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Abstract. Two different hybrid rocket propellant fuels were tested in this work with the purpose of validating a
simulation procedure that uses theoretical analysis of the parameters of a pre-existing test bench. Fuels used were
high-density polyethylene (HDPE) and hydroxyl-terminated polybutadiene (HTPB) because of their slower burn rate.
Validation methodology consists of inputting appropriate propulsion parameters at NASA CEA (Chemical Equilibrium
with Applications) tool and at MATLAB® routine and then comparing all obtained parameters from burn simulation
with thrust and chamber pressure measured at the test bench using HDPE and HTPB. The same theoretical model was
also validated by comparing pre-existing data of Paraffin burns previously made at the same test bench. Results
obtained by comparison to all 3 different propellants show that theoretical simulation values are compatible with
measured chamber pressure and thrust. Although the proposed model in this work considers a constant regression rate
along all the length of the propellant grain, this assumption could be achieved as desired by decreasing effects of a
recirculation zone. These results show that a test bench could be reused with any different hybrid propellant, enabling
the possibility to study application of new fuel blends. This work can be considered of great value for future studies on
hybrid propulsion at a pre-existing test bench.
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1. INTRODUCTION

Although hybrid rocket motors have lower thrust values in comparison to liquid or solid ones (Pastrone, 2012),
hybrid rocket propulsion represents a promising alternative for aerospace systems due its low cost and high safety by
using inert fuel grain (Karabeyoglu et al., 2011), thus allowing its use in different applications like sounding rockets and
low orbit insertion vehicles (Cai et al., 2013a). The theoretical design of hybrid rocket motors is an important first step
for the development of laboratory scale benches for this type of motor (Mazzetti et al., 2016).

It is important that due considerations are given to the operating conditions of the bench, so that the expected
theoretical values are proven through tests (Cai et al., 2013b). The advantages of preliminary tests on a laboratory scale
compared to full-scale tests of rocket motors are the cost reductions (Nagata et al, 2006) and the possibility to study the
application of new fuel blends (Kim et al., 2015).
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Many papers present the paraffin application as a promising fuel for hybrid propulsion due its high regression
rate (Wang et al., 2020). However, it is possible to point out some advantages for other fuels like High Density
Polyethylene (HDPE), Hydroxyl Terminated Polybutadiene (HTPB) or fuel blends (Karabeyoglu et al., 2002). The use
of HDPE and HTPB in the present work is motivated by the need to evaluate the proposed procedures applied to
simulate the regression rate in a slow-burning fuel, allowing a longer burning time. Other motivating factors were also
the ease of buying and machining the grain to the geometry needed.

Based on this, the purpose of this work is to validate a simulation procedure that uses theoretical analysis of the
parameters of a pre-existing paraffin based test bench at LCPE (Laboratorio de Propulsdo, Combustdo e Energia) and
then evaluate the applicability of different fuels, like HDPE and HTPB, in this test bench, enabling their use in future
studies for experimental characterization of slow-burning fuels for hybrid rocket motors.

2. METHODOLOGY
2.1 Theoretical Model Validation

Since the LCPE test bench was originally designed to operate with paraffin-based propellants (Quadros, 2017),
the theoretical analysis proposed in this work will first be applied to simulate paraffin propellant burns in order to
validate the present model.

Considering the empirical law for regression rate (7) in Eq. (1), the first step is to search the literature for
applicable values of linear and exponential coefficients, “a” and “n”, respectively. Applicable values are considered the
ones measured after the burn of the propellant at a desired range of oxidizer to fuel ratio (O/F) and oxidant mass flux

(Gox)-
F=a.Gg" (1

Previous experimental works with paraffin at LCPE test bench (Quadros, 2017) indicate linear and exponential
coefficients, respectively, as 0,213 and 0,62. Related range of O/F (1,2-3,2) and Gy (18-41 kg/(m?)) for paraffin
propellant was also presented in this previous study. Fuel mass concentration was 98% paraffin wax, 1,5% carbon black
and 0,5% dispersing agent.

Given these 4 initial parameters (a, n, O/F, Gpy), second step is to determine the specific impulse (Igp), the
characteristic velocity (C*), and the thrust coefficient (C;) for each O/F value considered. These calculations were
performed with the NASA CEA (Chemical Equilibrium with Applications) tool, that calculates chemical equilibrium
product concentrations from any set of reactants, as described in Gordon and Mcbride (1994).

