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Among the three types of instabilities, the low-frequency instability (chugging instability) was experimentally

investigated with respect to the chamber pressure and aspect ratio (L=D) of catalytic reactors in a monopropellant

thruster. ThreeH2O2 thrusterswere used, and two parameters were found to be the dominant factors that generated

a chugging instability of the order of several tens of hertz. Ahigh chamber pressure and lowL=D values (lowpressure

drop across the catalyst bed) were preferable for reducing pressure oscillation inside the reaction chamber. In

addition, it was found that these two parameters were not independent but coupled; therefore, the point where

chugging instability occurred varied slightly depending on the interaction between these parameters.

Nomenclature

A = cross-sectional area
a = speed of sound, m=s
Cd = discharge coefficient
C� = characteristic velocity, m=s
D = diameter of reactor, mm
G = mass flux, g=�s � cm2�
L = length of reactor, mm
_m = propellant mass flow rate, g=s
P1 = feed pressure of propellant (upstream of injector), bar
P2 = pressure upstream of catalyst bed (downstream of

injector), bar
P3 = reaction chamber pressure (Pc, downstream of

catalyst bed), bar
Tad = adiabatic decomposition temperature, K
�Pcat = pressure drop across catalyst bed (P2 � P3), bar
�Pinj = pressure drop across injector (P1 � P2), bar
�C� = efficiency of characteristic velocity, %
� = density, kg=m3

I. Introduction

ROCKET-GRADEhydrogen peroxide (RGHP) has been used as
a monopropellant and storable oxidizer since the dawn of the

space age. However, the demand for a higher specific impulse has

gradually led to the replacement of H2O2 with another mono-
propellant: hydrazine. Furthermore, dinitrogen tetroxide has
replaced H2O2 for use as a storable oxidizer. Nevertheless, recent
concerns about propellant toxicity have led to a renewed interest in
H2O2 for use in diverse propulsion systems for launch vehicles and
satellites, despite the existence of alternative propellants exhibiting
better performance [1]. Additionally, it has been possible for small-
scale university laboratories, such as Purdue, Pisa, Surrey, and Tokyo
Universities and Korea Advanced Institute of Science and
Technology, to develop a thruster that uses this nontoxic propellant.

This interest has become apparent from recent papers on H2O2.
The literature shows that recent research has been divided between
two areas. The research in the first area has focused on the catalyst
itself. In this research, catalyst characterizations, catalytic activity,
and support effects have been investigated [2–9]. This research has
been more extensive and specific than the research in the other area.
The research in the second area involves the applications of H2O2

decomposition, such as the design of various scale thrusters [10–14],
propulsion modules for a satellite or lander [15–17], and a gas
generator [18]. This research has focused on the performance
evaluations of test thrusters (especially the decomposition efficiency
for a continuous mode and the response characteristics for a pulse
mode). However, activities related to the actual use, especially the
pressure instability inside the reaction chamber, have not yet been
undertaken. In a normal rocket, to achieve smooth combustion, the
pressure oscillation inside the reaction chamber at a steady state
should not exceed approximately �5% of the mean chamber
pressure. Although a few analytical studies on the low-frequency
instability of monopropellant thrusters have been conducted,
considering their actual importance [19,20], just a few experimental
or research results are available that analyze the pressure instability
of H2O2 monopropellant thrusters [21].

In the present study, the pressure roughness at a steady state was
the primary focus because it directly affects the thruster force or
impulse. Therefore, among the three types of instabilities [i.e.,
chugging (low frequency), buzzing (intermediate frequency), and
screaming (high frequency)], the low-frequency, or chugging,
instability was considered. This type of instability can be caused by
resonances in the engine feed system or the coupling of structural and
feed system frequencies [22]. In particular, the chugging instability
has mainly appeared in low-thrust rocket engines designed with low-
chamber-pressure engines (100–500 psia) [22], such as thrusters,
which is in good accordancewith theH2O2 monopropellant thrusters
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(below several hundred newtons) presently being tested by various
research groups. For this reason, it is necessary to perform experi-
mental tests to investigate the chugging instability in H2O2 mono-
propellant thrusters. Therefore, reaction tests were performed with
50 NH2O2 monopropellant test thrusters with different aspect ratios
under different operating pressure conditions.

