.4
Sodium 0.22 0.20 1.3 3.7
Chloride 0.03 0.03 0.2 0.52
Carbon 0.02 0.02 0.1 0.31
TOTAL 5.06 4.59 30.3 85.93
*:‘ 4_+
SOLUBLE PARTICYULATE 10.57 9.56 63.1 -
Silicon 0.36 0.33 2.2 3.44
Sodium 3.42 3.10 20. 4 32.4
Chloride 0.99 0.90 5.9 9.38
TOTAL 4.77 4.33 28.5 45.22

*Gr/SDCF: Grains per standard cubic foot
®**Gr/ACF : Grains per actual cubic foot
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but no reactants flowing /gas only) and with conditions as given
in Table DA-1l. The expectcd heat flux was based on an assumed
product stream temperature of 3500°K and a wall temperature of
1685°K (1412°C). Figure DA-4 and DA-5 show the cilculated wall
temperature (Ty), the liner outside wall temperature T,. the hecat
loss to the cooling water (Q), and the heat flux at the wall (q),
wvithout reactants flowing and with reactants flowing at each
reactor section and conditions given in Tables DA-1 and DA-2.

The wall remperature was calculated using the following formula:

Q la R,/R
T =T + 21
w o 27KL

vhere Tw = Inside wall temperature of reactor liner (°C)
» Cytside wall temperature of reactor liner (°C)

Q =~ Heat loss to cooling water (kW)

R, = Inside radius of reactor liner (cm)
R, = Outside radius cof resctor liner (cm)

L = Length of reactor section (cm)
= Thermal conductivity (w/cm °C)
* 1,4 w/c®C for Sections A, B, and J
= 0.5 w/cm*C for Sections D, E, F, G, and H

The average outside wall temperature (To) is determined from
the measurements made by thermocouples numbered RS-T1 thru RS-TZ1.
The heat loss to the cooling water, (, {s calculated from the
temperature rise of the cooling water for a particular sectien
as determined from the cooling water temperature measurements
CW-T1 thru CW-T22 and the amount of water flowing per unit time
in the reactor (CW-F3), Table "A-6 shows the heat lost to the

cooling water in each of the reactor sections,
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Table DA-6

Heat Loss With Reactants

] U-BEND
£ F 6 n 1 l
I
L/
4
ARC MEATERS J/
kW
INPUT 1361
LOSS IN ARC HEATERS 408
Section A 80
Section B 240
Section D 104
Section E 145
Section F 65
Section 6 47
Section H 18
Section I & J 144
U-Rend 21

Total Loss In Reactor 1272

5-213




T —

TN —— U _—

DR S i

5.4 Product Characterization

The test conducted on December 8, 1979 was directed to
the operation of the entire experimental verification unit with
reactant flow (SiCla and Na) to produce the initial silicon
product. As mentioned previously, the subsystems functioned
properly in accordance with the design specifications. A
reactant flow was achieved equivalent to the production of
100 lbm/hr of silicon, thus equalling the designed rate.
System control and operation were excellent including the control
of both the sodium and SiCla input flows. Based upon observations
of the reactor system internals following the test, a skull of
product material was formed of increasing thickness which verified

the reactor design analysis and kinetics work.

Samples of the product produced during the test were
taken at various locations along the reactor length (see
Section 5.5). These skull wall samples were removed with ease
from the graphite reactor liners. All internal reactor parts
(graphite liners) were observed to be iIn excellent condition
following the test, i.e., no erosion or chemical attack was
noted. These liners would be reusable if any future tests are

to be conducted.

Since this initial shakedown test of the system was to
verify subsystem operation and produce a product from the Na +
SiClb reaction, the purity of the silicon product was not
critical for this first test. Therefore, the reactor liners
were not washed following the gas only shakedown test and a
castable refractory was used in place of a quartz crucible in
the silicon collector. As a result, the silicon collected
exhibited a higher level of impurities than would normally
be expected. Also, as can be seen in Section 5.3 on Data

Acquisition and Analyslis, the inside wall temperature of the

5-24
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reactor liners did not achieve the required temperature of
1412°C to effect separation of the silicon produced from the
sodium chloride coproduct. Therefore, the majority of the
silicon produced was in the form of a brownish amorphous silicon
that was condensed from the gas stream along with the sodium
chloride and collected on the walls of the reector, cyclone,

and collector. Three samples removed from the reactor and
collector for analysis indicate (1) 472 silicon by weight for

the skull sample near the SiCla injection ring, (2) 10.5%

silicon for the skull sample just upstream of the cyclone and

(3) 8.2% silicon for the material removed from the top surface

of the collector crucible. Two small, silver-gray samples of
material found in the crucible were analyzed and found to be

97X silicon. A complete analysis was done on this material and
the results are shown in Figure PC-1. The extiemely high content
of copper can be explained by the fact that many hours of shakedown
testing were done to determine the operating parameters for the

arc heaters. During these tests, various H,-Ar gas ratios were

used in addition to various arc heater fielg coil current settings.
As a result, some operating conditions caused erosion of the

copper electrodes to a greater extent than other settings. It is
believed that copper was deposited on the walls of the reactor and
since the reactor was not thoroughly cleaned prior to the reactants
test, the copper v: 3 contained in the silicon product. Cleaning

the reactor walls will mitigate this problem.

As previously stated in Section 5.2 on Shakedown Testing,
during testing of the arc heaters it was determined that to
improve the arc heater performance (i.e., higher arc voltage) the
inside diameter of the electrodes must be reduced. The most
expedient way to reduce this diameter was to place a graphite liner
in the electrodes. This was done and as a side effect the carbon

content of the silicon was raised to a level higher than
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normally expected. This problem would be eliminated by using

reduced-sized copper electrodes.

Other impurities are attributed to (1) the use of a castable
refractory material as a crucible in the silicon collertor and
(2) inadequate separation between the Si and NaCl because of the
lower temperatures in the reactor, cyclone, and collector. As
discussed in the Process Evaluation section, the temperature can
be increased by increasing the insulation between the graphite
liner and the cooling water shell. Of course, the quartz crucible
would be used for product collection in any future testing to

preserve product purity.

Thus, b making some minor design changes, it is indicated that
high purity silicon can be produced with the Westinghouse Arc Heater

process.

e, ST



5.5 Disassembly and Decontamination

The effort required to disassemble, decontaminate and inspect

\ the reactor interior following operation was far less than had
been expected. The individual sections including the collector
were carefully removed with ease. Figure (DD-1) is a photograph

1 of the reactor section "H" looking downstream. As can be seen

‘ ia Figure (DD-1), sections of the skull were readily separated
from the graphite liner interior. Decontamination was not
necessary because unreacted materials were not found in any of the
disassembled sections. The skull formed on the inner wall over
the entire region between the SiCl; injaction nozzles and the
silicon collector. The skull thickness increased from about
1.6 mm thick at the first section downstream from the SiCl,
injection to 9.5 mm thick for the section just upstream of the
cyclone separator. With the exception of the sodium nozzle

} reflector cup being lost in the high temperature environment,

i the reactor internal parts are in excellent condition.

As determined from the injection studies, the nozzle produces
an excellent spray pattern without the cup. The graphite near
the sodium injection was not noticeably damaged due to any
’ graphite/sodium interaction. This was a serious concern of JPL.
The ease of disassembly will greatly facilitate and reduce the
cost of testing if potential follow on tests are conducted and
a lower maintenance cost is projected during full scale operation

of a system.

To date, the entire skull wall has not been removed from the
3 reactor, cyclone, and U-bend sections. However, the crucible and 3
insulating brick have been removed from the collector shell and
the product material has been removed from the 1isposable crucible.
b A total of 49.7 kg (110 pounds) was removed from the crucible

and placed in polyethylene bags. From this total, two-1 kg o







l T

samples were selected and submitted to JPL. Photographs of the
samples provided to JPL are shown in Figures (DD-2 & 3). For
any future test work, a high purity fuzed quartz crucible would
be used in place of the ca=t refractory, disposable crucible.
Installation of the quartz crucible will not be a problem since

the design is complete.

If future testing is performed, purity of the product will
be a major concern. Therefore, the present remaining skull wall
must be removed. This can best be accomplished by removing each
section of the reactor fror the mcunting frame, manually removing
any loose pieces of material from the section and then washing
down the interior of the graphite with a stream of clean water.
Since the skull is composed primarily of sodium chloride, it
will dissolve readily in the water and the insolubles will be
carried away with the running water. The cyclone can be washed
down in-situ with the product collector and top removed. Dryiung
of the graphite can be accomplished by reassembling the reactor
after washing all sections and purging it with dry argon for

several hours.

Following the December 8, 1979 test, the sodium feed line
was drained into the base tank and back filled with argon gas.
However, before any additional testing is conducted, where purity
will be of prime concern, the sodium system should be completely
drained including the base tank and flushed with high purity

sodium. Also the sodium injection nozzle will have to be removed,

inspected and decontaminated bhefore reinstalling.

The SiCl, feed system also was drained of SiCl, and purged
with argon gas following the December 8, 1979 test. Also one
of the ten injection nozzles was removed and inspected for damage

and/or contamination. No apparent damage was found and the filter
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o

screen i{nternal to the nozzle was clean indicating no wmoisture or
other contaminants had entered the 51Cl, system, The SiCly
Storage and Feed System has heen preseurized with an argorn cover
gas since the December 8, 1979 test and requires no further
decontamination. There sre no foreseeable major problems to bring
the two reactant feed systems hack on stream for continuing the

test program.
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5.6 Component Evaluation

1.

Electrical System

The electrical system performed satisfactorily during
the shakedown test and no major problems were encountered.
1500 kW of power was supplied to the arc heaters during the
1 1/2 hour preheat period. However, the temperature of the
motor to the motor-generator set at Station #1 of the
Westinghouse High Power Laboratory began approaching the
high temperature trip point at that power output level.
Subsequernitly, the output was cut back to 1400 kW. This
did not caus= any protlem since the resultant gas temperature
was very near to that theoretically tequired. Before
any future testing, the possibility of raising the high

temperature trip point should be investigated.

Controf and Instrumentation

The Control and Instrumentation System met the design
objectives and functioned well during the shakedown test.
Reactant flow was controlled at a sodium to SiCla ratio of
3.8:1 with 4:1 being stoichiometric, GCas flow was also
controlled very close to the required mole ratio of 4:1
for hydrogen to argon. The pH control equipment associated
with the water treatment was used to monitor the pH and not
to control it during the reactant test. For future longer
term testing the pH control equipment (chemical additive
pumps) will need to he calibrated for control purposes.
However, it appes:+ :hat the rH will stay within the 5.5 to
9.0 limits established by the local environmental authority
without chemical additives. This was verified by pH readout

instruments and subsequent analvses of the effluent.

The programmable controller tial was to automdtically

conrrol the heating of the sodium system malfunctioned Jjust

el
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prior to the start-up of the reactant test, however, it has

If the
system has reached operaticiial temperature, manual operation
ig not difficult.

since been repaired and is ready for future testing.

Cooling Water

The Cooling Water System performed without fault duriag
the reactant test. However, it was discovered during the
cool down phase following testing that the large solenoid

This
They

have been taken apart, cleaned .nd reassembled several times,

valves in the emergency cooling loop were sticking.

has been an intermittent problem with the valves.

It is strongly suggested that the valves be replaced with
pneumatically operated ball valves. Failure of valves to

operate properly could cause serious damage to the reactor.

GCay System

The Gas Syst:>m performed extremely well during the
reactant test. It would be desirable to increase flow

capability.

