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Introduction  

 
This report presents the details of  the static firing of the ProtoSShot-M Mark III rocket motor.  
This motor is intended to power the MiniSShot rocket vehicle, and is similar to the ProtoSShot-
M Mark I motor which was static test fired on April 26, 2008, and the Mark II version which was 
static fired on November 22, 2008. Design features were incorporated over the earlier Mark 
versions in an attempt to overcome the problems that these motors experienced. 
 
 
Objective 
 
To demonstrate the successful operation of the dual-burn ProtoSShot-M Mark III motor. A 
successful static firing is a prerequisite to flight-worthiness. 

 
 

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

- Ablative casting tubes that also serve as insulating liner. The ablator for the aft 
chamber casting tubes (SSA-1) differs slightly in composition from the ablator for the 
forward chamber casting tubes (SSA-2). The former has a slightly greater density and 
resistance to ablation 

- Ablator composition for Nozzle and Mid-bulkhead (SSA-1) differs from that used for 
earlier versions of motor 

- Zone of reinforced fiberglass cloth layer increased at forward end of Aft Chamber 
(extended aft an additional 7 inches) 

- Stainless steel foil (0.002”) thermal barrier lining for both casings 

- Igniter fitting added to Forward Bulkhead to ease installation 

 
As with the earlier versions of the ProtoSShot-M motor, the Nozzle, Mid-bulkhead and Forward 
Bulkhead were primarily metallic construction. The Nozzle Shell and Nozzle Ring were steel 
with a graphite throat insert. SSA-1 ablator was used on the nozzle inlet to reduce heat transfer to 
the motor casing. The Mid-bulkhead Shell was of aluminum alloy construction. The flow 
passage through the Mid-bulkhead was protected by a liner of SSA-1 ablator. The Forward 
Bulkhead was of aluminum alloy construction, with a cork liner to provide thermal protection. 
The casings were fiberglass/epoxy composite, obtained as commercial piping (Ameron Dualoy 
3000/L). All components of the motor were newly manufactured for this test. 
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Figure 1 – Cross-sectional view of ProtoSShot-M Mark III rocket motor 

 
  
 
As was the case for the earlier test firings, thermal labels were mounted on the rocket motor 
casing, nozzle and bulkheads. A total of 38 labels were used, which were capable of recording 
over a temperature range from 175 ºF to 500 ºF (78 ºC to 260 ºC).  The label mapping and results 
are presented in the reference 1. 
 
Instrumentation for collecting motor performance data was basically the same as for the Mark II 
firing. A new 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 (only). The motor ignition control system was modified 
with the provision of being able to use a single controller for both burns, by means of a igniter 
selector switch. Details on the instrumentation is presented in reference 2. 
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Propellant Grain 
 
The propellant charge consisted of a total of 12 BATES grain segments, six for each of the two 
chambers. Dimensions and masses of the propellant grains for the two chambers were similar. 
The aft chamber grains were cast into custom-fabricated tubes made of SSA-1 ablator, and for 
the forward chamber, cast into tubes made of SSA-2 ablator. 
 
The potassium nitrate was obtained from PKU (Oceanside, Calif.). A pH test was conducted to 
confirm the material was pH neutral. The Sorbitol was obtained from PVCOnly.com and was 
used as received. The screened potassium nitrate granules and powdered sorbitol were pre-mixed 
prior to casting for approximately 1 hour in a rotating drum. 
The casting process was similar to that used for the Mark II motor. Twelve excellent quality 
grains, all exceeding target density, were produced. Bonding integrity to the casting tubes was 
confirmed by the standard “tap test”. 
 
Following casting, the six grain segments for each chamber were epoxy-bonded together to form 
two grain assemblies. Lap joints were fabricated into the casting tubes to provide positive sealing 
and structural integrity. 
 
The grain dimensions and masses are tabulated in Table 1. The finished segments are illustrated 
in Photo 1 and Photo 2. The design Kn profiles are shown in Figure 2. 
 