II. Preparation for Experiments

A. Catalyst and Propellant

MnO2 was selected as the activematerial forH2O2 decomposition
because of its superior activity [5]. Commercial �-type alumina
pellets were crushed into grains with a mesh size of 16–20 (0.85–
1.13 mm) to increase the effectiveness of the catalyst grains. The
crushed grains were pretreated and loaded with NaMnO4 by wet
impregnation, using a precursor solution. The support was then dried
(100�C, 24 h) and calcined (500�C, 2 h). The sodium ions were
washed with water [9], and the catalyst-loaded grains were calcined
(500�C, 2 h) again. Finally, MnO2=Al2O3 (30 wt %) was prepared.
The alumina pellets, crushed alumina grains, and prepared
MnO2=Al2O3 catalyst are shown in Fig. 1. The physical character-
istics of the catalyst grains, such as specific surface area, pore
volume, and average pore size (with ASAP 2420 analysis) were
measured before and after catalyst coating. The crushed alumina
grains had a specific surface area of 272 m2=g, a pore volume of
0:86 cm3=g, and an average pore size of 12.7 nm. After final calci-
nation, the catalyst grain showed a slight decrease in specific surface
area. Pore volume and average pore size changed to 0:61 cm3=g and
15.5 nm, respectively. Scanning electron microscope (SEM) images
of MnO2=Al2O3 are presented in Fig. 2.

Concentrated hydrogen peroxide (90 wt %) from peroxide
propulsion was used as a monopropellant in the reaction test. The
quality of propellant was nearly in accordance with the requirements
of MIL-PRF-16005F [23], which defines the maximum allowable
quantities of stabilizers and impurities for RGHP. The propellant
density was 1392 kg=m3 at room temperature. Theoretical adiabatic
temperature Tad, characteristic velocity C�, and speed of sound a
inside the reaction chamber obtained from the CEA (chemical
equilibrium with applications) code calculations [24] were 1022 K
(749�C), 936 m=s, and 697 m=s, respectively.

B. Test Thrusters

The cross-sectional view of each thruster is shown in Fig. 3. Each
thruster consists of the propellant inlet, inlet manifold, injector,
catalytic reactor, distributor plate, and nozzle. To investigate the
pressure-drop effect across the catalyst bed (P2 � P3) with the
chugging characteristics, three test thruster models were designed to
have the same catalytic reactor volume (reaction ability) of 14:1�
0:1 cm3 but different reactor aspect ratios (L=D), such as 0.50, 1.02,
and 1.95. The inlet manifold (upstream injector) of all the thrusters
was designed to have an identical volume. Because the injectors for
all of the thrusters had identical Cd and A values in Eq. (1), the
propellant had the same flow rate at a given pressure drop (�Pinj,
P1 � P2) across any given injector. Each injector had 15 orifices
with diameters of400 �m. Catalyst grainswould not escape from the
reactor and would be located at their original position during the
reaction tests. Therefore, a distributor platewas inserted downstream

of the catalyst bed. Its rolewas to support the catalyst grains. A screen
having a small mesh size (less than catalyst grain size) was welded to
the distributor structure. Figure 4 shows the shape of the injector and
distributor with a welded screen. The chamber between the distrib-
utor and the nozzle throat was also designed to have the samevolume
as each thruster. Each thruster used a conical nozzle with a throat
diameter of 4.9 mm and an area ratio of 2.6, which was the optimal
expansion condition at a chamber pressure of 15 bar in a test per-
formed at sea level. Figure 5 shows the position of each pressure port.
P1, P2, and P3 measured the propellant feed pressure (upstream of
the injector), the pressure downstreamof the injector (upstreamof the
catalyst bed), and the chamber pressure (downstream of the catalyst
bed), respectively. Thus, the difference betweenP1 andP2 indicates
the pressure drop across the injector �Pinj, and the difference
betweenP2 andP3 indicates the pressure drop across the catalyst bed
�Pcat. To measure the chugging instability, the pressure inside the
reaction chamber P3 was considered:

_m� CdA
��������������������������
2��P1 � P2�

p
(1)

Fig. 1 Alumina pellet, crushed alumina grains, and preparedMnO2=Al2O3 catalyst.

Fig. 2 SEM images ofMnO2=Al2O3 catalyst grains.WDdenotes work

distance, SE denotes secondary electron, and TLD denotes through-the-

lens detector.
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C. Data Acquisition and Test Procedure

A schematic of the experimental thruster setup is shown in Fig. 6,
which consists of a pressurizer gas tank, a hydrogen peroxide
tank, pressure regulators, several control valves, a mass flow-
meter, and valve control systems. A Coriolis-type mass flowmeter
(AW Company, ACM600) with�0:5% precision was introduced to
measure the propellant flow rate.

A data acquisition card and a signal conditioning extension for
instrumentation modules with a 10 kHz filter from National
Instruments were used to measure the physical data. The sampling
rate during the tests was 500 samples=s, which was sufficient to
detect several tens of hertz of chugging instability. During the tests,
the product gas temperature at each position (1; 2; 3; . . . cm from
catalyst upstream), the pressure (P1,P2, and P3), and the propellant
mass flow rate were measured. K-type thermocouples having an
open junctionwere used tomeasure the temperature of product gases.
The pressure sensors selected had 1 kHz dynamic characteristics.