Plasma Reactor

The Plasma Reactor functfoned well during the reactant
test. The wall temperature of the graphite liner did not
approach the 1685°K required to achieve separation of the Si
and NaCl. As a consequence, the two products condensed out
of the product stream together. This problem can be corrected
by machining down the outside diameter of the graphite liner
and adding a layer of insulating material between the graphite
and the reactor shell will. On the positive side. the
disassembly of the reactor was performed with ease and with

no damage to the liners. Decontamination wias not necessary
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because the reaction had zufficient time to go to completion
and a skull wall was formed as predicted. The interior of
the reactor is in extremely good condition und can be
reassembled for a future test after easily removing the

existing skull wall,

SiCl4 Storage and Feed System

The SiClh Storage and Feed System functioned well during
the reactant test and no major problems were encountered.
Control of the flow rate is somewhat erratic in the recycle
mode, but it smooths out in the inject mode. Correction of
the erratic flow is a matter of back pressure regulation
and can be done with the existing equipment. No major

modifications of the system are anticipated.

Sodium Storage and Feed System

With the exception of the malfunctioning programmable
controller, the Sodium Storazge and Feed System functioned
as specified by design. The controller which was designed
to control the temperature and heating cvcle of the drums
of sodium stopped functioning and control was switched to the
manual mode for the reactant test. No problems were
experienced with the manual mode. The programmable controller
has since been repaired and is ready for use. The sodium
injection nozzle reflector cup was lost in the high temperature
environment auring the reactant test but as determined from
the injection studies, the nozzle produces an excellent
spray pattern without the cup. After decontaminating the
sodium nozzle rhe system will be ready for additional

testing.
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8.

9,

10.

Silicon Collection

The Silicon Collector functioned as designed with no
problems being encountered during testing. For future testing
a fuzed quartz crucible will be used in place of the

refractory crucible.

Effluent Disposal System

Generally the Effluent Disposal System functioned well
during the reactant test. The gas stream was adequately
cooled upon passing thru *he venturi scrubber (94°F) and
no large quartities of particulate were observed leaving the
stack. However, the gas stream passing through the packed
column portion of the scrubber carried water into the exhaust
piping leading from the column to the stack. As the piping
filled with water a slugging action took place which eventually
caused water to be splashed onto the igniter thermocouple.
The .ooled thermocouple normally indicative of a 'flameout"
condition caused a shutdown. A simple drain added to the
bottom of the exhaust piping will readily eliminate this

problem in the future.

The water treatment tank operated without incident,
but as mentioned under Instrumentation and Control, the pH
control equipment was used only to monitor the pH and not
for control. In the future the equipment (chemical additive
pumps) will need to be calibrated for pH control purposes.
However, 1t appears that the ph is maintained within the
5.5 to 9.0 limits established by the local environmental

authoritv without chemical additives.

Cas Burnoff Stack

The Gas Burnoff Stack functioned well during the reactant




test. The only problem encountered involved the igniter
thermocouple described undcr the Effluent Disposal System
gsection. As a precaution against water splashing on the
thermocouple in the future, the thermocouple will be
relocated and shielded against the possibility of being

et s A b o e i J— S

splashed.

Decontamination and Safety

Decontamination of the reactor was not necessary because
the reaction between SiCla and Na essentlally went to
completion. The sodium syster. will need to be flushed
with high purity sodium before future high purity testing

is undertaken.

No incidents involving safe*y were experienced during

the reactant testing.
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The following Appendices have been attached to document the
final results of project subtacks not directly addressed in the main
bodv of the final report. These project subtasks include such areas
as product separation analvsia, injection techniques, economics,

kinetics experiments, ete.
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PRODUCT SEPARATION ANALYSIS

Task Description

The objective of this task was to determine a reactor design which
provides effective silicon product separation. The product separation
and reactor design were analyzed for two modes of operation.

The first mode (homogeneous reaction) examines silicon product
separation via condensation following a high temperature reaction
producing superheated silicon vapo:. The second approach depends

upon a heterogenecus reaction mode which permits a two-phase

product separation.1 The results of the condensation mode were
considered to be the more attractive design/operation mode and

served as the basis for the system design.”

Summary

The analysis of ‘he condensation mode provided heat transfer and
silicon transport to the reactor walls as functions of the axial
length. Rates of heat and mass transfer to the reactor wall were
based upon developing turbulent boundary layer transport relations
for tube flow. Since the condensation occurs before the silicon
reaches the wall, a boundary layer analysis was developed to
estimate this effect upon the heat and mass transfer. The results
of the condensation model indicated that over 807 of the silicon
can be removed from the reactor described in this report.?

The second approach depends upon a heterogeneous reaction mode
which permits effective product separation. The analysis examined
a partial low temperature reaction followed by a high temperature
thermal treatment process step.1 The first step is a partial reaction
of reactants forming particles (molten and/or solid) of Na, NaCl,
and Si. The second step immerses these particles in an arc heated
gas stream to vaporize the Na and NaCl from the silicon and react
the remaining Na and SiCl;,. The final step involves the collection
of small product particles formed in the final reaction by those
formed in the initial step. If necessaryv, it is pessible to
introduce seed particles to expedite the collection. This mode

is weakened by the uncertainty in the effectiveness of the particle
formation and collection mechanisms.

Homogeneous/Condensation Mode

An analysis is developed to determine silicon mass and heat
transport to the reactor wall. The product flow is turbulent and
initially all vapor. Plug flow is utilized for the mass and
energy balance in the stream where composition and nroperties are
governed by thermodvnamic equilibrium. It can !.' <nown that the
momentum losses are negligible for the conditions ccnsider~d.

The analog between mass and heat transfer {s frvoked. Published




values for the transport coefficients of developing turbulent flow
in a tube are utilized.!s 2 These values are modified to account
for the effect of silicon vapor condensation within the boundary
layer. This modification is developed by an analysis utilizing

a constant property universal velocity profile. Thus, the mass
transfer is written as:

dn - )
= M’ Dy, ¥ ‘x

sx'xmw’ R

The mass transfer correction, R, resulting from condensation
within the boundary layer is represented? as:

A
- 4+ ——
Ts Tw C ua

P
"I, T ()

R

Similarly, the energy balance 13 written in terms of the temperature
gradient? as:

41 )
s .1 f_ - _ dm -
az i.cp[ Nu Kn (T -T)) Ry - 4z ("suv).r "sun,r”
8 w

The heat transfer correction, RQ. resulting from condensaticn
within the boundary layer? is represented as:

To numerically solve these equations, the transport properties

and stream composition must be known. After the initial elemental
composition is given (e.g., 2.0 Na, 2.0 Cl, 0.5 Si, 3.31 Hjp,

0.83 Ar), the properties are functions of temperature, pressure
and fraction of silicon (B) remaining in the stream. The pressure
is assumed constant at one atmosphere and this is later verified




to be a valid assumption. The transport properties are calculated
for a specific number of "R" values and the results inputed to

the computer. The computer uses an interpolation routine to
determine properties for any temperature or "8" required in the
numerical solution.

The results of the numerical solution are shown in Figures 1 & 2
for a 10 ecm and 15 cm diameter tube, respectively. The heat flux
to the wall, the fraction of the silicon remaining in the stream,
and the nondimensional position of silicon condensation are
represented as functions of axial position, X. Both figures
indicate over 80% of the silicon is removed after an axial flow
length of approximately 5 meters. As a result of this calculation
showing satisfactory silicon removal, the heat flux was utilized
for the 15 cm diameter reactor to estahlish the proper wall thermal
impedance (e.g., see text on reactor design),

For a detailed development of the modification coefficients, the
transport relations used and the general analvsis, the reader is

referred to References 1 & 2.

Heterogeneous Reaction

The basic chemical reaction in the arc heater reduction of silicon
tetrachloride by sodium can occur in a heterogeneous manner.

Two heterogeneous paths are pessible in which product separation
appears experimentally feasible. First, gaseous SiCl, and sodium
vapor, which have been produced by injecting liquid sodium droplets
into an arc heated gas stream, react on the surface of seed
particles to produce liquid silicon and gaseous sodium chloride.
The relatively large molten droplets of silicon are then separated
by inertial means. Second, gaseous S§iCl; reacts at low temperatures
on the surface of liquid sodium droplets to produce solid silicon
and sodium chloride. The product particles are then entrained

into an arc heated gas stream where (1) anv unreacted codium is
vaporized; (2) sodium chloride is melted and vaporized; and (3)
silicon is melted. The result of this thermal treatment results

in relativelv large droplets of silicon wh «h can be collected
inertially.

4.1 Partial Low Temperature Reaction

The low temperature partial reaction i{s modelled for sodium
droplets entering a tubular reactor in the presence of hydrogen,
argon and SiClz(v). The droplets are assumed to be distributed
unitformly throughout the pas and moving axially along the
cylindrical reactor tube at the same veloeity as the gas,
Similar calculations involvine the motion of droplets in a
strecam indicate that momentum equations defining differences

in velocity between these small particles and the gas can be

R
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4.2
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neglected. The SiCl,(v) diffuses to the droplet surface

sud reucts to form NaCl and Si which remain part of the
droplet. For this exothernic reaction, heat is liberated

and results in heating of the droplet and some heat transferred
to the surrounding gas and wall. For a given initial

fraction, f, of S1Cl, required for stoichiometry, the extent

of the reaction is determined as a function of axial movement.
The reaction rate is assumed to be limited only by the

gaseous diffusion to the droplet. The extent of the reaction
is ahown in Figure 3 as a function of the axial distance.

For fractions of SiCl, gieater than 0.1, the droplet heats

to a level where sodium vaporization takes place. It is

seen from Figure 3, that SiCl,(v) has completely reacted in

an axial distance of 5 cm for a SiCl, fraction of 0.1. 1In

the mass transfer relations, the high mass transfer corrections
for diffusionls 2 are taken into account. To examine the
detailed relations incorporated into the model the reader

is referred to Re’erences 1 & 2,

Thermal Treatment

After this initial reaction is completed, 10Z of the sodium
has been reacted and the particles contain the remaining

90% of the sodium and the products NaCl plus Si. This stream
of droplets is then entrained into a highly arc heated gas
stream of Hy and Ar at 3500°K. The heated strear affects

the vaporization of Na, the melting of NaCl, the vaporization
of NaCl, and finally the melting of the remaining silicon.
These stepwise processes are illustrated by the results shown
in Figure 4. The heat and mass transfer between the droplet
and the gas are governed by coefficients corrected for the
high mass transfer rates. It is seen from Figure 4 that pure
molten silicon droplets are obtained in a distance of less
than 50 cm from the injection of the initial sodium droplets.
It is assumed that these initial droplets are sufficient in
size and number to collect the submicron particles formed
between the SiCl,(v) and the Na(v). In both analyses, the
rules governing mass and energy conservation are upheld for
the gas., Similarly, the tasis governing mass, energy and
momentum are upheld for the droplet. As in the case of the
condensation model, the results of the analysis indicate the
pressure is essentially one atmosphere everywhere and the
momentum equation for the pas need not bhe involved. Again
the reader is referred to References 1 & 2 for a more detailed
account of these analyses.
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THE RECUCTION OF TETRACHLOROSILANE BY SODIUM AT HIGH TEMPERATURES IN A

LABORATORY SCALE EXPERIMENT*

J. V. R. Heberlein, J. F. Lowry, T. N. Meyer and D. F. Ciliberti
Westinghouse R&D Center, Churchill Site
1310 Beulah Road, Pittsburgh, PA 15235, U.S.A.

ABSTRACT

In support of a project to develop a low cost solar grade
silicon production process, tetrachlorosilane was reduced by sodium at
plasma temperatures (3000°K) in a laboratory scale experiment. The
reaction product silicon was separated and collected on the reacticn tube
wall through condensation. The experimental results show o basic agree-
ment with results obtained from a heat and mass transfer model, and the
observed differences can be qualitatively attributed to the model

characterization of the experiment.

o ot e+

*Work supported by JPL (Jet Propulsion Laboratory) under contract
No. 954589.
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1. INTRODUCTION

The economic production of electric power using solar photo-
voltaic arrays depends upon the availability of sufficiently pure,
inexpensive silicon. The Jet Propulsion Laboratory has undertaken the
development of low cost silicon photovoitaic arrays as part of the
National Photovoltaic Program.1 In order to achieve the overall cost
objectives, it is necessary to reduce the cost of polycrystalline silicon
by nearly an order of magnitude. In a large scale process currently
under development.2 silicon will be produced by means of the high tem-
perature reduction of tetrachlorosilane (SiCla) by metallic sodium (Na)
in an arc heated hydrogen-argon gas mixture. As part of this development
program, a more flexible, labcratory scale system was designed and
operated to study reaction rates, product yield and product separation

techniques. Results of this experiment and model are presented.

