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Introduction  
 

This Paper presents the test report detailing the third static firing of the “1/4 scale” 
Ballistic Evaluation Motor (BEM).  Note that the ¼ scale refers to the scaling of the 
motor basic dimensions with respect to the planned full-scale motor for the Sugar Shot to 
Space project.  This motor uses the same propellant type, but the construction details may 
differ significantly, especially with regard to materials used in the construction of the 
motor.  The intent of the BEM testing is mainly to prove the “dual-phase” concept of 
operation, and to obtain performance data that will be used to aid the design of the full-
scale motor.  
 
The third test firing is essentially a repeat of the first two test firings which took place 
earlier this year. Both tests were partial successes, with both suffering nearly identical 
problems -- a ruptured casing during the second phase burn. This third test incorporates 
various improvements in an attempt to prevent such an occurrence. 

 
 

Motor details 
 
Details on the original design and construction of the BEM are outlined in the Technical 
Specifications Paper Rev. 2005/08/28. Due to the problem of thermal structural 
weakening of the casing during the 2nd phase burn that was experienced during the first 
two BEM tests, the design of the 1st phase casing was modified. Instead of using a length 
of EMT, a heavier-walled tubing of alloy steel was used. This particular tubing is 
seamless 4130 alloy with a 0.125 inch (3.12 mm) wall, and has an OD of 3.00 inches 
(76.2 mm) and ID of 2.750 inches (69.85 mm). As a result of this larger ID, two special 
adapters had to be designed and machined to allow an existing nozzle and mid-bulkhead 
to be used. The adapters are shown in Photo 1. 
 
The nozzle used for this test was a spare nozzle manufactured following the first BEM 
test. This nozzle, manufactured from 1018 low-carbon steel is essentially identical to the 
blueprint nozzle with the exception of the throat diameter. Since the chamber pressure 
recorded during the first BEM test was lower than expected, the throat was made smaller 
to raise the Kn and restore the motor operation to the design pressure. 
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- The complete motor assembly was hydrostatic-tested to 1800 psi. This 
included a minimum thickness RNX delay plug. 

- The port through the mid-bulkhead was increased from the blueprint diameter 
of 1.00 inch (25.4 mm) to 1.15 inches (29.2 mm), an area increase of 32%, to 
reduce flow velocity. As well, the taper angle was changed from 10° to 15°. 

- Insulation was added to both the first phase and second phase casings. The 
first phase insulation was a double layer of “DeltaFlex 100” high-temperature 
gasketing material of total thickness 0.046 inch (1.16 mm), which was epoxy-
bonded to the casing. Second phase insulation consisted of 1/16” (1.6 mm) 
Cotronics ceramic paper, epoxy-bonded to the casing. 

- Propellant ingredients were thoroughly mixed at the dry powder stage. Each 
batch of dry-mix propellant was blended in a rotating mixer for 3 hours.   

 
As was the case for the 1st BEM firing, thermal sensors were again mounted on the rocket 
motor casing. A total of eight sensors were used. Unlike the earlier two BEM firings, 
these sensors were k-type thermocouples. A custom designed and built data acquisition 
system was used to collect the thermal data at a rate of 5.625 samples/second. The 
thermocouple instrumentation board is shown in Photo 2.  
 
Instrumentation for collecting motor performance data was entirely electronic. Tandem 
button-style loadcells (mounted “in series”) were used for thrust measurement. One of the 
loadcells was a factory calibrated Omega LC304-500 unit. Two pressure transducers 
were used to measure chamber pressure, one mounted at the forward bulkhead, used to 
measure 2nd phase pressure, and the other mounted at the mid-bulkhead, used to measure 
pressure of both firings. The complete instrumentation is shown in Photo 3. 
 
A new test stand was built for this static firing, basically a scaled up STS-5000 design 
fabricated nearly entirely of EMT tubing. The finished stand was proof-load tested to 
twice the maximum design thrust. 
  
 
Propellant Grain 
 
The propellant grain consisted of a total of 12 segments, six for each phase.  Spacing 
between segments was accomplished by filling the casting tubes to within 1/2” (12 mm) 
of the top.  The first two segments made were prepared by casting directly into a casting 
tube that was intended to also serve as the inhibitor. It was found, however, that 
disbonding had occurred between the propellant and tube interfaces. As such, this method 
was abandoned, and the inhibitor was applied as a post-casting procedure. The inhibitor 
consisted of 3 plies of cotton fabric soaked with polyester resin, for a combined thickness 
of approximately 0.045” (1.1 mm).  
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Due to swelling of the cotton fabric, it was discovered that some small areas of 
inadequate bonding had occurred (as detected by the “tap test” once the resin had cured). 
Most of these areas of disbonding were repaired by injection of cyanoacrylate or epoxy 
adhesive in the affected areas. As such, 6 segments were 100% confidently repaired, but 
the other 6 segments still had small areas where disbanding may have remained (over 
approximately 5% of the surface area). The latter segments were installed in the 1st phase 
motor. The faces of all segments were coated with ignition primer consisting of a blend 
of potassium nitrate, charcoal and a small percentage of sulfur. Coating was achieved by 
mixing the primer in 70% IPA and painting the slurry onto the propellant surface. The 
finished segments are illustrated in Photo 4. 
 
