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1 Overview

The purpose of this document is to outline the data collected during the 2020 ESRA test fires that is relevant to
producing a COPV motor casing in the future. This will include the hardware components used in the test fires; the
pressure, thrust and thermal data collected and the simulations and data produced by the COPV subteam.

2 Static Fire Methods

2.1 Motor Assembly

The two full-scale motor assemblies were identical for each fire, aside from how the grains were spaced in the thermal
liner. The forward enclosure was secured with a snap-ring identical to the one used on the nozzle. The thermal liner
was 0.25” thick fiberglass liner under the brand name vernatube. Casting tubes were sourced from a custom spiral
tubing company Spiral Paper Tube & Core in order to fit the fiberglass tube. New o-rings, snap rings, thrust ring,
and thermal liner, and nozzle were used. The forward enclosure, and motor tube were re-used for the 2nd fire. The

fiberglass thermal liner is filled under part number 10-007A, and the drawing is shown in figure 1.

Figure 1: Thermal liner drawing
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The forward enclosure was constructed from aluminum 6061, and filed under part number 10-003B shown in
figure 2.

Figure 2: Forward enclosure drawing
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The motor tube was constructed from aluminum 6061, and filed under part number 10-002C shown in figure 3.

Figure 3: Motor tube drawing
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The top level motor assembly is shown in figures 4, 5, 6, and 7.

Figure 4: Motor assembly drawing page 1

Figure 5: Motor assembly drawing page 2
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Figure 6: Motor assembly drawing page 3

Figure 7: Motor assembly drawing page 4

2.2 DAQ Test Stand

The motor was held in the same test stand as the prior static fire (shown in figure 8a). The motor is held by 80/20
Inc.’s extruded aluminum and custom machined brackets and with gasket material to minimize scratches. All bolts
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were torqued to 25 ft-lbs as per the maximum suggested by 80/20 Inc. Pressure data was recorded using a FUTEK
PFP350 pressure transducer connected to the forward enclosure by a 18” copper pipe, as shown in figure 8b. The
orifice on the sensor was filled with lithium grease. The copper tube was empty. Load data was collected using
an OMEGA LCM305-10KN load cell. This load cell had a max measuring capacity of 2248 lbf and the projected
maximum thrust was 1250 lbf. Three OMEGA XCIB-K-4-5-10 thermocouples were attached to the near the nozzle
end of the motor tube by hose clamps painted with thermocouple putty shown in figure8c. The umbrella hat was
secured to the top of the motor for tactical purposes.

(a) Test stand setup (b) Load and pressure setup (c) Thermocouple setup

Figure 8: Pressure

The DAQ used Texas Instruments REF102CP chips to supply excitation, Texas Instruments INA122PA amplifiers
for the pressure transducer and load cell signals, and Maxim Integrated MAX6675ISA+ cold junction compensated
k thermocouple to digital converts to read the thermocouples. Analog and digital signals from the sensors were read
using a Teensey 3.2 at 50Hz for the load and pressure, and 10Hz for the temperature data.

(a) DAQ sensor connections (b) DAQ internals

Figure 9: DAQ setup

The data was logged over USB serial from the Teensey to a computer running Putty.
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3 Results

The pressure peaked at 650 psi with a burn time of 8.3028s.

Figure 10: Pressure curve

Thrust data closely followed pressure displaying a maximum of 1545 lbf .

Figure 11: Thrust curve
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Figure 12: Motor tube temperature

Temperatures were measured at 6”, 9” and 22” from the nozzle end of the motor. These locations were chosen to
measure first where we believed temperature would be the highest, second the location where we believed factor of
safety would be the lowest and third a reference location that we were confident would have a low temperature.The
thermocouple located 6” from the nozzle opening reached a maximum temperature of 60F during the fire and
244F after sitting on the test stand for 3min. At 9” from the nozzle opening the thermocouple saw very similar
temperatures at 55F during fire and 231F after resting. The reference thermocouple located near the center of the
motor at 22” found to have no increase in temperature during the fire and only reached 94F after resting. This data
is noticeably higher than the first fire where nozzle temperatures reached 183F, a 60 degree difference.

