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Introduction  
 

This report presents the details of  the static firing of the ProtoSShot-M Mark II rocket motor 
which took place on Nov.22, 2008 at the MTA test site in the Mojave Desert.  This motor is 
intended as a prototype for the MiniSShot rocket vehicle, and is similar to the ProtoSShot-M 
Mark I motor which was static test fired on April 26, 2008. Design features were incorporated 
to an attempt to resolve the problems that the Mark I  motor experienced. 
 
Objective 
 
To successfully demonstrate the dual-phase operation of the ProtoSShot-M motor with 
modifications incorporated following the initial test firing of the motor in April 2008. 

 
 

Motor details 
 
The motor is illustrated in Figure 1. The main changes in comparison to the earlier Mark I 
version are: 

- Titanium casting tubes in aft chamber (was paper phenolic) 
- Thermite ignition of forward  chamber (was Pyrogen unit) 
- Improved ablative for nozzle and Mid-bulkhead (reinforced with chopped glass 

fibre) 
- Improved insulation for both chambers. Aft chamber has phenolic liner, coated 

with intumescent paint on the outer surface, and cork insulation covering the grain 
assembly. Forward chamber has cork liner.  

- “Stand off” fitting added to Forward Bulkhead to efficiently transfer thrust load to 
load cell (not illustrated). 

- Grains were cast using a new casting apparatus that cures the propellant under 
clamping pressure applied by a compression spring. Improvements were obtained 
in terms of density and end surface smoothness. 

- Forward Bulkhead thermally protected with cork insulation. 
- Burst diaphragm material changed to rupture at lower pressure. 
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Figure 1 – Cross sectional cutaway view of ProtoSShot-M Mark II rocket motor 

 
 
As was the case for the Mark I firing, thermal labels were mounted on the rocket motor 
casing, nozzle and bulkheads. A total of 37 labels were used, which were capable of 
recording over a temperature range from 175° F to 500° F (78° C to 260° C).  The label 
mapping and results are presented in the Reference 1. 
 
Instrumentation for collecting motor performance data was improved with respect to the 
earlier Mark I firing. A factory calibrated “button” compression load cell was utilized for 
thrust measurement. A pressure transducer, mounted in the Forward Bulkhead, was used to 
measure chamber pressure of the 2nd-phase firing. Complete details of the data acquisition 
system is documented in Reference 2. 
 
 
Propellant Grain 
 
The propellant grain assembly consisted of a total of 12 segments, six for each chamber. The 
six grain segments connected at the joints as a single assembly using adhesive and stainless 
steel foil tape. and   The dimensions of the six grain assembly for the aft chamber differed 
from those of the forward chamber, as a result of the use of different casting tube materials. 
The forward chamber grains were cast into paper phenolic casting tubes (same as the Mark I 
motor); the aft chamber grains were cast into titanium casting tubes. The intent of using 
titanium metal casting tubes for the aft chamber was to provide resistance against thermal 
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degradation and subsequent nozzle blockage, as had occurred during the static firing of the 
Mark I motor in April 2008. 
 
The potassium nitrate used for the propellant was recently obtained from PKU (Oceanside, 
Calif.). A pH test was conducted of a saturated KNO3/H2O solution to confirm the material 
was pH neutral. The Sorbitol was Now Foods brand obtained from PVCOnly.com and was 
used as-received. The screened potassium nitrate granules and powdered sorbitol were pre-
mixed prior to casting for 1 hour in a rotating drum. 
 
When casting, a variable frequency vibrating table was used to help compact the slurry and to 
minimize air inclusion. Complete details of the casting procedure and apparatus is provided in 
References 3 & 4. Twelve good quality grains, with most exceeding “target density” (³ 95%), 
and with bonding integrity confirmed by the standard “tap test”, were produced. 
 
The grain dimensions and masses are tabulated in Table 1 and Table 2. The propellant 
segments are illustrated in Photo 1 and Photo 2. 
 

Table 1 –Data for aft chamber grains (titanium casting tubes) 

Table 2 –Data for forward chamber grains (phenolic casting tubes) 

M I N I S S H O T   G R A I N   D E N S I T Y    C H E C K

Casting tube inner diameter = 74.32 mm Grain ideal density = 1.841 gram/cc
Core diameter = 25.45 mm

INSTRUCTIONS: FILL IN DATA IN WHITE CELLS
Mass of Mass of Length Recessed Recessed Grain Mass Grain

Grain casting casting tube of casting depth depth length of density 
s/n tube + propellant tube Top Bottom propellant ratio 

(grams) (grams) (mm) (mm) (mm) (mm) (grams) (actual/ideal)

