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Combustion Experiments in Hydrogen Peroxide/Polyethylene
Hybrid Rocket with Catalytic Ignition

E. J. Wernimont*and S. D. Heister"
Purdue University, West Lafayette, Indiana 47907

Results from 100 tests of lab-scale hybrid rocket motors using hydrogen peroxide and polyethylene are presented
herein. The bulk of the tests utilized 85% hydrogen peroxide with low-density polyethylene. A new consumable
catalytic-ignition device has been developed to provide rapid, reliable ignition using stabilized hydrogen peroxide.
Regression measurements indicate that at low chamber pressures (100 psi) a classic diffusion-dominated behavior
is noted with mass flux exponents very near the theoretical value of 0.8. However, at higher chamber pressures
tested (200 and 400 psi), radiative-dominated behavior is noted for average mass fluxes varying between 0.1 and 0.3
1b,,/(in.% s). Through the optimization of aft mixing length, combustion efficiencies in excess of 95% were obtained
in these tests. No significant nonacoustic or acoustic instabilities were noted in these tests; chamber pressure
fluctuations were less than 3.5% zero-to-peak of mean.

Nomenclature
A, = throat area, in.
C* = characteristic exhaust velocity, ft/s

D, = port diameter, in.

dt = differential time, s

G = total mass flux, 1b,,/(in.% s)

g, = gravitational constant, Ib,, ft/lb, s?
Ly = fuel grain length, in.

L* = characteristicchamber dimension, in.
M.y, = consumablecatalytic bed (CCB) mass, Ib,,
M, = fuel mass, lb,,

Miyew = mass of expended inerts, b,

M,, = oxidizermass, Ib,,

Moy = oxidizer mass flow rate, Ib,, /s

n = time level

OF = mass oxidizer/fuel mixture ratio

P, = head-end chamber pressure, psia

r = fuel regressionrate, in./s

t = time, S

Py = fuel density, 1b,, /in.?

Superscript and Subscripts

f = final
i = initial
- = burning-time averaged quantity

Introduction

N the past few years, interest in hybrid rockets has increased

because of the potential for these devices to reduce costs and
enhance safety in aerospace propulsiondevices. A variety of appli-
cations, including launch vehicle boosters, upper stage, and tactical
systems have been identified as areas in which hybrid propulsion
concepts are of interest.

We can trace the use of the hydrogen peroxide (HP)/polyethylene
(PE) propellantcombinationto the mid-1950s.! =3 Whereas the early
tests of Moore and Berman' were quite successful, interest waned
(most probably because of the search for higher energy propellants
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during this era) and essentially no published work exists for a four-
decadeperiodbeginningin the mid-1950s. Currentrequirementsfor
lower cost, nontoxic propulsion systems have motivated a renewed
interest in this storable propellant combination. Recent efforts have
been undertakenin our group,*™ at the University of Surrey in the
United Kingdom,'* and the U.S. Air Force Academy.!!

Recent system studies*>!? point to potential benefits of HP-
oxidized systems that include its high density, ease of handling,
nontoxicity,and monopropellantcharacteristics. For example, both
turbopump and pressurization systems can utilize decomposition
energy and byproducts effectively to simplify engine power cycles
and tank pressurizationsystems. In addition, the fact that HP hybrid
systems tend to optimize at high mixture ratios provides a bene-
fit in reducing the size of the expensive, high-pressure combustion
chamber that contains the fuel grain. This benefit also decreases
the sensitivity of these propellants to fuel slivering because the fuel
provides a smaller fraction of the total propellant mass.

Polyethylenealso representsa unique fuel choice in view that the
presentwork focuses on the use of hydroxyl-terminatedpolybutadi-
ene (HTPB) as fuel. Polyethylene was selected as the fuel because
it is readily accessible and is easily machined. It was found to be
much simpler than HTPB to manufacture and the data would then
parallel/extend the work of Moore and Berman.!

