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The present work performed a combined experimental and numerical investigation of the catalytic ignition and

combustion characteristics for a hybrid rocket engine (HRE) using 90% hydrogen peroxide (H2O2) with a paraffin-

based fuel as thepropellant system.Thevariationof theH2O2 decomposition temperatureusedas theanalytical premise

was monitored by a thermocouple and laser absorption spectroscopy based on water absorption. The effects of

preheating, the number of silver mesh layers, and the usage count for the catalytic bed on the H2O2 decomposition

characteristics were analyzed. A preheated 60-layer silver catalyst bed provided the best decomposition performance,

including the shortest catalytic decomposition delay time and the highest decomposition efficiency. A two-dimensional

numerical model was built to determine the effect of decomposition efficiency decay on the HRE combustion

characteristics. Variations in the combustion temperature, combustion chamber pressure, and product distribution

were compared forH2O2 decomposition efficiencies ranging from70 to 100%.As the decomposition efficiency ofH2O2

decreased to 80%, part of the oxidizer was blown out the chamber before participating in the combustion, yielding a

significant decline in the combustion performance of the hybrid rocket engine. Static firing tests were also used to

determine the catalytic ignition and reignition performance of theHRE.The results showed that the performance of the

catalytic bed was stable while the reignition process was rapid without a pressure peak.

Nomenclature

A = integrated absorbance
Cp = specific heat capacity

c = speed of light
D = diameter
E = energy
E 0 0 = low-state energy
e = measurement error
Gox = oxidizer mass flux
HD = decomposition enthalpy
HV = latent heat of evaporation
hP = Planck’s constant
I0 = incident laser intensity
It = transmitted laser intensity
k = turbulent kinetic energy
kB = Boltzmann’s constant
kv = spectral absorption coefficient
L = path length
MH2O

= molar mass of water

_m = mass flow rate
P;p = pressure
Px = partial pressure
Q�T� = partition function of the absorbing molecule
Qa = heat of absorption
Qd = heat of decomposition

R = ideal gas constant
S�T� = line strength of the transition at temperature T
T = temperature
t = burning time
u = velocity
Vg = outlet velocity

v = laser frequency
v0 = line center frequency
γ = ratio of specific heat capacity
ε = turbulence eddy dissipation
η = catalytic decomposition efficiency
μ = viscosity coefficient
ρ = density
σ� = nozzle outlet area
ϕ�v� = line shape function

Subscripts

i, j = tensor coordinates
ox = oxidizer
0, 1, 2 = hydrogen peroxide, water, and oxygen, respectively

I. Introduction

T HE continuous deployment of space technology worldwide has
led to requirements for rocket engines that provide advantages

such as low cost, safety, and minimal environmental impact along
with adjustable thrust and multiple restart capabilities [1]. A hybrid
rocket engine (HRE) typically employs a solid fuel together with a
liquid oxidizer as the propellant system. Structures in which these
propellant components are stored separately can allow the HRE to
meet the requirements noted, and so these engines have potential
applications in sounding rockets, launch vehicles, boosters, subor-
bital vehicles, and even ramjets [2,3].
Although the separate storage of propellant components provides

HREs with the potential for multiple restarts, the stable and reliable
implementation of restarts remains a challenge; and the associated
technology is at an immature stage of development [4]. In particular, a
suitable ignition method is an important prerequisite to achieving
these goals, and catalytic ignition provides the advantages of simple
structure, ready reignition, and the lack of a need for an additional
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ignition propellant [5]. Even so, the catalytic ignition of an HRE is a
complex process involving the decomposition of an oxidizer, heat
exchange, melting, pyrolysis, mixing, and flame propagation. These
processes are also affected by both the characteristics of the catalyst
bed and by the propellant composition [6]. Therefore, more funda-
mental investigations of the catalytic ignition and reignition of HREs
are necessary.
Hydrogen peroxide (H2O2) is a widely used oxidizer in the field of

propulsion and provides various advantages, including minimal
environmental impact, relatively easy storage, low toxicity, nontoxic
combustion products, incompressibility, high density, and the capac-
ity for catalytic decomposition. Consequently, H2O2 has been
increasingly used as the oxidizer in studies concerning HREs [7,8].
As examples, Jang et al. [9] and Jo [10] investigated the character-
istics of H2O2 decomposition in conjunction with different catalytic
beds, whereas Connell et al. [11] and John et al. [12] explored the
effects of trigger additions on the ignition characteristics of HREs.
Yun et al. [13] and Whitmore et al. [14] carried out firing tests to
examine the catalytic ignition characteristics and combustion perfor-
mances of high-density polyethylene and acrylonitrile-butadiene-
styrene fuels in conjunction with varying H2O2 concentrations. Cai
et al. [15] and Tian et al. [16] established an ignition model for HREs
and performed experimental and numerical analyses of the relation-
ships between the ignition process and parameters such as the temper-
ature, the oxygen/fuel (O∕F) ratio, and the oxidizer mass flow rate.
However, additional research concerning the quantitative aspects

