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INTRODUCTION

This document summarizes a collection of six pri@oelcasting schemes that were proposed by
various participants in thes-main@sugarshot.org-mail discussion forum during the period
Dec.12-16, 2005. Subsequently, a seventh schempnepssed and is included in this
document.

The schemes are presented in chronological ordsdban when they were proposed. For
convenience, the methods are named after the pasomade the proposal. In the case where
more than one person contributed significantly szlaeme, both names are shown.

Comments colleted (to date) on the seven schersedsr included
1. TUCKER/RIDER METHOD Continuous propellant feed; air or oil convecti@ating system

2. COLBURN/PEARSON METHOD  Singlejacketed steam kettle

3. VRBEC METHOD Multiple electrically-heated melting vessels

4, LEV/ICOLBURN METHOD Passive melting/settling of dry-mixture in castinguld

5. KRECH METHOD Aqueous liquor solutions of KN and sorbitol

6. YAWN METHOD Continuous powder feed; dribble-melting onto tio

casting mould

7. KRECH/NAKKA METHOD Liguid phase sorbitol and agueous KN solution zitilj
batch-processing approach.

The underlying purpose of producing this documsigreparation for a detailed study and
comparison of the various schemes byRhapellant Development Teawith the goal of making
a rational selection of one or more methods todmesiclered for further study including lab
testing, thermal analysis and possible prototyping
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1. TUCKER/RIDER METHOD

"Cork Screw" Concept to continuously produce propel

Relating to the ASCII figure, the dry powder SS1, i
to be conveyed by a "cork screw" through a hot air
The SS1 melts to become SS2 and is directed into a
by gravity.

\ SS1 /

spout
\
cool air

drive motors

-This is an easily transported device, trailer or p

- SAFETY being paramount, the "hot air temperature"
the electrics (motors) are isolated from the fuel,
failure.

-The hot air source is isolated.

- Motors aren't necessary, since hand cranks could
sounds fatiguing and inconsistent in QC.

-The Cork Screw needs low tolerance, and should NOT

cylinder.
-Cork Screw motor speed is easily set to assure SS2

- The inner cylinder and the SS2 down spout should
conduct heat, that would prevent SS2 from solidifyi

-The outer cylinder can be insulated for higher the

-The MOLD FORM platform will need to rotate, move i
SS2 within the toriodal form and perhaps change lev
to prevent too much air cooling between the spout a
That is well within the capabilities of the SS2S gr

The "Cork Screw Concept" is a low tolerance device,
build. The "Cork Screw" itself I've seen to clean a
stoves, it could also be called an auger or large s

1) Oil as medium to transfer heat is obviously supe
however it may be expensive since hot oil will cert
if it contacts skin. For example hot water near 80C
~150C is ouch, so any system using oil must certain
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with great care and with very strict quality, but i
"Cadillac", on the block, especially where the heat

2) Thinking about "air" as the medium, quoting Mr.
metre/minute” (ref below *) will be the minimum re
bathroom fans do ~50 cubic feet/minute

~2 cubic metres/minute, so that seems at hand. So
circulate that through a convection oven using insu
tubing. In that case the cool air output from the e
convection oven for reheating. That convection oven
depending on other things, and are cheap to buy use

The inner cylinder (in which the propellant is conv
quite improved by aluminum fins attached by pipe cl
to circulate the air efficiently and improve heat e
details. That's a "Volkswagen" approach, air cooled

In the corkscrew method the propellant output shoul
bulk mold. There's no way to reduce the 34 kg "char
dangerously near the propellant preparation area.

That actually simplifies things. Everyone knows how
of melt into a mold. The buckets can be insulated w
and a lid if cooling is a problem, going to the cas
thanks to Mr. Rider for his links)

For SS2S ==>>>
Ken S. Tucker

Copper tubing is used for oil circulation because o
sparking, easy availability, ease of fabrication.
thread/non expansion joints be brazed rather than s
stand up to heat from flowing oil. | recommend cop
heater side of the block wall to eliminate buildup
prevent any power arcing or other events from creat
near the propellant.

This process is very similar to what we need to do,
liquid propellant from a powder in a relatively con
molds for our bates grains. This is the continuous
Ken Tucker in his email to Richard N. requesting de
molten KNSB.

Rather than electrical heating, | recommend use of
temperature-regulated oil bath. The ail is circula
system through and behind a site-built cement block
the wall (to separate the KNSB safely from the oil-
larger heat-exchange section of tubing or vessel us
variable petcock control of the flames. This way o
the temperature of the circulated oil by mounting t
thermometers in the oil trough at a couple points a
bath, and adjusting the flames accordingly. The oi
through the wall and back into the trough using a h
readily available.

The use of propane for heating the oil avoids the n

generators, and gives us an easy-to-transport infin
for precise control of oil temperature.
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| is circulated back

igh temperature fluid pump,

ecessity of large electric
itely variable heat source



Here, is what | envision as a workable prototype fo
a feed screw system similar to the plastic heating
(see attached .jpg for a visual conception of the a

Start in a tent we will call the mixing/milling ten

where our Sorbitol and KNO3 will be combined and ba
pulverize and mix it just prior to processing the p

the components have been stored in separate locatio
amounts in plastic containers (doubled trash can li
liners twist tied shut and desiccant pouches inside

The ball mills will use antimony-hardened lead ball
do not spark or produce static. They are available
and are the only safe way to mill black powder. Th
sorbitol and KNO3 is similar or a little safer than

Ball mills will be loaded with pre-measured compone
ratio for finished propellant. Once milled suffici

of powder will be staged for feeding the production

Details of safety procedures for staging and millin
storage and staging of completed powder will be for
production team and approved by Richard and Bill.

Shortly before sufficient powder is produced for a
complete bates grains, depending on the total produ
launch), the oil bath for the feed screw assembly w
production temperature. Once oil bath is at nomina
production run will begin.

The production run begins with pouring propellant p
which is agitated throughout the production run by
powder flowing down into the feed screw entry port.
attending the hopper is to assure there is always a
powder in the hopper to keep propellant production
Electricity for vibe and for feed screw is provided
generator.