. v NgATId Y
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2. DESCRIPTION OF EXPERIMENT

The experimental system (see Figure 1) consisted of a commercial
DC plasma torch to provide the arc heated stream of hydrogen and argon, a
special nozzle for injecting the sodium and tetrachlorosilane into the gas
stream, a test chamber with viewing ports for optical diagnostics and having
a means for product collection by condensation or by filtration, a scrubber
for removal of HCl and NaCl from the gas stream, and a hydrogen burm-off
stack.

The liquid sodium was forced by argon pressure from a heated tank
through heated lines to the injection nozzle. A manual valve controlled
the flow which was monitored by an electromagnetic flowmeter. The
tetrachlorosilane supply system consisted of a reservoir and an evaporator.
Argon gas pressure forced tetrachlorosilane out of the reservoir into the
evaporator. Flow was controlled by three valves and measured with a glass
tube rotameter. Both sodium and tetrachlorosilane reactants were delivered
through separate heated manifolds to the heated injection nozzle, the
temperature of which was maintained above the melting point of sodium
(above 100°C) by a high pressure, hot water cooling system. The plasma
flow channel through the injection nozzle was lined with a granhite
sleeve, and the sodium was injected through radial holes in this sleeve,
whereas the tetrachlorosilane injection holes were oriented towards the

downstream direction.
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The mixture of hydrogen-argon gas, reactants and products entered
a flow channel consisting of several sections of a 25 mm diameter silicon
carbide tube (3ee Figure 2). The tube sections were contained in four
water-cooled stainless steel reaction chamber sections. Thus the heat
transferred to each section was obtained by normal calorimetric measure-
ments. Following the last section, the gas entered a duct to the con-
ventional water-spray scrubber.

The nominal gas and reactant input composition3 (6.62 HZ: 1.66 Ar:

1.0 SiC1,: 4.0 Na) was determined by the process energy requirements, the

4
arc heater operating characteristics and the silicon product purity require-

ments. The total mass flow rate was scaled according to tne power

capability of the torch to provide the desired operating temperatures.

P
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3. THEORY OF PRODUCT SEPARATION

Early in the process development it became evidpnta that the
reaction rates are mixing limited. Thus, the major analytical consideration
was given to the means of silicon product separation. A model was developed3
to predict the transfer of silicon from the product gas stream to the reactor
wall in a molten state by condensation. The model was developed for a
turbulent stream (Re ~50,000) representative of the large scale reactor.

In addition, the model included the effects of condensation in the boundary
layer upon the transfer process. Due to size and power limitations, the
laboratory scale experiment operated in the laminar mod> (Re ~2000). The
model was applied to these laminar flow conditions by substituting those
relations defining the heat and mass transport, and by involving the analogy
between heat and mass transfer.5 The effect of condensation in the boundary
layer was neglected. Since the axial pressure drop is negligible (0.1 atm),
the pressure was taken to be 1 atm throughout the tube. The conservation
equations representing the stream temperature and silicon content were in-
tegrated numerically along the axis, using the calculated equilibrium com-
position and associated transport properties at the specific temperature.
Two cases were calculated, one using Nusselt numbers for thermally and
hydrodynamically developing flow,5 the other with a constant Nusselt number
representing developed flow. A constant wall temperature above the melting

point of silicon (1683°K) was assumed. At this wall temperature, only




silicon is condensing and collected at the wall, with all other species
remaining gaseous.

Figure 3 shows the fraction of silicon remaining in the gas
stream as a function of axial location and the axial temperature distri-
bution for the two cases (developed and developing flow, respectively). The
results for the developing flow indicate a rapid removal of silicon at the
entrance, coinciding with a comparable ghange in the stream temperature.

The experimental arrangement of a high velocity jet from a small diameter
nozzle entering a tube of significantly larger diameter, 18 expected to

produce results between these limiting cases.
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4. RESULTS

Based upon the values for the power input and the calorimetric
measurements of the heat losses, the bulk gas temperatures at the torch
and injection nozzle exits and at the end of the first test section were
determined from thermodynamic equilibrium properties. Table 1 lists
bulk temperature values. Pyrometriially measured tube wall temperistures
are also shown in this table. Weighing of the different silicon carbide
tube sections before and after each run indicated the amount of material
deposited. This product was then separated into water soluble and insol-
uble substances, and analyzed by Electron Dispersive Analysis of X-rays
(EDAX), which gives the elemental composition, and by x-ray diffraction,
to find the crystalline components.

The products were collected in the following forms:

(a) In the regions where the silicon carbide tube wall temperature
was above the melting point of silicon and the dew point of sodium chloride,
the wall was covered with silicon. During cooling after the experiment,
this s{licon formed mounds around the circumference and frozen pools at
the bottom of the silicon carbide tube.

(b) In the regions where the tube wall temperature was slightly
below the melting point of silicon, the inside wall was covered with a gray
scale which could be easily scraped off in the form of large flakes.

These flakes consisted of crystalline silicon and varying amounts of sodium

10
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TABLE 1

TUBE WALL TEMPERATURES AND BULK GAS TEMPERATURES AT A TORCH POWER OF 26 kW

Axial Location Distance From Tbulu Twall
(see Figure 2) Injection Nozzle M 4 °K
Torch exit 3670
Injection Nozzle Exit 0 3100
lst Window 5 cm 1900
2nd Window 16 cm 1650
End of Test Sectiou I 25 cm 2820
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chloride ranging from trace values (1 to 2% of sodium chloride) in the
flakes from tube sections with a wall temperature only slightly below
the dew point of NaCl to more than 50X farther downstreaa.

(c) The end sections of the silicon carbide tube were covered
with a glassy layer of sodium chloride, containing some silicon.

(d) The rest of the product in the gas stream formed brown par-
ticles upon mixing with cold gas. These particlee ranged in size from 3
um to 70 ym and consisted of a mixture of amorphous silicon and Nafll.

Figure 3 contains also the experimental silicon condensation
results obtained by weighing the tube sections after one representative
experiment. The shape of the experimental distribution is similar to
the theoretical distribution for developing flow, but displaced in the
downstream direction. There are two explanations for this downstream
shift: (a) the flow condition of a small diameter jet entering a tube
of larger diameter would mean that the vapor stream would not contact
the tube wall until it had travelled a certain distance; (b) evaporation
of the sodium droplets and the subsequent gas phase reaction process may
not have been completed and equilibrium may not have been reached until the
stream was well into the first tube section. The evidence of reduced flow-
rates leading to an increased initial condensation rate supports either
explanation.

The calorimetrically determined bulk gas temperature value at
the end of the first test section seems to indicate the applicability

of the developing flow analysis for the heat transfer.

12
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5. DISCUSSION

Since this experiment was conducted as part of a larger

development program, we would like to comsider the implications of thce
results on this development:

(a) We would like to point out that the model was developed
for the flow geometry of the large scale reactor.in which the effects
to which we attribute the differences between theoretical prediction and
experimental results would not be present. The;efore, the basic agreement
between model predictions and experiment support the model used to pre-
dict the silicon collection rate.

(b) The much higher Reynolds number characterizing the flow
in the large scale reactor 7311 lead to increased heat and mass transfer
to the reactor wall, and, therefore, to larger collection rates.

(¢) The low power levels used in the laboratory scale experiment
had the consequence that the collector tuke wall temperature dropped below the
Jew point of sodium chloride after relatively short distance, leading to
collection of sodium chloride together with the silicon. The design and

operating power levels of the large scale reactor avoid this problem.

13




6. CONCLUSIONS

We can draw the following conclusions from our results:

e The controlled reduction of tetrachlorostlane by sodium at
plasma temperatures proceeds as predicted from thermodynamic
considerations.
o The reaction product silicon can be separated and collected
on a wall at a temperature above the dew point of sodium chloride.
e The experimentally determined condensation rate essentially
follows the predictions from model calculations, and the ob-
served differences can be explained by the simplifying assump-

tions made in the model characterizing the experiment.

This paper was typed by Leslie A. Arthrell.
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ABSTRACT

A Department of Energy funded project at the Westinghouse
Power Circuic Breaker Division for the development of an arc heater process
for the reduction of silicon tetrachloride by sodium to produce
photovoltaic grade silicon required the introduction of both reactants
in liquid aerosol form. This report describes experiments in which
spray nozzles were tested and characterized for this purpose under
prototypic conditions. Particular attention was paid to the limiting
operational parameters of the nozzles, and to the size distribution
¢. e aerosol produced. For liquid sodium injection, a novel sonic

gas atomizing nozzle has been chosen and fully characterized.




1.0 INTRODUCTION

The realization of low cost electric power from large-area
silicon photovoltaic arrays will depend on the development of new methods
for the production of solar grade silicon. An important goal of the
U.S. Department of Energy (DOE) National Photovoltaic Program is a reduction
in the cost of silicon ingot from the present $66 per kg. to a figure
of less than $10 per kg. by 1986. Among several process development

programs currently underway to achieve this end is the one at the Westinghouse

Power Circuit Breaker (PCB) Division being supported by NASA Contract
No. 954589 out of the Jet Propulsion Laboratory for DOE. This process
is based upon the high temperature, sodium reduction of silicon tetra-
chloride, SiClA. utilizing electric arc heaters to facilitate product
separation and to increase temperatures for higher reaction efficiency.
The silicon produced from this reaction will be collected in the liquid
state, while the co-product, sodium chloride, exits the reactor as a

vapor.

The reactor, presently under construction at the Westinghouse
East Pittsburgh site by the Arc Heater Project Team, is shown schematically
in Fig. 1. Liquid sodium is sprayed axially into the reactor plenum from
the left, in the form of small droplets (< 200 um). The flowing sodium
1s entrained within an arc heated stream of 4:1 hydrogen/argon gas
mixture. The heated gas causes rapid vaporization of the sodium droplets,
after which silicon tetrachloride is injected into the stream. A rapid,
exothermic reaction occurs, and the siliccn product is separated from the
gas stream by condensation as free flight droplets which are then collected
in the molten state by a cyclone separator and a quartz-lined crucible.

The co-product vapors (NaCl, HZ’ Ar, HCl, etc.) are exhausted from the




cyclone separator., Nominal flow conditions are 0.047 19-1 (45 GPH) for
each reactant, sodium and silicon tetrachloride, to produce ~ 45 kg/hr
{99 1lb/hr) of silicon.

One of the major areas of concern in the development of this
process is the injection of the two reactants into the reactor. Neither
silicon tetrachloride nor the reductant, liquid sodium, has previously
been tested for this purpose, Ideally, these fluids would be injected
into the chemical reactor as pure vapors, since the reaction takes place
in the vapor phase. Sodium vapor injection at the required pressures,
however, is at the fringe-of-the-art and is unattractive from an energy
conservation viewpoint., This research program was therefore instigated
in order to study liquid sodium and silicon tetrachloride injection
using spray atomizing nozzles. In order for the sodium, and to a lesser
extent the SiClA. to be in the vapor phase at the point of reaction, it
is an essential prerequisite for such nozzles that the spray particle
size be relatively small (< 200 um), thereby ensuring efficient vaporization

in the arc heated carrier gas streanm.

The major objectives of the nozzle optimization program, therefore,
were to evaluate techniques tor injecting the reactants into the chemical
reactor and to integrate the results into the design of the pilot scale
system. Particular attention was paid to the operating parame.ers
(pressures, flow rates etc.) of the nozzles and the particle size distribution

produced.
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2.0 CONCLUSIONS

Liquid sodium at 150°C can be successfully sprayed
at flow rates of 0.05 La-l (45 GPH) and liquid
pressures N~ 20 psig using a Sonicore gas atomizing

nozzle.