of the catalytic decomposition ofH2O2 is still required. This is partly
because present day evaluation methods are primarily based on
monitoring temperature and pressure changes [17]. This is unfortu-
nate because internal single-point temperature measurements rarely
capture the dynamic temperature changes associated with catalytic
decomposition processes, especially in the case of reignition. Single-
point measurements also do not accurately reflect the overall temper-
ature distribution of the HRE. In addition, although a properly
designed catalytic bed can achieve the complete decomposition of
H2O2, the catalytic decomposition efficiencywill inevitably decrease
as the bed ages, especially duringmore complex reignition processes.
This decrease in decomposition efficiency will, in turn, affect the
combustion characteristics of the HRE.
Finally, the specific propellant combination will also affect the

catalytic ignition of HREs. The high regression rates of liquefied
paraffin-based substances resulting from droplet entrainment make
these promising solid fuels [18–24]. However, there have been few
studies regarding the catalytic ignition and reignition of paraffin-
based fuels combined with H2O2 as the oxidizer. In particular, the
ignition process of paraffin-based fuels may be affected by the extent
to which the material is melted as a consequence of the low melting
points of these fuels.
The present work conducted experimental and numerical assess-

ments concerning the catalytic ignition and combustion of an HRE
incorporating aH2O2/paraffin propellant system. These trials used four
sets of catalytic beds having 20, 40, 60, or 80 layers of silver mesh. In
addition to single-point temperature measurements using thermocou-
ples, line-averaged dynamic temperature changes downstream of the
catalytic bed were also monitored by employing laser absorption spec-
troscopy (LAS) with a 2.0 kHz repetition rate [25,26]. Based on the

substantial temperature data that were accumulated, the decomposition
characteristics ofH2O2 in these systemswere evaluated; and the effects
of preheating, the number of silver mesh layers, and the repeated use of
the catalytic bedwere all assessed. The relationships between theH2O2

decomposition efficiency and various combustion parameters (includ-
ing combustion temperature, pressure, and distribution) were examined
by establishing a two-dimensional numericalmodel of anHRE. Finally,
firing tests were carried out using a laboratory-scale 90% H2O2/paraf-
fin-based HRE to investigate the catalytic ignition and reignition in this
system.

II. Methodology

A. Evaluating Catalytic Ignition Characteristics

Figure 1 provides a flowchart that summarizes the process used to
evaluate catalytic ignition in the presentwork.Catalytic decomposition
experiments with 90% H2O2 were initially carried out in conjunction
with the silver catalyst bed. During these trials, thermocouples and
LASwere simultaneously used tomonitor the dynamic decomposition
process. Based on the resulting data, theH2O2 decomposition temper-
ature, delay time, and efficiency were evaluated while varying the
extent of preheating, the number of silver mesh layers, and the number
of bed usages. A two-dimensional numerical simulation was then
conducted to analyze the combustion characteristics obtained with
different H2O2 decomposition efficiencies. Finally, firing tests of an
actual H2O2/paraffin HRE were carried out.

B. Laser Absorption Spectroscopy

The theory of direct absorption spectroscopy is briefly reviewed
here [27–30]. In the case that a laser beamhaving a frequency v enters
a uniform gaseous medium, some proportion of the laser light will be
absorbed. According to the Beer–Lambert law, the proportional
transmission of the laser beam intensity It∕I0 can be expressed as

It
I0 v

� exp�−kvL� (1)

According to the preceding formula, the average temperature along
the laser path can be calculated as

T �
hPc

kB
�E 0 0

2 − E 0 0
1 �

ln
A1

A2

� ln
S2�T0�
S1�T0�

� hPc

kB

�E 0 0
2 − E 0 0

1 �
T0

(2)

and the average partial pressure of the water vapor PxH2O
can be

obtained using the equation

PxH2O
� A

S�T�L (3)

In the present work, the delay time associated with the catalytic
decomposition of H2O2 could be directly obtained from the temper-
ature data acquired using LAS. The process by which the H2O2

decomposition efficiency was evaluated based on the LAS data is

Fig. 1 The sequence of evaluations in the present work.
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briefly introduced here, and further details can be found in previous
work by Wang et al. [26]. Based on the ideal gas assumption, the
parameters associated with the H2O2 decomposition product [water
(H2O)] will satisfy the equation