For thesereasons, an experimentalprogram was initiated to quan-
tify the combustion behavior of the HP/PE hybrid propellant com-
bination. A unique consumable catalytic ignition system was used
to provide the initiation of combustion in these studies. Factors
consideredin the tests described in this paper include mass flux, ox-
idizer/fuel (OF) mixture ratio, chamber pressure, fuel grain length
(L*), and PE formulation. The test program was formulated to maxi-
mize the amountofinformationavailableto actually design a HP/PE
hybrid. All of the motors fired in this investigationare approximately
50 1b;. Concentrated hydrogen peroxide could not purchased and
had to be concentrated from 50% for the majority of the firings.
Consequently, it was not feasible experimentally to study scaling
effects. As aresult, many different parameters were studied at a sin-
gle thrust level, although none were studied in tremendous detail.
Most parameters were investigatedacross a range of total mass port
flux levels allowing determination of fuel regressionrate influence.

The entire test program involved firing 11 different series of mo-
tors, with each series dedicated to examination of a specific param-
eter. A total of 100 firings were conducted in association with these
test series, which are summarized in Table 1. Testing accomplished
using a radial-flow geometry (test series C in Table 1) is reported
in Ref. 13. The facility is briefly described in the following section,
followed by a description of the ignition system, and experimental
results.
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Table1 Test series summary

Series Purpose Number of motors Test parameters
A System verification 12 P, ~ 100 psia; G 0.25-0.35 Ib,, /(in.2-s);
85% HP Interox, high density polyethylene
B Broader flux 12 G 0.15-0.35 1b,, /(in.2-s); three at 80% HP Interox
C Radial flow motor 20 Proof of concept; 8 ignition tests
D Polyethylene types 11 Low density polyethylene, ultra-high molecular weight
E Higher mass flux, P, 8 Flight weight, low density polyethylene; proof of combustion
F New HP vendor 5 Air liquide 85% HP
G Increase P, 5 P. ~ 200 psia
H Lengthen aft combustion 4 Increase by 2, 4 in.
1 Action time study 4 Two at 6, 9 s each
] Increase P, 5 P. ~ 400 psia
M Increase mass flux 10 G 0.35-1.0 1b,,/(in.2-s)
Y Ignition behavior 4 Visual observations, polymethyl methacrylate fuel
, ANSI 150 ANSI 150 \ terials compatible with high-concentrationhydrogen peroxide such
A Steel Flanges Steel Flanges \‘?\ as 300-seriesstainlesssteels, glass, and teflon. The high pressure HP
/i \ tank is pressurized and regulated using a nitrogen “K-bottle” with
Pa P manual isolation valve, MV 1, depicted in Fig. 2. A second K-bottle
per aper
Phenotic Phenolic (manual isolation valve MV4) is used to provide high pressure gas
/ _~ Schedule 40 Pipe \ i forremote actuationof stainlesssteel pneumatic valvesdenoted PV1
- and PV2 in Fig. 2. During a test, the system is operated by simply
Polyethylene opening the main oxidizer valve (PV1) until all of the HP loaded in
the oxidizer tank is consumed. Gaseous nitrogenis then driven into
| the combustion chamber causing quenching of the remaining fuel.
5 _ Kl o ;\, ,,,,,,,,,,,, L q, As can be seen from Fig. 2, this system incorporates many safety
 Injector Approx. Location Nozzle - features. Actuation of pneumatic valve PV2 provides for dump-

of Ignition Device

Fig. 1 Cross-sectional view of the combustion chamber.
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Fig. 2 Test facility schematic.

Test Apparatus/Methodology

The fluid system was designed to provide reliable combustion
measurements with minimal complexity and redundant safety fea-
tures. To this end, a simple cartridge-loadedcombustionchamber is
used with a simple “nozzle” designed to provide the required throat
area without an exit cone (simple throat plug). Figure 1 highlights
the 2-in.-outsidediameter combustionchamber design; the catalytic
ignition device is described in detail in the following section. Typ-
ical fuel grain lengths varied between 6 and 18 in. and initial port
diameters varied from 0.75 to 1.25 in. The insulating materials used
for these tests are paper phenolic. The nozzle material is a silica
phenolic that provided a low erosion rate of less than 2.0 mil/s for
the configurations fired.