Third and final step of theoretical simulation is to apply all 4 initial parameters as well as 3 NASA CEA
parameters (Ig,, C*, C;) to the hybrid rocket motor equations programmed using MATLAB®. As a result, it is possible
to obtain values for maximum burning time (#; ), appropriate values for: fuel grain length (L, ) and mass flow rate of
oxidizer (7, ), as well as the variation over time for: chamber pressure (p,(2)), Thrust (F(?)), port diameter (#(¢)),
regression rate (7 (?)). Theoretical simulation in this work considers regression rate varying with time, but constant
along the length of the propellant grain.

Validation results are presented in section 4.1 of this abstract and show consistency between the main
measured parameters from previous experimental works and the results obtained from this proposed theoretical model.

2.2 Theoretical Model Applied to HDPE and HTPB

After the validation step described in section 2.1, experimental tests using HDPE and HTPB were conducted in
order to evaluate the applicability of different fuels at LCPE test bench. All three steps previously described are
repeated, but prior to these steps, some restrictions related to LCPE test bench limitations shall be considered as
presented in Tab. 1.

Table 1. Test Bench limiting parameters.

Parameter Limit value
Maximum operating chamber pressure (bar) 10
Maximum propellant grain length (mm) 230
Inner diameter of the chamber (mm) 65
Nozzle throat section diameter (mm) 10.4
Nozzle outlet section diameter (mm) 15
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For the first step, recent experiments with HDPE (Kim et al., 2015) indicate measured values of coefficients
“@” and “n”, respectively, as 0,026 and 0,58, and related range of O/F (4-10) and Gy (36-316 kg/(m?s)). Experiments
with HTPB (Kim et al., 2015) indicate measured values of coefficients “a” and “n”, respectively, as 0,072 and 0,50, and
related range of O/F (2,5-5) and Gy (55-130 kg/(m?s)).

By completing steps 2 and 3 indicated in section 2.1 and by inputting limiting parameters from Tab. 1 to the
hybrid rocket motor equations programmed using MATLAB®, results are theoretical validated values for both HDPE
and HTPB (5, Ly, gy, pi(1), F(2), r(f), i (). Prior to running MATLAB codes, some interactions, presented in
Fig.1., are necessary to make sure these reference values are coherent to the actual burn simulation.

¥
e Define O/F range as Correct values of a, 1 NASA CEA interactions, varying
reference and p as reference chamber pressure until exit pressure

equal to ambient pressure

NO
Calculate final

port diameter (<65mm)
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YES possible/viable to reduce burn NO|
time
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|, and minimum oxidant mass flux ~~ NO | that maximum oxidant )
and check if both are mass flux equals to
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5 YES  xidant mass flux and check if it is
VES Run matlab codes for | END within reference values
final values and charts

Figure 1. Flowchart explaining how to apply the proposed simulation model.

Comparison results between these validated values and experimental data measured during HDPE and HTPB
burns at LCPE test bench are presented in section 4.3 and 4.4.

3. TEST BENCH

The workbench, as shown in Fig. 2, was already applied in previous studies at LCPE and consists of a stainless
steel hybrid rocket motor with 65 mm internal diameter and adjustable length between 135 and 265 mm, two cylinders
of gaseous oxygen (low and high pressure supply lines) and a cylinder of gaseous nitrogen (used for purging oxygen
after burning). All three cylinders are connected to the chamber by means of solenoid valves and a data acquisition
system in addition to ignition control and valve opening.

Low pressure supply line is necessary for HDPE and HTPB burns, since the ignitor selected for these
propellants needed a manual controlled power source. The ignitor is made by heating a powder mixture of 65%
potassium nitrate (KNO3) and 35% Sorbitol (CsH14Os) at around 120-130 °C (above the melting point of sorbitol), and
casting the mixture into a cylindrical and thin desirable shape. Once cured it forms hard grains which are susceptible to
moisture and mechanical impact but can otherwise be stored for several months (Olde et al., 2019). To ignite the
system, the ignitor is placed inside the HDPE or HTPB internal diameter, and a nickel-chromium wire is connected to
one end of the ignitor, which is then attached to an electrical lead wire to the battery, used as the electrical power
source. Paraffin burns previously made at LCPE test bench didn’t use this type of igniter and they also didn’t need
injection of gaseous oxygen at a lower pressure because paraffin needs less activation energy to start its burning
process, while HDPE and HTPB ignition takes a longer time (Takashi Nioka et al., 1981).
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Figure 2. Combustion chamber schematics (upper) and test bench components (bottom).

