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The motor was assembled in two halves at Matt Caftipthouse by Brent
Dougherty while Matt fabricated the test stand. 3#¥kected the best 12 grains for the
firing. The grain numbers were recorded for sirtialacalculations, however, the grains
were not recorded per phase segment. This stépevddded to the assembly manual for
future assemblage. Assembly went well and faialsilg. Brent coated both ends of all
the grains with an ignition primer made per Richidakka’'s formula. During assembly
of the first phase segment the addition of a ¥,tb&aRTV per manual directions
created an un-accounted for space and thus onelgadito be cut down by %" to fit
properly in the casing. .

Once we arrived at the test site, Brent continigseabling the motor while Matt,
Rick, and Chris worked on setting up the test staRidk Maschek also placed thermal
sensor labels at pre-selected coordinates alongohber’s exterior and in bulk heads and
nozzle shell. Matt added one thermocouple abodt(aft) motor.

Once the motor was completely assembled, we caditmget the test stand up
and in place.




Matt and Chris worked on getting the load cell gndy calibrated then we began
mixing and testing our thermite composition. Afeeatching 4 tests explode rather than
ignite a shower of sparks, | realized the alumindrought was 1000 mesh and thermite
should be made with 325. We happened to have 8@menesh on hand and the next
test was successful. Chris wrapped up a niceeigaitd we were set to test fire. Two
different video cameras were set on wide shot @htiotor and we gathered in the under
ground bunker. The count down was delivered anditsiephase was ignited via
thermite igniter. There was about a one secoraydedbm the time | pushed the button
to the time we saw the actual ignition flash frdra thermite. The reason for this is
being sought out. The pressurization of the matas instantaneous. The first phase
burned for about 3-4 seconds, we counted down@sedond coast delay and ignition of
the second phase was initiated. Again, ignitios imatantaneous. Less than a second
after ignition the motor experienced a CATO. Tlh#&dm half of the motor was
slammed violently into the blast deflector belotve(imotor was tested in a vertical
configuration), the top half took flight taking alg with it, the load cell and mounting
plate. The 20 pound plate, load cell, and pressansducer were recovered
approximately 200 ft. away.



Both halves of the motor were retrieved and trartspdo Matt’s house for later
autopsy. The nozzle shell was completely smashddsaun-useable. There were pieces
of DeltaFlex 100thermal insulation scattered about and no castibgs were visible on
the ground. The pieces were looked at for cluds aghat went wrong and a few
pictures were taken of the pieces of the motorhia sight, we have determined that
better debris recovery and forensic techniqueslditave been employed as well as
better documentation of debris retrieval. A docome being created for future events of
this nature “if” it happens again.

All debris was dissected, viewed, and analyzed byt i@ampbell and Brent
Dougherty at Matt’s house. The autopsy was vigeonded for posterity and analysis,
and for future data retrieval for the project daksd

Following are Richard’s comments based on carefuiew of the video of the
dissection.

Notes on post-firing dissection of motor followingest firing of April 26, 2008.

Forward motor section

Forward section of motor appears to be in basigailyd condition.

Casing had to be slit to extract Forward Bulkhead.

Forward casing looks good inside except for togiporwhich was somewhat damaged
from impact.

Thermal liner immediately aft of Forward Bulkheadsyv'necked” by overheating.
Thermal liner was in good condition except along sitde where it was burned through.
Casing heat-affected slightly at breach, othenivitgrior surface was pristine.

Pyrogen housing damaged by excessive force adaadstell strut.

Casing exterior paint was “browned” at mid-bulkhéaidt (1 inch band, at attachment
holes). The rest of the casing exterior had nossgjrheating.

Pressure port popped out of fwd bulkhead (may lpmotnrelated).

Forward Bulkhead o-rings in good condition, no feéahage, one or two small nicks
from installation, no apparent leakage.

Forward Bulkhead in good condition except for intfpdemage at pyrogen housing. Snap
ring groove pinched. Likely reserviceable.




Aft motor section

Nozzle jammed with charred casting tube materidl@artly-charred insulation.
Scratches on casing from impact.

Forward section of aft casing had no insulationaieing — all was jammed aftward.
RTV seal on nozzle held up well.

About ¥z the length of casting tubes intact (remeairzlrned away).

No signs of heating on casing exterior where nodnlg was located.

Two Nozzle Ring attachment screws could not be r&davith Allan wrench (due to
impact with brick deflector). Had to be cut, thersarewed with pliers. 2 holes somewhat
elongated. One hole may be partly stripped dumpact.

Nozzle ablative layer held up quite well.

Nozzle Ring in reserviceable condition.

No nozzle o-ring blow-by. O-rings in good conditi@till grease-coated.

Casing exterior paint was “browned” at midbulkhgaidt (1 inch band, at attachment
holes).

Nozzle end of casing damaged from impact with bhlest deflector.

Nozzle Shell was badly damage by impact with begkaust deflector.