1 132.77 941 137.8 10.10 6.70 121.0 808.2 94.7%

2 133.59 942 137.8 8.70 6.80 122.3 808.4 93.8%

3 132.79 949 137.8 9.80 7.10 120.9 816.2 95.8%

4 132.68 941 137.8 11.50 6.20 120.1 808.3 95.5%

5 133.02 945 137.8 11.10 6.70 120 812.0 96.0%

6 132.96 980 137.8 5.60 6.20 126 847.0 95.4%

0 0.0

0 0.0

0 0.0

recessed

depth

recessed

depth

GRAIN

Casting tube inner diameter = 76.10 mm Grain ideal density = 1.841 gram/cc
Core diameter = 25.45 mm

INSTRUCTIONS: FILL IN DATA IN WHITE CELLS
Mass of Mass of Length Recessed Recessed Grain Mass Grain

Grain casting casting tube of casting depth depth length of density 
s/n tube + propellant tube Top Bottom propellant ratio 

(grams) (grams) (mm) (mm) (mm) (mm) (grams) (actual/ideal)

1 52.56 901 140.3 8.90 10.40 121.0 848.4 94.3%

2 53.57 910 140.3 8.40 10.00 121.9 856.4 94.5%

3 53.62 912 140.3 9.40 9.70 121.2 858.4 95.2%

4 53.19 910 140.3 9.80 9.70 120.8 856.8 95.4%

5 53.06 920 140.3 6.90 10.00 123.4 866.9 94.5%

6 53.55 911 140.3 9.50 9.80 121 857.5 95.3%

0 0.0

0 0.0

0 0.0

recessed

depth

recessed

depth

GRAIN
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Test Firing Report 
 

Date: November 22nd, 2008 
Firing Crew: Matt Campbell, Randy Dormans, Chris King & Rick Maschek 
Location: MTA test facility, Mojave, Calif. USA 
 
The rocket motor was assembled and loaded per the procedure detailed in Reference 6. The 
thermal labels were applied to the casing, nozzle and bulkheads as described in Reference 1.  
No significant issues arose during assembly with the exception of the phenolic thermal liner, 
which was a snug fit in the aft casing. It was found to be necessary to sand down some of the 
intumescent paint to be able to slide the liner into place. The assembled and loaded motor was 
then mounted vertically, nozzle downward (as was done for the April firing). The test stand 
was an improved version, utilizing delrin rollers to cradle the motor to the stand while 
allowing vertical movement. The load cell, pressure transducer and associated equipment was 
set up and the calibration performed. Bungee cords were used to pull the motor upward to 
ensure positive contact with the load cell. The thermite igniter was inserted up into the 
forward end of the aft chamber and held in place with a  thin wooden dowel. The thermite 
igniter for the forward chamber had been installed during motor assembly, prior to insertion 
of the Forward Bulkhead. Several video cameras were set up to capture the motor firing from 
different angles. 
 
The 2-channel motor ignition system was then connected, the video cameras put into 
recording mode, and the firing crew retired to the safety bunker. The countdown was then 
initiated, and shortly after the “zero” count, the motor roared to life. The startup was quick 
with only a slightly discernable delay. The first-phase burn went well with burnout occurring 
after about 3 seconds. The “coast delay” countdown was then carried out, as black smoke 
from the delay plug issued from the nozzle. The ignition button for the second-phase was 
pressed after 10 seconds.  The motor once again roared to life with once again a rapid startup. 
The operation appeared to be nominal until about 2 seconds into the burn. At that point, the 
nozzle blew off and the motor tore out of the test stand and lofted upward, landing several 
hundred feet from the stand. On approach, the motor casing was seen to be on fire at the aft 
end where the nozzle had been attached. The fire was quickly extinguished. The motor was 
essentially intact with the exception of the damaged nozzle which was found near the test 
stand. The aft casing was cracked and partly buckled just behind the Mid-bulkhead (see Photo 
16). 
 
 
Analysis 
 
Data was successfully collected for thrust, chamber pressure, and motor temperature. The 
thrust curve for the 1st phase is shown in Figure 2, which is compared to the predicted thrust 
curve. Figure 3 shows the measured chamber pressure and thrust, as well as the 
corresponding predicted curves. From Figure 3, it is clear that the motor suffered a nozzle 
blockage during the second phase firing that led to over-pressurization and consequential 
nozzle blow-out. At the 1.7 second mark into the burn, the thrust is seen to rapidly drop off, 
accompanied by a rapid rise in chamber pressure. The thrust drop-off is indicative of loss of 
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flow through the nozzle. Partly-melted titanium casting tube debris was found near the test 
stand and also with the motor (Photo 17). As such, it would appear that the titanium casting 
tubes softened from the extreme heating of the second-phase burn and got blown into the aft 
portion of the chamber, lodging in the nozzle throat. Shear tear-out of the six #8-32 screws 
attaching the Nozzle Shell to the Nozzle Ring resulted from over-pressurization due to the 
blockage, with subsequent forceful separation of the Nozzle Shell from the rest of the motor. 
 