The thrusters were filled with the prepared catalysts. Each test was
performed using a pulse mode with a 1.0 s valve-on time and a 1.0 s

valve-off time to obtain repeated chugging instability results. During
all the tests, the reactor was filledwith an unused catalyst to eliminate
any possibility of the catalyst bed characteristics (such as sintering,
decrease in reactivity, grain crushing, and so on) affecting the
chugging instability. In addition, the propellant feed pressurewas set
to values of around 10, 20, 30, and 40 bar to investigate the effect of
pressure on the chugging instability.

III. Results and Discussions

All the graphs for the reaction tests with the three thrusters are
shown in Fig. 7. The pressures (P1, P2, and P3) were measured to
determine not only the pressure drops across the injector and the
catalyst bed but also the chugging instability. Table 1 summarizes the
pressure fluctuation from themean chamber pressure at a steady state
and its frequency.

First, chugging instabilities that exceeded �5% of the mean
chamber pressure appeared in the lower left section of Fig. 7 (low
feed pressure and high L=D condition), while there were no
chugging phenomena in the cases shown in the upper right section
(high feed pressure and low L=D condition), where the pressure
oscillations were less than�5% of the mean chamber pressure. The
frequency of the instability was several tens of hertz. A lower feed
pressure (P1) resulted in a lower built pressure inside the reaction
chamber (P3). The chugging phenomenon occurred dominantly
when the chamber was at lower pressure. Therefore, the chamber
pressure was the primary parameter while considering the instability
criteria.

Although the chamber pressure was low, there was no chugging
instability when L=D was low. For example, there was no chugging
in the case of an L=D of 0.5 when P1 was 10 bar, but the instability
did occur in the other two cases whereP1was 10 bar. The strength of
the instability also increased when L=D increased. The L=D values
of the reactors determined the pressure drop across the catalyst bed
(�Pcat, P2 � P3), which only occurs in the case of monopropellant
thrusters. Therefore, the difference between P2 and P3 was directly
related to the chugging instability. When the drop in pressure was
low, therewas no instability, evenwhenP3was very low. In addition,
there was an instability tendency when the pressure drop across the
catalyst bed (�Pcat, P2 � P3) exceeded that across the injector
(�Pinj, P1 � P2).

From these results, to avoid the chugging instability, it was
preferable to have: 1) a higher chamber pressure (higher feed
pressure condition) and 2) a lower pressure drop across the catalyst
bed. To reduce the pressure drop across the catalyst bed, it was
beneficial for the reactor to have a low aspect ratio. In addition, it was
also beneficial for the reactor to have a large catalyst grain. However,
to use the large gain, the catalyst activity must be higher than the
previous one if a given catalyst volume is used, because the reaction
is restricted by the heat/mass diffusion phenomena in a large catalyst
grain.

Type 1
Type 2

Type 3

33 26

21

16.5
26.5

41

Fig. 3 Cross-sectional views of test thrusters (mm).

Fig. 4 Injector and distributor plate with welded screen.
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Summerfield [19] used an analytical approach to determine the
chugging instability tendency of monopropellant thrusters. He
focused on the pressure drop across the injector, but he did not
separate P2 and P3. Instead of the (P1 � P2) value, the
(P1 � P3) value was defined as the pressure drop across the
injector. Thus, he could not observe the effect of the catalyst bed on
the chugging instability, even though this effect should be a primary
consideration for monopropellant thrusters. He also indicated that an
increase in the pressure difference between the supply tank and
combustion chamber could overcome the instability. To supplement
this description, in the present study, the (P2 � P3) drop was found
to be one of the main parameters that affected the chugging
instability. As a result, although (P1 � P3) increased, the instability
did not reduce in the experimental study when the pressure-drop
increase was across the catalyst bed rather than across the injector.

Pressures (P1, P2, and P3) and the instantaneously calculated
propellant flow rates, with andwithout chugging instability (cases 1-
1 and 3-1), are shown in Figs. 8 and 9, respectively. Instantaneous
mass flow rates were calculated from the pressure drop across the
injector, which determined the mass flow rates dominantly after the

pressure and temperature data reached a steady-state condition.
There was no unsteady mass storage going on. The volume of the
propellant tank (22 liter) was high enough compared with the test
flow rates (9:4	 67:1 g=s). When chugging instability occurred
inside the reaction chamber (P3), it affected the upstream pressure
(P1 and P2), which also resulted in the oscillation of the propellant
flow rate. In addition, in most cases where the chugging instability
was observed, the oscillation of feed pressure (P1) was 1.1–2.5 times
higher in magnitude than that of the chamber pressure (P3). Phase
differences among P1, P2, and P3 were also observed. Figure 9 is a
representative example and shows no phase difference among
pressures. In all test cases,P1,P2, andP3were all in the same phase,
which meant there was no traveling wave.

