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Introduction

This Paper presents the test report detailing goersd static firing of the “1/4 scale”
Ballistic Evaluation Motor (BEM). Note that the %gale refers to the scaling of the
motor basic dimensions with respect to the plarfotescale motor for th&Sugar Shot to
Spaceproject. This motor uses the same propellant, tigpethe construction details may
differ significantly, especially with regard to neaals used in the construction of the
motor. The intent of the BEM testing is mainly goove the “dual-phase” concept of
operation, and to obtain performance data thatheéllused to aid the design of the full-
scale motor.

The second test firing is essentially a repeatheffirst test firing which took place on
January 21, 2006. That test was a partial sucee$igring a ruptured casing during the
second phase burn. This repeat test incorporatgsugamprovements in an attempt to
prevent such an occurrence.

Motor details
Details on the design and construction of the BEM autlined in the Technical

Specifications Paper Rev. 2005/08/28. Detailededisions can be found in the BEM
CAD files of the motor. Overall dimensions and layare summarized below.

Dual Phase "1/4 scale" Ballistic Evaluation Motor

30.875" 30.875"
78.423 cm T 78.423 cm |
Second Phase First Phase

. - -

Mid Bulkhead Nozzle
Expansion Ratio 12:1

65.91"
167.414 cm

Nov. 10, 2005
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The motor for this test was essentially identiaakhat of the first test, except for the
following modifications:

- Allied EMT tubing was used for both casings in placehef t
RepublicEMT used for the first test
- Both casings were hydrostatic-tested to 2000psir(péwice the MEOP)

- Insulation was added to the first phase casing. reiforced Garolite
(phenolic) film with a thickness of .005” (0.13 mnrvas chosen. Two layers
were used between the grain segments and the cawmiogding a total
thickness of .010” (0.25 mm) While that does natrablike much, it was felt
at the time that the root cause of the casingrilu the first test was the poor
quality weld of theRepublicEMT, which was exacerbated by high thermal
loading.

- Propellant ingredients were more thoroughly mixedn effort to increase the
chamber pressure and Isp. Propellant segmentsaastairectly into paper
casting tubes which also served as the inhibitoterred and provided the
required spacing between segments.

- The re-machined nozzle had a much heavier thrahtiarergent section then
the nozzle used for the first test.

As was the case for thé BEM firing, thermal sensors were again mountedhenrocket
motor casing. A total of six sensors were usedeeh800F sensors and three 860
sensors. These were improved with regard to mogrtinprovide for a more expedient
setup and for better thermal contact to the casihg. thermal sensors are illustrated in
Photo 1.

Propellant Grain

The propellant grain consisted of a total of 12nsegts, six for each phase. Spacing
between segments was accomplished simply by fillivegcasting tubes to within 0.10”
(2.5 mm) of the top. Casting tubes were made afirRpaper bonded with wood glue,
and had a wall thickness of .045” (1.14mm). A quie&t of the propellants adhesion to
the casting tube/inhibitor was done. Two samplesvprepared; the first was propellant
placed on an unprepared sample of rosin paper. s€eend sample was propellant
placed on a sample of rosin paper that had firehlgimed with a solution of Sorbitol.
Propellant samples were removed from the paper thitee weeks. Both samples pulled
a layer of paper off of the backing when removedslaown in Figure 1. The unprimed
sample is on the left and the primed sample ishenright. This layer was not easy to
remove.

Authors R.Nakka & R.Dormans 3



Figure 1 -- propellant adhesion samples

ABS plastic spacers were placed between the nozzigl-bulkhead, and the
corresponding adjacent propellant segment. Thesengy were prepared with
KN/Sorbitol propellant cast in the “standard” heast method in an Oxidizer/Fuel ratio
of 65/35. A cast iron pot placed on an electritletkwas used to heat the propellant.
Propellant was heated to a temperature of 2F5 The propellant was prepared two
segments at a time to reduce the batch size tonageable amount. The KN was finely
milled potassium nitrate frorRirefox and was used as received. The Sorbitol Maw
Foodsbrand fromHerbsMD and was also used has received. The weigheddiegts
were combined into a large container, along wixhssnall pieces of brass, and rotated for
30 minutes prior to casting.