Logical connections between above mentioned sensors and acquisition board is presented in Fig.3.
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Figure 3. Parameters registered by the data acquisition board.
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Although chamber adjustable maximum length is 265mm, as shown in Fig.2, maximum propellant grain length
must be limited to 230 mm (as previously stated in Table 1) so that chamber pressure intake is not blocked by propellant
grain. This leaves space for an after mixing chamber, which could experimentally cause unpredicted recirculation of
combustion gases.

For HDPE burns, PLASTECNO grains of 66 mm in diameter and mass density of 950 kg/m? will be used. For
HTPB burns, fuel composition grains will be HTPB as a binder pre-polymer; dioctyl-adipate (DOA) as a plasticizer and
isophorone-diisocyanate (IPDI) as a cure agent, resulting in a propellant grain with density of 961 kg/m? . Both grains
are machined to the correct size of initial port diameter (d,,) and appropriate grain length (L, ), identified through the
theoretical simulation for each propellant.

4. RESULTS
4.1 Model Validation with Paraffin burn

Paraffin theoretical simulation was compared with experimental results achieved by previous work in the same
test bench (Quadros 2017) and Figures 4, 5 and 6 present how main measured parameters (pressure, thrust, mass flow
rate of oxidizer and regression rate) are consistent, with good accuracy, with the proposed theoretical model of this
present work.
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Figure 4. Propellant burn rate (upper) and Gy (bottom) values from simulation (full lines) compared to
experimental mean results (dashed lines). Burn starts at t = 0.5 s.

Since experimental parameters Burn rate was obtained through the measurement of grain mass before and after
each burn, burn rate 1,58 mm/s and oxidant mass flux 29,7 kg/(m?s), both represented by dashed lines in Figure 4,
represent mean values (Quadros, 2017), which were be compared with simulation values by analyzing how the curves
predict each parameter around mean experimental values.
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Figure 5. Chamber Pressure (p,) and Thrust (F) simulation results for paraffin burn. Burn starts at t = 0.5 s.
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Chamber Pressure (p,) and Thrust (F) experimental results for paraffin burn. Burn starts at t = 0,5 s.

After validation of the proposed model, theoretical results (t5, Lp, ritgy, pi(t), E(t), r(f), 7 (2) for both
HDPE and HTPB propellants are calculated as described in section 3.2 and presented in Tab. 2. Paraffin validation
simulation results are included in Table 2 for comparison between fast and slow-burning fuels for hybrid rocket motors.

Table 2. Burn simulation main results for Paraffin, HDPE and HTPB burns.

Hybrid Propgllant Test Bench Paraffin HDPE HTPB
theoretical results
[max] p, [bar] 10,00 6,00 3,85
[max] F [N] 107,60 61,99 39,95
O/F (t=0) [] 1,57 5,40 1,97
oy [g/s] 31,40 27,69 11,92
ty [s] 3,60 20,00 19,00
L, [mm] 107,00 230,00 226,00
r (t=0) [mm] 15,00 6,65 10,00
r(t=ty) [mm] 21,23 13,54 16,49
7 (t=0) [mm/s] 2,22 0,56 0,44
7 (t=tg) [mmy/s] 1,44 0,25 0,27
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Paraffin burn simulation indicates higher chamber pressure (p,) than HDPE and HTPB burns, leading to higher
thrust values, but all three cases operate below max operating chamber pressure allowed, as indicated in Tab.l. Since
fuel grain length (L, ) is smaller for paraffin burn simulation, it is expected that this case operates at lower values of
oxidizer to fuel ratio (O/F) in order to maintain approximate values of mass flow rate of oxidizer (7, ).

It is also clear in Tab. 2 that even if burning time (¢ ) is 5 times shorter for Paraffin than HDPE, port diameter
reduction at the end of the burn is similar when compared with HDPE burn simulation. This is due to the significant
difference shown between regression rate () for fast and slow-burning fuels for hybrid rocket motors.

