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Introduction

This paper presents the test report detailingiteedtatic firing of the “%4 scale” Ballistic
Evaluation Motor (BEM). Note that Y4 scale refers doaling of the motor basic
dimensions with respect to the planned full-scaletam for the Sugar Shot to Space
project. This motor uses the same propellant tygog,construction details may differ
significantly, especially with regard to materialsed in the construction of the motor.
The intent of BEM testing is mainly to prove theu&lphase” concept of operation, and
to obtain performance data that will be used talaeddesign of the full-scale motor.

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 layyare summarized below.

Dual Phase "1/4 scale" Ballistic Evaluation Motor

30.875" B 30.875" i
78.423 cm 78.423 cm
Second Phase First Phase

Mid Bulkhead Nozzle
Expansion Ratio 12:1

65.91"
167.414 cm

Nov. 10, 2005

The BEM is designed to burn in two distinct phasesparated by a delay of
approximately 15 seconds. Both phases are designkd as similar as possible. Both
phases incorporate head end pyrogen ignition andumst diaphragm. The burst
diaphragms, which were fabricated from nylon falsemforced epoxy, are designed to
burst at 150 psi, without fragmentation. The masaronstructed almost entirely of steel.
Steel tubing in the form of EMT tubing was chosertlee casing material because it has
long been used successfully by AER enthusiastsrasable casing material for sugar-
based propellants.
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The nozzle is a conical profiled, deLaval supersdype machined from steel (12L14),
featuring 30 convergent and 22ivergent half-angles. The expansion ratio is 1@ith
MEOP being 1100 psi (7.6 MPa.). The nozzle is attdcwith alloy steel machine
screws. To provide an effective and redundant presseal, two silicone o-rings are used
in conjunction with silicone grease.

The mid-bulkhead, is designed to connect the tv@ingasections and to fully isolate the
1% phase chamber from th&Dhase chamber during the operation of th@Hase. An
integral “delay plug” is ignited at the same time the ' phase and is sized to burn
completely through within 15 seconds of ignitiorheTdelay plug material is RNX
propellant, comprised of a mixture of epoxy, patassnitrate and iron oxide. The mid-
bulkhead is machined from steel and is attacheehtd casing section with alloy steel
machine screws. Two silicone o-rings are used enlthphase side, and one o-ring is
used on ¥ phase side. All o-rings are used in conjunctiothvgilicone grease. The
burst diaphragm for thé'®phase serves double duty as it also provides gifoteagainst
accidental ignition of the" phase grain from combustion heat of the delay .plige
mid-bulkhead also contains a pressure port to adltwwneasurement of chamber pressure
during the first phase burn. Ignition of th& phase is accomplished with a small
KN/dextrose/iron oxide propellant grain “pyrogenithivthe same overall dimensions as
the one contained within the pyrogen canister ef2fi phase. The pyrogen grain for the
1% phase is not contained within a canister and igedjldirectly to the RNX plug.
Additionally, the ' phase ignition grain has sixteen small holesedtilhto it to increase
its initial surface area and to allow for flame imgement on the motor grain core
surface. The design of the mid-bulkhead assemtdiiasvn in Figure 1.

__ First phase pressure port

i

Burst diaphragm —

RNX delay plug —
* First phase ignition grain

Mid Bulkhead

Figure 1 — Design details of mid-bulkhead assembly
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The upper bulkhead is machined from 6061-T6 alumimlioy. It is attached with alloy
steel machine screws. For sealing, the bulkhegdogisioned with a single o-ring used
in conjunction with silicone grease. Additionallgilicone grease was applied to all
surfaces exposed to heating. The bulkhead contapressure port for measurement of
2" phase chamber pressure. This bulkhead also Ipasvision to retain the pyrogen
igniter canister.

