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Figure 6.5 shows the exact same grain as shown in Figure 6.1, regressed with a disk

filter of size rdt + M, and a threshold of 0.35.

Fig. 6.5: Example fuel grain regressed with a 35% threshold

With a proper threshold amount selected, the fuel will regress in a manner that is more
consistent with an actual burn. The geometric propagator is now robust enough to use in a
full burn simulation, integrating Py, and 7 to predict motor performance. Figure 6.6 shows

a block diagram of the total algorithm:

Fig. 6.6: Software algorithm block diagram.
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Chapter 7

Results

7.1 Motor Testing

Motor static ground testing was performed on the USU campus using a legacy propul-
sion systems test cell that has been retrofitted for rocket motor testing. The propulsion
test facilities used for this project will leverage prior USU hardware development activities.
This existing hardware will form the basis of the test facility for developing and evaluating
the proposed hybrid motor configurations. To date, more than 65 hybrid and 15 solid rocket
motor tests have been performed in this test facility.

The test cell is fully instrumented and has expansion capability necessary to support all
phases of this characterization testing. Available measurements obtained include chamber
pressure, 6-degree of freedom (6-DOF) thrust, total impulse, motor case temperatures,
exhaust plume temperatures, specific impulse, mass flow rate, consumed propellant mass,
and propellant regression rate. Figure 7.1 shows a 98mm diameter motor mounted on the

test cart.

Fig. 7.1: Motor test stand with 98mm motor.
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The test cell has been specially adapted for hybrid rocket testing. Figure 7.2 shows
a piping and instrumentation diagram (P&ID) for the Mobile Nitrous Oxide Supply and
Testing Resource (MoNSTeR) cart oxidizer delivery system. To allow sufficient mass flow
rates with minimal line losses, a predetermined mass of N20 Oxidizer is delivered to a
closely coupled run tank from a series of K sized industrial pressure cylinders. The helium
top pressure is set by a manual regulator, and is typically maintained near 5200 kPa (800
psi) for these tests. The top pressure keeps the N20 above saturation pressure for the entire
run and insures a single-phase liquid flow through the injector. The pneumatic run valve
is triggered by an electronic relay and is automatically controlled by the instrumentation
software. Oxidizer mass flow is sensed by vertical load cells mounted on the run tank and

by an inline venturi flow meter mounted in the oxidizer feed-line just ahead of the injector.

Load Cell

2

? Pressure Gauge

? Pressure Transducer

HJ Thermocouple

&7 Burst Disk/ Safety Valve
I':l Pneumatic Valve

™5 Gate Valve
T4 Ball Valve
®

(1) N,0“K" Size Cylinder ~ (6) Run Tank

@ N, “K” Size Cylinder @ Flex/Thin Tubing
(3) N,O Feed Manifold (8) Venturi Flow Meter
(4) N, Feed Manifold (9) Motor

@ N, Regulator

B 200psi [0 800psi [ ] 400 psi

Fig. 7.2: MoNSTeR cart plumbing diagram.

Two National Instruments data acquisition and control devices manage motor fire
control, and log test data. An NI-compact DAQ 4-slot bus controller with multiple analog
input (16-bit), analog output, digital output, and thermocouple modules (24-bit) bus-cards
manage the majority of the measurements and valve control. The digital outputs from a

separate NI USB-6009 module are used to trigger the relays that fire the igniter e-matches.
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Operators and experimenters are remotely located in a secure control room separated from
the test area. Communications to the test stand are managed by an operator-controlled
laptop via universal serial bus (USB) using amplified extension cables. All control and
measurement functions are controlled by a LABview program hosted on the control laptop.

For testing rapid prototyped fuel grains, a 75mm diameter Cesaroni Pro75 [56] motor
case was used, with in-house manufactured nozzle holder, injector, and nozzle. Figure 7.3

shows a section view of an assembled motor with a 12” long fuel grain.

Graphite Postcombustion Chamber PhenolicPaper  EstesMotors Injector

F 3
m [
/.
Pressure Transducer
Nozzle Fuel Port

Retaining Rings

Fig. 7.3: Assembled fuel grain diagram.

