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Nomenclature
D = diameter of reactor, mm
G = mass flux, g/s/cm?
L = length of reactor, mm
m = propellant mass flow rate, g/s
P, = reaction-chamber pressure, bar
Py = feeding pressure, bar
P; = downstream pressure of injector face, bar
T, = reaction-chamber temperature, °C
T; = downstream temperature of injector face, °C
AP, = pressure drop across a catalyst bed, bar
APy, pressure drop across an injector, bar
Nex efficiency of characteristics velocity, %

I. Introduction

IGH-PERFORMING storable propellants such as hydrazine

(N,H,) (amonopropellant) and nitrogen tetroxide (an oxidizer)
in bipropellant systems are currently used despite their toxicity. As a
result of the growing concerns and regulations related to the environ-
ment, interest in rocket-grade hydrogen peroxide (one of the oldest
propellants) as an alternative propellant has grown since the mid-
1990s because of its nontoxic, storable characteristics [1,2].

When hydrogen peroxide is used as a propellant, almost all
propulsion systems need a catalyst bed to decompose it into oxygen
and steam, generating high pressure and temperature. Catalyst and
catalyst-bed design are of great importance in monopropellant
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thrusters, as well as gas generators and bipropellant propulsion
systems, because they affect the decomposition capacity, pressure
instability, and response time. Some studies have investigated the
catalyst in terms of catalyst reactivity and catalytic support effect
[3-11]. For applications of hydrogen peroxide in monopropellant
thrusters, a wide variety of methodologies to determine catalyst-bed
size, the effects of injector type and ullage volume, decomposition
efficiency, and response time in various-scale thrusters have been
examined and reported [12-18]. Although many studies have been
carried out on the action of various catalysts to decompose hydrogen
peroxide and on the performance of hydrogen peroxide propulsion
systems, there are few experimental results regarding pressure insta-
bility with respect to catalyst reactivity and support size in mono-
propellant thrusters.

Recently, a study regarding chugging instability with a MnO,
catalyst in monopropellant thrusters was reported [18]. Another
investigation was carried out to understand the effect of catalyst
reactivity and support size in three monopropellant thrusters with
different aspect ratios (L/D). In the present study, a MnO,-mixed
PbO catalyst coated with two different catalytic support sizes (1016
mesh and 16-20 mesh) was evaluated under different operating
pressure conditions.

II. Test Apparatus
A. Propellant, Catalyst, and Catalytic Support

In the present study, hydrogen peroxide with a concentration of
90 wt% (Peroxide Propulsion, Sweden) was used in all experiments.
The quality of hydrogen peroxide was in accordance with the
requirements of MIL-PRF-16005F [19], which defines the maxi-
mum allowable impurities for rocket-grade hydrogen peroxide. The
propellant density was 1392 kg/m* at 20°C and the theoretical
adiabatic temperature and characteristic velocity at nominal chamber
pressure of 20 bar [as calculated by the Chemical Equilibrium and
Applications (CEA) program [20]] were 749°C and 936.4 m/s,
respectively.

MnO, was used broadly as a catalyst for hydrogen peroxide
decomposition. In addition to the MnQ,, several materials as addi-
tives have been studied to enhance decomposition reactivity. Prior
studies have reported that the activity of MnO, increased when
promoters such as Zn, Ni, Cu, Bi, Ce, and Pb were added [4-6]. In
this study, Pb was selected as an additive material to enhance the
reactivity of MnO, [6]. Bimodal-type Al,O; (Alfa Aesar) was used
as a catalytic support; it has a surface-area-to-mass ratio of approx-
imately 255 m?/g. Granules with mesh sizes of 10-16 (1.18-
2.0 mm) and 16-20 (0.85-1.18 mm) were prepared from the 1/8 in.
Al,O; pellets. Both NaMnO, and Pb(NOj3), (Aldrich) were used as
precursors for MnO, and PbO, respectively; they were mixed so that
the molar weights of Mn (63.2 wt% of MnO,) and Pb (92.8 wt% of
PbO) were identical. The catalyst prepared by impregnating two
different sizes of Al,O; granules with the solution of mixed
precursors. Impregnation was followed by drying (95°C for 12 h),
calcination (500°C for 4 h), and drying (95°C for 12 h) again. After
calcination, the catalyst was washed with water to remove Na™ ions
and impurities.