PxH2O
σ�Vg � _mH2O

MH2O

RT (4)

The mass flow rate of the H2O2 was therefore calculated as

_mH2O2 measured �
17

9

PxH2O
σ�VgMH2O

RT
−
17

81
_mH2O2 consumed (5)

and so the H2O2 decomposition efficiency could be determined as

η � _mH2O2 measured

_mH2O2 consumed

� 17

9

PxH2O
σ�VgMH2O

RT _mH2O2 consumed

−
17

81
(6)

C. Numerical Methodology

The HRE that was numerically modeled in this work is pre-
sented in Fig. 2a. The diameters of the precombustion chamber
D1, the fuel grain D2, the postcombustion chamber D3, the nozzle
throatD4, and the nozzle outletD5 were 30, 15, 50, 5, and 10 mm,
respectively. The lengths of the precombustion chamber L1, the
fuel grain L2, and the postcombustion chamber L3 were 15, 62,
and 53 mm, respectively. The downstream area of the injector
panel was chosen as the calculation domain, and the correspond-
ing two-dimensional asymmetric computational model is shown
in Fig. 2b.
Considering the axisymmetric characteristics of the HRE, asym-

metric two-dimensional simulations were performed. The numeri-
cal calculation was based on the compressible Reynolds-averaged
Navier–Stokes equations with species transport:
Continuity equation:

∂ρ
∂t

� ∂ρ ~ui
∂xi

� 0 (7)

Momentum equation:

∂ρ ~uj
∂t

� ∂
∂xi

�ρ ~ui ~uj� � −
∂p
∂xj

� ∂
∂x

τij − ρ u 0 0
i u

0 0
j (8)

Energy equation:

∂ρH
∂t

� ∂
∂xi

�ρ ~ui ~H� � ∂
∂xi

λ

cp

∂ ~H

∂xi
− ρ u 0 0

i H
0 0 (9)

Species transport equation:

∂ρ ~Yk

∂t
� ∂

∂xi
�ρ ~ui ~Yk� �

∂
∂xi

ρDk;m � μt
Sct

∂ ~Yk

∂xi
� _ωk (10)

where ρ, p, and ui denote the density, pressure, and the velocity
component in the i direction; u 0 0

i is the fluctuating component of
velocity, whereas � and ~ represent Reynolds and Favre averaging,
respectively. The viscous stress tensor τij was given by

τij � μ
∂ ~ui
∂xj

� ∂ ~uj
∂xi

−
2

3
δij

∂ ~uk
∂xk

(11)

where μ is the dynamic viscosity. The total specific energy ~H is

defined by the sum of the static specific enthalpy ~h and the specific
kinetic energy 1∕2 ~ui ~ui, whereas cp and λ are the specific heat

capacity and the thermal conductivity of the mixture. NASA poly-
nomials were implemented for the enthalpy and heat capacity of the
individual species. The mixture values were calculated using a mass
fraction weighted averaging among Ns species:

~h �
Ns

k�1

~Yk ⋅ ~hk cp �
Ns

k�1

~Yk ⋅ ~cp;k (12)

Thermodynamic closure was obtained by assuming a thermally
perfect gas mixture governed by the equation of state

p � ρR ~T with R �
Ns

k�1

YkRk (13)

whereRk is the species gas constant. The species viscosity and thermal
conductivity of individual species were evaluated by the kinetic theory
with the Lennard–Jones characteristic length and energy parameters.
The mixture-averaged viscosity and thermal conductivity were
obtained using the Wilke’s law [31] and the combination averaging,
respectively,whereas themass diffusivitieswere obtained by assuming
a constant Schmidt number ofSc � 0.7.We also noted that the flow in
the combustor chamber was relatively slow with a Mach number
sufficiently lower than 0.3, and therefore thework done by the viscous
and turbulent stresses was not considered in the present simulation.
The turbulent closure of the unclosed terms introduced by the

Reynolds averaging of the Navier–Stokes equation was achieved
by invoking the Boussinesq hypothesis, which was modeled as

ρ u 0 0
i u

0 0
j � −μt

∂ ~ui
∂xj

� ∂ ~uj
∂xi

−
2

3
δij

∂ ~uk
∂xk

� 2

3
ρk (14)

in which μt is the turbulent viscosity, and k is the turbulent kinetic
energy. Likewise, the turbulent heat flux in Eq. (9) can be modeled
using the turbulent Prandtl number Prt:

ρu 0 0
i H

0 0 � −
λt
cp

∂ ~H

∂xi
� −

μt
Prt

∂ ~H

∂xi
(15)