A schematic of plumbing and tankage associated with the test ap-
paratusis shown in Fig. 2. This apparatus provides for safe firing of
a hydrogen peroxide hybrid rocket motor by remote operation from
a concrete enclosed control room. The entire fluid system uses ma-

ing and dilution of the HP (PV2) in the event of an emergency.
Othersafety featuresinclude anormally open venting solenoid valve
(SV2), a remotely actuated manual vent valve (MV5), and a relief
valve (RV1) on the oxidizer tank. These features were installed to
allow venting of the oxidizer system in the event that undesired
decomposition of the loaded HP occurs. During the entire test pro-
gram, there were no occasions in which dumping of the HP was
required nor did undesired decomposition occur.

Instrumentationfor these tests consistof ullage and chamber pres-
sure, oxidizer turbine flow meter information as well as axial thrust
measurement. This set of information (plus pre-/posttest fuel grain
measurements) is sufficient to determine motor-operating param-
eters as well as information on fuel regression rate. Digital data
were acquiredusing a Pentium-based PC with a Keithley/Metrabyte
analog/digital converter. This data acquisition system was used to
obtain real-time display of the conditionsin the oxidizer tank [tem-
perature (T1) and pressure (P3)] during HP loading. This provided
a basis to execute an emergency dumping procedure if the loaded
HP began to decompose in the tank. No such events were noted in
the entire test series.

During a firing, the data acquisition system is used to sample the
motor operation parameters at 350 Hz per instrument. In each test,
oxidizer flow rate is held approximately constant using the self-
limiting combustion behavior of hybrid rocket motors, i.e., the rate
of oxidizer injected into the combustion chamber is a direct func-
tion of the ullage-to-chamberpressure differential and the chamber
pressureis also dependenton the oxidizer flowrate (for given nozzle
and fuel port diameters). Assuming no throat erosion, both chamber
pressure and oxidizer flow rate may be held constantby maintaining
a constant ullage pressure. Constant ullage pressure is achieved by
regulated nitrogen pressurant gas. This technique is used for all of
the tests presented in this paper.

Consumable Ignition Device

One of the challenges in creating a workable hybrid propellant
combinationlies in the developmentof an ignition concept that pro-
vides a rapid and reproducible rise in chamber pressure and thrust.
In the past, secondary injection of pyrophoric fluids, electric ig-
nition sources, torches, and catalytic ignition systems have been
used in hybrid rockets. With the exception of the catalytic system,
all of these concepts require additional hardware and/or fluids to
support ignition of the motor. For this reason, the catalytic concept
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was pursued through the use of a consumable catalytic bed (CCB).
Whereas catalytic devices such as silver screens and other materials
treated with catalytic material have been used to decompose perox-
ide in the past,'* the present concept'® provides several advantages
over these techniques:

1) The CCB concept supports operation with stabilized HP (suc-
cessful 20-s sustained tests with stabilizerlevels as high as 50 ppm).
Most of the silver-based catalyst systems do not operate with stabi-
lizers (primarily stannate and phosphate compounds) greater than
approximately 5 ppm in the fluid because these materials would re-
duce the catalytic activity of the bed material. Use of stabilized fluid
throughout this test program has been viewed as a safety enhance-
ment.

2) The CCB provides an energetic ignition system with no in-
ert parts, thereby maximizing the propellant mass fraction of the
propulsion system.

3) Because the device requires no inert hardware (or other fluids/
gases) it also represents a minimum cost ignition system.

The CCB is inserted into a pocket that was machined into the
forward end of the fuel grain as noted schematically in Fig. 1. No
special ignition sequence was used in any of the testing, the engine
was literally “slam started” by opening valve PV2 (see Fig. 2), which
provides maximum HP flow. As HP passes through passages in the
CCB it is decomposed. If the HP is at sufficient concentration, the
decompositionproducts are at a temperature such that auto-ignition
of the PE occurs. As the HP flow continues, the CCB is consumed.
If the CCB is sized properly, there will be enough energy in the
combusting fuel grain to support thermal decomposition of the HP
injected after CCB consumption;i.e., the device operates for only a
small fraction of a firing.

Figure 3 highlightsa group of typical ignition transients obtained
with the use of 85% HP. This collection shows that the CCB is re-
peatableand producesrapidignitiontransients. The peaks at approx-
imately 30 ms represent a pressure overshoot because of increased
oxidizer mass flow when the oxidizer valve is first opened. Because
there is no cavitating venturi in the fluid system, the oxidizer mass
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Fig. 3 Typical motor ignition traces (from D-series testing).
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flow is governedstrictly by pressure differential. Consequently, ini-
tial fluid flow is greatest for the first 20 ms before the chamber
pressure has a chance to climb to its steady-state value. As can
be seen from Fig. 3, steady-state combustion has been achieved
in 50 ms.