From Figure 2, it is seen that the thrust curve differed markedly from predicted curve, being 
roughly triangular in shape. This has been seen often before with KNSB-powered motors and 
is believed to be a result of delayed ignition of one or more grain end faces. This appeared to 
occur, despite the grain ends being coated with ignition primer, and having a 5/8” (16 mm) 
spacing between grain faces. The delay in the ignition can be noticed in the video of the 
motor firing, especially when compared to the earlier April firing which ignited nearly 
instantaneously. 
 
The measured 2nd-phase thrust curve shown in Figure 3 is reasonably close to the predicted 
thrust curve. The measured chamber pressure, however, is significantly lower than predicted.  
It was thought that this could be an anomalous measurement due to a calibration error. 
However, the calibration data was carefully checked and no error could be found. The 
assertion that the pressure data is anomalous is supported by the calculation of the Thrust 
Coefficient (Cf), as shown in Figure 4, which was calculated to have a value of Cf=1.89 
 
The Thrust Coefficient (Cf) relates thrust and chamber pressure by the following expression: 
 
F = Cf  Pc  At 
 
Where F is the thrust, Pc is the chamber pressure, and At is the throat cross-sectional area. 
Expected value for the Thrust Coefficient is in the range of 1.5 to 1.6. The value for the 
BEM-4 firing of September 2007 was 1.54 for the 2nd-phase firing and 1.52 for the first phase 
firing. As such, the value of Cf =1.89 does not appear to be realistic and was likely the result 
of some anomaly. One possible explanation might have been a leak in the piping which 
connected the Forward Bulkhead to the pressure transducer. The leak could have been a result 
of failure to fully tighten either of the two connection points. 
 
A summary of the motor’s performance is provided in Table 3 & Table 4. The total impulse 
for the first-phase was within 1.7% of the design condition. The delivered specific impulse 
was 131.3 seconds, which is also within 1.7% of the 133.6 seconds expected. 
 
The thermal labels worked very well and temperature data was recorded, indicating 
maximum temperatures experienced by the casings at various locations, as well as the Mid-
bulkhead Shell and Forward Bulkhead. The labels on the Nozzle Ring were either burned or 
missing. The maximum recorded casing temperature was 275°F (135°C), recorded on the 
label just forward of the nozzle end reinforcement. None of the labels on the Mid-bulkhead 
Shell or Forward Bulkhead showed any change, and as such, the temperature would have 
been less than 175°F (79°C), attesting to the effectiveness of the cork insulation on the 
Forward Bulkhead and the ablative liner protecting the Mid-bulkhead Shell. Measurement of 
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the ablative liner in the Mid-bulkhead showed a maximum erosion of 0.050” (1.3 mm) depth, 
which represents 1/3 of the original ablative thickness of 0.150” (3.8 mm). 
 
 A post-firing teardown of the motor indicated that the forward casing was in good overall 
condition. The cork insulation was charred, as expected, but once stripped away, the casing 
was nearly pristine. One spot near the middle did show some thermal discolouration, which 
appeared to be minor, affecting only the protective epoxy liner of the Ameron Duraloy 
3000/L tubing material from which the casing was fabricated. The aft casing interior surface 
showed signs of significant heating in the region just aft of the Mid-bulkhead, as illustrated in 
Photo 18. The phenolic thermal liner was also largely burnt away in this region. The 
remainder of the phenolic thermal liner was charred on the inside surface, but intact. The 
outside surface, which was coated with a layer of white intumescent paint, appeared to be in 
relatively good condition with  much of the paint still present. The interior surface of the aft 
casing also looked pristine, with the above noted exception. Examination of the casing was 
facilitated by cutting open the casing lengthwise as shown in Photo 18.  
 
The reason for the significant thermal heating just aft of the Mid-bulkhead is believed to be 
due to combustion gas flow in the gap between the casing and the phenolic thermal liner. The 
flow is believed to be a  result of higher pressure at the head end of the aft casing relative to 
the aft (nozzle) end, resulting from the flow velocity gradient. Note that this gradient would 
only be present during the first-phase burn. During the second-phase burn, the flow velocity 
would presumably be constant throughout the full length of the aft chamber. 
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Figure 2 –1st phase thrust data: comparison between measured and predicted. 
 

ProtoSShot-M Mark II
Nov.22, 2008
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Figure 3 – 2nd phase thrust and chamber pressure data, comparison between measured and 
predicted. 
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Summary of 1 st Phase Data & Performance 

Parameter Symbol English units Metric units 
Throat diameter D t 0.771 inches 19.6 mm 
Propellant mass M p 10.80 lbs 4.900 kg. 