The pressure (v 40 psig) and flow rate (v 50 SCFM)
of inert atomizing gas required for such spraying
will not seriously upset the heat balance in the

silicon production reactor.

The particle size distribution of the liquid sodium
spray indicates tnat the major proportion of the
sodium mass will be in the form of small, easily
vaporized droplets suitable for the chemical
reactor process, i.e., in the range 20-140 um

diameter.

The forward velocity of the iiquid sodium spray is
low enough to ensure efficient vaporization in the

arc heater gas stream,

Silicon tetrachloride can be successfully sprayed
at the required flow rates and particle sizes using

hydraulic atomizing nozzles.
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3.0 RECOMMENDATIONS

It 18 recommended that the Sonicore 312T gas
atomizing nozzle be used to inject liquid sodium

into the developmental silicon production reactor.

The nozzle should be operated at an atomizing gas
to liquid mass flow ratio of at least 0.8:1.

The liquid sodium flow through the nozzle should
only be initiated subsequent to the gas flow,
and should be terminated prior to cessation of

the gas flow.

The Sonicore nozzle should be positioned in the
reactor as close as possible to the arc heater
gas stream, since the included spray angle is

large.

It is also recommended that the Spraying Systems
Co. 1/4 LN6 hydraulic atomizing nozzle be used
for silicon tetrachloride injection into the

chemical reactor.

The required silicon tetrachloride pressure at

the nozzle should be as outlined in the results

section of this report.
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4.0 TECHNICAL BACKGROUND

4.1 Liquid Atomization

Spraying and atowizing are terms describing the process
whereby liquids are transformed into droplets dispersed in air or
other gases. Spraying refers to the formation of more or less coerse
droplets, while atomizing means the production of fine droplets or a
mist., In industrial operations, a large variety of liquids, solutious,
slurries,etc.,are atomized, and each has its own particular physical
properties. These properties and the requirements of the application
make the choice of Lhe correct nozzle an ¢xact and important one.
Liquid disintegra:ion, or breakup, comes asbout quite differently for
different conditions and may take place in successive stages involving
one or more mechanisms. Of the numerous factors upon which breakup
depends, the mcst important are the properties of the liquid, the
design and construction of the atomizing device, the conditions of
pressure and flow rate under which the atomizer is operated, and the
conditions and properties of the gas into which the liquid is injected.
The detailed theory of liquid stream disintegration is beyond the

scope of this report, but has been thoroughly dealt with elsewhere.(l)

4,2 Particle Size Distribution

The ultimate spray from any nozzle or atomizer consists of a
large number of essentially spherical droplets of various diameters, d.
From the number of droplets AN within each size interval Ad one can

define the size distribution function fN(d):

AN
fN(d) " 3d 4.1)

e




Plots of fN(d) vs. d provide a convenient nnngn for presenting and
comparing experimental data on droplet sizes. A second useful concept
is the cumulative size distribution function N(<d), defined as the total
number of droplets smaller than the specified diameter d. These two

functions are closely related since one is just the integral of the other:

d d
N(<d) = JaN = [ £,(d) ad (4.2)
o o

Typical behavior of these functions is shown in Figs. 2 and 3.

For chemical engineering purposes, it is generally much more
useful to employ distribution functions based on the mass of droplets
(rather than number) within each size interval. Therefore, by analogy
with (4.2) end (4.2) one has

AM
fM(d) " 2d (4.3)

for the size distribution function (mass-basis), and

d d
M(<d) = JaM = ] £,(d) ad (4.4)
(o] [o]

for the cumulative distribution function (mass-basis). It should be
noted that the number-based and mass-based distribution functions are
distinctly different, yielding different size averages and size
dispersions. In the discussion here, mass-basis concepts will be

adhered to.

For many applications it is sufficient to know just the
averape particle size and the spread of particle sizes. The most

familiar parameters for this purpose are the arithmetic mean droplet

x
Plots of 4N vs., d are equivalent to the above plots if a constant
size interval 4d is employed.

e



size, d., and the arithmetic standard deviation, Oy These may be
calculated either from the raw experimental data (AM for each Ad) or
from the size distribution function (IH(d)) as follows:

4 o Jamw lag, (4)ad

(4.5)
ol Je@ad

2 172 2 }1/2
[ (a-a,) am L(d-d,) £, (d)ad!

O © oA - 16, (Dad J (4.6)

The arithmetic parameters d. and %, have the following
convenient property: If the particle distribution 1s of the normal
probability type, then one can use da and o, to write the distribution

d-da 2
o (4.7

This form is useful if further mathematical analysis of particle properties

function explicitly as

TaM
f,(d) = ex
4 721 Oa P

-1
2

is required. 1In addition, normal probability paper is available for
graphically determining d. and Og from experimental data.

Experimentally it has been found that most atomizer droplet
distributions extend over several decades of droplet diameter. As
a result, these distributions cannot be adequately described by the
simple normal probability function (Eq. 4.7) which is better adapted
to relatively narrow distributions. An effective remedy for this
problem is to replace d in the diatribution function with lcgarithm
of d; the result is called the log-normal distribution, given by

Z” 1 log d-log d 2
£ - - 5|——o—=£ 4.8
H(log d) m——c—g- exXp 2 108 os ( )

o
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The parameters describing this distribution are the geometric
mean droplet size, d'. and the geometric vtandard deviationm, og. The %
basic definitions for these geometric parameters are very similar %o %
those for ihe arithmetic parameters, d, and 9% with d replaced by log i

log d)AM
log ¢, Z‘—-?ﬁl— (4.9)

T 2. )12
L(log d-log ds)'AM]

108 vs - YAM J (10 . 10)

d; thus

Note that os 1: essentially a ratio of two d's and therefore is
dimensionless. Calculating the two parameters d8 and °g is tedlous, but
can be avoided by the use of log-normal probability graph paper. A

plot of cumulative mass () vs. drop!st diameter on this paper yields

a straight line {f the data obey a log-normal distribution. An example

of this is shown in Fig. 4, which also demonstrates the Aifference

LFetween number (count) and mass distributions. The diameter cerresponding to
50% cumulative mass is dg. The ratio of 4iameter for 84,1% cumulative

mass to diameter for 50X cumulavive mass is Oge 1f the data do not

follow a log-normal distribution, a curved line will result. Regardless

of the exact distribut.on, a cumulative plot of this type is a useful

torm for presenting che data since one can readily obtain a mean droplet
diameter (50% value of d), a measure of the sprea: in droplet diameters

(10% to 90% values of d, for exampl:), or simply the percentage of

droplet mass within any given size range d

N(~dl) - H(<d2).

1 d2, this being equal to

*
A better understand.ng of cg can be obtained by the following examples:

For an ordinary normal distribution, 68.3% of the total in
ircluded in the size range, da-0, to da+o,.

For a log-normal distributior. 68,32 of the total 1is included
in the size range ds/oS to dgug.

C viscepiess
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4.3 Nozzle Types

Although there are many different types of devices for
producing liquid sprays, the most widely used ones can be classed as
either precesure (hydraulic) rozzles or two-fluid atomizers (pneumatic).
The former is the simplest method of causing the disintegration of a
liquid stream; pressure energy is converted into kinetic energy as the
liquid is fcrced through nozzle ports, a~d liquid jet instability
results. Among the variations on this general principle are the

fan, swirl, and impact nozzles.

Two-fluid atomizers rely on a high-velocity gas stream to
disintegrate the liquid stream. Unlike pressure atomizers, in which
all the requirea energy is contained in the liquid itself, the two-
fluid device draws on the energy of the gas as well. Since the gas-
contained energy is independent of the quantity of the liquid, smallier
droplet sizes and wider spray angles cun be achieved at lecw liquid flow
rates. In general, two-fluid at-.uizers are far more efficient at producing
very fine sprays (< 20 um mean diameter) even at relatively high

liquid flow rates.

The distribution of droplet sizes within gas atomized sprays
generally follows a log-normal relationship, although deviations at
the larger sizes are not uncommon. The median drop diemeter is largely
determined by the mass ratio of gas to liquid, and by the relative
velocities of the gas and 1iquid streams. Nukiyama and Tanasawa(z)
produced an often quoted empirical expression relating the mass mean

diameter, dgm' to the physical properties and velocities of the

fluids:
1.5
0.45 {1000 Q
qa =282 X4 597 H — 1t (4.11)
gm V Q
a
wheie V = relative velocity of gas and liquid streams

Yy = surface tension of Hquid

10
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p = density of liquid
u = viscosity of liquid
Qz'Qa = volume flow rates of liquid and gas respectively

This expression, however, is only claimed to apply to small, converging
nozzles at certain capacities and for a amell range of liquid properties.
1t has not been found to hold for nozzles of markedly different design
from those in the original study.

A more generally applicable correlation has recently been

3

derived by Lubanska. Of relevance to the present study is the

fact that his expression was specifically aimed at the inclusion of

data on the atomization of liquid metnls. Agreement between different
workers' data was achieved by the use of a constant factor, K, dependent
on the exact design of the nozzle used. Over au extensive range of size

and liquid properties, the expression is

Vo M 1/2
dgm =K — [1 +K] (4.12)
g
where D = diameter of liqua.d stream

v_,v_ = kinematic viscosity of liquid and gas respectively

2
eV D

Y

M = wmass flow rate of liquid

W=

= Weber number

A ~ mass flow rate of gas

Recently a new style of gas atomizing nozzle has become
available which relies on an intense sonic energy field to break up
the liquid. These sonic, or ultrasonic, spray nozzles feature a high
velocity gas stream which impinges on a resonator cavity thereby
producing the energy field. The liquid stream is then introduced
into this field and a highly efficient atomizat!on is achieved. It

is claimed that these nozzles can produce a uniform particle distribution

11




with very low median diameters and at lower gas to liquid mass ratios than
can conventional two fluid atomizers. The fact that larger liquid

orifice diameters can be used means that high liquid flow rates can be
achieved at reasonable pressures. Also, relatively viscoue or particle-

contaminated fluids can be sprayed.

4,46 Particle Size Determination

There are a number of different techniques that have been
applied to the measurement of drop sizes. They can be conveniently

grouped into six general methods.

4.4.1 Microscopy

In this technique droplets are simply collected on a slide and
examined microscopically. Modern instruments utilize a T.V. camera and
a processor which analyses the pulses in the T.V. scans and automatically
determines the size distribution. For the testing of a sodium spray,
this method would have the advantages of a wide size range (~ 1-1000 um),
and a small amount of test material required (v 9.5g). The major dis-
advantage would be the difficusty in dispersing particles on the slide
without aggregation, and the reactivity of sodium with air and moisture.
In addition, if the slide is simply suspended in the spray, distortion
of droplet shape can occur and the smallest particles can be missed

due to the gas stream flowing around the slide.

4,4.2 X-Ray Sedimentation

In this technique golidified spray particles are diaspersed
in a liquid of appropriate density and viscosity and placed in a flat
vertical cell. A beam of soft x-rays traversing the cell is used to
monitor the mass of particles in the cell at a given position as a
function of time. The rate of settling of the particles is used to
determine the particle size distribution, which is then automatically
calculated by the instrumant and recorded graphically. Among the
disadvantages of this technique are the possibility of particle

agglomeration and the need for a relatively large quantity of material

12
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(5-10g). Also, a peristaltic pump is used which might deform clusters
of soft metal particles. The upper size limit of the instrument is low
(50-100 ym).

4,4,3 1lnertial Separation

A cascade impactor is essentially a series, or cascade, of
flat surfaces mounted directly in front of ports, or jets, through
which a spray may be drawn. The jets decrease in size as the spray
progresses through the device. This causes the gas velocity to
increase and traversing droplets find increasing difficulty in passing
obstacles, The final position of capture of these droplets is related
to their size, and the particle size distribution is obtained by
weighing the individual collection plates. The impactor is essentially a
divect sampling, on-line device, but has the disadvantage, for the

present application, of being restricted to low size ranges (< 30 um).