After the coating procedure, the catalyst as shown in Fig. 1 was
analyzed by Brunauer—-Emmet-Teller (BET), accelerated surface
area and porosimetry system (ASAP 2020), and energy dispersive
spectroscopy (EDS) methods to confirm surface-area-to-mass ratio,
pore volume, average pore size, and coated materials. The elements
of Mn and Pb were detected on the surface of the fabricated catalyst
by EDS analysis. All measured data are summarized in Tables 1 and
2. From the results of catalyst analysis, Na, as an impurity, was
detected to the extent of below 1.0 wt%. The Mn/Pb molar ratios for
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16-20 mesh Al,03

MnO,+PbO (16-20)  MnO,+PbO (10-16)

Fig. 1 Al,O; catalytic support and catalysts fabricated with different
support sizes.

10-16 and 16-20 mesh sizes were 1.06 and 1.12, respectively; these
values indicate slightly excess manganese. This result may have been
caused by the differences in the adhesion characteristics of the Al,O;
surface and the catalyst particle size.

B. Monopropellant Thrusters

In the previous study, the MnO, catalyst was examined with
different catalytic reactor aspect ratios [18]. Monopropellant
thrusters with three different aspect ratios were designed to be nearly
identical to those of the prior study to enable easy comparison of the
results. Three 50-N-class monopropellant thrusters were prepared
with different aspect ratios (0.51, 1.0, and 1.95), but nearly identical
volumes (12.25 + 0.02 cm?). A shower-head-type injector with 15
orifices (orifice diameter of 0.4 mm) was used in all thrusters to
supply hydrogen peroxide to the catalytic reactor. The designed
thrusters and pressure measurement positions are shown in Fig. 2.

C. Data Acquisition

Hydrogen peroxide was pressurized with regulated nitrogen gas
and controlled by a pneumatic actuator operated using a solenoid
valve. A Coriolis-type mass flow meter with +0.5% precision was
introduced to measure the propellant flow rate. Five pressure
transducers of three different types (35 bar max =+ 0.12% accuracy,
50 bar max £0.04% accuracy, and 70 bar max =+ 0.15% accuracy),
a data acquisition card, and signal conditioning extension for
instrumentation (SCXI) modules from National Instruments were
used to measure the pressure. All tests were performed in pulse mode
with a 1.0 s valve-on time and a 1.0 s valve-off time with a sampling
rate of 1000 samples/s with a 10 kHz filter.

III. Result and Discussion

The pulse mode tests were performed for each condition. The
pressures at each position were measured to determine pressure

Table 1 BET and pore analysis summary of Al,O; and
MnO, + PbO catalyst with two different support sizes

MnO, + PbO/ALO;

Analysis Al,O; 10-16 mesh 16-20 mesh
BET area, m?/g 250.3 146.6 160.9
Pore volume, cm®/g 0.8 0.45 0.45
Average pore size, nm  12.13 12.34 11.3

Table 2 EDS analysis of Al,0; and MnO, + PbO
catalyst with two different support sizes

MnO, + PbO/ALO;

Element Al,0O4 10—16 mesh 16-20 mesh
O, wt% 40.64 26.30 30.73
Al, wt% 59.36 33.07 36.22
Mn, wt% —_— 8.76 7.43
Pb, wt% e 31.10 25.11
Na, wt% _ 0.77 0.51

Type 1

L =16.0 mm
D=31.2mm
L/D=0.51

Type 2

L =25.0 mm
D =25.0 mm
L/D =1.00

Type 3
L=39.0 mm
D =20.0 mm
L/D=1.95

Fig. 2 Test thrusters with different aspect ratios and pressure
measurement positions.

variations along the axis direction of the thrusters as well as the
pressure drop across the injector (AP;y, Py — P;), pressure drop
across the catalytic bed (AP, P; — P.), and instability inside the
reaction chamber. All measured mean pressures, mass flow rates,
mass fluxes, and characteristic velocity efficiencies are summarized
in Table 3.