 

Casting tube inner diameter = 76.32 mm Grain ideal density = 1.841
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)

1 119.2 953 140.8 10.0 12.7 118.2 833.8 94.3%

2 111.7 1002 147.4 5.5 16.7 125.2 890.3 95.0%

3 121.9 977 147.4 8.5 16.6 122.3 855.1 93.4%

4 122.9 1005 147.5 5.7 17.0 124.8 882.1 94.4%

5 125.8 1016 147.3 6.4 15.9 125.03 890.2 95.1%

6 116.8 999 144.7 6.3 16.5 121.9 882.2 96.7%

7 121.7 993 143.7 5.3 18.3 120.1 871.3 96.9%

8 120.2 994 143.7 5.9 15.9 121.9 873.8 95.8%

9 98.5 951 143.7 7.5 16.3 119.96 852.5 94.9%

10 97.6 988 143.9 4.3 15.4 124.2 890.4 95.8%

11 97.0 977 143.8 5.7 13.7 124.4 880.1 94.5%

12 97.2 980 143.8 4.2 16.4 123.24 882.8 95.7%
AVG= 95.2%

Green  > 92%
Red < 92%
(casting spec calls for quality > 92%)

recessed

depth

recessed

depth

GRAIN

 
Table 1 –Data for propellant grains 
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Figure 2 – Design Kn curves, 1st Phase (left) and 2nd Phase (right). 

 
 
 
Test Rig 
 
The setup for the test rig was similar to that used for the previous firings. Some key 
improvements were incorporated, such as an adjustable bracket for locating the load cell. This 
allowed the load cell to be adjusted such that it made light contact with the “stand-off” fitting 
integral to the Forward Bulkhead. The stand-off fitting serves to transfers thrust force to the load 
cell. Adjustment was accomplished after the motor had been mounted in the rig. As such, a 
minimal pre-loading of the load cell was achieved.  
 
The motor was again mounted vertically, nozzle downward, to simulate the orientation that the 
motor would experience in a flight scenario. The test rig was fitted with delrin rollers that 
allowed for the slight vertical movement that occurs during motor firing. 
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Test Firing Report 
 

Date: July 25th, 2009 
Primary Firing Crew: Matt Campbell, Rick Maschek, Chris King & Paul Avery 
Video documentation: Dan Pollino 
Location: FAR test facility, Mojave, Calif. USA 
 
The rocket motor was assembled and loaded according to the procedure detailed in reference 4. 
The thermal labels were applied to the casing, nozzle and bulkheads as described in reference 1.  
No significant issues arose during assembly of the motor with the exception of having to remove 
the Forward Bulkhead when it was discovered that the igniter had not been installed (an 
oversight in missing a step in the Assembly Manual). Overall assembly time was approximately 
4 hours. Unusually hot temperatures at the site (110°F) made for challenges for both equipment 
and personnel. The assembled and loaded motor was then mounted vertically, nozzle downward 
(as was done for the earlier firings). The load cell, pressure transducer and associated equipment 
was set up and calibration performed. Some issues arose regarding calibration of the load cell, 
which was later attributed to the extreme heat due to the high ambient temperature and blazing 
sun. The load cell bracket was adjusted to ensure positive, light 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. Several video cameras were set up to capture the motor firing from different 
angles. One of the video cameras, supplied by Ben Brockert, was set up to capture the firing at 
high speed. 
 
The two-channel ignition system was then connected, the video cameras put into recording 
mode, and the firing crew retreated to the safety bunker. The countdown was then initiated, and 
shortly after the “zero” count, the motor roared to life. The startup was quick despite a 
discernable delay between igniter firing and thrust initiation. The first-phase burn went well with 
burnout occurring after about 3.5 seconds. The “coast delay” countdown was then carried out, as 
black smoke  from the delay grain, and flames from the pyrolyzing ablator, issued from the 
nozzle. After 5 seconds from burnout, the countdown to the second-phase firing was initiated. 
The ignition button was pressed at the zero count (10 seconds from first-phase burnout).  The 
motor once again roared to life with a rapid startup. Again there was a discernable delay between 
igniter firing and motor thrusting. The motor again thrusted in a very similar, forceful manner 
and burnout occurred after approximately 4 seconds. A sizeable flame together with some black 
smoke spewed from the nozzle. Due to convection, the flames curled upward and blackened the 
aft-most portion of the motor casing. A member of the firing crew through water on the flames to 
mitigate further damage. 
 