Another important limitation observed in Tab.2 is that HTPB simulation values are characteristic of a low O/F
burn, which is not usually studied in the literature. This limitation, though, was due to bench setup constraint, which
didn’t allow the use of higher values of oxidizer injection in the higher pressure oxidant line. This limitation can be
clearly seen in graphics and results presented in section 4.4. Although iteration steps 1, 3 and 6 presented in Fig.1 were
not achieved for HTPB, simulation, Matlab calculations were conducted either way to analyze and compare simulation
parameters to experimental burn results.
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Figure 7. Simulation curves for HDPE (left) and HTPB (right) burn.
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Apart from these considerations for HTPB burn, oxidant mass flux (G,y) values for HDPB burn were within
the range established by the simulation procedure indicated in section 2.2. It can also be observed in Fig. 7 and 8 that
burn rate reduces with time, so assuming constant burn rate over time in these burns could be inappropriate in case of
long burn experiments.

4.3  Comparison between HDPE burn and simulation predicted parameters

Results obtained from chamber pressure transducer and thrust measurement for HDPE burn is presented in
Fig.9. Both curves can be compared to estimated pressure and thrust from the theoretical model.
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Figure 9. Thrust and chamber pressure for simulation model vs experimental measurements for HDPE burn.

Experimental burn was terminated manually, so it took more than 20 seconds of burning. As it can be seen
from both thrust and pressure curves, the transient phase, which was not taken into account in the simulation model,
takes approximately 3 seconds and for this short time, thrust and pressure measured were 4 times higher than predicted
values. Since this transient phase was already taken into account during LCPE test bench design, it can be accepted in
these HDPE burns. A comparison between Figures 6 and 9 shows that this transient phase was more controlled during
paraffin burn. This is due to the setup previously used, which didn’t need a low pressure injection of gaseous oxygen to
start ignition of the hybrid motor, as it was stated previously in section 3.

Another factor which was not considered in the simulation model is the possible recirculation zone of
combustion gases formed at the after mixing chamber, as previously stated in section 3. Since the recirculation zone is
at the base of the pressure transducer, its measurements don't represent how steady the flame was after the transient
phase, as it can be seen from the thrust data and also from the frames presented in Figure 10.
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(c) (d)

Figure 10. Steady flame from HDPE burn at (a) 4 seconds, (b) 8 seconds, (¢) 12 seconds and (d) 16 seconds.

Another important analysis on the thrust curve shown in Figure 9 is that predicted thrust was almost 30% lower
than measured values. This higher thrust can also be indirectly associated with the formation of the recirculation zone
previously discussed. Since spatial distribution of the regression rate is not expected to be constant when there is
occurrence of these recirculation zones (Bianchi et al., 2019), a higher regression rate at this portion of the propellant
grain can contribute to the increase of measured thrust when compared to simulation expected values. This strong
recirculation region could have been induced by the axial injection (Bianchi et al., 2015) and hence could be reduced
by the use of a swirl injector previously used at LCPE test bench experiments. By taking these measures, measured
values of thrust and pressure over time would be even more consistent with the proposed theoretical value of this work.

Although theoretical model didn’t consider the effect of the above mentioned recirculation zone, inspection on
the HDPE port diameter at the end of the 20 seconds burn (Fig.11) showed that while port diameter at one end of the
grain changed from 13,2 mm to 14,4 mm, the other end of the grain changed from 13,2 mm to 35,4 mm.

Figure 11. Post firing HDPE grain.
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Even though regression rate was not constant along grain length, an average regression rate along all the grain
length could be considered to compare remaining parameters from the simulation model and experimental data. Figures
12 and 13 show these remaining data comparisons.

HDPE
- 35
E L
Enf
= I
= 25}
E 3
% 20
> I
n.ﬂ . _ ..... simulation
1{} . ' E J : : 1 " 1
D : " 18 20
Time (s)
= 1.0 .
g e, ® 0 == si:rl;l:llatiﬂﬂ
E ot
a
m
® pg |
5
2 04| e
: L, e
I Olz . ' : : L 1 ] i 1
£ ¢ 10 15 &
Time (s)

Figure 12. Port diameter and regression rate for simulation model vs calculated test parameters for HDPE burn.
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Oxidizer mass flow rate is calculated based on the measured injection pressure, considering isentropic flow
through the injector. Since there is a peak initial value of oxidizer mass flow rate, the oxidizer mass flux at the first 3
seconds is significantly higher than the predicted value from the simulation model. As the experimental data reaches a
more steady burn, curves showing evolution of parameters G, , port diameter and regression rate have similar
behaviour when comparing theoretical model and experimental data (considering an average regression rate along all
the grain length), since port diameter increases less as time passes and regression rate and oxidizer mass flux both
decrease less as time passes. One important consideration is that G, is within expected range for most of the burn

duration (not considering 1st second of transient phase), as stated in section 2.2, meaning coefficients “a” and “n” are
appropriated to be considered in the calculation of the average regression rate using Eq.1.