For the validation of the geometric propagation model, several different fuel grain
geometries must be burned. Initially, a maltese cross was decided upon as a benchmark
fuel grain. This fuel grain has been burned before, and has a relatively simple parametric
solution. The second fuel grain was designed to be four fuel grain geometries in one to
reduce the number of burns required to test out different geometries. This fuel grain was
nicknamed the “goldfish” fuel grain. Figure 7.4 shows the “goldfish” fuel grain and its four

different grain geometries.
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Fig. 7.4: Goldfish fuel grain

Initially the maltese cross and goldfish fuel grains were burned for two seconds. Fol-
lowing the initial burn, the fuel grains were removed from the motor for inspection and
measurement. The fuel grains were weighed and regression measured by scanning a cross
section of the grain. Both grains were then reinserted into the motor case and burned for
another two seconds. It was decided for both fuel grains not to burn a 3rd or 4th time, as
the maltese cross was coming very close to the outer edge of the fuel grain, and the goldfish
fuel grain no longer had any unique geometry to be propagated.

Four helical fuel grains were burned. The burns consisted of two helix pitches, and two
different injectors. All but the last helix fuel grain were burned for 3 seconds; the last helix
fuel grain (large pitch, small injector) was burned for one second longer.

There are several possible metrics for comparison between the regression rate simulation
and the burned fuel grains. The most obvious is a simple thrust comparison between model
and experiment. This is compared, but the thrust data is relatively insensitive to small
changes in grain geometry. A clearer method of comparison is to overlay the cross-sections
of the burned fuel grain at the different burn times with that of the model. Before either

comparison can be done, however, an estimate of the threshold amount must be found.
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7.2 Threshold Characterization

While it may be possible to mathematically derive an appropriate value of the threshold
value through heat transfer equations, the heat transfer that occurs within a hybrid fuel
grain during a burn is extremely complex to model. It is relatively simple, however, to ’fit’
a threshold value to a burned fuel grain, and then apply this threshold to future fuel grains.
The cross-section of the 6” maltese cross was used for this. The cross section was analyzed
in Matlab to determine the boundaries of the fuel after it had been burned. This data was
loaded into the geometric regression simulation and plotted against the simulation results
with the same area. The regression simulation then iterated through threshold values of
n=0 to N=0.5. Figure 6.4 shows a few of these iterations. From the plot, it is apparent
that the desired threshold is between 0.3 and 0.4. Figure 7.6 shows a zoom in of this region.

From this figure, the most accurate threshold value appears to be about n=0.36.
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7.3 Geometric Results Comparison

Using the chosen threshold value of n=0.36, the two geometries at both time steps
were analyzed. This analysis is trivial for circular port fuel grains. The simulation outputs
the exact same results as a parametric equation would (i.e. Surface Area = mDL and

Volume = mr?L). Figure 7.7 shows the results of the two fuel grain geometries.
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Fig. 7.7: Geometric propagator with thresholding vs. hot fire results summary

This solution works well for the Maltese cross grain, but not quite as well for the random
geometry grain. For both grains, the t=2 seconds cross section was one slice taken at
approximately 1/2 of the distance from the injector end. For the t=4 seconds cross section,

both grains were cut into multiple sections, scanned, and then averaged longitudinally. This
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is why the experimental lines for Figures 7.7b and 7.7d are much smoother than the other
two.

The Maltese cross plots both match fairly well, with Figure 7.7b matching the best,
as this was the case used to determine the threshold value. It does appear that for Figure
7.7a, the model does not work perfectly, but this is in part because it is not a longitudinally
averaged cross section. Note that much of the model does not match the experimental
because the burned cross section is asymmetric. When the asymmetries are ignored, the
model appears to match the experimental cross section much better.