We have yet to determine the exact source of this increase. The factors that changed from the first fire were a
decrease in propellant, decrease in pressure, quicker ignition, and shorter burn time. The most likely source of heat
increase was an effective burn time increase as the quicker ignition and more steady burn lead to a burn time used
for characterization of 8.3s while for the first fire the burn time was 7.5s. Figure 13 shows yield stress after heating at
a defined rate and to a defined temperature. Note that due to the thickness of the aluminum (.175 in) temperature
is assumed to be uniform radially in the motor tube.
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Figure 13: Yield Strength vs. Annealing Temperatures
(Summers, P.T., Chen, Y., Rippe, C.M. et al. ”Overview of alloy mechanical properties during and after fires”)

There motor tube used in the first and second fire, dubbed ”Ol faithful” has been reused twice and is planned
to be reused again. Concerns of thermal damage to the motor casing arose. However from our thermal data we
achieved a maximum heating rate of approximately 5C/min to a maximum temperature of approximate 150C. This
should not have a substantial lasting effect on the motors strength according to the study seen in figure 13. Where
our scenario falls into a region where no loss in yield strength is seen.

The motor tube’s stress was calculated assuming steady state temperature values for a conservative approximation.
Safety factor is plotted in figure 14.
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Figure 14: Safety Factor, Temperature, and Yield Strength of Motor Casing

Stress analysis was done using ductile failure theory (Von-Mises) and assuming that the motor tube was at max
firing temperature during max pressure and it is a thin walled pressure vessel. This produces the lowest factor of
safety and allows us to see where the highest risk lies. Through this analysis a minimum safety factor of 4.27 was
found at the step down on the nozzle side. This safety factor however is very close to the nominal safety factor for
the motor tube of 4.28 due to only small increase in temperature during the fire’s duration.

• r = Mean Radius

• P = Max Pressure

• Th = Wall Thickness

HoopStress = Pr
th

AxialStress = Hoop stress
2

Principal Stress = Eigenvalues of stress matrix.
V onMisesStress =

√
((PS1 − PS2)2 + (PS2 − PS3)2 + (PS3 − PS1)2)/2

SafetyFactor = Y ieldStrength(T )
V onMises
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Figure 15 summarizes the key data points.

Figure 15: Peak test values

Figure 16: Motor on test stand

Figure 17: Ignition startup
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4 Helius Composite Simulation

Simulations to determine optimal layup thickness’s as well as schedule were done using helius composite. All sim-
ulations used a aluminum thickness of .1 in chosen because of difficulty of machining a motor tube with a smaller
thickness. First simulations were done to decide an optimal layer thickness and number of layers to produce a
significant weight savings and adequate safety factor. This can be seen in Figure 18.

Figure 18: Composite thickness simulation data

After these simulations we ran into difficulty sourcing pre-preg kevlar-49 to produce the COPV motor and began
to look into T-700 carbon fiber. This is due to the availability of T-700 at OSU from the GFR teams extensive use
of this material. analysis of both this material and kevlar-49 were then preformed for a 5.5” inner diameter motor
to simulate the current ESRA motor. This simulation data can be seen below in Figure 19.
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Figure 19: Composite schedule simulation data

Figure 20: SF of designated material layups
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5 Summary

The COPV motor design will continue by creating a subscale motor to test the effectiveness of laying up on a
aluminum casing as well as testing the accuracy of our simulations. To do so we need to determine correct schedule
for layup and material that will be not only effective but obtainable for and economically viable price. We are
currently sourcing pre-preg kevlar 49 as well as sourcing T-700 carbon fiber from other OSU capstone teams. This
will most likely be used on the subscale layup to reduce wait time for testing. To do this a yardage of 10 with a
length of 60” is needed to complete a full ESRA motor and 1 with a length of 8” for a subscale motor.

15