Propellant Summary for BEM firing #2:

Phase one grain: 3525 g (7.763 Ibs)
Phase two grain: 3557 g (7.835 Ibs)

Average density ratio was 92.3%
Ambient burn rate was 2.5 mm per second
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Test Firing Report
by Randy Dormans

The firing was conducted on Saturday April 15, 260ée FAR site located in the
Mojave Desert. Once we arrived at the site, Peteembled the test equipment, while |
prepared the motor. Once we were set up we waikdlé the San Diego State group
prepped their Lox/kerosene powered rocket for ecstiast.  When our turn came up, we
set-up the cameras, checked the equipment, an@éctaththe igniters. After every one
had taken their positions, | pushed the ignitiotidruand the motor roared to life.

| kept my eyes on the motor while Peter switchedigads from the igniter box to th&'2
phase igniter. Fifteen seconds after ignitingltbephase, | ignited the second phase and
the motor roared to life once again. Unlike thstffiring, there was no audible ejection
of material. About 2/3’s of the way through thepegted burn time, there was a loud pop
and the 1 phase of the motor was thrown about twenty faehfthe test stand.

Close inspection revealed that the motor had regtur nearly the same location as the
first firing; the £' phase section, just above the mid-bulkhead. @ritike first firing the
EMT did not fail at the seam, but opposite of teara. The % phase casing also
separated from the mid-bulkhead by shearing theening screws. The damage was
more extensive than that experienced during tséfiing with the stand and
instrumentation receiving most of the damage.

Soon after the test it became apparent that thetdoben a problem with the power
supply and no data had been collected from thespresransducers or the load cell. The
temperature sensors, using a separate power sagpjigcted useful data. The analog
back-up recorded full data for th& fthase burn. Inexplicitly, the camera recordirgy th
analog gauges powered off a few frames into fi@l2ase burn. The camera battery still
had power when the camera was checked and no kad p@wvered itself off in that
manner before.

Some effort was made to recover material ejectzul the nozzle at" phase start-up,

but the strong winds that were present all day rasthat materiel was carried far away.
Despite the casing failure and some problems wighdiata collection, there were some
good points to the second firing. THéphase again burned nicely, both phases quickly
reached operating pressure, and the delay plugtlaerwas much closer to the design.
The thrust and pressure traces closely match®tfigiig and the “triangular” profile
seems to have been avoided, at least at a chamdssupe that is lower than that of
design.
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Analysis

Since failure of the casing occurred away fromvileéded seam, the hypothesis that the
Republicbrand EMT was the source of the failure of thstfiest would seem to be
unfounded,

Thrust data and chamber pressure data for thepfiete firing was extracted from the
video footage of the gauges and are presentedjurdés 2 & 3. No performance data
could be salvaged from th&%hase firing.

As with the first BEM firing, the motor came updperating state quickly. The pyrogens
were clearly effective in this regard. The shagdsoth curves were fairly close to the
shape of the design curve and similar to the fiiisty. Once again, the performance
curves did not exhibit the unwelcome “trianguldnape that is often seen in KNSB
powered motors.

Analysis of the pressure data indicated a chaiatitevelocity (c-star) value of 92% of
theoretical. Though a little low, this value is$eaable enough to consider the pressure
data to be reliable. Integrated thrust data, howewrevide a specific impulse value of

114 seconds. This value is unrealistically low.sfish, the calibration of the load cell is
not considered to be reliable. A correction faetas then applied to the thrust values to
deliver a specific impulse to match that of thetfBEM firing (124 sec.). The adjusted
thrust curve is shown in Figure 4. The pressura Hat been re-plotted showing the same
time base and is provided in Figure 5.

A summary of the performance values is given inl@db

The general shape of the thrust curve for thiaditvas similar to that of the first BEM
firing. A graph comparing the two thrust curvesh®wn in Figure 6.