After the feed screw assembly has been at temperatu
melt propellant contained in the feed screw, a grai
the feed screw motor, and the screw begins pulling
the heated feed screw barrel. As powder advances a
exit nozzle it melts to final consistency and is ev

Smooth liquid propellant flow begins at the exit no
and one grain-making technician proceeds filling gr
level, scrape, and otherwise complete the mold fini
procedures. Once all planned molds are filled, the
stopped and the hopper is removed. Excess mixed pr
and staging containers) is either destroyed or move
safe location away from personnel and property. Ex
the feed screw may be used to fill smaller engine g
ready. The feed screw is run until liquid propella
nozzle. The feed screw motor is stopped, the oil h
are shut down and clean-up commences, consisting of
assembly and cleaning it with water and scraping an
cooling propellant from the open end of the feed sc
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Description of production line machinery and equipm
in attached .jpg:

Hopper bin is like a funnel feeding into an electri
(augur) encased in metal barrel (cylinder) submerge
Assembly is of sufficient length to produce fully m
at exit end when oil bath is at a pre-determined op
nozzle has heat-tolerant flexible extension long en
directing/adjusting flow of completed propellant an
molds.

Oil bath trough has 1/2" copper pipe circuit exitin
screw path, running through 8" block wall to high-t
heating station. After heating station, copper cir
block wall and enters oil trough at end of feed scr
arrangement oil will be slightly hotter near end of
toward beginning, as freshly heated oil will flow i
and flow in reverse direction of propellant along f

Heat to oil is provided by propane burner(s) under
area of copper circuit. Every professional chef kn

the temperature of anything you are cooking and kee
accurately and infinitely adjustable from a whisper

us tight control over oil temperature (measured at
trough with mounted candy thermometers) and will pr
easily transported means of instant heat. Flame an
separated from exposure to propellant components an
small cement block U-shaped wall (built on site, ve

of the copper pipe circuit. Copper pipe and trough
fiberglass bats of insulation to prevent unnecessar

of oil temperature, and waste of fuel.

The feed screw can be researched, planned and sourc
at the web-site http://www.feedscrews.com/ . Feed
production situations like this all the time, and t
configuration involved are fairly simple engineerin
Tucker is already getting a handle on. | am commun
resource person at that web-site about the particul
application and will report further with the result
sounds like a feasible application, perhaps we have
simple, effective design to automate the production
degree and produce it quickly and with great repeat
consistency.

There would be no concern about deforming of the sc
because they can be designed for applications invol
sparking would not be a concern because of the mate
involved. This should give us a safe and continuou
producing the required amounts of propellant.

Some primary questions we would need to answer to b
fruition are:

What length of feed screw would we need, and what d
with the materials we are working with? These answ
our friends at the feed screw web site and Ken Tuck

What will be the optimum design for the oil bath in
immersed? Will it be a trough or an enclosed sleeve
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would be an easier design to transport, fill with o
drain when it is time to take it down, but I could

What temperature will our oil need to be at for pro
feed screw tube and processing of our propellant?

This is just more food for thought. | encourage an
correct anything contained here, or use it as a spr
completely that will work even better.

1. Afilter screen in the hopper fine enough to cat
material that makes its way into the powder and sto
down into the works. This will make much less like
mention of a scenario involving a metal filing caus
will improve the purity of our propellant, an impor

This screen would need to be inspected and cleaned
production run to prevent fouling of the powder fee

2. Related to number 1, | recommend that powder tha
run through a screen to filter out foreign material

from the ball mill into the staging containers as a
mechanical purification.

3. To eliminate another concern of Bill's; the dang
becoming a pressure vessel, increasing the violence
perhaps instead of an enclosed barrel the augur can
trough, open at the top. The sides are tall enough
to be submerged in the oil, and this U-trough is co
very fine screen to prevent foreign matter from fal

it makes its way down the feed screw. This leaves
to the air and prevents any pressure build-up at al
flames go straight up, as in a melting pot.

This change will reduce the efficiency of the opera
will allow some heat to escape from the molten prop
live with these losses to gain the added safety the

It may be well to fully enclose the first foot or s
barrel/cylinder so the powder is guided on the firs
molten propellant is forced out into the flexible d

One final advantage of the open-top augur would be
after production runs.

If there is a level of interest in further investig
recommend Ken Tucker visit the Feed Screw website
and converse with Ron (link in upper left corner of
project. It sounds like Ken is already crunching n
work and research preliminary to going a similar di
definitely our thermodynamics maven.

Brent Rider
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2. COLBURN/PEARSON METHOD

| own a stainless steel double-jacketed kettle used
it to use for asphalt propellant years ago and have
2 inch outlet. For casting t n t, the arsenals used
a height greater than the liquid level. They then j
lower height to pour, no valve at all.

This kettle looks to be about 10 gallons.

It has a wall of about 1/16 inch apparently, is per

by about the same in height. The jacket seems to be
completely covers the "pot" from the upper rim to t
bottom.

BC

Just wondering if anyone has put any thought in to

| used to work in a number of kitchens working my w
big kitchens we made soup and other products in Hug
broilers. The temps were easy to control and cause

| think that a stream system and jacketed pots coul
somewhat portable.

Scott Pearson
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for steam heating. | got
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ay through college. In the
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d no hot spots in the mix.
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3. VRBEC METHOD

| agree with Randy. Melting Sorbitol first and then
would probably be best. If we could order Potassium
milled to the right particle size we don't even nee

us time and money. Personally | like things that ar
would go with a simple scheme. Melting and pouring
melting stations so that each would produce 4 grain
which is quite manageable. Stations would be separa
apart. Each station would be manned by only one to
would be equipped with following items: electrical
heating device(oil bath or just an electric hot pla
device and a mould. First all Sorbitol would be mel
would add Potassium nitrate in several batches whil
When propellant is thoroughly mixed it would then b
Melting pot could be mounted on a pivot so the heav
lifted. All that an operator would have to do durin
control the temperature. From a safety point of vie
Operator would be equipped with a heavy duty protec
protection. Clothing would be similar to what firef
with a layer of reflective material to protect from
Alternatively there could be a small garden pool (a
melting station) filled with water so that an opera
accidental ignition occurred. Good thing about a me
propellant would ignite all of the energy would be

is no fragmentation. The only thing that we would h
radiative heat and droplets of molten potassium car
combustion). As Richard has proved with his experim
very prone to autoignition so | think that if the w
common sense the chances of serious accident are re
that if we will be doing this in the middle of Blac

a very small relative humidity (correct me if I'm w
problems with handling sticky propellant blocks.