A constant Prt value equal to 0.9 was chosen for the present study as
suggested by Riedmann et al. [32] for rocket combustor simulations;
whereas for the turbulent mass diffusion in Eq. (10), a turbulent
Schmidt number of Sct � 0.7was adopted. To evaluate the turbulent
viscosity, the realizable k − ε turbulencemodel [33]was employed in
the present work, in which two additional transport equations of the
turbulent kinetic energy k and its dissipation rate ε were solved:

∂
∂t
�ρk� � ∂

∂xj
�ρkuj� �

∂
∂xj

μ� μt
σk

∂k
∂xj

� μt ~S
2 − ρε (16)

∂
∂t
�ρε�� ∂

∂xj
�ρεuj� �

∂
∂xj

μ� μt
σε

∂ε
∂xj

�ρC1
~Sε−ρC2

ε2

k� υε
p

(17)

Fig. 2 Representations of a) the two-dimensional structure of the HRE
used in this work and b) the asymmetric two-dimensional calculation
domain.
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where σk � 1.0 and σε � 1.2 are the Prandtl numbers for k and ε,
respectively; and ~S � 2SijSij denotes the modulus of the rate-of-

strain tensor. For the model constants, C1 � max�0.43; η∕�η� 5��
with η � ~Sk∕ε and C2 � 1.9.
The chemical source term _ωk in Eq. (10) was obtained by the

contribution of each of the NR reactions as

_ωk � MWk

NR

j�1

�νPk;j − νRk;j� kf;j

Ns

s�1

ρYs

MWs

νRs;j

− kb;j

Ns

s�1

ρYs

MWs

νPs;j
(18)

whereMWk denotes the molecular weight of species k. The generic
reaction scheme among speciesMk was expressed with stoichiomet-

ric coefficients of reactants νRk;j and products ν
P
k;j as

Ns

k�1

νRk;jMk ⇆
Ns

k�1

νPk;jMk �j � 1; : : : ; NR� (19)

in which the forward and backward reaction rates were calculated by

kf;j � AjT
nj exp −

Ea;j

RT
and kb;j � kf;j∕Kj (20)

whereR is the universal gas constant, Aj denotes the preexponential

factor, nj represents the temperature exponent, Ea;j is the activation

energy, andKj stands for the equilibrium constant of the jth reaction
obtained from thermodynamic data [34]. In the present work, a

skeletal mechanism for ethylene oxidation consisting of 30 species

and 143 reactions was employed. Furthermore, the eddy dissipation

conception model [35] was exploited to handle the interaction

between turbulence flow and chemical reaction, wherein the aver-

aged source term �_ωk was modeled as

_ωk � −
ργ2λ

τ��1 − γ3λ�
� ~Yk − Y�

k � (21)

γλ � Cξ
νε

k2

1∕4
and τ� � Cτ

ν

ε

1∕2
(22)

in which γλ is the length fraction of the fine scale structure, τ
� is the

reaction timescale, and Y�
k is the mass fraction of species k after

reaction at τ�.Cξ andCτ are model constants that are taken as 2.1377

and 0.4083, respectively.
The structured mesh with boundary layers and local refinement

was employed to model the HRE, and it is displayed in Fig. 3. Five
topological similar meshes were generated to examine the grid con-
vergence, which consisted of 10,401, 20,048, 40,916, 80,368, and
160,248 cells, respectively. The temperatures along the combustor
centerline for these meshes are compared in Fig. 4a, which confirms
that the spatial variation of temperature distributionwaswell resolved
by all five grids. Taking the result obtained by the finest grid (160,248
cells) as the reference case, the relative errors in predicting the
average chamber pressure ε�p� are evaluated and displayed in a
log–log style (Fig. 4b). The characteristic grid cell size h was calcu-
lated with the cross-sectional area A of the two-dimensional domain

and the number of grid cells as h � A∕N. As can be observed, the

relative error decreases as the mesh was refined. Consequently, the
fine-level mesh comprising 80,386 cells was used in the subsequent
modeling to balance the computational cost and accuracy. The boun-
dary conditions included the mass flow inlet for propellent and
ambient pressure at the pressure-outlet boundary together with non-
slip and zero-species-flux conditions at the wall of the HRE.
The fully decomposed 90% H2O2 was assumed to generate a

mixture comprising 42.35% oxygen and 57.65% water vapor at a
temperature of 1013 K, whereas the paraffin was assumed to be a
mixture of saturated alkanes that underwent a combustion process
similar to that of ethylene (C2H4) [3]. For this reason, gaseous C2H4

at 800 K was used as the sole gas phase fuel reactant to simplify the
calculations. Correspondingly, a 30-species 143-elemental-reaction
skeletal mechanism was used for ethylene oxidation [36]. The con-

vergence criteria were based on an absolute residual of 1 × 10−6 for
all equations. Tovalidate the numericalmodel employed in this study,
the simulated chamber pressurewas compared with the data obtained
from the actual firing trial (case 15) and was found to be in good
agreement (see Table 1). This concordance indicated that reliable
simulation results were obtained in the present study.