4.4  Comparison between HTPB burn and simulation predicted parameters

Results obtained from chamber pressure transducer and thrust measurement for HTPB burn is presented in
Fig.14. Both curves can be compared to estimated pressure and thrust from the theoretical model.

HTPB
200 | burn
£ - =s=e- simulation
= 150
= L
= 100 |
= I
e I [ T o
ol — £
1 L 1 1 1 L 1 "
li] 5 10 15 20
Time (s)
= 10
8 I burn
& 3 simulation
a 6
W
Ay
o
8 2t
€
o 0F
= L
(& -2 1 L 1 i 1 i 1 i
0 5 10 15 20
Time (s)

Figure 14. Thrust and chamber pressure for simulation model vs experimental measurements for HTPB burn.

Experimental burn was terminated manually, so it took little less than predicted 19 seconds of burning. Similar
to HDPE burn, the transient phase, which was not taken into account in the simulation model, takes approximately 3
seconds and for this short time, thrust and pressure measured were 6 times higher than predicted values. Since this
transient phase was already taken into account during LCPE test bench design, it can also be accepted in these HTPB
burns.

Although theoretical model didn’t consider the effect of the a recirculation zone, as indicated in section 4.3,
inspection on the HTPB port diameters at the end of the 19 seconds burn showed that while port diameter at one end of
the grain changed from 18,30 mm to 23,02 mm, the other end of the grain changed from 25,44 mm to 38,07 mm,
confirming the occurrence of this phenomenon during the experimental burn of HTPB.

It is clear from thrust values presented in Fig.14 that, only after 9 seconds, a total ignition of the grain length
occurs and, even at this stage, neither thrust nor chamber pressure values are consistent with simulation predicted
values.This can be partially associated with the formation of the recirculation zone previously discussed, but it is mainly
due to the experimental limitation of an extremely low oxidizer pressure line, which forced an operation at lower values
of oxidizer/fuel ratio. Finally and similarly to HDPE burn, pressure values are also unstable after 16 seconds of burn
due to recirculation zone effect on the location of the pressure transducer, as stated before in section 4.3.
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Even though regression rate was not constant along grain length, an average regression rate along all the grain
length could be considered to compare remaining parameters from the simulation model and experimental data. Figures
15 and 16 show these remaining data comparisons.
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Figure 15. Port diameter and regression rate for simulation model vs calculated test parameters for HTPB burn.
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Similar to the analysis on HDPE Figures 12 and 13, there is a peak initial value of oxidizer mass flow rate and
oxidizer mass flux at the first 3 seconds. After total ignition of the grain length at 9 seconds, regression rate increases
and consequently, port diameter grows faster than the beginning of the burn, reaching, at the end of the burn, an
equivalent port diameter similar to the one predicted by the simulation model (considering an average regression rate
along all the grain length). It is important to highlight that differently from HDPE simulation, iteration steps 1, 3 and 6
presented in Fig.1 were not achieved for HTPB, simulation, meaning theoretical model could be significantly improved
for this type of propellant if there was no oxidizer pressure line constraint at LCPE for this experiment..

5. CONCLUSIONS

The proposed simulation procedure presented in this work was validated by comparison to Paraffin burns
previously made at LCPE test bench, showing good accuracy with experimental results, as shown in Figures 4, 5 and 6.
For HDPE and HTPB comparisons, it was observed undesired events such as recirculation zone formed at the after
mixing chamber and also an experimental constraint of the oxygen supply line for HTPB burns. Although pressure and
thrust curves obtained from simulation results do not consider transient phase and also doesn’t not consider differential
variation of regression rate along the length of the grain, results obtained showed good prediction on the correct
behaviour of port diameter and regression rate for HDPE burn, even if values obtained were 30% different due to these
said undesired and unpredicted phenomena.

In conclusion, this work proved to be the first step in order to the definition of a simulation procedure which
enables the reutilization of a pre-existing hybrid rocket test bench with any different hybrid propellant desired. In order
to accomplish a final version of this simulation model, efforts are still being made in order to minimize undesired
events, which could be beneficial in many ways. Given the fact that the use of these test benches represents cost
reduction while enabling the possibility to study application of new fuel blends, this work can be considered of great
value for future studies on hybrid propulsion at LCPE.
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