Andrej Vrbec
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e simple and robust. |
would be done at three

s in a period of 1-2 days,
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tive clothing with face
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4. LEV/ICOLBURN METHOD

Lot of interesting ideas. | have one too - There is
batch of 50 kilos of propellant. Do we need them mi

If slurry of the sorbitol, just a little bit water

into the melting bowl [ lets say melting & evaporat
dimensions as the grain inhibitor or, slightly high
evaporating bubbles, heating and casting could be p
grain inhibitor. The grain inhibitor - material mus
sustainable to survive high temperatures anyway. If
vacuum tight, melting, evaporating of water from th
be done without any manipulation with the propellan
process there would be no bubbles, amount of water
the mixture not flammable; therefore would be easy
prior the heating just by hand.

Jacketed heater would be very likely lot more safe
regular glycol-based antifreezes would be suitable

| see just big disadvantage right now - process wou
because almost all the energy necessary to heat-up
point and evaporate all water from the slurry must
bottom of the grain [ grain wall has high thermal r

| haven't seen any big sedimentation during melting
there would be any, | think it could be eliminated
temperature where the sorbitol is still heavy liqui

is it feasible?

r+
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For a recent project, | used a sorb propellant for
slightly longer casting tube, | was able to place t
grain in a powdered condition into the casting tube
did pre-press it a bit to consolidate it. That is a

the size of the SStS grains. But the next step was
entire casting tube, mandrel and propellant were he
propellant after curing was marble-like achieving a
not measure). Now in a vacuum, the pressing step mi
very safe process because nothing is done with heat
in an oven at which time it can be heated and coole
The casting tube can be nested with an extension, t
which is then removed after cooling.

1. The propellant must end up in the casting tube.
in the safest possible manner, cold and unmelted.

2. The propellant must be heated. In this method it
personnel required to be near during the entire hea

3. A precise amount of propellant is to be added to
method it is done by dry weight, no losses due to m
funnels, etc.

4. This method has little heritage. Has to be prove

5. Little equipment is required, pretty much the mi
propellant- a heating unit and a vacuum unit and th

6. The propellant is not melted in bulk, so it is a
requiring many heaters. One heater may do multiple
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5. KRECH METHOD
There are many advantages of working with liquids a

1.) No milling of the KN is required if a solution

for the oxidizer stream. This eliminates at least
considerable time and expense. If heated to ~110 C
dissolve in 1 kg of water. For a 34 kg propellant

KN and 11 kg (liters) of water. The total volume i
cubic ft (58 liter) double ended cylinder is all th
dissolution, heating, and distribution of the KN li

2.) A second, identical container can be used for
solution at ~110 C.

3.) The two liquid streams can be directed through
~125 C to an identical third cylinder heated to ~12
cylinder is evacuated and the supply cylinders are
cylinders are pressurized with N2, the two flows ca
uniform 65/35 KNSB solution which would flow into ¢
liquid pump, etc. would be required. If a multi ri

to admit the mixed solution into cylinder 3, a sign
could be removed by the vacuum pumping.

4.) Once cylinder 3 is filled, you should have pro
liquor at 125 C. If the cylinder is heated under v
will be driven off, and the mixture should be water

5.) At this point the hot clear mixture can be vac
grain casting chamber with the liner and a central
plate has a multi-plate ribbon slot injector, the f
propellant grain will be accomplished.

6.) This will produce a dry, void free, high densi
requiring minimal finishing all without active mill
the handling mixed oxidizer/fuel powders so there i
electricity issues at all.

7.) While a bit more expensive than the backyard s
and hand casting, it will be extremely cheap compar
assembly, operations and cleaning of the convention
quantities of propellant required. It can also be
desired, so that the only close in operations would
and SB into cylinders 1 and 2, and the removal of t
from apparatus.

The entire process requires only an electrical gene
pumps for the cylinder and plumbing heating, and a
ejector vacuum pump.

A modified gas fired hot water tank heater with flo
used to heat the recirculated oil for cylinder heat

or pressurized hot water generator could be used fo
system without oil. A recirculating water ejector

the vacuum.

The steam or pressurized hot water system may be mo

tank truck could be rented and parked at the launch
and for fire suppression if required.
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If you use the heated liquids method with gravity a
vacuum and a static mixer (see attachment) you can
accurately without an auger at all. Extending the
evacuate the grain casing mold, you can suck the sl
vacuum remove the water at the same time.

The water remaining in the propellant slurry will b
temperature by Raoult’s law. (It's the same proces
candy.) If you use a vacuum slit filling process m
grain casing device, you will force the slurry into
with great surface area and further remove the wate
de-aerate the propellant at the same time. (There
propellant is so hot and the solubility of gases in
boiling point is vanishingly small.) This method w
density to the propellant grain.

You don't need a very good pump either. A large wa
pulls to 20 torr would be sufficient and have no mo

Robert Harry Krech
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6. YAWN METHOD

If the mixing is done at Black Rock, hot air might
season and the time of day, the environment could s
A few movable mirrors might help a flat panel heate
melting point of sorbitol.

Slightly more seriously, what about using the casti
melting vessel, and using hot air to melt dry prope
into it a little at a time?

| envision the casting tube sitting on a turntable,
regulated heat source supplies hot air through a lo
hopper with a screw drive meters in a small amounts
it evenly onto the rotating surface. Hot air melts

it to the surface, forming a thin layer of new prop
The lower end of the developing grain could be allo
surface needs to stay hot. A loose cover keeps hea
and supplies a platform for the temperature sensors
This device operates with the attendant at a safe d
"safety" pool behind the wall and in the shade, wat
laptop. That's my job.

Perhaps two hoppers could be used, one for KNO3 and
with a regulated dispenser tuned to the proper rati
installed downstream to create the dry mix just bef
Inclusion of air in the propellant might be a probl

seem compatible with vacuum-processing. But if one
speed....