4.4.4 Photographic Analysis

Droplet sizes determined by photographing a spray should
in theory be the most direct and least affected by coalescence. It
is, however, extremely difficult to photograph fast moving, small
(~ 20 um) droplets, and to decide which are in focus and which are not.
Moreover, the results of a photographic size analysis are a spatial
rather than a temporal distribution. For our tests, it was considered
that the very high spray flow rates and consequent high particle
densities would preclude the successful use of photography for particle

sizing.

4,4,5 Opticnl Methods

Optical methods involving the measurement of the intensity,
color, and polarization of light scattered by a spray as well as light
transmission and diffraction, have only found specialized application
in the past, With the development of inexpensive but sophisticated
laser technology, however, these methods are finding a wide appeal.

Details of this general technique are included in Section 5.3.1.

13




4.4.6 Sieving
Sieving is, of ~ourse, a well-known technique which employs

a sevries of wire screen separators of decreasing screen size plus some

type of mechanical agitation to effect the particle separation. The size
distribution is then obtained by weighing the separated fractions. The
advantages of this method are the great flexibility in choice of size
ranges; the fact that a mass distribution is obtained directly; and the
small amount (v1g) of material required. In addition, a liquid sodium
spray readily lends itself to rapid freezing. This particle solidification
process is often achieved using liquid nitrogen because of its low
temperature, but also because its low surface tension permits easy

penetration by the droplets.

A comparative chart of the particle size ranges of the
methods considered for sodium particle sizing is shown in Fig. 5. Of all
these techniques, sieving was chosen as the primary method by virtue

of its flexibility, reliability and 1its lack of experimental complications.
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5.0 DESCRIPTION OF EXPERIMENTS

5.1 Spray Test Equipment

5.1.1 Test Chamber

Candidate nozzles were tested in a cylindrical, stainless
steel (AISI tvpe 304) chamber shown schematically in Fig. 6. The chamber
was 34 cm in diameter and 81 cm in height and was supported on a
stand 60 cm above rhe ground. The chamber was flanged at both ends and
was equipped with two viewing ports, 180° apart and at a 45° angle to
the horizontal. The windows of these ports were fitted with an inert
pas sweep system to reduce the possibility of sodium aerosol deposition.
Test nozzles were mounted in a nozzle holder at the top of the chamber
to which were attached sodium and gas inlet lines; these lines and the
nozzles were equipped with tubular heaters. To the base flange was
attached a collection funnel and valved glass bulbs to facllitate
the removal of solid sodium spray particles without contamination of the

chamber atmosphere.

Excessive pressure build-up in the chamber could be relieved
via an adjustable pressure relief valve set at ~ 15 psi. This relief
valve was vented through a high capacity (300 SCFM) filter to remove any
finely divided sodium particles. The chamber was also equipped with
an internal stainless steel filter, Fig. 7, through which normal (< 15

psi) gas pressures were vented during spray testing.

5.1.2 Argon Supply System

Inert gas for use in testing che two-fluid gas atomizing
nozzles was supplied from a rack of three argon cylinders linked through
4 manifold. Before entering the nozzle, the gas was passed through

a4 high capacity tlow meter (100 SCFM max.), pressure gauges and a




copper gas heater. This heater precluded the possibility of premature
freezing of sodium in the nozzles due to a cold gas flow. The gas

flow was controlled by solenoid operated valves.

5.1.3 Sodium Supply System

The sodium supply tank consisted of a three gallon cylindrical
stainless steel reservoir (61 cm x 15 cm) with hemispherical end
caps, Fig. 8. This tank was equipped with two level probes and clamshell
type heaters, and was linked to the nozzle holder via a fast-operating,
electrically controlled pneumatic valve. Liquid sodium flow from the
tank to the nozzle was controlled by pressurizing the sodium surface

with argon.

The flow rate was monitored by an electromagnetic flow meter
(MSA, Style FM2) the output of which could be recorded on a high speed
Visicorder chart recorder (max. chart sped: 406 cm s—l). The scdium
reserv&ir was filled with high purity sodium by transferring the liquid
metal fron a storage drum via a stainless steel line which incorporated

a 15 um sinrtered metal filter.

The entire sodium injection test system, comprising chamber, sodium

tank and gas heater, is shown in Fig. 9.

5.1.4 Silicon Tetrachloride Supply System

The pumped supply system used for testing the silicon tetra-
chloride injection nozzle is shown schematically in Fig. 10. The liquid
was pumped from a 5 liter steel storage cylinder using a positive dis-
placement pump (Tuthill Pump Co., Chicago, Pump No. OLE) with a maximum
capacity of 0.1 ¢ 3-1 (90 GPH) at 690 kPa (100 psi). A flow meter and
pressure gauge were incorporated in the line which delivered the silicon
tetrachloride into the test chamber nozzle holder. The entire apparatus
was pressure checked with argon at 690 kPa (100 psi) before filling.
Silicon tetrachloride (Van de Mark Chemicals, > 99.9%) was introduced
into the 5 liter reservoir by vacuum distillation at ioom temperature

trom a storage drum (10 gallon).
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5.2 Test Nozzles

A review of the performance characteristics of the different
nozzle types outlined in Section 4.3 led to the conclusion that a gas
atomizing nozzle was preferable for the task of sodium injection into
the prototype reactor. Because of its lower gas flow requirements, a
sonic nozzle (Sonicore 312T, Sonic Development Corporation, New Jersey)
was chosen as the prime candidate for testing. A schematic of the
nozzle, Fig. 11, shows how a high velocity gas stream is directed through
the body of the nozzle and impinges on an externally mounted resonator cup.
An intense sonic energy field is thereby produced in the cavity between
the nozzle and the 6hp, the details of which have been treated
(4) Liquid is injected

into this energy field and an efficient atomization results. The

theoretically and experimentally by the inventors.

nozzle body, Fig. 12, is constructed of type 316 stainless steel and the
resonator cup of Hastelloy B, a high nickel allov. The flow rates

and pressures recommended for the atomization of water with compressed
air using this nozzle are shown in Fig. 13. There data were used

as a gulide for testing the nozzle with liquid sodium,

In addition to the Sounicore nozzle, a more conventional
gas atomizing nozzle (Sprayco, Nashua, New Hampshire, nozzle No.
49267650) was procured as a backup in case the sonic nozzle was deficient

in some aspect of its operation.

For the injection of silicon tetrachloride, a lower liquid

1 (9 GPH), since it was planned to

flow rate was required, 0.01 ¢ s
use tive nozzles in the arc heater silicon process pilot facility. For
this reason, and since ultra-fine particle size was not essential,*

a hydraulic nozzle (Spraving Systems Co., 1/4 LN6) was chosen for

testing,

*
‘t should also be noted that since SiCl4 boils at 57°C at one atmosphere
pressure, its rapid vaporization ir the hot arc heater gas stream was
less dependent on achieving a fine particle size.
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5.3 Test Procedures

The test plan for the characterization of the sodium injection
nozzle was divided into three phases. Firstly, a general, semi-
quantitative investigation of the mode of operation of the nozzle using
water as the test fluid was pursued. These tests involved measuring
spray angles, liquid and gas prezsures and flow rates, and assessing the
mean spray velocity with the aid of high speed photography and video
recording equipment (Instar). Secondly, a quantitative determination
of the particle size produced by the sodium nozzles was performed
using laser imaging techniques (described below), again with water as
the test fluid. Finally, the particle size and operating characteristics
of the nozzle were confirmed with liquid sodium as the test fluid and
sieving as the size analysis technique. A theoretical comparison of

nozzle performance between water and sodium was also made.

5.3.1 Particle Size Analysis - Laser Technique

Both the Sonicore and Sprayco candidate sodium nozzles were
tested at a specialized aerosol particle sizing laboratory (Particle
Measuring Systems Inc. (PMS) Boulder, Colorado). The nozzles were mounted
in a wind tunrel facility, Fig. 14, which enabled the atomized spray
to be swept through an instrument station equipped with laser spectrometers

for determining the precise particle size distribution.

The basic principal of operation of these spectrometers can
be described with the aid of Fig. 15. A collimated laser beam
illuminates a particle in the vicinity of the object plane of an
iraging svstem, The shadow of the particle is projected at a known
magnification and moves across a linear photodiode array. The shadow

of a particle is related to the particle size by the magnification.

Two types of processing electronics are used in conjunction
with these arravs. The Optical Array Spectrometer simply determines
the number vt elements shadowed by the particle and thus provides a

srarticle diameter measurement (l1-D Spectrometer)., The second tvpe obtains
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full two-dimensional shadow images of particles (2-D Spectrometer) by
simultaneously sampling the output of each photodiode element in the
array at a very fast rate to provide sequential image slices as the

shadow transits the artay.(S)

In our testing both the 1D and 2D Spectrometers were used,

covering the particle size ranges 20-300u and 25-600u respectively,

To a first approximation, the sahple cross section in these
Uptical Array Spectrometers is the product of the array width and the
particle depth-of-field. In the case of the 1-D Spectrometer, end elements
of thye array are used to reject partial shadow conditions which would result
in undersizing. In the case of the 2-D spectrometer, partial shadows
are handled through software in the analysis of the image data. To
complete the sample cross section definition, one needs only to define
the depth-of-field. If the illuminated regions are well collimated,
the depth-of-field is limited only by diffraction-induced divergence
of the shadow region behind the partlg;e,which causes gradual filling
(

and fading of the shadow boundaries. For present discussions, we

need only to recognize that this divergence leads to inaccurate
measurements at large depths-of-field and that the available depth-of-
field where accurate measurements can be made varies as the square of

the particle radius. A particle 20 um in diameter has a 1 mm depth-of-
field while a particle several hundred microns in diameter may have up tn
a meter depth-of-field. In an instrument sizing these larger particles,
the depth-of-fileld is invariably truncated by the mechanical limits of the
sampling aperture. However, with sizing small particles, the depth-of-
tield must be truncated by other than mechanical means {f a large
percentage of the particles are to be sampled in situ. The method most
comrionly used to provide optical depth-of-field truncation is through the
use of multiple thresholding in the processing of the shadow signals from
edach photodetector element. One threshold is obviously required for
sizing and a second for depth-of-field Umiting. For accurate particle
sizing, the appropriate shadow threshold is approximately 50%. In order

to truncate the depth-otf-field it is desirable that a secondary
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threshold be set at a darker level. This lower threshold must be

reached by at least one of the shadowed elements during particle transit.
This seccndary threshold need only be slightly lower than 50% (roughly
the amount equivalent to the noise band). If maximum depth-of-field

is desired, a setting of about 60% is used. 1f a shorter depth-of

field is desired, settings of up to 80X are used.

In the 1-D Spectrometers depth-of-field calibration is
performed over the size range through actual measurements. It can be

calibrated to better than 10X for spherical particles.

When the 2-D Spectrometer is applied to measurements of small
particle size, the method just described can be used or multiple shadow
density levels can be simultaneously measured and displayed in the
imagerv to provide a grey-scale which contains the needed depth-of-field
information. This again can be processed by software. The depth-of-
field can be more accurately specified since particle morphology

information is also available.

The detailed results cbtained during our tests at PMS are

presented in full in Section 6.2.1.

5.3.2 Sodium Injection Procedure

In order to collect the droplets generated in the sodium
injection test for size analysis, they had to be frozen before they
contacted any test chamber surface. They then settled to the bottom of

the chamber where the ccllection system, Fig. 6, was located,

A minimum condition for freezing the sodium droplets is that
a suitable overall heat balaace be achleved. Assuming injection
conditions of 0.75 GPM of sodium at 150°C and 50 SCFM of argon at
150°C combining to pruduce sodium aerosol which is then cooled to
50°C, calculation shows that 13.3 kW of cooling power would be

required.