The Pyrogen Igniter as installed in the forwardkbekld is illustrated in Figure 2. The
canister is machined from stainless steel bar stmud retained by a retaining ring (snap-
ring). The igniter leads are fed through the tvatek on the top of the canister, and are
sealed and secured by filling the holes with epoxy.

e.__,_..——- Pyrogen bulkhead

/ Fyrogen grain

S

Pyrogen canister

Fonward bulkhead /

Figure 2 — Design details of forward bulkhead asselfy

The casing material for this first test wRspublic brand Electric Metallic Tubing (EMT).
The casing was hydrostatically tested and on thialitest was found to leak at the mid-
bulkhead. A quick look at the casing showed thatwelded seam in the area of the leak
contained a “valley” that allowed pressure to gastpthe o-rings. This area was filled
with JB-weld and sanded smooth and later provepgréwide a good seal. The EMT'’s
zinc coating was left intact.

Propellant Grain

The propellant grain consists of a total of 12 segis, six for each phase. Segments
were separated by 0.10” (2.5 mm) thick spacers madd3S plastic. Spacers were also
placed between the nozzle, mid-bulkhead, forwartkhaad, and the corresponding
adjacent propellant segment. This firing was cateli with KNSB propellant cast in the
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“standard” heat cast method in a standard Oxidtzel/ ratio of 65/35. A cast iron pot
placed on a thermostatically regulated electridleskivas used to heat the propellant.
Propellant was heated to a temperature of £7%135° C.). The propellant was prepared
two segments at a time. The KN was milled potamssiitrate fromFirefox and was used
as received. The Sorbitol wiw Foods brand fromHerbsMD and was also used as
received. The weighed ingredients were then mixggther into a largdupperware
container. This container was shaken by hand fpragmately one minute then poured
through a flour sifter into anothérupperware container. This process was repeated
several times. Propellant segments were caspeper casting tubes with an ID of 2.6”
(66mm). Hi-temperature grease was applied toEheflthe casting tubes to allow them
to be easily removed after the propellant was fallyed. Once the segments were fully
cured and had the casting tubes peeled off theg wleaned with acetone to remove any
grease. Segments then had the inhibiter appliaetibiter layer consisted of 4 wraps of
fiberglass cloth and polyester resin. Applicatwas found to be quite simple, clean and
effective. Application was done two layers atradj with one strip of glass being long
enough for two layers. The resin was brushed ansegment and then rolled over a
length of fiberglass that was laid out on a pietewax paper. Application of the
inhibitor was done in two steps mainly becauseas fiound that the brushed-on layer of
resin was able to wet out two layers of cloth. Hceual size, weight, and densities are
shown below. Although of somewhat lower densitynttw@ped for, it was encouraging
that they were very consistent.

Both ends of each segment were coated with potassiuate/charcoal primer.

Phase one grain Phase two grain

Total weight 7.963 Ibs (3.612 kQ) Total weight 8.018 Ibs (3.637 kQ)
Average segment length 4.34” (110 mm)  Average segment length 4.40” (112 mm)
Average OD 2.61” (66.3 mm) Average OD 2.61” (66.3 mm)

Average core diameter 0.74” (18.8 mm) Average core diameter 0.74” (18.8 mm)
Density ratio .936 Density ratio .929

Ambient burn rate of the batch was measured ta2450cm/sec., which is typical

Test Firing Report
by Randy Dormans

The firing was conducted on Saturday January 20620t was a cool morning, but the
sky was clear and once Peter and | got busy sdttings up it was pretty comfortable.
By the time we conducted the test it was in the &id. Peter assembled that test
equipment, while | prepared the motor. The assgmibihe motor took quite a bit longer
that | expected. Just putting in the 40 screws bk of time. Assembly of thé'phase
was a bit tricky in that | had the mid-bulkheadydssembled as in Figure 1, and had to
feed the igniter wire through the casing towardsrthzzle end and feed the wire through
a segment core and then slide that segment intcatsiag. | didn’t have the mid-
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bulkhead in the casing though because | was afnaida segment could slide down the
casing and maybe bump the pyrogen grain and disladgpom the delay plug. Once |
got the six segments in, | installed the mid-bulidhand then the nozzle. The assembly
of the second phase was a bit quicker.

Once we had the motor loaded into the test statodit a bit of time to connect the
temperature sensors and hook-up the plumbing tprésure ports.