Jimmy Yawn
jyawn@sfcc.net
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7. KRECH/NAKKA METHOD

After studying the preceding six proposed casting s
up with a proposal that avoids potentially hazardou
schemes, combined with the innovative and positive
The scheme proposed here is based primarily on the
advantage of the liquid phase of the propellant con
consistent end product in a relatively safe and exp

In this method, powdered sorbitol is heated within
form (tentatively @130
dissolved in hot water to produce a highly concentr
80/20 ratio @ 160
34 kg propellant segment.

When the required temperature within the two holdin
by use of a suitable heating method, the “casting”
valves on each tank release a metered amount of the
transfer pot, tentatively enough to produce a 2 kg
balance, upon which the transfer pot sits, is used
each constituent. The combined liquids, which presu
low viscosity (similar to liquid honey?) would be s
integrate the two liquids.

The transfer pot would then be fitted with a non-se
applied. Due to the high vapour pressure of the hot
water would be drawn off presumably quite rapidly.
used to determine when all moisture has been remove

The transfer pot would then be mated to the casting
production of the propellant segment. The mould ass
a non-secured lid, sealed to retain vacuum within.
the transfer pot would then be opened and the prope
into the casting mould by atmospheric pressure. Whe
transfer pot has been drained, it is once again fil

and the process repeated. For a 34 kg propellant se
repeated 17 times. On this basis, the time to produ
estimated to be roughly 10 hours. On a 24 hour oper
12 segments could be produced in 5 days. The overal
using a transfer pot with a greater capacity (3 or
apparatuses.

One advantage over the Krech method is a reduced en
be approximately equated to a directly reduced prod

of the estimated energy requirements for one 34 kg

is 10.3 kilowatt-hrs. The method proposed here has
requirement of 6.4 kilowatt-hrs. These figures comp
requirement of 1.6 kilowatt-hrs. for the “standard”
powdered sorbitol and KNO3. Details of these calcul
http://sugarshot.org/downloads/thermocalcsl.pdf

°C. The two tanks together hold enough liquid to pro

Other positive features:
- no pre-mixed (hazardous)powder required
- no milling of KN required; fertilizer grade should
- as with the Krech method, a homogeneous propellant
should lead to more consistent and predictable moto
- lack of confinement of propellant eliminates risk o
- minimal exposure of hot propellant reduces risk of
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s features of certain

features of other schemes.
Krech method, which takes
stituents to produce a

edient manner.

a holding tank to liquid

°C). Within a second tank, potassium nitrate is

ated solution, tentatively

g tanks has been attained
process begins. Individual
two liquids into a single
batch of propellant. A beam
to accurately meter out
mably would be of a fairly
tirred briefly to fully

cured lid and vacuum
solution, the residual
The beam scale would be
d.

mould assembly for

embly would be fitted with
The valve on the bottom of
llant slurry would be drawn
n all propellant within the
led with the two liquids
gment, the process would be
ce one segment has been
ating cycle, the required

| time can be reduced by

4 kg?) or by using two such

ergy requirement, which can
uction time. Calculations
segment by the Krech method
a calculated energy

are to an energy

casting method of melting
ations may be found at

be suitable

is produced which

r performance

f explosive condition
accidental ignition

duce one



relatively small batch size of propellant reduces h

consequence of, accidental ignition

large mass of propellant present in casting mould i
effectively against accidental ignition

actual process is relatively simple and requires mi
exposure to hazardous operations

propellant is not subjected to friction (as with au

Negative features

process is untried and research and testing require
feasible

greater complexity than most other methods. Design
much effort and greater cost

greater energy requirement than standard casting me
protection against accidental operator scalding is
characterization of resulting homogeneous propellan

This scheme is illustrated in the figure below.
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ASSESSMENT OF THE VARIOUS SCHEMES

The pages that follow contain the comments thatweceived (to date) on the various schemes.

Note that the different colour text distinguishesd&ntifies comments from the various
contributors.
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1. TUCKER/RIDER METHOD
COMMENTS:

This method of manufacturing “sugar” propellanpasticularly interesting because it
hypothetically can be used for production of arg giropellant grain, from small conventional
sized motors, to our 34 kg. segments or even laigenld the need ever arise. This is truly a
mass-production method that could see applicatinside of the SStS project.

| like this system, but I'm not yet convinced thitawill be as simple or inexpensive to construct
as it has been suggested.

Excellent long-term possibilities. A designer'same Lots of things to make and do.

PROS

- All schemes need to consider the consequencecafental fire at the loading and processing
stage. Loading of KNSB powder into the hopper camdstricted to small quantities (< 1 kg).
Only a relatively small amount of propellant (1dgless) would be present in the auger at any
one time. In case of a fire at the loading pdimt, hazard would be lessened by the small
quantity of powder consumed. Conventional fires&sit gear worn by the operator should
provide complete protection. The same is true foaager fire.

- Feed rate is readily adjusted by a variable speatr

- The device can be run non-stop until all segmbkat® been cast

- With good design, overall casting operation cardbne with little operator effort and in a
timely manner.

- Even greater safety might be achieved if dryeqiignts are not premixed; instead KN and
sorbitol can be fed into separate hoppers and nasquhrt of the auger process.

Consistency of end product should be good.

Much development time, lots of variables. Complaalates KISS principle. Desert launch will
not permit building any structures on BLM land (firetective wall.)

Danger level is quite high. Personnel likely havedanstantly oversee what is happening.
Probably expensive in the long run when everytlsndpne properly. Dry mix required up front.
Lots of moving parts, usually a no-no in procesgingpellant. Hot air source required. More
energy required than most other methods. Very giverdevelopment period required.

CONS:

- If the auger is enclosed (capable of retainiregpure), the result of an auger fire could be
catastrophic, even with the relatively small amaafrppropellant present. Design of the auger
would need to address and eliminate this concern.

- Such a scheme has never been tried before.

- A lot of development work, including prototypeiloiing and testing would be needed.
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- It is unknown how efficiently the heated augemaomelt the powder and transport it along.

- Jamming and friction in the auger is a possipdihd would need to be accounted for in design.
- Oil heating system would be complex and posssbigceptible to failure.

- Critical parts would need to be readily field legeable.

- Air heating has not been tried before.