The ’goldfish’ fuel grain cross sections did not match the model as well. This is in
part because the fracture section, the section on the left, does not work well in the model.
If the threshold value is high relative to the disk filter size, the fracture will not regress.
The initial geometry was also complex enough that a small disk filter size had to be used
to regress the grain, or else large parts of the fuel grain disappeared immediately, and the
fracture section would also not regress. Ignoring the fracture section, Figure 7.7¢ matches
quite well. Figure 7.7d does not match as well as the section at t=2 seconds. This is because
the second burn of this fuel grain exhibited a strange asymmetric burn. The bottom surface
did not regress very much compared to the top surface. This is reflected in Figure 7.7d, as
the model under-predicts the regression on the top surface.

It is also useful to see how the model does with no thresholding, as thresholding will still
break down if the disk filter size becomes too small. Thresholding will conversely become
computationally slow at large disk filter sizes, as the iterative solver to find a constant
regression amount will find solutions on the order of 100’s of pixels, which is an extremely

large disk filter. Figure 7.8 shows the same plots as above, but with a n=0 threshold.
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Fig. 7.8: Geometric propagator without thresholding vs. hot fire results summary

All four models match the results fairly well, with exception of the sharp edges predicted
in the maltese cross burns. The second burn of the random grain is off again, because the
fuel grain burned asymmetrically, as discussed in the paragraphs above.

It is helpful to know that this model is still relatively accurate with a zero threshold,
making it more useful for applications that require fast computation time, such as thrust
profile tailoring algorithms that may iterate through different fuel grain geometries hundreds
or thousands of times.

This geometric propagation method does have some weaknesses.

The goldfish fuel

grain, for instance, does not regress well if the disk filter size is set too large when the
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threshold value is set at 0.35. This is because the disk filter size that is solved for to
obtain a constant regression rate at each time step is very large relative to the size of the
geometry. Figure 7.9 illustrates this problem. The fracture section never regresses, and the

small curves from the other geometric sections disappear as well.
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Fig. 7.9: Poor geometric propagation example

7.4 Thrust Comparison

The geometric regression algorithm can be integrated into an end-to-end performance
prediction routine for hybrid rockets, using the equations discussed in Section 4.2. To reduce
run time, a lookup table of burning surface area and port volume for different burn depths
was generated using the geometric regression simulation. This table can then be plugged into
any existing hybrid burn model to predict burn performance. In this particular instance, the
lookup table was implemented in a Simulink simulation developed by Spencer Chandler and
Shannon Eilers, which uses the equations described in Section 4.2 and CEA lookup tables
that give thermodynamic properties of ABS plastic. Figures 7.10 and 7.11 show both the
simulated and actual burn data. The data from the hot-fire testing has been offset to remove

start up transients. Note that the second ’goldfish’ burn is again an outlier, as discussed
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in the previous section. A second adjustment was done to the regression predictions. Note
that in both fuel grains, the regression predicted is low, but with a small offset applied,
the resulting line fits the measured data points extremely well. This is because the hybrid
burn model used is less accurate at low O/F ratios, which is the case for both of these fuel
grains. The average O/F for both of these fuel grains was on the order of 1.5. This accuracy
reduction is because the regression equation used assumes that the fuel mass flow rate is
small compared to the oxidizer mass flow, which clearly breaks down at low O/F ratios.
This means that the G term in Equation 4.3 is actually much higher than calculated. This

increases the net regression rate without significantly affecting thrust or chamber pressure.
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Fig. 7.10: Maltese cross performance comparison
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7.5 Helix Results
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As an addition to this study, some preliminary helical fuel grains were designed and

burned to learn more about their behavior. Helical fuel grains are only feasible to produce

through rapid prototyping. They were first designed at USU with the idea to reduce the

length of a fuel grain without changing the burning surface area. The first helical fuel grains

burned showed a very large regression rate increase, making them of interest.