 
Analysis 
 
A visual inspection of the motor immediately after the firing indicated that it appeared to be in 
good overall condition. The flame that emanated from the nozzle after burnout blackened the 
casing in the immediate vicinity and damaged some of the thermal labels. However, it appeared 
that any damage to the casing was superficial. Closer inspection after motor teardown and 
cleaning confirmed this. 
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Good data was successfully collected for thrust, second-phase chamber pressure, as well as 
motor temperature by means of thermal label readings. As a result of the motor being fired 
vertically, with the thrust force acting upward against the restrained load cell, it was necessary to 
adjust the measured thrust data to compensate for the weight of the motor. Since the mass of the 
motor changed as a result of propellant consumption, the assumption made was that propellant 
mass consumed, at any time, was directly proportional to delivered impulse up to that point in 
time. Also note that the load cell had a small pre-load, which also needed to be taken into 
account. The methodology of thrust adjustment used in the performance analysis  is provided in 
Appendix A. 
 
Figures 3 to 5 show the processed thrust and chamber pressure curves, with the corresponding 
design curves shown for comparison. For both phases, the burn time was longer than design with 
lower thrust and chamber pressures. A summary of the motor’s performance is provided in Table 
2 and in Table 3. The total impulse for both phases was very close to the design condition. The 
delivered specific impulse for the first phase firing was 131.2 seconds and for the second phase 
firing, 136.4 seconds. It is interesting that the Isp for the second phase was both higher than the 
first phase, and higher than expected. Two possible explanations are: 
 
1) Pyrolysis of the ablative liners in the aft casing contributed to the chamber  pressure. Evidence 
of this is the higher than expected characteristic velocity (c-star), which was 0.97 theoretical 
(Table 3). 

2) Greater combustion efficiency due to the aft chamber acting as a “blast tube. Again the high 
value of c-star supports this hypothesis. 

 
Figure 6 shows the calculated Thrust Coefficient for the second phase firing. The average value 
was 1.60. 
 
Once again the thermal labels worked 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 maximum casing temperature was 350°F (177°C), 
recorded on the label just forward of the nozzle. However, this label may have been heated from 
the nozzle flame-out. The next highest label reading was 340°F (171°C) at the casing just aft of 
the Mid-bulkhead. None of the labels mounted directly on the Forward Bulkhead showed any 
change, and as such, the temperature would have been less than 175°F (79°C). This attests to the 
effectiveness of the cork insulation on the Forward Bulkhead. The maximum reading on the 
Mid-bulkhead Shell was 250°F (121°C), which clearly demonstrated that the ablative liner 
protecting the Mid-bulkhead Shell was effective.  
 
A post-firing teardown, inspection, and complete cleansing of the motor was performed by Rick 
Maschek. The interior of both motor casings exhibited regions of scorching of the integral epoxy 
liner (photo 27). The liner, which is non-structural, is a 0.025” (0.64 mm)  thick protective layer 
that is a feature of the Ameron tubing used for the casings.  The scorching occurred primarily at 
the forward regions of both casings. These regions corresponded to apparent hot zones 
experienced by the foil thermal barrier that lined the casings (photos 35 & 36). 
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The exterior surface of the aft casing exhibited only a slight discolouration of the white paint, 
just aft of the Mid-bulkhead. From the previous firings, it is known that this region experiences 
the greatest heat load. The maximum temperature measured in this region reached 340°F 
(171°C), as described earlier. Since the glass transition temperature (Tg) of the tubing material 
was determined to be 340°F (171°C) (Ref. 5), it is probable that the material properties of the 
tubing were not significantly affected and re-use of the casing is permitted (hydro-static proof 
pressure test is to be conducted prior to re-use). 
 
The Mid-bulkhead metal shell was in pristine condition, and the ablative liner suffered relatively 
light degree of erosion. Measurements of the inside diameter showed an average of 2.585” (65.7 
mm), compared to an initial diameter of 2.500” (63.5 mm). As such, the erosion of the ablative 
was 0.043”off the original thickness of 0.150” (3.81 mm. The cleaned bulkhead plus ablative 
liner weighed 476 grams, compared to an initial mass of 502 grams. The Mid-bulkhead is 
illustrated in Photo 28. 
 