- Remote operation is not possible, as an opeiatequired to feed the hopper and empty the
bucket on a regular basis.

It was mentioned that for safety the propellanpatbe “bucketed” to the mold. That seems like
it could be tough in practice. The full amount e for a grain is a lot to move and if you do it
in smaller batches we may have quality controlassu

I’'m concerned about the amount of hot oil and tbeeptial for someone getting burned.

There also is a lot of propellant (three segmemihy in close proximity at certain times in the
process.

HAZARD LEVEL:

Relatively low.

Because of the amount of hot oil and the amouptapellant in close proximity, | think the
hazard level is higher that with other methods
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2. COLBURN/PEARSON METHOD
COMMENTS:

Could this be used as a double boiler using ofesxs of steam? That would pose less of a burn
hazard from hot oil that an open trough of hotooia double boiler set up made from two
separate containers.

Is it possible to get more of these or use it & ointhe “melting stations” proposed in the Vrbec
method?

Steam kettle is available

PROS

- Such vessels are readily available at low cost.

- Process could possibly be (largely) remotely afest.

- Overall concept is relatively simple.

- Steam is a safe medium as a heat source, as onaxiemperature is easily controlled.
- With good design, grain production time may walrapid

- Transfer of slurry to casting mould would be sieng relatively safe.

- “Loading” hazard level can be reduced by firsiting sorbitol, then stirring in KN.

Steam kettle should be able to quickly melt thepphant

Little kinetic energy put into mass of propelladb moving parts. Fairly efficient in energy
usage. Safety level moderate as most of the opare#in be remotely conducted.

CONS:

- All schemes need to consider the consequencecafental fire at the loading and processing
stage. All 34 kg of propellant must be loaded ihi® vessel, and subsequently the slurry is
contained in a single batch during the heating afpmn. The result of an accidental fire during
loading or heating could be exceptionally hazarddug to elevated temperature of slurry, the
entire batch could be consumed nearly instantBatomg great potential hazard with scattered
liquid propellant and liquid K2CO3 combustion pratiulConventional fire-resistant gear worn
by the operator would not likely offer adequatetpction.

- Pressurized steam constitutes a certain hazard.

- Product would likely need to be stirred in ortiemelt the batch in an acceptable timeframe. As
such, a stirring paddle would need to be developed.

- A source of steam, including a means of circaasuch, would need to be developed.

One steam kettle is not enough to produce the medjmumber of grains in a reasonable time
frame

Steam or hot oil source required. Dry pre-mix regghi Cleaning of output tube required between
batches likely. Some development required.
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HAZARD LEVEL.:
High.

Same as method three, potentially very low hazardl|
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3. VRBEC METHOD
COMMENTS:

This scheme represents a “scaling-up” of the moptufar method used to manufacture “sugar”
propellant.

Straight forward.

PROS

- Process is very simple and well-proven
- Cost of apparatus would be relatively low.
- Development time would be minimal.

This method seems to have the potential to belmnedfest methods if proper procedures are put
into place and followed. Could also be one ofghiekest to produce the number of segments
needed? Three or Four stations could be usedo @luld be broken down into teams
responsible for one of the “stations” that way gtleing that would be needed for one station
could be the responsibility of that team therebsdiing the work load. Each “Station” team

would be responsible for acquiring and transporéugrything to the site. The list of what each
“Station” team would need would be determined kg dkierall propellant team

Direct attack on the problem. Using a technique tbquires little development. Safety is
moderate.

CONS:

- All schemes need to consider the consequencecafental fire at the loading and processing
stage. Since the total propellant batch (34 kgplg among 3 or more stations, the mass of
propellant that would be consumed would be redugetnevertheless would be significant (5-
10 kg, for example). Conventional fire-resistardameorn by the operator would not likely offer
adequate protection.

Could require significantly more man power than Tlhieker/Rider method

In the form stated, requires much equipment. (Adtmods may require much equipment).
Operator has to stand by and process propellandekétely complex

HAZARD LEVEL:
Moderate

| think this method cold have the lowest hazar@lsv
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4. LEV/ICOLBURN METHOD
COMMENTS:
I have actually used this method as stated in maig successfully.

The following is a list of conditions/cautions/testfeel should be met in order for method #4 to
work well enough to use, incorporated with a dggmn of how | envision it working. Also a
few thoughts that might make it easier or makeatkbetter. If method #4 can be made to
produce reliably good-performing grains repeateilig, the way to go (in my opinion).

Caveat/Condition #1: In our “recipe” it is of prinmaportance that the ingredients be finely
milled and extremely well mixed to an evenly distiied compound, since agitation during the
melting/settling process will be minimal. The omhy | can see to accomplish this is to mill the
components together in a ball mill for a sufficigribng time to produce an admixture where the
components are both micron-fine and homogeneotustsitiited. Lead/Antimony balls are
highly recommended for this procedure since thdiymmost efficiently and will not spark.

Smaller batches of propellant powder can be pratdiacel staged, then added to the prepared
casting mold which starts out on a scale. Withntlodd assembly mass (including inhibitor
sleeve) as the tare weight, powder is added umtibct mass of powder is reached. At this point
| recommend the mold be covered and moved to éoptatwith concrete settling vibrators
attached, and the mold vibrated while evacuatexirdb settle the powder and compact it
somewhat. After this procedure (at least as ddeshe first grains produced), the lid should be
removed (after re-pressurizing) and inside moldiesgr should be inspected for any powder made
“airborne” by the vibration that has adhered ta sairfaces. Any such dust should be wiped off,
and the mold should then be massed on the scale agd powder added to make up any deficit
created by vibe dust removal. Finally, the mold i®attached again and the mold re-vibrated
while evacuating again to a fairly total vacuum.

Another possible procedure would be to overfill thelds by a certain small percentage and do a
trimming/cutting procedure on the top of the firgdhgrain to reach the final grain dimension and
weight. This may be extraneous, but | believeestihg the procedure, it will become apparent
what will be necessary to produce a sufficientlyetpy” final product in terms of precise mass
and shape of the top grain surface. This depeibitsoa the viscosity of molten KNSB slurry

and its propensity to adhere to the inhibitor stealbove the main body of the propellant as it
melts and settles.