To aid in the understanding of the rate of consumption of the ig-
nition device (CCB), a series of four motors (Y-series described in
following section) were fired using transparentacrylic, polymethyl
methacrylate (PMMA) fuel grains. A typical chamber pressure his-
tory from one of these firings (test Y1) is shown in Fig. 4. The
time window in the figure captures the interval from ignition to the
beginning of tailoff such that the ignition event occurs at roughly
3.3 s on this timescale. There is a noticeable decrease in chamber
pressure at roughly 5.5 s (2.1 s after ignition) that is observed in
most firings in our test program. This behavior was attributed to the
complete combustion of the CCB. A similar behavior was noted on
other PMMA firings and rapid decreases in chamber pressure were
well-correlated with consumption of the CCB.

To investigate this assertion, still photographs were taken dur-
ing this firing. The photos were taken with the auto-iris set on the
camera so that intensity levels are not necessarily representative
of flame temperature. A sequence of four photos is summarized in
Fig. 5, the CCB is on the right and flow is from right to left. Atigni-
tion (r =3.3 ), the fuel port is already luminous indicating reaction
within the CCB. The second image, taken just prior to the chamber
pressure decrease, shows complete consumption of a small portion
of the CCB at one circumferentiallocation. In the next frame avail-
able from the camera (f =5.5 s) the entire aft portion of the CCB has
been consumed or expelled from the motor. This event correlates
well with the decrease in chamber pressure noted in Fig. 4. The fi-
nal image, taken just prior to total oxidizer consumption(r =11.5 s)
shows a small dark region at the head-end of the grain. This dark
region is where the remaining portion of the CCB is not directly re-
acting with hydrogen peroxide and is where thermal decomposition
is probably occurring. Postfire fuel samples are in agreement with
this theory; negligible regression is observed in this region.

Fig. 5 Still photographsof motor Y1 showing CCB consumption. Here
the CCB is located on the right-hand side of the image and flow is from
right to left. From top to bottom, images are for ¢ = 3.3, 5.45, 5.5, and
11.5 s relative to the time in Fig. 4.

One can also note an asymmetric fuel regression pattern on the
lastimage (f =11.5 s); maximum fuel regression occurs at the top
of the CCB pocketin a region that was the last area to be exposed as
aresult of local CCB consumption. This asymmetric behavior was
notedin all four PMMA firings and was attributedto nonuniformities
in the spray pattern emanating from the injector.'® The higher flow
that caused local CCB consumption at t =5.45 s could provide
local quenching (or decreased combustion), thereby explaining the
observedbehavior. Whereas some asymmetries were notedin firings
using PE grains, they were generally restricted to the region that
housed the CCB.

Test Results

As indicated in Table 1, a broad range of tests were conducted
over the 12 test series. Unfortunately, we were unable to maintain
a consistent HP vendor over the three-year study. Although some
differencesin fluid were noted,'® they were generally minor. Early
efforts were aimed at optimizing fuel grain length so as to obtain OF
ratios near the 7.5 value, which tends to maximize specific impulse
for these propellants. Many of the later tests actually achieved fairly
low mixture ratios (in the 5-6 range) because fuel regression rates
exceeded our estimates. A complete tabulated list of all test con-
ditions can be found in Ref. 16; we will not include all of these
data here in the interest of brevity. Derivation and calculation of
measurement errors for the testing present can be found in Ref. 17.

Substantial efforts were expended in quantifying combustion
behavior for various PE formulations including low density
PE (LDPE), high density PE, and ultra-high molecular weight
materials.!® Discussion of this area is planned for a future work;
the bulk of the efforts to be described herein relate to the effects of
chamber pressure, fuel grain internal diameter, fuel grain length, aft
combustion length, and OF ratio on combustion performance.