The Nozzle was in good shape, with the graphite throat insert having experienced zero erosion. 
The ablative liner did erode quite significantly, and was completely eroded down to the bare 
metal of the Nozzle Ring at two locations (photo 29). Since the nozzle was very hot after the 
firing, it is likely that some amount of  ablative liner degradation would have occurred post-
firing, due to pyrolysis rather than erosion. Remaining thickness of the ablator averaged 0.1” (2.5 
mm). 
 
The twelve ablative casting tubes survived largely intact. Only the one immediately aft of the 
Mid-bulkhead (SN6) was not fully intact. Half of the tube was missing, however, this could have 
resulted from the extraction process. The six tubes in the forward chamber experienced only 
minimal erosion, retaining an average of 78% of the original wall thickness. The six tubes in the 
aft chamber retained an average of 60% of the original wall thickness. Complete details are 
provided in Table 5. 
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Figure 3 –1st phase thrust data: comparison between measured (blue) and design (cyan). 
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Figure 4 – 2nd phase thrust and chamber pressure data, comparison between measured and 
design (English units). 
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Figure 5 – 2nd phase thrust and chamber pressure data, comparison between measured and 

design (Metric units). 
 

  
Summary of 1 st Phase Data & Performance 

Parameter Symbol English units Metric units 
Throat diameter D t 0.792 inches 20.1 mm 
Propellant mass M p 11.538 lbs 5.234 kg. 

Max. Thrust Fmax 536 lb-force 2384 Newton 
Total impulse I t 1514 lbf-sec 6734 N-sec 

Specific Impulse I sp 131.2 lbf-sec/lbm 131.2 sec 
* not measured 

Table 2 –Motor 1st phase performance values 
 
 

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

Throat diameter D t 0.792 inches 20.1 mm 
Propellant mass M p 11.576 lbs 5.251 kg. 

Max. Thrust Fmax 612 lb-force 2722 Newton 
Max. Pressure Pmax 734 psi 5.061 Mpa 

Avg. Thrust coefficient Cf avg 1.60 - 1.60 - 
Total impulse I t 1579 lbf-sec 7024 N-sec 

Specific Impulse I sp 136.4 lbf-sec/lbm 136.4 sec 
c-star c* 2881 feet/sec. 878 metres/sec. 

Delivered c-star to ideal 
c-star ratio 

c*/c*i 0.97 -- 0.97 -- 

 

Table 3 –Motor 2nd  phase performance values 
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Figure  6 – Thrust Coefficient over range of steady-state pressure (2nd Phase) 

 
 
 

 1st Phase 2nd Phase 
 N-sec N-sec 
Design impulse 6828 6854 
Delivered impulse 6734 7024 
ratio delivered/design 0.99 1.02 

 
Table 4 – Total impulse: delivered versus design 
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SN1 SN2 SN3 SN4 SN5 SN6 SN7 SN8 SN9 SN10 SN11 SN12
0.098 0.096 0.091 0.095 0.074 0.075 0.119 0.118 0.111 0.099 0.115 0.112
0.090 0.080 0.099 0.088 0.093 0.078 0.116 0.112 0.105 0.118 0.099 0.112
0.084 0.098 0.081 0.087 0.077 0.081 0.115 0.115 0.110 0.116 0.105 0.117
0.091 0.091 0.081 0.097 0.081 0.073 0.116 0.113 0.118 0.103 0.106 0.118

average 0.091 0.091 0.088 0.092 0.081 0.077 0.117 0.115 0.111 0.109 0.106 0.115
0.097 0.097 0.082 0.095 0.092 0.000 0.115 0.116 0.117 0.109 0.113 0.104
0.096 0.094 0.091 0.105 0.082 0.000 0.119 0.119 0.107 0.109 0.101 0.097
0.096 0.100 0.081 0.105 0.079 0.000 0.116 0.115 0.115 0.114 0.114 0.089
0.095 0.085 0.086 0.103 0.082 0.000 0.118 0.119 0.114 0.112 0.115 0.116

average 0.096 0.094 0.085 0.102 0.084 0.000 0.117 0.117 0.113 0.111 0.111 0.102

0.093 0.093 0.087 0.097 0.083 0.077 0.117 0.116 0.112 0.110 0.109 0.108
Final mass 81.2 60.6 79.5 79.8 79.6 37.2 103.3 108.8 87.9 87.0 83.4 79.2
(grams) [1] [2]
Original 
mass 119.2 111.7 121.94 122.9 125.76 116.8 121.66 120.2 98.49 97.61 96.95 97.18
Ratio 
final/original 
mass 0.68 0.65 0.65 0.63 0.85 0.91 0.89 0.89 0.86 0.81
Original 
thickness 0.149 0.147 0.147 0.148 0.147 0.144 0.1435 0.144 0.144 0.1435 0.144 0.1415
Ratio 
final/original 
thickness 0.63 0.63 0.59 0.65 0.56 0.53 0.81 0.80 0.78 0.77 0.75 0.76