Max. Thrust Fmax 877 lb-force 3901 Newton 
Max. Pressure Pmax * psi * Mpa 
Total impulse I t 1419 lbf-sec 6310 N-sec 

Specific Impulse I sp 131.3 lbf-sec/lbm 131.3 sec 
* not measured 

 
Table 3 –Motor 1st-phase performance values 

 
 

Summary of 2 nd  Phase Data & Performance 
Parameter Symbol English units Metric units 

Throat diameter D t 0.771 inches 19.6 mm 
Propellant mass M p 11.35 lbs 5.149 kg. 

Max. Thrust Fmax 666 lb-force 2962 Newton 
Max. Pressure Pmax 747 psi 5.15 Mpa 

Avg. Thrust coefficient Cf avg 1.89 - 1.89 - 
Total impulse I t - lbf-sec -- N-sec 

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

 

 
Table 4 –Motor 2nd-phase performance values 
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Table 3 – Thrust Coefficient over range of steady-state pressure 
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Conclusions 
 
Although the test objective was not met, the ProtoSShot-M Mark II motor performed 
reasonably well, successfully completing nominal first-phase operation, coast delay, ignition 
and startup of the second-phase, with a nominal second-phase burn for over 2 seconds. 
 
Delivered specific impulse (for the first-phase burn) was close to that expected. 
 
The 2nd phase likely experienced delayed ignition, a likely consequence of utilizing sorbitol-
based propellant in a BATES configuration. This issue will need to be investigated, with a 
possible course of action being to use a greater charge of thermite for ignition and/or a burst 
diaphragm for the aft chamber containment (such was present for the forward chamber). 
 
The data acquisition system (load cells and pressure transducer) worked very well. Good 
thrust and chamber pressure data was obtained and was used to determine motor 
performance. However, the pressure data seems to have been compromised, possibly by a 
loose pressure fitting connecting the transducer to the motor. This can be overcome by 
including a notation in the assembly manual to confirm that all pressure fittings have been 
tightened. 
 
Once again, the delay plug performed as designed and successfully isolated the two 
combustion chambers during the 1st phase burn. 
 
It is inconclusive if the intumescent paint, which coated the exterior of the phenolic thermal 
liner, helped at all to protect the casing. Considering the simplicity and minimal mass of this 
paint, it is probably worthwhile to continue usage as supplementary thermal protection. 
 
The ablative material which served to insulate the Nozzle Ring and the Mid-bulkhead Shell 
was clearly effective and suffered from minimal erosion.  
 
The thermal damage to the interior surface of the aft casing was similar to that experienced in 
the April firing. It is believed to be a result of continual gas flow in the space between the 
thermal liner and casing during the first-phase burn. This can presumably be eliminated in the 
future by proper sealing of the gap at the head end of the casing. The space is needed for 
pressure equalization around the grain; as such, the space would be left open at the nozzle end 
to allow the combustion gases to pressurize the space during motor startup, however, being 
open at only the aft end would prevent subsequent flow in this region. 
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Photos 
 

 
Photo 1 – Propellant segments immediately after casting, shown in their curing fixtures. 
 

 
Photo 2 – Typical as-cast propellant segment, in titanium casting tube. 
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Photo 3 – Rick Maschek applying thermal labels on motor. 
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Photo 4 – Randy Dormans and Joseph Mahaney assembling the  motor. 
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Photo 5 – Randy and Matt Campbell performing the final steps of motor assembly. 
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Photo 6 – Joseph, Brent Dougherty and Matt mounting the motor on the test rig. 
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Photo 7 – Brent installing the igniter into the aft motor chamber. 
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Photo 8 – Ground crew mounting the test rig to the restraining column. 
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Photo 9 – Joseph saluting the fully set-up motor . 
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Photo 10 – Motor firing under full first-phase thrust. 
 



Author  R.Nakka   Photos courtesy Rick Maschek (unless noted)
  

20 

 
Photo 11 – Motor firing under full first-phase thrust (view for a different camera). 
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Photo 12 – Sequence of events (clockwise from top left): (1) Ignition, (2) First-phase firing, 
(3) Delay plug burning during “coast delay”, (4) Second-phase firing.  
Bottom: (5) Nozzle blowout and motor tearing free from test rig. 
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Photo 13 – Rick and Brent examine motor at the touchdown site. 
(photo courtesy Randy Dormans) 
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Photo 14 – Randy and Chris King struggle to separate aft casing from Mid-bulkhead.  
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Photo 15 – View of forward motor section, looking into Mid-bulkhead. 
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Photo 16 – Buckled & heat-affected portion of aft casing just behind forward reinforcement 
plies. 
 

 
Photo 17 – Debris of titanium casting tubes, together with Nozzle Shell and Forward 
Bulkhead. 
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Photo 18 – Aft casing (mid-bulkhead end) cut open in halves for inspection, together with 
phenolic thermal liner halves.  
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Photo 19 – Aft casing detailing interior surface casing (center two) and outside painted 
surface of phenolic thermal liner. 
 