Because the CCB device contributed a nonnegligible amount of
mass and energy during our test burns, which typically varied be-
tween 5 and 20 s, we were forced to improve up the data reduction
methodology that had typically been used by hybrid rocket experi-
mentalists. Average regressionrates and port total flux levels from a
given test firing are obtained from an integral reconstructionof the
entire chamber pressurehistory with the CCB and inerts flows taken
into account. The approach begins with the determination of aver-
age characteristic velocity (C*) and oxidizer/fuel mass ratio (OF)
for a given test:

[ P(DA(D)g. dr

= 1
Mox + Mf + Mccb + Mincrt ( )

and
_ Mox
Mfucl + Mccb + Mincrt

The expended masses can all be measured directly with the use of
pre- and postfire measurements. Instantaneous values (time level n)
of total mass flux (from its definition) and fuel regression rate (as-
suming a steady-state balance of incoming and exiting mass flows)
may then be calculated as

OF )

Ty, + ﬁzccbn + r,,_lLfn:(Zr,,_l dr + D,,n_l)pf 3)

G,(1) =
x(2r, _ dt + D, )" /4

Pk . - -
Pcn Atngc/c — Myx, — Mech, — Mipert,

Lf77:(2r,,_1dt + D,,n_l)pf

ra(f) = “)

Using this process, the entire regression rate and mass flux histo-
ries may be reconstructed from the measured time-dependent data.
Action time averages are computed via direct integration:

tf i

F =/ r,,(t)dt// de (5)
Ly Ly

G =/ G, (1) dt// dt (6)
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For the tests presented, the bias errors in regressionrate and flux are
estimated to be 1.9 and 1.1%, respectively. A complete description
of the methodology, which will be used throughout this work, is
provided in Ref. 17.

Reliableignition and combustion was demonstrated over a range
of initial oxidizer fluxes 0.1 < Gox < 1.2 1b,,/(in.? s) and chamber
pressures 100 < P, < 400 psia during the testing with 85% HP. A
few tests were conducted with 80% HP, but reliable ignition and
combustion could not be achieved using the injector and CCB de-
sign implemented in these tests. We believe that one could design
a device to operate at these lower concentrations with an improved
injector (with smaller droplet sizes) and CCB designs. Our injector
produceddropletsthat were quite large, a 350 1 volumetric mean di-
ameter is reported by the manufacturer. Limited information'® sug-
gests thatignitionand combustionat concentrationslower than 80%
would be very difficult for PE; at these concentrations most of the
decompositionenergy goes into vaporizing the water in the aqueous
HP. We shouldnote that concentrationsbelow 67% have insufficient
decomposition energy to vaporize water within the mixture.

Typical chamber pressure histories obtained during the test pro-
gram are shownin Fig. 6. Sharp tailoffs were always observedin the
testing; action times were determined using a bisector technique!”
commonly used in solid rocket data reduction. The spike in the
motor F4 and H3 traces in the interval 1 <7 < 2 s is attributed to
ejection of small portions of the CCB through the nozzle. In the
M1 pressure trace, a slight increase in P. is observed after the main
ignitionevent. This behavior s attributed to increased oxidizer flow
rate because of a possible change in injectordischarge coefficient.!®
Overall, the combustion obtained was very smooth as evidenced by
the low amount of noise in the pressure signals. Typical unsteadi-
ness in the pressure signals was of the order of 1-2% (zero-to-peak)
of the mean pressure in this test program. This will be discussed
further in the section on combustion stability behavior.

Regression Rate Behavior

Although there were test series dedicated to assessing the in-
fluence of PE polymer chemistry (chain branching and molecular
weight) on fuel regression and combustion, the bulk of the mea-
surements were obtained using LDPE fuel. A compilation of these
measurementsis providedin Fig. 7, which highlightsdependenceof

behavior,'® the higher pressure results show a distinct insensitivity
to porttotal mass flux (G)intherange0.1 < G < 0.31b,,/(in.2s).In
this lower flux region, regressionrates at the higher pressures tested
(200 and 400 psia) are as much as 75% greater than those at low
pressures. The data are consistent with a radiation-basedregression
law that has been theorized by Marxman.'®

In fact, this behavior is ideal because regression rates would no
longer be influenced by changes in port geometry (either shape
or size). For the booster application, design studies’ indicate an
optimal mass flux level of about 0.4 Ib,,/(in.% s) assuming a classical
turbulentdiffusion regressionlaw, r oc G*8. Presumably, designers
could make use of this desirable behavior (flux insensitivity) for
other applications as well.