III. Experimental Setup

Figure 5 provides a diagramof the experimental systemused in this
work, in which 90% H2O2 was employed as the oxidizer. The
paraffin-based grain used as the solid fuel was formed by centrifugal
casting and had a length of 75 mm [23]. An ethylene vinyl acetate
copolymer was used as the adhesive to enhance the mechanical

Fig. 3 Structural mesh for the two-dimensional HRE.

Fig. 4 Representations of a) grid convergence in terms of temperature distribution along the combustor centerline, and b) combustor pressure and its
relative error compared to the result obtained by the finest grid.
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properties and melting point (≈120°C) of the solid grain. For details
of the fuel component, please refer to Ref. [21]. It is worth noting that

the combustion chamber and nozzle were not installed during the
H2O2 catalytic decomposition experiments but rather were only used
in the catalytic ignition trials involving the HRE. In this system, the

mass flow rate ofH2O2 was adjusted using a flow controller (Bronk-
horst,modelM15) and a silver catalytic bedwith a diameter of 20mm
was located at the head of the engine. The woven silver mesh was

pressed to reduce the volume that it occupied while increasing the
flow resistance and residence time. Ten layers of woven stainless-
steel mesh were placed above and below the silver mesh layers, as

shown in Fig. 6. This stainless-steel mesh was used to improve the
dispersion effect and to provide support for the silver mesh at high
temperatures. The axial injector withmultiple straight ports was used

downstream of the catalytic bed. Pressure transducers and thermo-
couples were situated both before and after the catalytic bed to
monitor the working state of the bed.
The optical setup for the LAS system is also included in Fig. 5. In

contrast to the thermocouple, which was positioned close to the

catalyst bed outlet, the LAS measurements were performed along a
plane intersecting the injector extension outlet to avoid shading of the
laser by the thermocouple. Two distributed feedback (DFB) lasers

(NanoplusGmbH)were used, and the selected optimal transitions are

provided in Table 2. The injection current and temperature were
adjusted using a diode-laser controller (Thorlabs ITC-502). Scanned
wavelength direct absorption analyses were employed in this work
[37]; and the incident laser was collimated using a collimating lens,
with a focusing lens positioned before the first photodetector to
enhance the signal. Two beam splitters were employed, and the
two beams of reflected light were simultaneously sent through a
room-temperature reference cavity and a Fabry–Perot interferometer
to calibrate the absolute wavelength. The laser signals were simulta-
neously monitored by three InGaAs detectors (Thorlabs PDA10D),
and the detector outputs were recorded at a sampling rate of 2.0MHz.

IV. Results and Discussion

A. H2O2 Decomposition in the Silver Catalytic Bed

Themain results obtained fromeach group ofH2O2 catalytic decom-
position experiments and catalytic ignition experiments using the HRE
are summarized in Table 3. The supply pressure of the oxidizer in each
group was stable, and the mass flow rate ranged from 9.2 to 57 g∕s.
The effect of preheating the catalytic bed on the H2O2 decom-

position state was evaluated, and photographic images of these trials
are presented in Fig. 7. The temperature of the preheated catalytic bed
was relatively high, and so the temperature of the liquid H2O2

Fig. 5 Schematic diagram of the experimental setup together with the LAS system (MCP = Measurement and control program; NI = National
instrument; P = Pressure; T = Temperature; LAS = Laser absorption spectrum).

Fig. 6 Catalytic beds to be tested with different numbers of silver mesh layers.

Table 1 Numerical validation

Method Pc, MPa Tmax, K

Experiment 2.07 ——

Rocket propulsion analysis 2.16 2714.0
Numerical simulation 2.16 2744.7
e, % ∼4.3 ∼1.1

Table 2 Spectroscopic line parameters used in this work

Transition Frequency ν0, cm
−1

Line strength S,
atm−1 ⋅ cm−2

Low-state energy

E 0 0, cm−1

1 7185.597 1.96 × 10−2 1045.058

2 7444.35� 7444.37
(combined)