Caveat/Condition #2: The mold must be long (talipegh to hold enough un-compacted powder
to produce the final grain mass once it is vibegthd, and settled. To accommodate this |
recommend that inhibitor sleeves are producedetketed the length of the column of unsettled
propellant powder by at least a couple inches. eéiuess sleeve will be trimmed off the top of
the completed grain, possibly including the “extegain material if it is necessary to use the
“mold over-charging” and trimming procedure | mentin the previous paragraph.

Caveat/Condition #3: It must be proven that usimgii@scent heating procedure (preferably in
vacuum) will produce grains that are homogeneowsnsistency and have the proper density
(same as a stirred/agitated/poured KNSB grainsoAtl should be confirmed through testing that
guiescently heat-fused grains do not suffer aneapable decrease in impulse or damage to good
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burn characteristics due to incomplete mixing ahponents or poor density/casting inclusions
(this is the best argument for casting in a vacasrair is removed from the raw powder). The
way to test this is by good scientific method usargontrol group” of stirred and poured grains
test-weighed, measured, and fired in a test staomdparing impulse and thrust curve against
same-sized grains produced using method #4. Thsetemust use grains big enough to assure
the scale of the final product is taken into ac¢oun

One thing that could be tried to improve the sus@ddeat fusing would be to (again) attach
concrete vibrators to the oven or outer sleevevwagthat transmits the vibrations to the mold
and slurry as it is heated. | think this might®aan almost catalytic effect similar to tapping a
jar with a super-saturated solution to cause crjstmation. If there is absolutely no agitation,
the powder particles may tend to remain powdekibifated, they “bump into” one another, and
are forced to break their form and enter liquidestaVibration would also shake loose any pesky
pockets of air, and if vibrated while the chamiseevacuated to vacuum, would prevent air
pockets from forming.

The only negative | can think of to using vibratdtging heating is the possibility of damaging
electrical heating elements. They can be brittle may not hold up well to vibration. If
electrical heating is employed, it may be advisallly to vibrate before heating is begun during
evacuation, and after heating is done, or if teenelnts can be mechanically separated from the
vibrations. Otherwise an alternate heating mestalld be considered.

Caveat/Condition #4: The proper temperature angtheaf time to “bake” the mold to liquefy

the KNSB completely through must be determined ekmow when all the propellant has been
melted/fused. The mold(s) should be designed avitbver that incorporated valves and pressure
fittings/tubes necessary to evacuate the mold egate the vacuum only within the mold itself.
The mold can then be heated in a more normal afan pven setup is used) using heated air as
well as radiant heat (It also opens up the podsilmhce again of a steam or oil sleeve for
enhanced heat transfer and control of temperatdreg. mold core to produce the center cavity
should be metal tube open to the heating medium fhee bottom for heat transfer to the KNSB
from inside and out (see sketch of possible mokigies).

Having a sealed mold that can be evacuated to vaquavides better and more efficient heat
transfer to the mold rather than just through naidneeat if the entire oven were sealed and de-
pressurized. It is also cheaper and easier to malealed mold than a whole heating oven or
chamber. Radiant heat is the only method of haasfer in a vacuum other than direct contact of
the mold with hot surfaces, and it would be diffido heat the mold evenly and completely
without air or oil as a medium of heat transfecamtact with the mold itself. A sealed de-
pressurized mold is the way to go.

| understand the concerns of using oil and thssibdity for burns, but whatever method we use
we will be dealing with moving very large hot thgxgnless we leave the molds in the
oven/heating chamber until completely cool. Thuald make for unattractively long cycles to
produce a single bates grain. If there are 3 mimideach oven/heater that makes one grain in
the oven, one grain cooling, and one mold beingamedd. The oven or heating device has the
potential to be expensive unless some existingcdglike Bill's idea of a Turkey-deep-fryer)
can be used.
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The turkey deep-fryer may be perfect. Our moldslve about 10” in diameter and will be
between 1.5 to 1.8 feet long if my calculations@eose. That just about fits in one of those
turkey fryers. They are cheap and readily avaglabhd again, fired with propane, perfect for
transport to the launch site, and economical aftetal generation capacity. We can rig it up to
remote-start them and remotely activate evacugiionps, vibrators, etc. That way we could be
making several grains at a time, at a safe distaiée can put handling lugs on the molds so
they can be lifted while hot to a cooling area ligam of two using welding gloves and bent-
metal handling hooks of some description.

If we use the deep fryers, oil is the proper heatgfer medium (any cheap vegetable oil should
be fine, I think), and the mold should be made seisible to above the level of the propellant
and seal oil-tight as well as air-tight (properlggsnaterial to be considered here). The metal
pressure fittings should extend above the mold iceveghey can’t touch the oil. Vibrators should
be affixed to the outside of the kettle, and oieleshould be low enough so vibrating does not
cause oil-spills down the sides that can be igriitethe flames. Hmmm. A few bugs to work
out, but that's what we’re here for. Whether aeroer turkey-fryer is used, the mold idea is
pretty solid I think.

Anyway, the cautions, tests, etc. are all compeie valid in my mind. It’s all just food for
thought as usual, all to be corrected and imprdoyethe team. And here | thought | wouldn’t be
wordy. 3 pages text already. That's enough fav.nbhope all the reading isn’'t overwhelming.

| still think if method #4 would not work out foome reason, some form of continuous-feeding
and melting production would be the way to go. hdpe #4 works, it seems to be simplest and
cheapest as far as using existing available equiparal simple procedures.

Here is a sketch of some mold-design thoughts em#éxt page (also included in the e-mail as a
separate jpeg file).
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The core tube with base plate should be very stsirtye it is used to pull/lift the grain from the
mold using a steel pin through the top of the ¢obe.

Just a note on the removable pressure tabs orottarbof the mold. They are sealed in place
before each grain production cycle with RTV higmpesealant/gasket material, inexpensive and
available at your friendly neighborhood Wal-Martive automotive section.