To compare the data from this test program with that of previ-
ous researchers, we performed correlations assuming a classical,
mass flux-dominated regression behavior. Although this approach
is not warranted for the higher pressure results, it does permit gross
comparisons with results of other researchers who made similar
assumptions. The resulting correlations are presented in Table 2.
Note that for the low pressure data the exponent of 0.78 is in close
agreement with theory assuming a turbulent diffusion-dominated
behavior. The exponent is reduced at the higher pressures because
of the radiative-dominatedbehavior.

The correlations from Table 2 are compared with those obtained
by other researchers in Fig. 8 plotted over the ranges of mass flux
levels tested. As shown in the figure previous researchers using
hydrogen peroxide! ~>2%2! also noted deviations from turbulent dif-
fusion dominated regression (G°38). Previous researchers however
didn’t test at low pressure (100 psia) where turbulentdiffusion dom-
inated behavior was noted in the present study. Previous research
efforts with hydrogen peroxide do show a total mass flux expo-
nential dependence similar to that explainable with radiation-driven
regression. It is evident from Fig. 8 that this appears to be true
independent of fuel selection and is provided only to show the

Table2 Summary of LDPE/85% HP fuel regression
flux correlations

Correlation P, G

. 0.040G%78 ips 100 psi 0.1-0.3 Ib,,, /(in.2 -s
regression rate on both flux level and chamber pressure. Although 0.035G0-2 ig: 200 g:z 0.1-0.3 b '/82 2:;
the low pressure (100 psi) data appear to behave a classical regres- 0.041G049 ip:s 400 p:sia 0.2-0.7 lb: /(in:z_;)
sion law (r oc G%®) consistent with turbulent diffusion-dominated
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Fig. 6 Measured chamber pressure histories for motors F4, H3, and M1 at average pressures of roughly 100, 200, and 400 psi, respectively.
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trends in exponent of total mass flux. Although other researchers
have also shown fuel regression for HP-oxidized systems to dif-
fer from turbulent diffusion dominated behavior, the present data
are the first to show experimentally the shift to radiation-dominated
behavior.

Figure 9 shows the combustion efficiency vs the characteristic
chamber length L* for the motors tested. For our purposes L* is
calculated as the combustor volume aft of the fuel grain and for-
ward of the throatdivided by the throatarea. This parameter is often
usedin the liquidsindustry to design a motor for acceptable(>95%)
combustionefficiency. This parameteris specific to propellantcom-
bination, but for comparison to liquid oxygen and ethyl alcohol L*
values are between 40 and 120 in (Ref. 22). Figure 9 shows that effi-
ciency gains are derived from increased L*, as is generally the case.

Resultssuggestthat L* valuesas low as 40 in. may providessufficient
aft combustion volume for efficiencies above 90%. The calculated
bias error is approximately 2.7% for the method described in Ref.
17. Please note that the authorsrecognize that the trend of C* vs L*
is not necessarily correct for hybrid motors. This figure is provided
for comparison to liquid rocket engines because there is no similar
method established by the hybrid community.

Combustion Stability Behavior

As noted previously the sample rate for the chamber pressure
was 350 Hz, which means that the Nyquist frequency is 175 Hz.
The nonacoustic combustion oscillationsof interestin a hybrid mo-
tor typically occur below 100 Hz (Ref. 19), hence the sample rate is
sufficient to capture this phenomenon. The chamber pressuredatain
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Fig. 10 Effect of L* on C* efficiency with inerts.

Fig. 6 show the responses for motors M1, H3, and F4. Data for mo-
tors M1 and H3 are taken with a 6-pole low-pass Butterworth filter
witha theoreticalcutofffrequencyof 600 Hz. The low-passfilter was
constructed from commercially available materials and didn’t have
a sharproll off. Consequently, a cutoff frequency above the Nyquist
was selected such that minimal attenuation would occur in frequen-
cies below the Nyquist and complete attenuation would occur well
below the first longitudinal mode of the motors (L1 = 2 kHz). Mea-
sured behavior of the Butterworth filter showed no attenuation at
100 Hz and —30 dB at 1 kHz satisfying the desired low-pass fil-
ter behavior. Chamber pressure data from F4 shown in Fig. 6 is
taken without a low-pass filter and hence the oscillations represent
all waveforms (including L1, which is aliased). The oscillations

associated with data taken when a low-pass filter was not used con-
tains amplitudes no greater than 4% zero-to-peakof mean. The data
where the low-pass filter was used (almost all of the chamber pres-
sure taken in this test program used a low-pass filter) show that the
amplitudes for the testing are no greater than 3.5% zero-to-peak of
mean. Readers are reminded that the waveforms present are those
associated with nonacousticcombustioninstability and not from the
L1 mode or any of its harmonics.