1.10 × 10−3 1774.7511806.670
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increased rapidly as it passed through the bed. In addition, the thermal

expansion reduced the porosity of the catalytic bed, resulting in a

prolonged residence time. Finally, the continuous decomposition of

residual H2O2 in the catalytic bed during the preheating process

provided a favorable initial condition for subsequent H2O2 decom-

position, and so accelerated the decomposition rate. These images

indicate that, in the absence of preheating, a large amount of liquid

H2O2 was sprayed out in the shape of a column after passing through

the spraying panel. This phenomenonwould be extremely dangerous

in actual engine applications because it would cause liquid accumu-

lation in the combustion chamber, potentially leading to a very high

ignition pressure peak or explosion. The corresponding temperature

data are plotted in Fig. 8a and demonstrate that there was a minimal

increase in the H2O2 decomposition temperature without catalytic
bed preheating during the injection process because the liquid H2O2

continually absorbed heat from the bed.
Figure 8b plots the temperature data acquired using the LAS

process following opening of the H2O2 supply valve at 17 s. Note
that, as a result of the interference by the liquid decomposition
components, the signal-to-noise ratio (SNR) was low during the
initial stage of the trial. After the H2O2 underwent rapid decompo-
sition for approximately 0.5 s, the flowfield no longer contained
liquid components. Subsequent to this point, the SNR increased
rapidly and the temperature simultaneously underwent a steep rise.
At approximately 18.5 s, the temperature measured by the LAS
system stabilized, whereas the values returned by the thermocouple
indicated a stable decomposition temperature at approximately

20.5 s. The LAS data show several obvious fluctuations in the
H2O2 decomposition temperature, primarily because of the autono-
mous adjustment of the flow controller. It should also be noted that
refraction, reflection, and attenuation occurred when the laser light
passed through the liquid H2O2 flowfield in the absence of preheat-
ing. The signal therefore displayed a low SNR such that it was
difficult to ascertain the true temperature variations. The only period
over which a useful signal was captured was from 21.0 to 22.5 s:
during which, a low decomposition temperature of approximately
300 Kwas captured. These results indicate the viability of using LAS
to rapidly assess the H2O2 decomposition state.
Figure 9a plots the time-resolvedH2O2 decomposition temperatures

obtainedwithdifferent catalyst bed structures (that is, varyingquantities
of silvermesh layers) as obtained byLAS. The catalytic decomposition
delay time, defined as the time required to reach 95% of the average

decomposition temperature, gradually shortened with increases in the
number of silver mesh layers up to 60 layers. This structure gave the
shortest delay time of approximately 0.5 s.As the number of layerswas
further increased to 80, the delay time was extended to approximately
2.5 s based on the additional increase in the residence time. Figure 9b
plots the averageH2O2 decomposition temperatures as a function of the
number of silver layers. The decomposition temperature is seen to have
gradually increased up to a maximum of approximately 1013 K at 60
silver mesh layers. Further increases in the number of layers decreased
the decomposition temperature based on the absorption of heat by the
larger bed. It is alsoworth noting that the higher airflow velocity at the
injector location resulted in lower-temperature values as comparedwith

those returned by the thermocouple because the LAS data represent
static temperature values. Nevertheless, the overall trend exhibited by
the LAS data is consistent with that of the thermocouple values,
demonstrating that LAS was a useful means of evaluating the perfor-
mance of the catalytic bed.
The effect of the catalytic bedwas not only affected by factors such

as structure and preheating but also by the prolonged usage of the bed.

Table 3 Summary of the catalytic decomposition experiments and firing tests

Case Layer Tpre, K Ignition t, s _mox, g∕s Tth, K O∕F ratio Pc, MPa

1 20 358 × 10 25.9 997 — — ——

2 40 731 × 10 25.2 1005 — — ——

3 60 365 × 10 24.2 1012 — — ——

4 80 655 × 10 25.1 1001 — — ——

5 60 275 × 10 57.0 366 — — ——

6 60 374 × 10 34.3 1013 — — ——

7 60 373 × 10 25.2 1004 — — ——

8 60 384 × 10 21.5 988 — — ——

9 60 750 × 10 17.4 1004 — — ——

11 60 719 × 10 12.7 986 — — ——

12 60 730 × 10 12.9 952 — — ——

13 60 568 × 10 10.9 972 — — ——

14 60 678 × 10 9.9 951 — — ——

15 60 374
p

10 25.7 1013 4.3 2.1
16 60 560 × 3�3� 3 19.9� 17.3� 13.0 678� 947� 957 — — ——

17 60 362
p

3�3� 3 32.9� 31.3� 30.1 647� 941� 952 5.1 2.4� 2.5� 2.5

18 60 672
p

3�3� 3 27.6� 25.0� 23.1 782� 927� 938 4.9 2.1� 2.0� 1.9

em, % — — ≤0.3 —— ≤3.3 ≤1.0 ≤1.2 ≤0.5 ≤0.5

Fig. 7 Comparison of the catalytic decomposition states of H2O2 with
and without preheating.