[1] Piece of tube missing
[2] Half of tube missing

Ablative casting tubes  -  post-firing versus origi nal measurements 

Overall 
average (in.)

Thickness 
@end 1 (in.)

Thickness 
@end 2 (in.)

Aft chamber Forward chamber

 
Table 5 – Ablative casting tube post-firing analysis 



Author  R.Nakka     13 

Conclusions 
 
The test objective was met, with the ProtoSShot-M Mark III motor successfully demonstrating 
nominal dual-burn performance. 
 
Delivered specific impulse was close to that expected for the first phase, and better than expected 
for the second phase burn. The nature of this dual burn motor may account for the latter. The 
delivered thrust & pressure profiles differed markedly from design. This may be a result of the 
propellant pre-processing. To achieve a profile closer to design, greater pre-mixing of the 
sorbitol and potassium nitrate may be needed, and a finer oxidizer particle size should be 
employed. 
 
The data acquisition system (load cells and pressure transducer) worked very well. Good thrust 
data and chamber pressure data was obtained, and was used to analyze the motor performance. 
However, post-processing of the measured data was necessary to account for changing motor 
mass, a result of firing the motor in a vertical attitude. This introduces a certain amount of error 
or at the very least uncertainty in the results. This problem can be eliminated by firing a rocket 
motor in a horizontal position. 
 
Once again, the delay plug performed as designed and successfully isolated the two combustion 
chambers during the 1st phase burn. The delay plug performed to expectations on all three 
ProtoSShot-M test firings. 
 
The SSA-1 ablator, from which the aft casting tubes were fabricated, and which served to 
insulate the Nozzle Ring and the Mid-bulkhead Shell was very effective. The casting tubes 
showed a significant amount of deterioration, especially those closer to the Mid-bulkhead. 
However, much of the deterioration likely occurred post-firing due to confinement in a hot 
chamber. The SSA-2 ablator, from which the forward casting tubes were fabricated, showed little 
deterioration, as was expected. As such, a thinner or lower density ablator can undoubtedly be 
suitable, in the forward chamber, for future motors. Also, to better understand how well the 
ablator holds up to a motor firing, the condition of the motor should be preserved as closely as 
possible by using a water quench system to rapidly cool the motor interior immediately after the 
test firing. 
 
The scorching of the interior surface of the aft casing at a few locations showed that hot spots 
developed in the motor. The major scorching just aft of the Mid-bulkhead is consistent with 
earlier firings, which showed that greatest heat loading occurs at this location. Although the foil 
liner likely provided good protection of the casing during the motor firing, post-firing heat 
transfer likely accounted for much of the scorching. This is an area of the thermal protection 
system that needs greater attention in the future, to allow for greater reusability of the composite 
casings. A water quench system would also help out in this regard by providing a better picture 
of the motor’s internal condition upon cessation of operation.



Author  R.Nakka     14 

Photos   
(photos courtesty Rick Maschek, Dan Pollino, Richard Nakka) 
 

 
Photo 1 – The twelve propellant grains, prior to primer coating 

 
 

 
Photo 2 – Propellant grains with ignition primer coating 
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Photo 3 – Fastening the forward and aft chambers at the Mid-bulkhead with 48 machine screws 
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Photo 4 – Paul Avery and Rick Maschek finalizing the assembly 
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Photo 5 – Final preparations of the motor at the test site 

(left to right: Chris King, Rick Maschek, Matt Cambell, Paul Avery) 
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Photo 6 – Rick Maschek applying thermal labels on the motor 
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Photo 7 – Matt Campbell preparing the igniters 
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Photo 8 – Matt and Paul discussing installation of the igniters 



Author  R.Nakka     21 

 
Photo 9 – Loading the motor onto the test rig 

 
 