The two separate igniters had extensions attach#gbtn that ran back to our shelter.
The ignition box was attached to the first phasetéy and after Peter’'s countdown |
pushed the button and the motor roared to lifkeept my eyes on the motor looking for
black smoke to indicate that the delay plug wasimgr. Meanwhile, Peter was next to
me switching the leads from the igniter box toakiger igniter and counting down the
time left before | fired the second phase. Whegdigo 15 seconds, he called for me to
fire the second phase. | hesitated partly bechsisksaw black smoke coming out of
the nozzle and thought that maybe the delay pldgiod burned completely through and
partly because | was amazed at how brightly theledzad been glowing during the burn
and also by the size of the flame that came othe@hozzle after the burn was complete.
Both were things that | had never seen before fiadugar motor. At the time, it seemed
like a fraction of a second, but the video shows lte about four seconds. So four
seconds after the call | ignited the second phaddle motor roared to life once again.
As the motor came to full pressure it sputtered dwthree times ejecting some leftover
fiberglass inhibitor from the expendet ghase. About 2/3 of the way through the
expected burn time there was a dull popping somadtae motor and stand slammed into
the ground in a cloud of smoke.

Analysis

Examination of the motor following the firing shosvéhat the 1 phase casing had burst
open at the welded seam just aft of the mid-buldh&espite tearing loose from the
stand, good pressure and thrust data was obtaioedbioth the ¥ phase and™ phase
firings, as shown in Figure 3. Data from the thdrsesors, which had been attached to
the motor casings, was not salvaged.

With regard to what led to the casing failure, itiigal thought was that a nozzle
blockage had occurred, leading to a pressure syhkeh caused the failure. However,
examination of the collected pressure and thrust slaowed that there was no pressure
spike at the moment of failure. Rather, the charpbessure had at this point started to
tail off to some extent, as can be seen in fA@lase pressure curves in Figure 3 (cyan &
green curves). Subsequent examination of the dainzageng showed that the butt-
welded seam was of inferior quality to that usuédlynd on EMT tubing. In hindsight,
this deficiency had been hinted upon during th@ppoessure hydro-test when leakage
occurred. Examination of new sectiongRepublic brand tubing revealed that this was
indeed the case. The weld was not the full thickmdghe tubing wall. This is unlike the
seam ofAllied brand tubing (the usual brand of EMT used for mossings), which has
consistently proven to be of excellent quality. ihal loading with consequential
reduction in seam strength were contributing fectbat led to the failure.
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Figure 3 — Measured thrust & pressure data

As is seen in the pressure and thrust curves afr€ig, the motor came up to operating
state quickly, for both phases of operation. Theggns were clearly effective in this
regard. The spikes at the beginning of tifephase burn were the result of inhibitor

debris being ejected through the nozzle, as wasessied by the observers. The shapes of
the £'phase curves were fairly close to the shape ofiéisggn curve. The performance
curves did not exhibit the unwelcome “trianguldnape that is often seen in KNSB
powered motors.

Using the curves shown in Figure 3, the motor perémce was calculated fot' phase

operation and is given in Table 1. Figure 4 illagts the Thrust Coefficient (G
computed from chamber pressure, thrust, and ntlzeat area.
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Summary of 1st Phase Data & Performance
Parameter | Symbol
Throat diameter Dt 0.6635 | inches 16.85 | mm
Propellant mass M p 7.963 | Ibs 3.612 | kg.
Max. Thrust [ Fmax 405 | Ib-force 1802 | Newton
Max. Pressure | Pmax 713 | psi 4.92 | Mpa
Max. Thrust coefficient | Cf max 1.66 | - 1.66 | -
Total impulse It 989 | Ibf-sec 4398 | N-sec
Specific Impulse I sp 124 | Ibf-sec/lbm 124 | sec
c-star c* 2508 | feet/sec. 765 | metres/sec.
Ideal c-star C*i 2982 | feet/sec. 909 | metres/sec.
c-star ratio | c*/c*i 0.84 0.84

Table 1 — Measured test values
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Figure 4 -- T phase Thrust Coefficient over steady-state duratio of motor
operation based on measured data

Upon inspection, these performance values indeaarkedly lower performance than
expected, with the exception of Thrust Coefficievitjch is plotted in Figure 4. The
Thrust Coefficient, which was nicely constant otlex steady-state operating duration,
was significantly higher than expected. Investaabf why this was the case led to the
conclusion that calibration of both the load cellidahe pressure transducer was
imprecise. Inconsistencies turned up during attertgptecalibrate the sensors following
the discovery of less-than-expected performance.