The low frequency (10400 Hz) instability, called chugging,
mainly appeared in thrusters designed to have low chamber pressures
(100-500 psia) [21]. In a study on monopropellant thrusters using a
MnO, catalyst [18], chugging instability above £5% was observed,
which suggested that a high chamber pressure and low aspect ratio
are preferable for reducing the instability in a reaction chamber. To
deepen our understanding of chugging instability and to investigate
the effect of catalyst reactivity, reaction tests with MnO,-mixed PbO
catalyst were performed under almost identical conditions to those of
the prior study. A chugging instability above +5% in the reaction
chamber, however, could not be observed, indicating a maximum
chugging amplitude of £2.1% in the case of enhanced reactivity
compared with a MnO, catalyst. In a previous study [18], chugging
frequencies reported to be in several tens of hertz; however, a definite
peak frequency of chugging instability was not found from the fast
Fourier transform results, which showed a nearly constant magnitude
at various frequencies. Moreover, the pressures in the high-aspect-
ratio thruster (type 3) were considerably stable, unlike those for the
MnO, catalyst. Although the chugging amplitude tended to increase
with decreasing reaction-chamber pressure, a high pressure drop
across the catalytic bed, that is, a high aspect ratio, did not appear to
affect the chugging instability in the case of the MnO,-mixed PbO
catalyst.

Two different sizes of catalytic supports were evaluated to
compare the pressures along the axis direction of the thrusters and the
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Table 3 Pressure oscillations of each position and performance in each reaction test

Case P, bar Pl,bar P2 ,bar P3,bar P;, bar Py, bar APinj,bar

AP, bar m,g/s G,g/(s-cm?) nc, % Chugging

amplitude?, %

Case of 10—16 mesh (average diameter of 1.18-2.0 mm)

Type 1 (0.51)

LI1-1 7.7 7.8 _ — 7.8 9.1
L1-2 16.0 16.2 _ — 16.2 19.4
L1-3 23.3 23.7 _— — 237 29.5
L1-4
Type 2 (1.00)
L2-1 7.5 8.8 _ — 8.8 9.4
L2-2 14.7 17.6 _ — 174 19.7
L2-3 21.3 25.8 — — 258 29.9
L2-4 27.5 33.6 _ — 33.7 40.2
Type 3 (1.95)
L3-1 6.8 7.9 8.8 8.9 9.0 9.5
L3-2 13.6 15.7 17.6 17.8 18.2 20.1
L3-3 19.6 229 25.7 26.6 26.9 30.1

13-4 255 299 340 349 352 405

Case of 16-20 mesh (average diameter of 0.85—1.18 mm)

Type 1 (0.51)

S1-1 8.9 9.2 _ — 9.2 10.0
S1-2 16.8 17.5 _ — 17.6 19.8
S1-3 24.1 25.1 — — 254 29.7
S1-4
Type 2 (1.00)
S2-1 7.9 9.0 _ — 9.1 10.0
S2-2 14.7 17.0 _ — 17.5 19.7
S2-3 214 25.0 — — 260 30.1
S2-4 27.2 32.3 _ — 339 40.1
Type 3 (1.95)
S3-1 5.7 7.0 8.4 9.1 9.3 10.0
S3-2 11.2 14.2 17.1 18.9 19.5 20.8
S3-3 16.1 21.0 25.2 28.3 28.7 31.2
S3-4 20.0 275 33.1 36.9 375 41.1

1.3 0.1 25.6 3.35 54.8 +0.8%
33 0.2 37.8 4.94 76.9 +0.5%
5.8 0.4 53.8 7.03 78.9 +0.5%
No test
0.6 1.3 17.7 3.60 76.3 +1.3%
2.3 2.7 30.6 6.17 86.6 +0.8%
4.1 4.5 44.2 9.01 87.1 +0.8%
6.5 6.1 54.5 11.17 91.2 +0.9%
0.6 2.1 14.7 4.69 81.7 +1.7%
1.9 4.6 24.8 7.88 96.6 +0.9%
34 7.3 35.3 11.23 97.9 +0.9%
5.2 9.8 48.3 15.36 92.9 +0.9%
0.8 0.4 21.7 2.84 74.5 +0.7%
2.2 0.8 35.3 4.62 86.6 +0.4%
4.3 1.3 55.2 7.22 79.6 +0.4%
No test
0.8 1.2 17.5 3.57 81.5 +1.4%
2.2 2.8 30.3 6.17 87.9 +0.7%
4.1 4.6 44.2 9.01 87.4 +0.6%
6.3 6.6 54.8 11.17 89.7 +0.5%
0.7 3.7 13.3 4.25 74.9 +2.1%
1.3 8.3 21.5 6.84 91.4 +0.7%
2.5 12.6 30.9 9.82 91.5 +0.7%
3.6 17.5 38.2 12.17 92.1 +0.6%