Johnson et al. [21] have analyzed the catalyst bed instability in the
H2O2=JP-8 bipropellant engine by separating the liquid and gas
regions of the catalyst bed.However, although Johnson’s paper could
serve as a guideline for the chugging instability of H2O2 mono-
propellant thrusters, it is incorrect to make a direct comparison
because of the following reasons. First, in this research, some
pressure drop occurs across the injector because of smaller diameter

Fig. 7 Pressure time histories for thrusters with different reactor L=D values and feed pressures.

Table 1 Pressure oscillation of mean chamber pressure P3 and frequency in each reaction test

Case Thruster
(L=D)

P1, bar P2, bar P3, bar �Pinj, bar �Pcat, bar _m, g=s G, g=�s � cm2�) �C� , % Chugging
frequency a, Hz

Chugging
amplitude a, %

1-1 Type 1 (0.50) 9.5 8.5 7.7 1 0.8 18.3 2.1 92 50 �2:3%
1-2 18.7 15.9 14.8 2.8 1.1 32.0 3.7 101 53 �0:8%
1-3 28.4 23.1 21.8 5.3 1.3 50.9 6.0 93 53 �0:8%
1-4 37.9 30.2 28.6 7.7 1.6 67.1 7.8 93 53 �1:0%
2-1 Type 2 (1.02) 9.7 8.2 6.0 1.5 2.2 15.6 2.9 84 33 �6:6%
2-2 20.3 16.8 13.0 3.5 3.8 30.1 5.7 94 51 �6:1%
2-3 28.9 24.4 19.7 4.5 4.7 44.6 8.4 96 60 �0:5%
2-4 39.0 31.8 26.0 7.2 5.8 62.9 11.9 90 28 �1:0%
3-1 Type 3 (1.95) 9.4 8.8 3.4 0.6 5.4 9.4 2.7 79 29 �13:0%
3-2 19.3 15.7 6.9 3.6 8.8 17.9 5.2 84 48 �7:1%
3-3 29.2 24.7 10.8 4.5 13.9 27.0 7.8 87 63 �6:3%
3-4 40.3 32.6 13.7 7.7 18.9 38.8 11.2 77 73 �3:5%

aCalculated by chamber pressure P3.
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orifices (400 �m). In [21], a distribution plate is present instead of an
injector. There is a lower pressure drop (P1 � P2) across a distri-
bution plate than across an injector. The injector plays an important
role in reducing the chugging instability, and an adequate pressure
drop is necessary to control the chugging instability. Second, a grain-
type catalyst was used for propellant decomposition in this study,
whereas a screen-type silver catalyst was used in the previous
reference. The difference in the type of catalyst used can affect
chugging instability characteristics because of different flow pattern
and decomposition phenomena.

The reduction of chugging instability by adding components, such
as a cavitating venturi and gas accumulator to the propellant feeding
line, was not considered, because the purpose of this study was to
investigate the effect of the design of a monopropellant thruster itself
on chugging instability. Moreover, these components cause addi-
tional pressure drop, which is considered a drawback in the design of
a propulsion system.

For the most unstable test case (case 3-1; chugging amplitude:
�13:0%), the temperature profile of product gas as a function of
pulse time is shown in Fig. 10. The temperature was measured at
points located at 1, 2, and 3 cm on the catalyst bed (axial direction).

After two pulses, the temperature at each point reached the steady-
state value, which was slightly below the theoretical adiabatic
decomposition temperature. In this case, the speed of sound of the
product gas was 680 m=s. A stable temperature was observed,
contrary to the unstable pressure.

If the total flow area (open area) of the distributor plate (support
structure placed after the catalyst bed) is small, the flow can be
restricted, which would possibly affect the characteristics of the
chugging instability. To avoid this problem, the distributor plate was
designed to have a much higher flow area than that at the nozzle
throat. The pressure drop across the distributor plate was negligible.
Therefore, it was assumed that the total flow area of the distributor
plate has no relationship with the nozzle throat area.

IV. Conclusions

Among the three types of instabilities inmonopropellant thrusters,
the low-frequency instability was experimentally investigated using
H2O2 monopropellant thrusters with respect to the chamber pressure
and the aspect ratio of the reactors. Two parameters were found to be
the dominant factors responsible for the chugging instability inH2O2

monopropellant thrusters. A high chamber pressure and low L=D
value (low pressure drop across the catalyst bed) were preferable for
reducing the pressure oscillation inside the reaction chamber. In
addition, these two parameters were not independent but coupled;
therefore, the point where chugging instability occurred moved
slightly, depending on the interaction between these parameters.
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