As | hope you can see, the mold casing has a abeewhich the removable core tube slides
down over. This allows heat circulation/transféhe assembly of the removable core tube with
base disk and the base plate that covers the \lotiem of the mold will combine with the
inhibitor sleeve and holes in the bottom afterdbals are removed to make the grain easy to
extract from the mold. The base plate provideaselio allow the core tube to be pushed down
and out of the finished grain as well

A couple changes to the mold design that simpldgstruction and improve the performance of
the design:

1. The core tube should extend from the bottom cthweugh the top cover and the top cover
will pressure seal around the core tube as wedlagnd the rim. This negates the need for the
inner core tube that was part of the main moldr@zgsivhich now becomes a simple cylinder
open at top and bottom. The core tube with flasgeserted through a core-sized hole in the
mold bottom and sealed to the bottom with a bed®RW gasket material around the perimeter
of the flange. This creates an open tube entthetyugh from bottom to top, where heating
media (air, water, or oil) can circulate for maximefficiency in heat transfer to the propellant.
It should cut by 1/3 to 1/2 the time needed todiguthe propellant, should assure better heating
and melting of the propellant overall.

2. The bottom of the mold is a cover that just$itsigly over the bottom end of the mold. The
circumfrence of the top cover is modified to fitev\the top of the mold the same way. The top
and bottom cover now can be simply sealed witlylat bead of RPV gasket just at the extreme
edge of the top and bottom cover. This will alsskenthe mold MUCH easier to disassemble
when the grain is ready to be un-molded.

3. The valve on the cover used to evacuate air frmmmold will be moved off-center so it is
located between the rim and the core tube.

4. | neglected to mention using mold release comga@nd putting a paper disk on the bottom of
the mold (doughnut shaped) to aid in grain remoVédlese steps are pretty standard practice
when casting grains, but | should mention them ayw

| realize | am sealing many kg of propellant inragsure chamber where an accidental ignition
could have bad results. | suppose we could skepgdp cover and melting in vacuum, but with
thermostatically controlled heat levels, how musk is there really of an ignition? Would it be
a sufficient safety measure to run the apparatustely?
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Herewith some comments and suggestions on the git@pofrom Lev and
Colburn.

| believe that the easiest method consists in:

1. premixing dry KNO3 and sorbitol powder (prefdyain small quantities for safety reasons)

2. poring it in the melting bow! or reservoir arglBill proposes "of the same dimensions as the
grain inhibitor ....

3. to continue with Bill's words: ".......... heagiand casting could be performed directly in the
grain inhibitor".

Contrary to the Lev/Colburn proposal | do not deerneed for a heating coil. The system | use
for the manufacturing of large (9 cm in diame8r,cm long and a mass of about 8 kg) zinc
sulfur-aluminium grains is quite similar and furcts extremely good. | use a container with a
diameter of 20 cm in diameter and 80 cm high (pectl). It is partly filled with oil and insulated
to reduce heat losses. It is heated with an eteglate heater (somewhat smaller in diameter).
Inside the container an aluminum reservoir whictlésed at the bottom (but can be removed) is
placed. The reservoir is then filled with the pritgre powder. The temperature of the oil can
easily be controlled and is kept between 135°Cl&a%fC (when the mixture reaches its lowest
viscosity). After some time (about one to one hafter starting up the process) the propellant
starts melting and the powder level decreasesétiad one can add new portions of powder).
After about another 2 hours everything is molten.

To remove air bubbles on can apply vacuum (na&sfeen in the actual system) or stir the liquid.
It is also possible to lift the reservoir from thiébath and vibrate it on a vibration table. The
density of the grain is usually 95% of its thearativalue (4 gr/cm3).

Because the zinc-sulfur-aluminium shrinks when icoplthe grain can easily be removed from
the reservoir and coated. In none of the casesnd@ny difference in composition between both
ends of the grain. The grains used as end burmaiggdid not show any significant difference

in burning rate at the start and the end. Alsccttdre of gravity was always found exactly in the
middle. With the same process also tubular graitis tive same dimensions as the end grains
have been manufactured. In this case a slightlycaboylindrical rod is already put in place
when adding the powder. Because the propellamishiwhen cooling a V-type hole is created at
the top. This needs be cut away but can be usetthar grains.

The point however is can this system also be useNO3-sorbitol. To find out | did a small
scale experiment yesterday and took some pictkmrshe experiment | used a 5.3 cm reservoir
and about 400 gr of KNO3-sorbitol powder. | appliedghly the same temperatures as for Zn-S-
Al. My findings are the following:

1. The KNO3-sorbitol (65/35) mixture became suéidly liquid to fill up the void.

2. some stirring or vibrating may be needed to nemoost of the air bubbles

3. after cooling the grain sticks to the aluminitaservoir and cannot be removed.

4. at the top of the grain one can see that atrakleeations the grain separated from the wall
(picture KNOS3 grain).

5. the density was 1.71 gr/cm3.
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Overall | strongly believe that this approach camkyv Although i believe that the separation
from the wall only happens at the top, care mugtken .

| suggest the following changes to the Lev/Collpmoposition (also see drawing):

- replace the insulation in the drawingadilyand place the insulation at the outside of the
container.

- Heat the container from the bottom fafety reasons the heating plate should be smaller
than the container)

- Because the powder has a much loweritgethan the liquid the reservoir must be at least
2 times the length of the grain

- propellant powder can be added during theingefirocess and vacuum applied after
liquefaction, but this is not advisable (for safetpsons)

- It must be made possible to open thervegefrom the bottom in order to release the grain
(in the Lev/Colburn proposal this will probably gitrouble). This plate can also be used to fix
the distance of the grain and to position or ewethie cylindrical rod to create the central hole.

- to prevent the propellant to stick to the bottplate a sheet of aluminium of other material can
be used which can be easily removed afterwards.

- the idea to seal the grain inhibitor from teearvoir is very interesting. Actually | use silico
sealing to prevent any oil from penetrating inte thservoir.

The relatively low propellant density will certaynihcrease with larger diameters and when
applying vacuum.
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PROS

Should produce a good quality propellant
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Fully remote during heating and cooling cycle. 8afevel high. Simple, adheres to KISS
principle. No moving parts. Little development time

CONS:

Although simplicity is generally a good thing, liaild be recognized that the KISS (Keep It
Simple Stupid) principle is not really applicabte bur application, being incompatible with
safety (i.e. stupidity violates safety). A safeteys often involves greater complexity than what is
needed for pure functionality.