These grains were prepared with Potassium Nitrate/Sorbitol (KNSB) propellant cast in 
the “standard” heat cast method in an Oxidizer/Fuel ratio of 65/35.  A thermostatically 
controlled deep-fryer was used to heat the propellant to a slurry form for casting. The 
propellant was heated to a temperature of 135 oC. (275o F), at which point it was cast. A 
vibrating table was used to help compact the slurry and to minimize air inclusion.  
 
The potassium nitrate was veterinary grade of 99.8% purity and was milled using a coffee 
grinder to a fine powder form.  The Sorbitol was Now Foods brand obtained from 
PVCOnly.com and was used as received.  The weighed ingredients were prepared in 24 
separate batches that were combined into sealed containers, and blended as a dry mix in a 
motorized rotating mixer for 3 hours per batch prior to casting. 
 
 
Propellant Summary for BEM firing #3: 
 
Phase one grain:  3368 g (7.425 lbs) 
Phase two grain:  3382 g (7.456 lbs) 
 
Average density ratio was 94.3% 
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Test Firing Report 

 
July 29th, 2006 
Just as Tarun Tuli and I arrived at the test site, it started to rain. After a short while, the 
rain fortunately stopped, and we were able to begin assembly of the test stand and 
instrumentation shelter. With three of us working (Richard Graf of Columbiad Launch 
Services kindly assisted us), things proceeded smoothly. The rain then started to fall 
again. However, we took advantage of this wet spell to assemble and load the rocket 
motor in the dry and comfort of the range trailer. The igniter/pyrogens were also installed 
at this point. This process took well over an hour. 
 
The rain continued ceaselessly for at least another hour making further progress 
impossible. The instrumentation could not be set up until the rainfall ended and until we 
could be confident that further rain would hold off. Good fortune then came our way as 
the rain stopped and the sky soon partly cleared. Knowing that the weather could change 
at any time, we worked in a timely and efficient manner to set up the instruments, mount 
the motor, install the pressure transducers and loads cells, mount the thermcouples, and 
lay out the ignition systems (two, one for each motor phase). Everything proceeded 
smoothly without significant problems, except for a malfunctioning digital camcorder. 
This camera was abandoned and instead we mounted Tarun's analog camcorder on the 
tripod to film the firing from close. I also had my digital still camera which I then decided 
to use to take a videoclip of the firing, as backup footage. 
 
At last it came time to commence data acquisition and to prepare to connect the igniters 
to the ignition box. I took on the task of attaching the igniters and arming the two ignition 
systems. All participants except myself then headed to the viewing site where the remote 
firing box was located 500 feet (150 m.) distant.  
 
Tarun was assigned the task of pressing the firing button for both phases. He announced 
the countdown to ignition: 5 - 4 - 3 - 2 - 1 - fire. Shortly after, a "pop" sound was heard as 
the burst diaphragm ruptured and nearly immediately the motor roared to life, firing with 
a loud shriek and sending a large white smoke plume high into the air. The powerful 
thrust sound continued for about three seconds, then rapidly tailed off as the propellant 
was consumed. Black smoke could be seen issuing from the nozzle from the burning 
delay plug (and possibly also the inhibitor material). I pressed the "start" button on my 
stopwatch as soon as burnout occurred. The planned delay period between burnout of the 
first phase and ignition of the second phase was 17 seconds. As such, when the stopwatch 
read "12" seconds of elapsed time, I announced the second countdown: 5 - 4 -3 - 2 - 1 - 
ignition. Tarun then pressed the ignition button. Nothing happened. We frantically tried 
the button again and switched the safety key off/on several times, but to no avail. I then 
performed a "bypass" of the switches by shunting the ignition leads with the brass key, 
but even that left the motor lifeless. 
 
After several minutes had elapsed I cautiously approached the test stand and as soon as I 
was close enough to see the ignition box, it became immediately clear what the problem 
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had been. I had failed to throw the "safe/arm" switch of the second ignition box to the 
"arm" position. The idea of then arming the system and proceeding to fire the second 
phase was briefly considered. This was decided against, as it would not have proven to be 
of enough value to fire the second phase after the motor had several minutes to cool 
down. Instead it was felt that most benefit would be gained by aborting the test at this 
point and later reloading the first phase for a repeat test in the near future. 
 