Authors R.Nakka & R.Dormans 6



BEM#2, 15 April 2006
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Figure 2 —Thrust data from video footage of gauge

BEM#2, 15 April 2006
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Figure 3 —Pressure data from video footage of gauge
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Figure 4 -- ' phase thrust curve, adjusted
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Figure 5 -- ™ phase chamber pressure curve
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Summary of 1st Phase Data & Performance
Parameter | Symbol
Throat diameter Dt 0.6606 | inches 16.78 | mm
Propellant mass M p 7.763 | Ibs 3.524 | kg.
Max. Thrust | Fmax 354 | Ib-force 1575 | Newton
Max. Pressure | Pmax 705 | psi 4.86 | Mpa
Avg. Thrust coefficient | Cf max 1.50 | - 1.50 | -
Total impulse I't 989 | Ibf-sec 4398 | N-sec
Specific Impulse I sp 124 | Ibf-sec/lbm 124 | sec
c-star c* 2748 | feet/sec. 838 | metres/sec.
Ideal c-star c*i 2982 | feet/sec. 909 | metres/sec.
c-starratio | c*/c*i 0.92 0.92

Table 1 —Motor 1% phase performance values

Figure 6 — Thrust curve comparison

With regard to the post-firing condition of the mptdamage was more severe than was
the case following the first BEM firing. The nozzias in basically good condition,
suffering only a slight bent divergent cone. Th@#t was measured and no erosion was
found.

Data acquisition of the thermal sensors worked v}, and data was collected right up
to the moment when thé%phase casing ruptured. The thermal data is pravit€igure
7, and the location of the sensors on the rockédms illustrated in Figure 8.

It can be seen that the temperature rise for ai@s mounted on thé'phase casing

was fairly gradual during the initial burn and dgithe delay phase prior t8"phase
ignition (sensors 1, 2 & 8). It would appear thettsor 4 did not function properly,
perhaps as result of poor thermal contact. Follgvgmition of the 2 phase, the rate of
temperature rise at all sensors locations on thehase casing was extremely rapid. This
indicated, as expected, very high thermal loadinip® casing.
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Figure 7 — Data acquired from the thermal sensors
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Figure 8 — Thermal sensor locations on the rocket ator
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Conclusions

The main objective of this second firing of the BEAS with the first firing -- to prove

the “dual-phase” concept -- was not achieved. Tipéure of the ¥ phase casing

partway through the second burn followed esseptih# same pattern as the first firing.
The thermal sensor data clearly shows that thelsading of the T phase motor casing

is severe. The motor rupture was likely a resulitoéngth degradation of the steel casing
material due to elevated temperature. The ultimangth of low carbon steel drops off
dramatically above 50C (93CF):
http://members.aol.com/ricbnakk/therm.html#Elevét@0strength

Although the maximum recorded casing temperature apgroximately 50F, it is

highly likely that the actual casing temperatureswauch higher, considering thermal lag
of the sensors and that fact that the rate of teatyes rise was extremely high.

On a positive note, the delay plug again perforasédxpected and successfully isolated
the two combustion chambers. TH8 ghase ignited well & fired forcefully in much the
same manner as th& fhase. The shape of the thrust and pressure ctipgsdy
resembled that of the first BEM firing.

Clearly, the second BEM firing was a learning eigraze and a number of changes will
be implemented for the third BEM firing:

- Stronger 1 phase casing.

- A means of insulating the'phase casing at the critical location will be
implemented

- Pressure sensors and load cells will be redundahtreore carefully calibrated
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Photos

Photo 1 — Thermal sensor units

Photo 2 — Instrumentation for measuring motor presare and thrust
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Photo 3 — Instrumented BEM in static test stand

Photo 4 —Randy and Peter with motor prior to testifing
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Photo 5 —Motor undergoing full ' phase thrust

Photo 6 — Nozzle glowing toward end of*1phase burn
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Photo 7 — Ruptured £' phase casing aft of mid-bulkhead

Photo 8— Motor tears loose from test stand
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