As an “academic exercise” to attempt to resolvagshee, and to extract useful tentative
motor performance from this first firing, the chagnipressure data was adjusted to obtain
a Characteristic Velocity (“c-star”) value thatypical of KNSB and other “sugar”
propellants. C-star is a thermochemical propertg given propellant and tends to be
consistent, regardless of motor particulars. Exgpee has shown that combustion of
sugar propellant tends to be quite efficient anuicily produces 95%, plus or minus a
few percent, of the ideal (theoretical) c-star eallihe value of c-star based on the
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measured data, as shown in Table 1, was 84% df iearly unrealistic. The adjusted
pressure plot based on a c-star ratio of 95% is/sho Figure 5, in comparison with the
design curve.

Another indicator of miscalibrated pressure dataésunusually high value for the

Thrust Coefficient (Figure 4). As shown in TablegHe maximum value for the computed
Thrust Coefficient based on measured data@asl.66. Experience based on numerous
static firings of sugar-based motors suggests & mealistic value of approximatelys

=1.5. Using the adjusted pressure values base®&poac-star ratio, the revised
maximum Thrust Coefficient becom€s =1.47, as realistic value.
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Figure 5 — Chamber pressure comparison

Corrected test data

Design ‘

The chamber pressure is nevertheless significkmilgr than design, and the burn time is
longer. This is not entirely unexpected, as thégmesurve is based on propellant made
from finely milled KN and made from extremely wblended KN and sorbitol, neither

of which represented the actual propellant useadigfirst test firing. Consequently, the
propellant burn rate was slower, leading to lowearober pressure and a longer burn
time. The presence of residual moisture in the g@itapt is another possibility that, if
present, would be a contributing factor to the gptarn rate.

With regard to the post-firing condition of the mptdamage was relatively light. Other
than the burst casing, the only other significaarhege was a bent nozzle due to impact
with the ground.. The throat was measured and rasurable erosion was found, despite
the extreme heating.
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Conclusions

The main objective of this first firing of the BENY prove the “dual-phase” concept, was
largely achieved. The mid-bulkhead with integrdbgieplug performed as expected and
successfully isolated the two combustion chambiérs.delay grain was consumed
following 1% phase firing, although at a somewhat slower taa expected. Thé'®
phase fired well and the presence of the mid-bukisid not seem to be detrimental to
the performance. In fact, th&%hase maximum thrust was slightly higher than dfat
the £'phase. The shape and magnitude of both thrusesurere similar, and basically
followed the profile of the design curve. Tentatperformance numbers were obtained.
The T'phase casing failure appeared to be due moreitfdrune” than anything else.
Data collection worked well with the exception béat of the thermal sensors. Precise
calibration of the pressure and thrust sensorsgorée be more of a challenge than
expected.

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

- Allied EMT tubing will be used for both casings

- A higher hydro-test pressure will be used

- A means of insulating or cooling th& phase casing at the critical location will
be implemented

- Pressure sensors and load cells will be redundehtreore carefully calibrated

- Thermal sensors will be improved in terms of maugpticalibration and data
acquisition

- Propellant will be prepared more similarly to tb&the design condition.

- The replacement nozzle will have a heavier threatien
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Photos

Photo 2 — Nozzle (left) and installed mid-bulkheadright)
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Photo 3 — InstrumentedYs Scale BEM in static test stand
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Photo 4 —f' phase motor undergoing full thrust

Photo 5 — Nozzle glowing after L phase burnout. Smoke from burning delay plug
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Photo 6 — Ruptured f' phase casing aft of mid-bulkhead

Authors: R.Dormans & R.Nakka 14

14