Fig. 8 Decomposition temperature data obtained with and without
catalytic bed preheating using a) a thermocouple and b) the LAS system.
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Figure 10a presents the average decomposition temperatures obtained

using a 60-layer silver mesh bed with preheating as a function of the

number of times the catalytic bed was used. The trends shown by the

thermocouple and LAS measurement results are consistent, and both

indicate that the temperature gradually decreased with repeated usage.

Based on Eqs. (9–11), the corresponding H2O2 decomposition effi-

ciencies were obtained, and these values are shown in Fig. 10b. The

plots obtained from the thermocouple and LAS data are very similar,

although theLASvalues are generally smaller. Thismayhave occurred

as a result of heat absorption as gaseous decomposition products

flowed through the channel. Based on these plots, the decomposition

efficiency of the silver catalytic bed in this work was calculated to

decrease at a rate of approximately 0.0625%/s.

B. Effect of Decomposition Efficiency Decay on Combustion Charac-
teristics

As the silver catalytic bed was reused, the catalytic decomposition

efficiency decreased, which would be expected to change the combus-

tion characteristics of the HRE. Case 15 (see Table 3) was selected as a

reference to carry out numerical simulations of the HRE combustion

process in conjunction with different decomposition efficiencies at a

constant fuel mass flow rate of _mf≈6.0 g∕s. The decomposition

products obtained at various decomposition efficiencies were deter-

mined by assuming that the mass flow rate of pure decomposed

H2O2 was x g/s and the mass flow rate of pure undecomposed H2O2

was y g/s. On this basis, according to the conservation of mass, we can

write

10�x� y�
9

� _mox (23)

Assuming that the catalytic decomposition ofH2O2 occurred in a state

of thermal equilibrium, meaning

Qd H2O2
� Qa H2O2

�Qa H2O
�Qa O2

(24)

we have

xHD 0

M0

� yHV 0

M0

� x� y

9
�M1

M0

x
HV 1

M1

� CP0
�TD − T0� _m0

� CP1
�TD − T1� _m1 � CP2

�TD − T2� _m2 (25)

Equations (23) and (24)were used to calculate themass flow rates of

the decomposition products at 70, 80, 90, and 100% decomposition

efficiencies, as shown in Table 4. The contours of the H2O2 and O2

mass fractions for these different decomposition efficiencies are pre-

sented in Fig. 11 and indicate that theH2O2 concentration increased as

the efficiency decreased. TheH2O2 either decomposed or participated

in the combustion reactions while moving along the grain channel.

When the decomposition efficiency dropped to 80%, there was

residual H2O2 at the nozzle outlet (shown in Fig. 11a). Also, the

oxidizer was distributed radially in layers because structures or injec-

tion techniques that may have enhanced propellant mixing were not

used in the present work. Figure 11b shows that the oxygen concen-

trationnear the fuel graindidnot follow the trendofdecreasingwith the

decomposition efficiency as in the core flow area, and it basically

remains constant. This occurred primarily because the high temper-

ature in the reaction zone accelerated the decomposition of H2O2.

Figure 12 demonstrates that the OH concentration in this region was

Fig. 9 Representations of a) temperatures of decomposition products as determined by LAS over time using varying quantities of silver layers in the
catalytic bed, and b) averageH2O2 decomposition temperatures as function of the number of silver mesh layers.

Fig. 10 Representations of a) average decomposition temperatures, and b) decomposition efficiencies obtained by the two measurement methods as a
function of the number of times the catalyst bed was used.

Table 4 Mass flow rates of decomposition
products associated with different decomposition

efficiencies

No Efficiency, % T∕K _m0, g/s _m1, g/s _m2, g/s

1 100 1013 0 14.82 10.88
2 90 912 2.31 13.59 9.80
3 80 810 4.63 12.37 8.70
4 70 709 6.94 11.14 7.62
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relatively high, and this would be expected to effectively promote the
reactions OH�H2O2 →H2O�HO2 and OH�HO2 →H2O�O2.
Figure 13 shows the plots of the average pressure Pc and temper-

ature Tc as a function of the decomposition efficiency. Both the
average Pc and Tc show a similar downward trend as a decreasing
η. When the η decreased to 90%, Pc and Tc decreased about 0.7 and
2.4%, respectively. This has little effect on the specific impulse of the
engine (corresponding to the decrease of Isp of about 1 ∼ 2 s). How-

ever, it is worth noting that there is an abrupt change in the decrease of
both the Pc and Tc when the η drops to 80%. The average Pc and Tc

decreased about 3.3 and 6.6% during this process, respectively,
which corresponded to the Isp drop of about 7 ∼ 8 s. Themain reason

is that part of the H2O2 was blown out of the combustion chamber
without participating in the combustion and decomposition process,
resulting in the decrease of Pc and Tc. Finally, when the η was
reduced to 70%, the decrease of the average Pc and Tc slowed down
again (0.7 and 1.8%, respectively), which corresponded to the
decrease of Isp of about 1 ∼ 2 s. During this process, the incompletely

decomposed H2O2 continued to participate in the combustion and
decomposition reactions to release heat, thereby slowing down the
performance degradation rate caused by H2O2 mass loss.