Continuous operation of the injector under these conditions

could have been achieved by continuously flowing precooled gas through the

“n
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injection chamber to supply the necessary cooling; however, chis would
require 216 SCFM of argon at -100°C or 132 SCFM of argon at -196°C.
Cooling on a continuous basis thus appeared impractical, not only because
of the large volumes of precooled argon required, but also because
essentially all of the sodium aerosol generated would be swept from the
injection chamber by the high velocity cooling gas.

Intermittent operation of the injector was therefore necessary,
with the test chambec filled with precooled argon gas jist prior
to the injection. There is then sufficient cooling capacity stored
in the chamber to handle the heat load,provided the injection period
is short. With the chamber gas cooled to -100°C the maximum injection
period is 1.3 seconds, for gas at -196°C the allowable period becomes
4.6 seconds. A final aerosol temperature of 50°C 1is assumed here, as

in the earlier estimates.

Verification of the nozzle operation with liquid sodium was
achieved, therefore, by making a series of short duration (1-3 seconds)
test injections Into a pre-cooled chamber. The frozen sodium particles
were then collected at the base of the chamber and removed to an inert
atmosphere glove box for sieving and weighing. Six stainless steel
U.S. standard sieves were used in the size range 38-425 um. Each
injection was controlled automatically by a programmable controller
(Texas Instruments, 5TI) to which the solenoid valves (gas line),
pneumatic vaive (sodium line), gas heater, and visicorder were electrically
connected. The controller was programmed to operate each injection

in the following sequence:
1. Gas heater on
2. Argon flow on
3. Visicorder on
4. Sodium flow on

5. Sodium flow off

6. Visicorder off




7. Gas heater off
8. Argon flow off

The time interval batween sach of these steps was variable down to

0.1 seconds. Each injection was visually observed thrcugh the viewing
ports, but attempts to take high speed photographs of the spray were
hampered by the difficulty in transmitting sufficient light through

the dense aerosol.

The sodium flow profile for these short duration injections
wvas recorded by passing the electromagnetic flow meter signal
into the visicorder. A typical flow profile is showm in Fig. 16
which i{s a plot of the signal (in millivolts) against time for a
rwo second injection. The profile exhibits a sharp increase when
the pneumatic sodium valve is first opened and a small initial peak after
~ 1/10 second. This is followed by a gradual decrease for the main
duration of the injection, followed by a fairly sharp cut-off. This type
of profile enabled an accurate calculation of the sodium flow rate using

standard calibration tables.
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6.0 RESULTS

6.1 Ceneral Nozzle Characteristics

6.1.1 Spray Angle

The Sonicore nozzle was initially studied by taking still
photographs, Fig. 17, aid high speed video tapes with water as the
spraying liquid. These photographic records showed that the nozzle
spray was not quite homogeneous, but wss split into 3 segments of
greater spray density, presumably caused by the 3 struts supporting
the nozzle resonator cup. The average incluced spray angle, however,
was of the order of 60-70°. There was very little evidence of

dripping from the nozzle during continuous operation.

Subsequently, the noz:le was mounted in an adjustable
cylindrical shroud, Fig. 18. The dietance, L, was variable, enabling
either spraying directly int. the atmosphere or, alternatively, from
within an enclosed cylinder. 1t was felt that this latter mode would
simulate, to some extent, the situation expected in the siliccn
production reactor. At various values of L between 0 and 12", the sprayed
water impinging on the cylinder walls in a given time was collected
and measured. The results are presented in Fig. 19 as percentage
water recovered versus L. With the nozzle 10" from the edge of the
shroud, only ~20% of the injected water emerged from the cylinder.
ihis result is significant since, at L = 10", the angle between the
nosrle and the edge of the shroud {s 60°, indicating that the spray
ahple tor the shroud-enclosed nozzle w.is greater than for the non-
enviosed case. This same effect is8 seen at all distances within the
cvlinder. The most probable explanation for this phenomencn is that
the high velocity, cenical spray draws air from the dead space behind
it; this air cannot readily be replaced, thereby producing a tendency

tor the spray cone angle to increase.
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This result may be of importance in the chemical reactor,
since a very large spray angle could result in the atomized liquid
particles impinging directly on the cylindrical reactor walls before
they can be entrained in the arc heater gas stream. A possible solution
would be the introduction of a secondary inert gas flow around the
nozzle, thereby cancelling out the aspirator effect. Such a course
~f action would upset the heat balance of the reactor, however, anc a
better approach would be to simply position the nozzle as close as

possible to the arc heater gas stream.

6.1.2 Spray Velocity

A rough theoretical estimate of the maximum aerosol velocity
shortly after it emerges from a nozzle can be obtained from consideration

of momentum conservation:

Initial Momentum Rate of Gas + Initial Momentum Rate of Liquid =
Final Momentum Rate of Aerosol (6.1)

For o nitrogen flow of 35 SCFM, a water flow of 1.5 GPM, and a nozzle

Jiameter of 1 cm, one has

(20.6 g /sec) x (210 m/sec) + (94.6 g /sec) x (0) = (115.2 g /sec)
¥ mean aerosol velocity (6.2)

from whicu one obtains a mean aerosol velocity of about 38 ma-l. A
second momentum exchange procers becomes appreciable after the aercsol

(N

-as traveled only & to 5 nozzle diameters from the nozzle: a jet
flow develops which entrains adjacent gas into the jet, further
decelerating it., After a distance of about 10 nozzle diameterc, a
fully developed turbulent free jet is estsblished which entrains gas
equivalent to the nozzle fluid ass flow for about every 3 nozzle

diameters along the jet axis; consequently the jet deceleration may

become quite pronounced.
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In the case of the Sonicore nozzle, however, consideradbly
lower velocities might be expected after the stream impinges on the
resonator cup. This was confirmed by a photographic analysis of the
spray produced by the nozzle in both its normal mode and with the
resonator cup removed. Without the cup, the nozzle still operates
like a two-fluid atomi:zer, although it produces coarser particles,
and in this manner might be expected to approximate more to the

theoretical prediction given above.

High speed strobe photographs of the spray showed that without
the sonic cup in position, the particles at a distance of 3 feet from
the nozzle were effectively frozen using a flash speed of 53%56 seconds.
At a reduced flash speed of 6400 seconds, however, each particle in the
field of view clearly left a trail on the print indicating a finite
degree of movement during the duration of the exposure. Measurement of
these distances directly from the prints enabled approximate velocities
to be calculated. It was clear that there was a considerable spread
in velocities, the majority lying in the range 8-20 ms—l. In contrast,
with the resonator cup in position, the particle velocities were so
much slower that even at the lowest flash speeds nn movement could

be detected.

The particle velocities were estimated, however, from high
speed video films taken at 120 frames per second. Analysis of those

films indicated particle velocities in the range 1-2 ms_l.

6.2 Sodium Nozzle Size Distribution

6.2.1 Laser Imaging Results

The operating parameters for the nozzle tests performed at
Particle Measuring Systems (P.M.S.) are shown in Table 1. A total
of seventeen tests was run on the Sonicore and Sprayco nozzles at
varying water flow rates and gas-to-liquid mass ratios. The Sprayco
nozzle has an adjustable outlet which controls its spray pattern and
particle size, and the distances in parentheses are a measure of this

adjus ment.
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The results are printed out by the computer in a number of
different forms, viz, plets of mass distribution, number distribution,
cumulative mass distribution, and a table of the precise data from
which the plots are compiled.

Figure 20 is an example of a simple mass distribution plot
which shows the percentage of the total mass which is present as particles
~ articular size. The size axis is divided into 15 channels (30
. <he 2D spectrometer), each with a 20 um span and ccvering the total
range 20-300 um for the 1D spectrometer and 20-600 um for the 2D,

A second way of presenting this same information is showm
in Fig. 21, a cumulative mass distribution, which shows the percentage

of the total mass presunt as particles less than a given size.

Each of the seventeen tests was run for at least 3 minutes of
continual nozzle operation and plots such as Figs. 20 and 21 were
cbtained at ten second intervais. Rather than reproduce all of this
data, the results are presented in Figs. 22-25 as log-normal distributions
(see Eq. 4.8) for the Sonicore and Sprayco nozzles as determined by the 1D
and 2D spectrometers. The results for a given nozzle and spectrometer
are presented as a band within which all of the individual plots (every
10 seconds) fall. Although the relationships obtained were not all
perfectly linear, it was felt that the log-normal distribution was the

best method for presenring and comparing the different nozzles.

One striking feature of the results was the very large number
of particles observed in the smallest size channel, i.e., 20 um. The
distributions depicted, however, are converted into mass, which shifts the

mean diameter to a higher valua.

Comparisons of fig. 22 with Fig. 23, and of Fig. Z4 with Fig. 25,
reveal a significant difference between the 1D and 2D results for the
same nozzle. The mean diameter obtained from the 1D is 5-10 times larger
than that from the 2D. This apparent anomaly has been shown to be due

to a high degree of coincidence error inherent in the less sophisti-ated




1D instrument. This effect is dus to the very high conceatration of
small particles noted earlier, which can cause particle events which
are actually two or more small particles passing through the sample
area simultaneously, Fig. 26. The computer analysis of the data from
the 2D spectrometer includes certain rejection criteria to eliminate
such coincidence errors that can cccur in the 1D. These are:

(1) Bulk Area - A rectangle is drawn around the image

such that the sides of the rectangle touch the
extremities of the image (see Fig. 27). If the
ratio of the particle area (number of shadowed
elements in the Anag.) to the area of the
rectangle is < .5, the particle is rejected.

(11) Light Slice - Figure 26 shows the relationship of
the optical array to two particles, The particles
would be seen by the OAP-1D as one particle event
and sized as 22 elements. The Light Slice computer
algorithm rejects this event because there is a

light slice normal to the optical array.

(1ii) Aspect Ratio - Particles with dimensions normal
to the optical array of > 3 times the dimension
parallel to the array are rejected. This helps
eliminate streakers which may result from impact

with part of the probe such as the tips.

Further computer snalysis of the 2D data was performed with
these rejection criteria deliberately omitted from the program. This
resulted in an increase in the apparent particle sizes to values similar
to those reported by the 1D instrument. This check thereby confirmed
that the large 1D vaiues were caused by the inability of the instrument
te include the more rigorous rejection criteria of the 2D. Since the
1D data cannct be modified to accept these computer algorithms, they
canncet be included in our assessment of the nczzie performance.

.ne &) data, however, is considered to be fully representative of the

aczzle spray produced.
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-A detailed study. o_fv‘ £his. 2D data for the Sonicore nozsle,
Fig. 23, shows several features of interest. Fi:ng}z;_gh@n_;hn,ngpzlc
was operating in its normal mode, the mass madian drop size varied
between 18 and 68 um. As expscted, h- .»ver, when the resonator cup
was removed from the nozzle, causing -t to operate like a mors ‘
conventional gas atomizer, the median diameter increased tc ~ 240 um.
Equations 4.11 and 4.12 indicate that the meun diameter might be
expected to dec;ease with increasing gas to liquid mass ratios. Within
the band of results in Fig. 23, this was generally found to be true,
although the relationship was not sufficiently reproducible to unable
an empirical dependence such as Eq. 4.12 to be formulated. From this,
we can conclude that sinceythe highest gas to liquid ratio in these
tests was 0.28, ﬁhe higher values permitted i{n the silicon reactor

(up to 1.0) should easily produce a mass median drop size < 25 um.