Other
Midbulkhead shell in good, reserviceable conditidiost of ablative coated was missing.
Midbulkhead o-rings heat-affected but fully intact.

Below are video captures from the dissection video:

Aft & Forward Casings at rupture point.



Debris pulled from the nozzle end.

Material lodged in the Nozzle Ring.



Looking down into the top side of the Nozzle Ringese material was lodged.

Cut view of the bottom 8” of the aft end. Approxtaly where th®eltaFlex 100
insulation and other material mostly being castirges started in their compacted state.



The use of a Dremel to slit open casing due tdrotg able to remove bulkheads.

Matt holding the Nozzle Ring and pointing out hdllest were elongated from the pulling
out of retention bolts.



Below are the pressure and thrust charts which eref@ed by Richard Nakka based on
the data that was recovered from Matt’s laptop dsedata acquisition during the firing
of the motor.






An explanation of how the data was extracted amyeded to the above charts is given
in the following excerpt by Richard Nakka.

Performance Results

WiInDAQ software was used to record the real-time di@m the load cell. This was
subsequently exported to Excel in the form of \gdtarersus-time data points. Force
calibration was performed prior to the test by hagdnown weights from the load cell
and recording the resulting voltage output. To @hthe voltage to force, the calibration
data was used to produce a “transfer function”. iJjpspection of the resulting thrust
curve, which was much lower than what would be@aably expected, the transfer
function was considered to be errant. Error wadyilkntroduced either in the calibration
setup or in the motor interfacing to the load cBll.remedy this, the thrust data was
instead factored by a simple “correction factorfieIcorrection factor was a constant
value that, when applied to the thrust data, predid specific impulse of 133 seconds.
The constant was arrived upon using the iterataal seek” function in Excel.

Based upon personal experience with KNSB motorpaiticular the reliability and
repeatability of performance, this method of caiirgcthe data is considered to be a
valid and a reasonable approximation of the agiagbrmance of the motor withitb
percent.

Data Analysis

Good thrust data was obtained from the load cetlf@cquisition system for the
complete motor firing. The sample rate was 60 sampér second, based on 4 channels
of data being collected at a combined sample rfa2d® samples per second. The other
parameters that were measured wéfg@BRase chamber pressure, thermocouple output,
and one channel not activated. The chamber predstmevas recorded for the briéf 2
phase firing, but is not of much value due to timufficiently fast sample rate combined
with short burn duration.



The load cell calibration data seemed to be insbeisi with the results obtained. Using
the calibration curve to calculate performance ted a specific impulse of 68 seconds.
Clearly this is in error, based on a qualitativeegasment as well as performance
indicated by the well-shaped thrust curve combingd rapid start-up and tail-off. The
load cell used wasRevere 9532Bingle-ended beam type, which requires particular
care with respect to load application setup ireotd avoid inadvertent constraints that
can greatly affect accuracy.

To salvage the otherwise good thrust data in dalassess the performance with respect
to that predicted, an assumption was made thatdleered specific impulse was 133
seconds. This is the value that was obtained fr@similar BEM motor from its
successful fourth firing.

Based on an examination of the quality of the Z¥ppllant segments, the best 12 were
selected to be used for this static firing. Thensegts chosen were s/n #2, #10 and #15-
#24 inclusive. Due to an oversight in the propellaading process, it is uncertain which
of the grain segments were loaded into the forvehaimber and which into the aft
chamber. For the twelve segments, the average [laopmass per segment was 853
grams and the average density ratio was 90.9%l iinatss of the combined 12 segments
was 10231 grams. For the performance calculatibn&s assumed that the propellant
was evenly loaded in both chambers, or 5115 grams (bs) per chamber.

As the motor was mounted vertically with the thrusttor acting vertically upward, the
thrust values were modified to account for the phgmt weight. The resulting graphs are
presented in Figures 1, 2 and 3, which illustrheethrust curves for the complete firing,
for the £' phase firing and for the brief%phase firing.

To obtain an estimate of chamber pressure, theaggdlblished relationship between
thrust and chamber pressure was used, based oie tozat area and assuming a
constant thrust coefficient. For this analysis,tieasured throat diameter of 19.6 mm
(0.771 in.) was used together with an assumedithoesficient value of 1.53. This is the
average value obtained from the BEM firing #4. Tésults are presented in Figures 4
and 5.

Thermal Labels Data

Thermal readings taken from the self-adhesive thélabels that were applied on several
location on the motor is documented in 8fetSeport ‘ProtoSShot-M Mark | Rocket
Motor Thermal Label Mapping and Results from Statreng #1” available on the
Documentation page of the Sugar Shot web site.



Closing Remarks

Internet teleconferences have been held to dismgsolidify improvements to be made
to all facets of design and manufacture of the ReatoSShotnotor, which will be
deemedProtoSShot-M Mark Il Other measures are also being included for éutur
operations including revisions to the Assembly Malndamage control and retrieval of
materials in case of future CATO'’s, data retriew@thods and fail safes, improved load
cell calibration techniques and better video docuaigon of static firings.