“Calculated by chamber pressure P..

difference of the pressure drop across the catalytic bed. The pressure
distributions of the type-3 thruster are shown in Fig. 3. Because the
maximum error was approximately £0.1 bar from the accuracy of
used pressure transducers, the error bars of all test results were small
enough to enable the difference between the two mesh sizes to be
distinguished. The pressures rarely decreased up to certain lengths
from the injector surface and the length was increased with
increasing catalytic support size. It seems that the propellant injected
by a shower-head-type injector penetrates a certain length of a
catalytic bed owing to its high momentum, and decomposes there-
after. In other words, there are two regions of penetration and
decomposition. A differential pressure of 1 bar between each mea-
surement position was assumed to divide the penetration (A) and
decomposition (B) regions at the highest feed pressure condition in
Fig. 3. With increasing aspect ratio, the classification of the two
regions grew much clearer. For the type-1 thruster, most charac-
teristic velocity efficiencies were below 80% and displayed a white
plume behind the nozzle during the tests, because most of the
catalytic bed acted as a region of penetration not decomposition.
Figure 4 compares the reaction-chamber temperatures for the L1-1
and L2-2 cases with pressure variation. The L1-1 case, which almost
has a penetration region, has a lower chamber temperature profile
compared with the L2-2 case. Moreover, the temperature of the
reaction chamber increased slowly even though chamber pressure
was stable. This slow increase in the low aspect ratio case can be
attributed to the fact that a considerable amount of the fed hydrogen
peroxide passes through the catalytic bed without decomposition.
Neither of the catalytic support sizes could be tested under a feeding
pressure above 30 bar to avoid a dangerous situation, because most of
the fed propellant was exhausted in liquid phase without decom-
position. Therefore, other types of injectors that can enhance the
atomization of propellant would be preferable to reduce the
penetration region and catalytic bed of H,O, monopropellant
thrusters.

The pressure drop per unit length across the catalytic bed exhibited
alinear characteristic with mass flux, as shown in Fig. 5. The pressure
drops of 16-20 mesh size was almost doubled compared with the
pressure drops of 10—16 mesh size. For the results of the same 16-20
mesh size, pressure drops per unit length were increased with
increasing mass flux and aspect ratio. If the pressure drops evenly
throughout the reaction chamber, the results for each aspect ratio
converge under an identical mass flux. However, the slope of the
pressure drops increased when the aspect ratio was varied, because
the main pressure drop occurs only in the decomposition region. The
result of the type-3 thruster was compared with the result of An et al.
[18], as shown in Fig. 5. The slope of the pressure drop exhibited a
nearly identical tendency. The pressure drop for the MnO, case,
however, was much higher than that in the present work, indicating
chugging instability. The reason for the increased pressure drop in the
prior study could not be determined, but it is likely to be a result of
pressure fluctuation inside the reaction chamber.

IV. Conclusions

H,0, monopropellant thrusters with three different catalytic bed
aspect ratios were tested with a MnO,-mixed PbO catalyst to
investigate the effect of reactivity and catalytic support size on
chugging instability and pressure drop across the catalytic bed.
Unlike the previous result of the MnO, catalyst, no chugging
instability in the reaction chamber was observed by enhancing the
catalyst reactivity and all of the pressure variations were quite stable
with an oscillation below £2.1%. In other words, the chugging
instability in H,O, monopropellant thrusters using a MnO,-mixed
PbO catalyst are independent with aspect ratios of less than 2.0. The
measurement results of pressure distribution along the thrusters
suggest that an injector that can atomize well would be preferable to
reduce the penetration region and catalytic bed size. Considering the
pressure drop across a catalytic bed, a bigger catalytic support size
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