7.5.1 Data Analysis

After four helix burns, their behavior is still difficult to model. Even calculating the

regression rate of a helix that has been burned is non-trivial. In order to extract an average
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oxidizer mass flux and regression rate and from the helical fuel grains, they were weighed
and then sliced into multiple 1/2” sections, painted white on the cuts to enhance contrast,
and scanned into images. These images were then loaded into a Matlab image analysis
code which scanned each image. The scan detected the outer radius of the fuel grain for
scale conversion, and saved the inner boundary of the helical fuel grain slice. The code then
created a triangular mesh between each boundary layer, stacking each layer vertically. The
surface area Ayi,q of the triangular mesh is then calculated. The average oxidizer mass
flux of the burn is calculated by Eq. 7.1

Mog

Gav =

(7.1)

2
T g

Where 71, is the average oxidizer mass flux, from test data, and 74,4 is the average

diameter of a circle of equivalent area of a helical slice, calculated by Eq. 7.2

2Ainit Afinal
Tinit + 7 final Pt TS
Tavg = 9 = 5 (72)

Where the 74,;; term is calculated using effective hydraulic diameter, and 74 is
calculated by assuming the surface area is that of a tube of length S, the total arc length of
the helix. This assumption, while required to obtain a true regression rate metric, becomes
a large issue. By the end of some of the burns, the fuel grain is no longer a helix, and
therefore the arc length of the helix no longer applies.

In order to get the regression rate, the change in mass of the fuel grain was used to
calculate a change in volume of an equivalent circular grain, as shown in Eq. 7.3

Ar AV 2Am

Fave = - - 7.3
“a tburn M pfuel (Aznzt + Afinal)tburn ( )

Lourn
Where Ar is the effective change in radius of an equivalent circular, straight port fuel
grain, which is calculated by the change in volume, AV, over the average burning surface

area. The change in volume is calculated by the change in mass Am, and density of the

fuel pryer-
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The primary source of regression rate enhancement in helix fuel grains is the increase
in skin friction. This becomes obvious when observing the thrust and pressure plots of
the helix burns, as shown in Figure 7.12. In a typical burn, thrust and pressure are very
correlated. In a helix burn, the pressure spikes at the beginning of the burn, but the thrust
does not. This de-correlation is essentially a pressure loss due to friction. Note also that by
the end of the burn, the pressure is again correlated with the thrust. This is because much

of the helix has burned out, and the pressure loss due to the helix becomes small.
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Fig. 7.12: Helix thrust and chamber pressure

As noted in the literature survey, there have been multiple studies on the increase in skin
friction for helical tubes. There are also several other possible regression enhancing effects
occurring in the helical fuel grain as it burns, such as a changing balance of centrifugal forces
and diffusion, changing boundary layer thicknesses, and a changing balance of radiative
and convective heat transfer. All of these are extremely difficult to model and predict,
and would require at least an entire thesis, if not dissertation. For the sake of simplicity,
only the effect of increased skin friction is predicted and results compared. It is difficult
to find a skin friction equation that is valid for the Reynolds number regime the fuel grain
experiences (around 2e5), especially for non-fully developed flow. In fact, all of the friction
correlations are for fully-developed flow. Still, they can give a good order-of-magnitude
estimate of the friction enhancement of the helix. The most recent friction correlation is by

Gnielinski, given by Eq. 7.4
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d 0.5
Fegnier = 0.0791Re™ %> 4+ 0.0075 <D> Rey < Re < 1-10° (7.4)

Where d is the inner diameter of the helical tube, and D is the diameter of the helix.
Note that this is also slightly outside the Reynolds number regime that the helix fuel grains
experience, but it will still give some idea of magnitude. The friction of a straight port,

circular fuel grain is calculated by the Blasius skin friction, shown in Eq. 7.5

0.3164
belas = 4R€0'25 (75)
The factor of increase in skin friction is then given by Eq. 7.6
fC iel
F == 7.6
fcblas ( )

This friction increase is extremely important to hybrid regression. An alternate ex-

pression of the regression rate equation (Eq. 4.3) is given by Eq. 7.7

0.635 Ahflcmwsurface 023 pelUe
"= PO-1532 < B P fuel Cy (7.7)

The most important part to note in this equation is the friction coefficient, Cy, is

directly proportional. Therefore a helical regression rate equation can be given as

Theliz = F'T. (7.8)

This means that a simple method of predicting helical regression rate is to simply model
the regression rate of a circular, straight port fuel grain, and multiply it by this friction

factor.