 
Photo 10 – Loading the motor onto the test rig 
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Photo 11 – Matt and Chris adjusting the load cell 

 
 

 
Photo 12 –  Final adjustments prior to raising test rig into position on the test stand 
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Photo 13 –  Setting up test rig and motor assembly on the vertical test stand 
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Photo 14 –  Mere moments prior to firing 

 
 

 
 

Photo 15 –  ProtoSShot-M Mark III motor under full first-phase thrust 
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Photo 16 –  Tower view of motor under full 1st phase thrust 

 
 

 
Photo 17 –  Immediately after 1st phase burnout, vaporized ablator flames out of nozzle 

 



Author  R.Nakka     26 

 

 
Photo 18 –  Tower view of motor shortly after 1st phase burnout 

 

 
Photo 19 –  During 10 second “coast delay”, black smoke from delay grain issues from nozzle 
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Photo 20 –  ProtoSShot-M Mark III motor under full second-phase thrust 
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Photo 21 –  Burnout of 2nd phase signifying conclusion of the successful test firing 

 
 

 
Photo 22 –  Flames from pyrolyzing insulation lap at the motor 



Author  R.Nakka     29 

 
Photo 23 –  Post-firing view of the aft end of the motor 
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Photo 24 –  View of the thermal labels and slight discolouration (right) aft of the Mid-bulkhead 

 

 
Photo 25 –  View of the aft end of the motor 
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Photo 26 –  View of aft casing interior after thorough cleaning 

 
 

 
Photo 27 –  View looking into the aft casing indicating scorched epoxy liner 
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Photo 28 –  Mid-bukhead shown after thorough cleaning 

 

 
Photo 29 –  Nozzle inlet region showing graphite throat insert and deteriorated ablative layer  
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Photo 30 –  SSA-1 ablator casting tube from aft chamber  

 

 
Photo 31 –  SSA-2 ablator casting tube from forward chamber 
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Photo 32 –  All six casting tubes from forward chamber 
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Photo 33 –  Rick inspecting a cleaned up casting tube 

 
 

 
Photo 34 –  All six casting tubes from aft chamber (in order, nozzle end at left) 
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Photo 35 –  Cut open metal foil thermal barrier, showing side in contact with the aft casing wall 

 
 

 
Photo 36 –  Cut open metal foil thermal barrier, showing interior side 
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Appendix A 
Adjustment of measured thrust to compensate for motor weight and load cell pre-load 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F = motor thrust force 
L = Load cell force 
S = Support reaction 
m g = motor weight  For static equilibrium:  � Fy = 0 = F + S – m g - L 
 
Motor is modeled as a body of mass suspended on an elastic support, with a force 
applied at the top end by a pre-loaded Load Cell, also modeled as an elastic support 
(spring). 
 
Both supports provide a force proportional to displacement: 
 L = kL dL 
  S = kS dS 
Where k = elastic constant and d = elastic displacement. 
Both elastic supports have an initial elastic displacement denoted by subscript i 
 Li = kL dLi 
  Si = kS dSi 
With resulting initial forces applied to the free body, Li and Si. 
 
Prior to firing, the body is in equilibrium as follows: 
 

Free Body 
Diagram 
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� Fy = 0 = F + kS dSi – m g - kL dLi 
 
When the motor fires, thrust is produced and the elastic displacements change by an 
amount denoted by d 
 
� Fy = 0 = F + kS (dSi – d) – m g - kL (dLi + d) 
 
 
 
Re-arranging the equation to solve for F: 
 
F =  m g +  kL (dLi + d) - kS (dSi – d)   
 
Two things to note: 

1. Since the motor is resting on the support and not fixed to it, when  d >  dSi , the 
term on the right becomes zero 

2. Due to the physical nature of the support and of the load cell, it is reasonable to 
assume that kS >> kL 

 
As such, after the motor begins to produce a thrust greater than the preload on the load 
cell, the term to the right becomes zero, and the equation for thrust is given by 
 
F =  m g +  kLdLi + kL d 
 
Where kLdLi  is the preload indicated by the load cell and  kLd is the instantaneous force 
indicated by the load cell. 
 
To summarize, the actual thrust produced by the rocket motor at a given instant, 
mounted vertically between two restraints, is given by: 
 
 Actual Thrust = motor weight + initial load cell reading + load cell reading   
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