 
Analysis 
 
As with the first BEM firings, the motor came up to operating state quite rapidly. The 
pyrogens were clearly effective in this regard 
 
Data was successfully collected for thrust, chamber pressure, and casing temperature. The 
thrust and pressure curves are shown in Figures 1a and 1b. The design pressure is shown 
for comparison. As can be seen, the “triangular” shape is exhibited by the thrust and 
pressure curves, as has often been observed with KNSB propellant in other motors. This 
is in striking contrast to the first two BEM tests, which did not exhibit this abnormal 
behaviour. 
 
Maximum temperature on the casing reached just over 100 Celsius. A post-firing 
teardown of the motor showed it to be in excellent condition. The delay plug was fully 
consumed and the mid-bulkhead diaphragm that isolated the two casing sections was 
found to be intact and effectively isolated the second phase from delay plug combustion 
heat. 
 
The value of the average thrust coefficient was nearly identical to that of the previous 
BEM test (1.51 versus 1.50). The thrust coefficient, plotted over the steady-state duration 
of the firing, is plotted in Figure 2. The total impulse was also nearly identical, 4404 N-
sec. versus 4398 N-sec, or within 0.2%. However, the specific impulse was much 
improved, being 133 seconds versus 124 seconds obtained in the previous firing. The 
improved specific impulse was due to a corresponding improvement in the delivered 
characteristic velocity (c-star), which is indicative of combustion efficiency. The value of 
c-star for this firing was 98% of the theoretical value, compared to 92% for the previous 
BEM firing. This is likely a result of the enhanced propellant preparation method. 
 
A summary of the performance values is given in Table 1. 
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Figure 1a –Thrust and chamber pressure data (English units) 

 

 
Figure 1b –Thrust and chamber pressure data (SI units) 
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Figure 2 – Delivered thrust coefficient 

 
 

Summary of 1st Phase Data & Performance 
Parameter Symbol     

Throat diameter D t 0.6410 inches 16.28 mm 
Propellant mass M p 7.425 lbs 3.368 kg. 

Max. Thrust Fmax 674 lb-force 2998 Newton 
Max. Pressure Pmax 1342 psi 9.25 Mpa 

Avg. Thrust coefficient Cf max 1.51 - 1.51 - 
Total impulse I t 990 lbf-sec 4404 N-sec 

Specific Impulse I sp 133 lbf-sec/lbm 133 sec 
c-star c* 2917 feet/sec. 889 metres/sec. 

Ideal c-star c* i 2982 feet/sec. 909 metres/sec. 
c-star ratio c*/c* i 0.98  0.98  

 
Table 1 –Motor 1st phase performance values 

 
 
Thermal data from the thermocouples was successfully collected, and is plotted in Figure 
3. The thrust and pressure curves are shown superimposed on the graph. Figure 4 shows 
the thermal results over a period of approximately 8 minutes. The results are somewhat 
odd in the sense that the temperature rise on all thermocouples occured at the same 
approximate time. One would expect that the thermocouples mounted on the 2nd phase 
casing would have begun to heat up much later. 
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Figure 3 – Thermal data, with superimposed thrust/pressure curves.  
 Note: Sensors #4 & #5 were mounted on opposite sides of the motor 

 
 

 
Figure 8 – Thermal sensor locations on the rocket motor 
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Conclusions 
 
Despite the incompleteness of the test, there were positive outcomes. The data acquisition 
systems for the thermocouples, load cells and pressure transducer worked very well. 
Good thrust and chamber pressure data was obtained and was used to determine motor 
performance for the 1st phase firing. The thrust and pressure curves exhibited the 
unwelcome “triangular” profile, which was not seen in those results of the first two BEM 
firings. The cause may be related to the more thorough processing of the propellant. This 
is something that will need further investigation and eventual resolution. 
 
The main objective of this third firing of the BEM, as with the first two firings -- to prove 
the “dual-phase” concept -- was not achieved. To avoid a similar oversight that prevented 
the second phase firing (non-armed ignition system), a checklist will be established for 
subsequent motor tests. 
 
For the third time, the delay plug again performed as expected and successfully isolated 
the two combustion chambers 
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Photos 
 
 

 
Photo 1 – Adapters for the nozzle and mid-bulkhead  

 
 

 
Photo 2 – Instrumentation for measuring thermocouple output 

 
 

 
Photo 3 – Complete instrumentation for thrust, pressure and thermal measurements 
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Photo 4 – Primed and inhibited propellant grain segments 

 
 

 
Photo 5 –Richard Graf & Tarun mounting motor in test rig 
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Photo 6 – Mounting thermocouples on motor 

 
 

 
Photo 7 – Motor operating at full 1st  phase thrust 

 