Figure 25 shows that the results for the Sprayco nozzle were
, - similar in range and spread to thoce for the Sonicore. Again, there
was an overall tendency towards smalle: median diameters as the gas
to liquid mass ratio increased. In fact, the drop sizes for the

Sprayco were generally slightly smaller than those for the Sonicore
nozzle, ‘

6.2.2 Sieving Results

The results of the sodium particle sieving experiment for
the Sonicore nozzle,described in Section 5.3.2, arc presented in

Table 2. These data are shown to obey a log-normal distribution in
Fig. 23 which also ircludes the 2D data for the same nozzle. The mass
median diameter is 140 um and the o_ value is 1.85., Bot. of these

8
figures reflect a noticeable difference between these results and

w:.mmwwwmwwmw
T

those obtained by the laser technique, 6.2.1. The larger median diameter

indicated by the sieving data is not inconsistent with the inherent

‘i iimitations of the two techniques. In the sieving experimeﬁt. the very
smallest particles tended to be swept upwards in the injection chamber

and were later found to have been trapped on the filter. These particles,
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of course, vers extremely small and probably have little effect on
the overall mass distribution. A more serious source of error which
might lead ro high results, however, is the possibility of larger
particles, or even drips, being produced when the spray is first
started up or switched off. These larger particles would certainly

: fall to the bottom of the chamber and be collected. In the laser

F experiment, however, the spray was only sampled wvhile the nozzle was
; ' continually operating in a steady state. Any larger, non-typical

G particles formed during start up would not show up in this analysis.
Another reason why the laser experiments might miss some larger

particles is that the water was sprayed horisontally as cpposed to vertically
downvards in the sodium freezing and sieving tests. Some heavier

e particles could therefors have been gravitationally separated from the
V spray before resching the spectrometer probes.

The atomization of water and sodium may be theoretically

L “ (EqQ. 4.12) described in Section 4.3. The marked similarity in the
; density, viscosity and surface tension of water at 25°C and sodium at

E

!

|

|

I

}_ ; compared by substitution in Lubanska's empirically derived equation

|

F 150°C, dictate that the mean particle diameter of atomized sodium should
; be very similar to clat of water in the same nozzle and under

o ~ identical flow conditioms.
6.3 Silicon Tetrachloride Nozzle Test

; The nozzle chosen tor the task of silicon tetrachloride

ggf injection (Spraying Systems Co., Nozzle No. 1/4 LN6) has been fully

: charactarized by the manufacturers. For this reason, the laboratory
tests were conducted simply to demonstrate the feasibility of producing

a'fine silicon tatrachloride spray under the proposed reactor conditions.
The particle size distribution for the nozzle at the projected flcw
conditions (9 GPH, 100 psi) is shown in Fig. 28. The mass.median

diameter is close to 120 um with a 08 of 1.44.
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A series of tast 1njocq1bn§“wit§bg;;$cqn tetrachloride
was run at 9 GPH and 100 psi for up to a migute, The resultant

spray was recorded .using hish,ggegdr(lQOO frames per seccnd) cine- ,
photography. Films were shot to show the nozzle during both start up r
and steady state continual operation. |
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7.0 DISCUSSION

The main purpose of the project was to select and characterize
a nozzle suitable for the spray atomization of liquid sodium iato
small (< 200 um) particles at relatively high flow rates (45 GPH). The
results, presented in Section 6.0, show the Sonicore 3127 sonic gas
atomizing nozzle to be suitable for this task. The Sprayco gas atomizing
nozzle also gave every indicatiom that it could produce particles of
a sufficiently small size to be used in the resctor. The efficient
operation of the latter nozzle was, howevar, very sensitive to the adjustsent
of the spray orifices. This added complexity led to the decision
to concentrate te=ting on the Sonicore nusszle, but it is felt that the
Sprayco could also perform satisfactorily if more development times were
to be expended on it. In addition to the collection of particle size
data, it was necessary to acquire operating experience with the nozzle
and to pay particular attention to the manner in which the nozzle
would be integrated into the sodium supply system of the silicon

product reactor.

It has been mentioned in Section 6.1.1 how the spray angle
produced by the nozzle dictates that it be positioned as close as
possible to the arc heater gas stream. The discovery that the spray
velocity is relatively low compared with other types of nozzles, is
also of relevence to the reactor since longer residence times in the
hot gas stream near the arc heaters will facilitate vaporization of the

sodium.

The theoretical and experimental study of the dependence ?
of particle size on gas-to-liquid mass ratio is also directly related :
to the silicon process pilot unit. For the initial tests, to be run
at 45 GPH sodium, an argon atomizing gas flow of 50 SCFM has been

1
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recommended. This should enable the nozzle to operate smoothly for long
periods of time with the minimum amount of dripping, and to provide
sufficiently small particle sizes. By consideration of both the !
laser inaging and the sieving results, the mass median particle size
is expected to be in the range 20-140 um. This is certainly within
the limits required for efficient vaporizatiom.

The testing of the silicon tetrachloride nozzle was also
successful, The chosen hydraulic nozzle was shown to operate efficiently
at the required conditions of 9 GPH and 100 psi.
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A

, IANS )
(O Tests Performed at M8

Mass Ratio [Alr

C Run Fo. Liguid Flow (GPM) -]  Spectromster

1 0.75 0.29 10

| 2 0.75 0.22 1D
é 3 0.75 0.19 1D
K 4 0.75 0.14 10
5 0.75 0.33 10

6 0.75 0.28 2D

7 0.75 0.22 20

8 0.75 0.19 1

9 (without cup) 0.75 0.31 20

SPRAYCO MOZZLE

10 (6.35 =m) 0.7 0.30 2D

m " 0.4 0.46 20

12 " 0.3 0.59 20

13" 0.7 0.24 20

14 (6.50 mm) 0.7 0.26 1D

15 " 0.55 0.31 1D

- 16 (5.98 =m) 0.75 0.24 1D
i7" 0.45 0.39 1D
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TABLE 2

Particle Size Analysis of Sodium Spray

(Sonicore Nozzle - Model 3127)

Size Range Mass of Na ‘g) Mass 2
300-400 0.0865 11,24
200-300 0.1249 16,23
100-200 0.3434 44,63

50-100 0.1802 23.42
<50 0.0344 4.47

Test Parameters

Sodium Flow 45 GPH
Argon Flow 50 sCrM
Argon Pressure ~40 PSI1

Gas:Liquid Mass Ratio = 0.6
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x _ Py

Cumulative
Mass X

100.00
88.76
72.52
27.8%
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Number or Weight of Particles in Given

urve . 1>993-8

R et

Size Range

—_———
Average Particle Size of Range

Fig. 2 ~ Typical frequency particle size
distribution plot

Cumulative Percent Undersize

—_——-
Particle Diameter

Fig. 3 — Typical cumulative particle size
distribution plot

3

oY etageacy,
d

1



Droplet Diameter, u

Curve 715992-A
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Fig. 4 — Typical log- probability plot of experimental and calculated spray-
droplet data
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Fig. 12. Photograph of Sonicore 312T nozzle.
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Fig. 15. Simplified optical diagram {llustrating the typical
collimated i{llumination used in the laser spectro-
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APPENDIX D

REDUCTANT SELECTION FOR THE
WESTINGHOUSE SILICON PROCESS
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REDUCTANT SELECTION

The equilibrium composition c¢f products resulting from high
temperature reactions in multicomponent, multiphase systems can be
obtained at a 3specified temperature, pressure, and for ar initial set
of reactants by solving the complex equilibria. The conditions of
maximum vield of any desired product can be obtained by performing
such calculations as a function of temperature, pressure, and molar
feed rates of reactants. For the arc heater reduction of SiCl, to
product Si, four candidate reductants (H,, Na, Mg, and Zn) were
considered initially. Calculations of the thermodvnamic yield and,
consequently, the material and energy requirement was performed to
compare the candidate reductants and to provide a reductant selection
basis. These equilibria analvses were performed using a computer
program based on both the equilibrium constant and free energy
minimization techniques (1).

Table 1 lists the results of the equilibria analyses for the
candidate reductants including the materials requirement, arc heater
energy requirement, and the calculated vield. At these higher
temperatures zinc is a poor reductant. Molten handling of ultra pur
magnesium is not state of-the-art technology and solid feeding of
particulate is not desirable. In addition, puritv of commercially
available magnesiur is considered to be inconsistent with the S. G.
silicon purity requirements. Finally, hydrogen requires significant
energy for the reduction process. Based on the results shown in
Table 1 in addition to considerations for material costs, reductant
purity, and state-of-the-art technologv, the sodium reductant was

selected (2).

REFERENCES :

1. M. ;. Fey, et al, Ouarterly Report, ERDA/JPL 954589-76/1,
Aug.-Oct., 1976.

2. M. G. Fev, et al, Quarterly Report, ERDA/JPL 954589-76/2,
Nov.-Dec., 1976.
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PROCESS ANALYSIS AND ECONOMICS

Recycle Process For Silicon Production

As 1llustrated in Figure 1, the arc heater process for silicon
production has been analyzed based upon a continuous (recycle)
operating mode. In this integrated system, the reactor for silicon
production is augmented by the additional unit operations for SiCl,
production (chlorination), SiCl; purification (distillation), NaCl
electrolysis to produce Na and Cl, for reuse in the process, and a gas
recycle system for the arc heater gases. This is the preliminary system
design that was evaluated and costed for the process economic analysis
in order to predict an estimated silicon product cost.

The subsystems that are interfaced with the plasma reactor/
separator for silicon production (i.e., sodium feed system, S1Cl,
feed system, arc heaters, arc heater gas system, and the effluent
handling system) have been discussed and pictorially depicted
previously (1. . ¥},

SiCla Production

Individual flowsheets were prepared for each of the unit
operations and were combined to form the recycle process as shown in
Figure 1 (2). The process for SiCl, production is based on commercial
information. 1In this process, purchased silicon carbide (S1iC) is
reacted with gaseous chlorine (obtained from the NaCl electrolysis
cells) to produce tie raw SiCl,. Descriptions of reactant feed
rates, process equipment and vessels were similarly cbtained. This
information was used to determine equipment and vessel sizes. In
addition, vendors were contacted to obtain price information for the
SiCl, production equipment that was used in the economic analysis.
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FIG. 1 - RECYCLE PROCESS FOR SILICON PRODUCTION




SiClA Purification

The SiCl, that is produced in the chlorinator will require
purification to remove undesirable impurities. An analysis was
conducted to develop a preliminary design and flowsheet for SiCl,
purification via distillation (4). The purification unit consists
basically of two distillation columns plus auxiliary equipment
(e.g., pumps, condensers, accumulators, reboilers, and holding
tanks). This flowasheet is based on a study which enables the removal
of both p- and n-type impurities from the SiCl, in addition to the
undesirable metals (Ti, V, Fe), thus yielding a very versatile system
design. Based on an analysis of the SiCl, purification process, the
following product impurity levels are expected: boron: 1 ppb; phosphorus:
2 ppb; titanium: <1 ppb; vanadium: <1 ppb; iron: <1 ppb; and SiCl,:
remainder.

The engineering analysis for SiCl, purification provided design
information on utility requirements and purchased equipment costs
necessary for the economic analysis.

NaCl Electrolysis System

Since the reaction coproduct, NaCl, can be separated into its
elemental constituents, Na and Cl;, via the electrolysis of NaCl,
the unit operation of NaCl electrolysis is beneficial to the syetem
design. By producing Na and Cl, within the overall silicon production
process, the need to purchase raw materials or reactant is minimized.
The Na that is produced is recycled back to the arc heater-reactor
for the S1Cl, reduction and the Cl, is compressed and stored for
subsequent use in the chlorination of SiC to produce the SiCl,
reactant. Information on NaCl electrolysis was obtained from available
technical literature (5-9). and confirmed via discussion with
commercial sodium procucers.

Actual equipment costs for the components of the electrolysis
system were not available from the above sources. However, the fixed
capital for a constructed NaCl electrolysis plant was available in
the literature and was used for the process economic evaluation (9).

Process Economics

In order to assemble the process economics for 3000 MT/year of
silicon, the purchased equipment costs for the various subsysteme and
unit operations were required (2). Each of the subsystems was costed
and the total of the purchased equipment costs was adjusted te January,
1975 dollars via the Marshall and Steven's cost index (10). January, 1975,
is the reference year for cost data according to LSA Project requirements.