The data from firings where the low-pass filter Butterworth fil-
ter was used can then also be spectral-analyzed up to the Nyquist
frequency (175 Hz). Figure 10 shows a typical waterfall plot from
motor F4, a slighttendency for nonacousticcombustionoscillations,
up to a frequency of approximately 70 Hz, is noted. Although the
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Fig. 11 Waterfall plot of chamber pressure from motor F4.
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Fig. 12 Waterfall plot of chamber pressure from motor G3.

motor F4 waterfall plot in Fig. 11 shows no preferred waveform for
this propellant combination, a few later motors do have preferred
oscillatory waveforms. As an example, Fig. 12 shows the water-
fall plot for motor G3, which has a preferred waveform at roughly
20-35 Hz with an amplitude of around 0.75 psid zero-to-peak.Three
other motors (G4, 14, and M3) exhibited similar responses to that
of motor G3. Other motors (J3, G5, and J5) exhibited a preferred
waveform at roughly 65-80 Hz with an amplitude of around 0.5 psid
zero-to-peak.

Recent theoretical efforts®® suggest that thermal lags in the fuel
can account for the low-frequency (< 100 Hz) oscillations that have
been observed in numerous tests that have used either liquid or
gaseous oxygen as the oxidizer. In contrast to liquid oxygen sys-
tems, which tend to optimize at OF values near 2.5, the HP/PE
system optimizes at much higher OF ratio (typically around 7.5).
In this case, the mass and energy addition from the fuel is much
less than in oxygen-oxidizedsystems, thereby reducing the overall
amplitude achievable. This factor may explain the lower amplitude
of combustion instability for the propellantcombination of HP/PE.
However, we should note that all testing was performed on a fairly
small scale apparatus (2-in.-diam fuel grain) and additional larger
scale work will be required to confirm this hypothesis.

Conclusions

This paper summarizes combustion measurements from testing
of the HP/PE hybrid rocket propellant combination. The bulk of
the tests used 85% HP with LDPE, but some data are reported for
other types of PE. A new CCB design has been used to provide
rapid, reproducible ignition using stabilized HP. Once the CCB is
consumed, the HP undergoes thermal decomposition as a result of
exposureto combustiongases emanating from the ignited fuel grain.
The device provides a simple, low cost (and weight) alternative for
ignition of hydrogen peroxide hybrid rockets.

Measured regression rates indicate a classic turbulent diffusion-
dominated behavior at chamber pressures of 100 psia, with flux
exponents very near the theoretical value of 0.8. However, at higher
pressures, radiation-dominated behavior in which regression ap-
pears to be insensitive to changes in flux, is noted for mass flux
levels between 0.1 and 0.3 1b,,/(in.? s). This behavior can lead to
pressure-related amplifications of regression rate as high as 75%
when compared to the low pressure (100 psia) data. In theory, these
conclusions should carry to larger scales because radiation effects
are presumed to be scale-independent.Results are shown to be com-
parable to those obtained from other researchers using HP as oxi-
dizer with various other fuels.

High combustionefficiencies (>95%) were obtained at the higher
chamber pressure (200 and 400 psia) conditions by using aft mixing
lengths equivalent to about two fuel grain diameters (4 in.). These
lengths are consistent with L* values (based on the chamber vol-
ume aft of the fuel grain) of about 60 in. Smooth combustion was
observed in all testing, with typical chamber pressure fluctuations
in the range of 1-2% (zero-to-peak) of the mean. We hypothesize
that the high mixture ratio (5-8) operation of this propellant com-
bination plays a role in reducing the amount of energy available to
drive nonacousticinstabilitiesthat the fuel (solid) contributes. Some
minor activity is noted in the range of 20-80 Hz for some of the 100
motors that were tested in these efforts.
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