The thing that | don’t like about this method iatthve’d need a lot of equipment to produce the
12 segments. | think that we’'d want at least tlufg®ur of these systems minimum. The
problem is that | don't think that we’d be ablerémnove the segment from the heating vessel
until it was nearly cured, or we risk deforming tdrain.

| don't like the idea of melting the propellantanvacuum container. Hot propellant, in a
pressure vessel seems like a bad idea. | donk thiat there is much of a chance that it could
ignite, but if it did I'd rater it be in an openm@iner that in a pressure vessel

Some form of heating and vacuum capability is reggiiMight be slow unless multiple grains
are done simultaneously.

HAZARD LEVEL:

The presence of a single large mass of combugttMalered propellant would represent a
serious hazard. As well, the process of loadinthefpowder into the mould could be risky. A
single spark could conceivably set off the chargh serious consequence to personnel involved.
Powder burns much more rapidly than slurry or sfardh. As such, | would consider the hazard
level to be high unless some procedure is develapetiminate these concerns.

I have concerns about the pressure vebsieless burn potential form hot oil (or in thisea
glycol)
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5. KRECH METHOD

COMMENTS:

The method as described is quite complex. Simplion could well be possible.

| think that the idea of dissolving in water warnsafurther investigation, but | think that the

method described here is overly complicated. Maybembination of method three and method
five could work

Ingenious.

I have tried evaporation method with different cand y compositions, including
KNSB. The method itself is very simple: just mix co mponents and some water,
heat to complete solution and further to complete e vaporation of water. But

there are big problems with KNSB.

First, on boiling, KNO3-sorbitol-water solution for ms very large bubbles,
about 3-5 cm in diameter. When burst, they throw ho t propellant drops all
around. Interestingly, this problem can be complete ly eliminated by addition
of 1% yellow iron oxide to the initial mix. Boiling become very smooth.
Second, there is only one method to control complet eness of evaporation: it is
weighting. Jimmy' method, that works well for KNSU, doesn't work for KNSB.
And even bigger problem for large batches - viscosi ty. Near the end of
evaporation propellant is thixotropic and it is ver y difficult to stir.
Resulting propellant resembles soft clay and cannot be poured. So manual
transfer of hot propellant would be need, which is very hazardous for large
batches.

So | think this method is not suitable for propella nt batch more than 100-
200 g.

PROS

A novel approach that could represent advancemesugar propellant technology.

Rather than being of “composite” form, the resgjtpropellant would be “homogeneous” and as
such, careful control of oxidizer particle size Wwboot be required, as is the case with
conventional methods. More consistent and predietaiotor performance could likely result.
Since it would not be necessary to mill the KN #&ngould be dissolved, any fertilizer grade
could be suitable.

This method could potentially produce the bestiguglain

A successful system would be quite useful and $afepellant ingredients in aqueous slurry
would be very safe and readily handled.

CONS:
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Very energy intensive, consequently a long pranggsme would be required.

Method is untried and would require a lot of uprfrexperimentation to determine if it is
feasible.

Method is quite complex

Great amount of energy required. Very complex, mievelopment time required. Requires

instrumentation for success likely. Safety modetatgood. Lots of equipment. Probably
expensive.

HAZARD LEVEL:

Low.

Potentially very safe
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6. YAWN METHOD
COMMENTS:

Mirrors? As crazy as that initially sounded to riies more | thought about it the more I liked it.
Unfortunately | think it's a bad idea to have sopaet of the system dependant on nature.

The method of having the casting tube on a turtethhs appeal, but | think that it needs
extensive testing to see if the method would waordk i so, would the quality of the grain be
acceptable?

Wouldn’t the hot air that is being blown onto threnglered propellant just blow it away? If we
did get it to work , would it be a fast enough sys?

As always, Jimmy has an interesting idea.

PROS

Uses cheap and readily available energy.

CONS:

Untested. Slow.

Complex. Much development time required. Cannacaterstructures on BLM land. Vagaries of
both overcast and wind will play a major role ie froductivity or workability.

Safety moderate, some operator attention is prgbalguired. Lots of moving parts.

HAZARD LEVEL:

Processing of powdergmopellant could represent a significant hazarchiMizing quantity
(batch size) of the powder could alleviate the fob
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7. KRECH/NAKKA METHOD

COMMENTS

1) The docs and diagram don't indicate whether the
container would be covered. With this solution t
course of 9+ hours, will we need to deal with the
evaporation by covering and/or replenishing it?

2) In fact I'm wondering if both bulk solutions co
interval when the small batches are being processed
whether the solution temps would restabilize quick
continuous process, or whether some "thumb-twiddli
then be required. If we stick to 2kg-sized batche
the bulk solution by weight during each 1/2 hr bat
enough fraction that one suspects 1/2 hr might be s
to stabilize. This ongoing replenishment, then, co
day.

3) What's your main rationale for a 2kg batch size

Is this the point where you think the smaller batch
the two bulk containers because it's now been mixed
take twice as much time (or longer) to vacuum-dewa
so there'd be no net time savings? Etc.

As you can guess, I'd lean towards a bigger batch i
potential for considerable savings in pour time --
tradeoff between this and (2) above.

"potassium nitrate is dissolved in hot water to pro
solution,tentatively 80/20 ratio @ 160°C"

Saturated KNO3 solution has b.p. 115 C and concentr

| have tried evaporation method with different cand
KNSB. The method itself is very simple: just mix co
heat to complete solution and further to complete e
there are big problems with KNSB.

First, on boiling, KNO3-sorbitol-water solution for

about 3-5 cm in diameter. When burst, they throw ho

around. Interestingly, this problem can be complete
of 1% yellow iron oxide to the initial mix. Boiling

Second, there is only one method to control complet
weighting. Jimmy' method, that works well for KNSU,

And even bigger problem for large batches - viscosi
evaporation propellant is thixotropic and it is ver
Resulting propellant resembles soft clay and cannot
transfer of hot propellant would be need, which is
batches.

So | think this method is not suitable for propella
200 g.
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rather than, say, 4kg?

becomes as big a safety issue as
? Or does it, for example, simply
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duce a highly concentrated
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y compositions, including
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