After the purchased equipment costs were totalized, an estimation
of fixed capital was determined. Table 1 presents the estimation of




TABLE 1

ESTIMATION OF FIXED CAPITAL® 3000 NT Si/vm (Recvere)

CONDENSATION REACTION MODE

Purciasen Ecuirnent (PE) 1002 $ 3660.0 K
InsTaLL Purcu. Eaure. 1) 4 1573.8
InsTRunENTATION § CONTROL 13,2 494.1
BuiLbing wiTh Services 23.5% 860.1
YaRD ImprOvEmENnTS 11.5% 420.9
Service FaciLivies, ImsvaLied b 2013.0
v 6X 219.6
Ensh. AND Surervision 32.5% 1189.5
ConsTaucTion Expense 37.5% 1372.5
Contractor’s Fee 19 695.4

SuptoTaL $12498.9 K
ELectroLysis Puant (TotaL Fixep Carival)® _6629.0
19127.9
Contineency (308)  5738.4

*1975 DoLians FIXED CAPITAL® $24866.3 K

1980 DOLLARS $34800 K
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fixed capital (1975 dollars) Zor the 3000 MT/year case based on the
recycle process and the condensation reaction mode. The total fixed
capital associated with the NaCl electrolysis was factored in as a
single item in the eatimation of fixed capital for the silicon

process plant. The format and percentages of purchased equipment costs
(PE) recommendad for cost comparisons as developed for the LSA Project
are presented in Table 2 (11, 12), The fixed capital for the plant to
produce 3000 MT Si/year was eatimated to be $24.9 million (1975
dollars).

Based on the fixed capital, a determination wvas made to estimate
the product cost (without profit) im 1975 dollars. Table2 presents
a summary of the product cost estimation for a 3000 MT/year plant.
As stated before, the format and percentages used to compile product
costs were taken from references (11) and (12). The cost data used
for utility costs (i.e., electricity, gas, steam, cooling water,
etc.) were aiso based on recommended values (11, 12). The result
of the product cost analysis represents a silicon product cost
(without profit) of $9.42/kg Si (1975 dollars) which meets the 1986
DOE cost goal of $10/kg Si. 1In addition, a sensitivity analysis was
performed to assess the effect of changes in the various cost items
upon resultant silicon product cost. As shown in Figure 2. the cost
items of labor, raw materials, arc heater utilities, and fixed
capital contingency were varied by t 10X of the nominal value. The
resultant curves were plotted for the silicon product cost (1575
dollars) to indicate the variation in product cost resulting from
changes in the above cost items. It can be seen that 102 variations
in any one of these factors cause less than 2% variation in the
estimated product cost.
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TABLE 2

ESTIMATION OF PRODUCT COSTS 3000 MT Si/wa (Recvere)

1

2.

CONDENSATION REACTION MODE

FIXED CAPITAL: 824,866,270 (1975 DoLiars)
$34,812,780° (1980 Dollars)

$/xs S1

DIRECT MANUF, COST

A.  RAW MATERIALS 1.40
B. DIRECT OPERAT. LABOR (10 ar $5.90 m-mm) 22
c. utiLities  (8.03/xh-um) 2.8
D. SUPERVISION & cLERICAL (15T of 1s) .03
€. maiInT, & reraln (10T oF Fixep caPITAL) 83
F. OPERATING SurPLIES (202 of le) J7
6. LAD cHaRrGES (15X of l») .03
M. PATENTS & ROVALTIES (3% oF PRODUCT COST) 28

5.80 ( 8,12)°

INDIRECT MANUF. COSTS

A, DEPRECIATION (10T oF FIXED CAPITAL) .83
3. LOCAL TAXeS (2% OF FIXED CAPITAL) J7
C. INSURANCE (1T OF FIXED CAPITAL) .08

D. INTEREST (8% OF FIXED CAPITAL) .66
— 1.74 { 2.44)*

PLANT OVERHEAD (60T or 1» ¢ 1p + 1¥) .65 ( 9
TOTAL MANUF, COST (1 +2+3) 8.19 (11.47)°¢
GENERAL EXPENSES

A, ADMINISTRATION (6% manur. cosrt) 49

B. DISTRIBUTION & SALES (6% mANUF. cOST) 49

€. RESEARCH B DEVEL. (3% mawur, cosy) .25

——

TOTAL COST OF PRODUCT, &4 + 5 (witnout proFIT)  $9.42/x6 S1 (13.19)°

oo b S L




PRODUCT COST ($/x6)

19758 | 19808

9.80 T 13.72
060 + 13.00 /,m MATERIALS
ARC HEATER UTILITIES
- LABOR
9.40 T 13,06
L FIXED CAPITAL (CONTINGENCY)
9.20 1 12,88
-10 0 +10
T CHANGF
FICURE 2 -- STLICON PRODUCT COST SENSITIVITY
-7-
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SYSTEM PURITY ARALYSIS

The system purity analysis was a project subtask conducted to
predict impurity concentrations in the liquid silicon product based on
initial amounts in the feedstock materials (sodium and SiCl,).

A thermodynamic method, which was based on a modification of the
complex equilibria calculations that were carried out in the Si-H-Cl-Na
systea in Phase I of this ltudy.‘ wvas used to establish the impurity
correlations. In those previous calculations it was assumed that there
wvas no solubility in the liquid silicon. If this assumption is relaxed,
then the amount of a dissolved species in the liquid silicon can be
calculated as a function of the initial amounts in the feedstocks, pro-
vided the activity coefficient of that species in liquid silicon is known.
Because of the dilute solutions involved, binary activity data ‘sere
aspumed to apply to the multi-component liquid phase. The calculations
were carried out using an existing Westinghouse computer program called
CHEMEQ, which is based on the free anergy minimization technique for
soiving complex equilibria.

In addition to modifying the CHEMEQ program, input data for the
activity coefficients of the various impurities evaluated were required.
The appropriate activity coefficients were obtained from either the
literature or calculated based on best available data.?

The impurities evaluated during this study included the following
based on either a sodium reduction or a hydrogen reduction process: Al,
B, Cr, Cu, Fe, Mn, Mo, P, Ti, V and Zr. These elements were selected
for evaluation due to their known deleterious effects (which are concen-
tration dependent) on the performance of solar grade silicon.

A sumnary of representative results for all impurities analyzed
is given in Table 1, in terms of the percent of feedstock impurity that
is present in the liquid silicon. These values represent the maximum
amount of impurity possible in the molten silicon since the analysis was
based on the equilibrium condition. Under actual process condition, the
amount of {mpurity that is present may be considerably less due to
kinetic factors. For arc heater reduction by sodium, the results indi-
cate that purity levels should substantially improve with respect to P
and Al, moderately so for Mn, and not at all for B, Cr, Cu, Fe, Mo, Ti,
V and Zr. In the case of hydrogen reduction, there is essentially
complete {mpurity removal for Al, Mn, and P, significant removal for B,
T{ and Zr and little or no removal for Cr, Fe, Mo and V.




TABLE 1
SUMMARY OF TYPICAL RESULTS FOR ALL
IMPURITIES ANALYZED

Percent of Initial Impurity
in Liquid Silicon
H., Reductionk#x

_Impuricy* Na Reduction** 2
Aluminum 19 0.2
Boron 100 52
Chromium 100 81
Copper 100 92
Iron 979 94
Manganese 71 0.7
Molybdenum 100 100
Phosphorus 1 0.1
Titanium 100 35
Vanadium 100 100
Zirconium 100 14

*#Initial amount {s 1 x 1()—1‘ p-atm for all
impurities.

**Initial conditions: J900°K; 4.0 mols Na, | mol
Sicl,, 0.66 mol Ar,
2.6 mols H,

*rtInfrial conditions: 2700°K: 29 mols "2' ] mol .‘w‘i(‘ll‘
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REACTION DEMONSTRATION EXPERIMENTS

The objective of this task was to determine the nature and extent
of the high temperature reaction between sodium vapor and silicon
tetrachloride vapor utilizing laboratory apparatus under conditions
similar to that originally planned for the experimental verification
testing. Following the Product Separation Study, the test plans were
changed to operate the reactor under the condensation mode. The direct
applicability of the reaction demonstration test results were therefore
minimal. The laboratory experiments were conducted at the similar
temperature, pressure, reactant concentration, and residence time range
as the verification testing. The earlier ranges for these test variables
were: (1) temperature, 1800-2000°K; (2) reactant concentrations, 40-45%
sodium, 45-50X arc heater gas (80X Hy - 20X Ar), 10-11X SiCl,;

(3) residence time, -~ 0.1 second.

The design of a laboratory-scale experimental system was conducted
and the principal components of the system consisted of (1) a silicon
carbide, glow bar furnace with a maximum temperature capability of
1925°K, (2) a silicon tetrachloride generator with associated flow train,
(3) a sodium vapor generator with associated flow train, and (4) a
product collector (see Figure 1). Heat transfer and residence time cal-
culations were carried out to determine the reaction chamber size and
the range of reactant flow rates.

The extent of reaction was measured by two techniques. A cooled
probe was placed in the gas stream immediately downstream from the
reaction zone in order to trap the condensable reaction products as well
as any sodium that had not reacted. The deposit was weighed and chemi-
cally analyzed after each experiment. On this basis, the fractional
conversion is determined by a mass balance. In addition, the exhaust
gas was sampled and the concentration of silicon chlorides determined to
yield a calculated fractional conversion.

Following successful assembly and installation of the test apparatus,
difficulties were experienced with the sodium vapor generator (boiler)
which was designed to inject vaporized sodium into the reaction tube.

These difficulties were in the areas of vapor flow blockage and material
compatibility. A number of sodium vapor injection techniques were
evaluated. Finally, it was decided to utilize a sodium injector system
consisting of a precharged sodium vaporizer with an Ar/H; sweep gas.

Sodium vapor pressure versus temperature data was used to contrsl the
concentration of the sodium vapor with the flow rate of Ar/H, gas effecting
the sodium vapor flow. The SiCl, system for vapor injection” performed

well based on the original design.

Six full scale tests based on the modified design of sodium injec-
tion were attempted. A persistent problem that arose was the sporadic
breakage of the alumina reaction tubes. During these tests, the tube
wall temperature was in the range of 1450-1550°C, and the failure of the

otk i f S
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alumina tubes was attributed to their poor thermal shock resistance.
Due to its superior resistance to thermal shock, a mullite reaction tube
was used for the fourth test. A most dramatic failure of this tube
occurred. The breakage of the inner sodium conveying tube splattered
hot (300°C) sodium aerosol onto the walls of the mullite tube, and the
subsequent destructive reaction between the sodium and the glass in the
mullite caused virtual disintegration of the mullite tube. Despite the
inadequate thermal shock resistance, high quality alumina tubes (e.g.,
McDanels 998 and Coors AD 998) proved more suitable candidates and a
decision was made to continue using these tubes, but employing lower
tube wall temperatures to prevent tube breakage.

In the sixth test, a lower tube wall temperature was used (1300°C).
While tube failure was prevented, 10 minutes after the run was commenced
a greatly increased bubbling and turbulence was detected in the effluent
gas scrubber and this was due to failure of the cold finger condenser.
On reducing the nitrogen flow for cooling the cold finger, the intense
bubbling in the scrubber ceased.

Figure 2 shows photographs of the broken cold finger condenser.
Three characteristic condenser deposits were identiried. Closest to the
end plate was a 2.5 cms long region composed of a fine yellow-brown
powder. Adjoining this region was a 3 cms long more flaky deposit.
Closest to the reaction zone was a silver-grey metallic coating approx-
imately 6 cms in length. Samples of these deposits were analyzed by
EDAX and have shoun the expected peaks for silicon, sodium, and chlorine.
The EDAX method indicated that the mass ratios in all of the deposits
were approximately stoichiometric. The agreement was particularly good
for the silver-grey metallic coating, Since the excess silicon tetra-
chloride could not have condensed out at the prevalent high reaction
tube temperature and was, therefore, swept out with the Ar purge, the
formation of elemental silicon and sodium chloride was clearly suggested
by the quantitative results.
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Figure 2 -- Photographs Of The Cold Finger Condenser Showing
Deposition Of The Reaction Products
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