7.5.2 Helix Data
With the fuel grains analyzed for the oxidizer mass flux and regression rate, their

performance can be compared to normal, straight port fuel grains. Figure 7.13 shows the
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3D reproduction of each helix fuel grain after the burn.

(a) Helix 1 (2.35in pitch, 0.10¢n injector) (b) Helix 2 (2.35in pitch, 0.08in injector)

(c) Helix 3 (4.7in pitch, 0.10in injector) (d) Helix 4 (4.7in pitch, 0.08in injector)

Fig. 7.13: Helix fuel grain 3D scans

The best metric to compare the performance increase of helix fuel grains is to compare
the regression rate vs. oxidizer mass flux curves. Figure 7.14 shows the analytical and
experimental curves for the standard 98mm, 75mm, and helical burns. The friction factor
correction curve was created by calculating the friction factor from Equation 7.8, and mul-
tiplying the 75mm analytical curve by that factor. The friction factor calculated was 2.52
for a Reynolds number of 2.5e5, which was output by the hybrid simulation described in

Section 7.4 with a modified Reynolds number calculation for a helical fuel grain.
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Fig. 7.14: Helical, 98mm, and 75mm regression rates

The most important thing to note is that all of the helix burns have a very significant
increase in regression rate for the same range of oxidizer mass flux. The friction factor
correction also does a good job in predicting the regression rate, although the slope is not
very accurate. In part this is because as oxidizer mass flux changes, so does Reynolds
number, but the friction factor correction was only calculated at one Reynolds number.
Additionally, other phenomena occur in helix burns that are not significant in circular,
straight port burns that are not taken into account by merely applying a friction factor to

the 7bmm curve.
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7.6 Data Table

Table 7.1 summarizes the results from all hot-fire testing. Note that the fuel burned
in the second “goldfish” burn is much lower than the first. This again shows it to be an
outlier burn. The regression rate for the maltese grain was taken as an average over both
burns. For the “goldfish” grain, the regression rate is for the first burn only. For the helix
burns, the regression rate is calculated using Equation 7.2 in Matlab. Since the helix grains
are still not well understood and not being investigated in depth for this study, only one

friction coeflicient was calculated and used, as it fits all four helix burns moderately well.
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Chapter 8
Summary and Conclusion

The purpose of this study was to investigate a new method of geometric propagation
of complex fuel grain geometries, as well as preliminary investigations of helical fuel grains.
Both parts of this were successful.

The geometric propagation algorithm does predict regression of fuel grains as arbitrar-
ily shaped as the ’goldfish’ grain, with exception of the fracture section, which behaves
differently than most fuel geometries. This method can be adjusted to perform faster, as
it does do a relatively good job of prediction even with a threshold value of 0. With a
threshold value of 0, the simulation completes in 10’s of seconds. This method works for a
grain as simple as a maltese cross, but will also work for a complex, multi-port fuel grain.
This capability to model any complex geometry fuel grain allows for any printable fuel grain
to be quickly analyzed for its performance. It is also fast enough for performance tuning
software to iterate through hundreds of different grain geometries in a matter of several
minutes, such that custom optimized fuel grains are possible to be designed, produced, and
fired in a matter of days rather than weeks.

This model does still have weaknesses. If a non-zero threshold value is used for the
propagation, it slows down a significant amount. This brings the simulation time to the
order of 60 seconds or more, compared to parametric methods which propagate a fuel grain
in seconds. Additionally, while this method compensates for changing disk filter size with
the threshold solver, solutions are still somewhat sensitive to disk filter size relative to the
size of the picture, and the size of fuel grain geometry. If there are features smaller than the
disk filter size, they will disappear completely in one iteration. If the disk filter size is too
large or too small relative to the pixel size of the picture, the solutions become inaccurate.

Helical fuel grains need more investigation to be well understood, but preliminary
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results suggest that helix fuel grains obtain a huge regression rate increase from skin friction
amplification. This skin friction increase enhances heat transfer, which causes the fuel grain
to regress faster. There are still, however, other phenomena that occur in helix fuel grains
that would not occur in a straight-port fuel grain, and further research should be done in

the subject.
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