C. Characteristics of Catalytic Ignition and Reignition

Catalytic ignition experiments using theH2O2/paraffin HRE were
carried out to assess the performance of the silver catalytic bed.
Figure 14 presents a series of photographic images showing the
functioning of the laboratory-scale hybrid rocket, including catalytic
decomposition, ignition, and flame development. During the cata-
lytic decomposition stage, the temperature of the gas stream at the
nozzle outlet gradually increased and the streamwas transparent. The
Mach barrel is also clearly visible at the nozzle outlet during the initial
ignition stage. With the development of catalytic ignition, a bright
flame appeared that remained stable as it grew. Variations in the
combustion chamber pressure and the H2O2 tank pressure during
the ignition phase are summarized in Fig. 15. The ignition delay time
ti can be divided into three stages comprising the valve response and
pipeline filling time t0, the catalytic decomposition delay time tc, and
the effective heating time Δt. The tc value for H2O2 in the present
workwas less than 0.9 s,whereas ti for theHREwas less than 1.4 s. If
t0 (≈0.4 s) is considered negligible because of the short transfer pipe
and fast-response valve used in this apparatus, tc and ti will be
shortened to 0.5 and 1 s, respectively. The data in Fig. 15b indicate
that the valve response time t1 and the pipeline filling time t2 were
approximately 0.25 and 0.15 s, respectively.
The reignition characteristics of the catalytic bed were further

assessed by examining the rapidly repeated decomposition of H2O2

before the firing tests. Figure 16a shows a comparison of the decom-
position temperatures obtained from the two measurement methods
during three re-decomposition trials and demonstrates that the temper-
ature data obtained from both the thermocouple and the LAS system
continually and gradually increased during the first cycle P1. The
temperature returned by the thermocouple was approximately 860 K
when the oxidizer supply was stopped at approximately 20 s, corre-
sponding to a catalytic decomposition efficiency on the order of 85%,
whereas the LAS temperature was 700 K. The latter value was equiv-
alent to a decomposition efficiency of 97% according to Eq. (6)

(PxH2O
≈ 0.47 atm, and Vg ≈ 270 m∕s). The sudden drop in flow

velocity caused the temperature measured by LAS to increase during
the interval between the decomposition cycles. However, the temper-
ature gradually decreased as the absorption of heat by thewall and heat
losses caused by convection to the outside atmosphere occurred.
At approximately 22 s, the H2O2 supply valve was reopened.

Figure 16b shows that the temperature measured by thermocouple
and LAS showed a downward trend at the initial stage, which was
caused by the entry of low-temperature hydrogen peroxide into the
catalytic bed. Then, factors including the long response delay, short
decomposition period, and heat losses caused the temperature mea-
sured by the thermocouple to continue to rise during this time span
(close to 976 K at 25 s, and the decomposition efficiency obtained by
thermocouple data on the order of 96%). However, the temperature
characterized by LAS rose rapidly and remained stable after a short

Fig. 11 Contours of a) H2O2 and b) O2 mass fractions at different decomposition efficiencies.

Fig. 12 Contours of OH mass fractions at different decomposition

efficiencies.

Fig. 13 Variations of average Pc and Tc with decomposition efficiency.
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time (≤0.25 s). The H2O2 decomposition efficiency calculated based

on the LAS data remained essentially constant at approximately 105%

during the second period P2 (PxH2O
≈ 0.46 atm, and �Vg ≈ 255 m∕s).

The preceding results significantly confirmed the advantages of LAS

in the analysis of the rapid re-decomposition process of H2O2, which

accurately provided the dynamic changes of parameters in the flow-

field. The results obtained during period P3 (from 27 to 30 s) were

basically the same as those during P2.

Finally, two sets of reignition experiments were performed using

the HRE with different oxidizer mass flow rates to obtain additional

data concerning the re-decomposition performance of the catalytic

bed. Figure 17 shows the variation in both combustion chamber

pressure and temperature as measured by the thermocouple. The

ignition delay time of the paraffin-based fuel was evidently less than

1 s in all threeworking periods (including the initial catalytic ignition

and the next two reignition processes). Due to the existence of

Fig. 14 Catalytic ignition of theH2O2/paraffin-based HRE.

Fig. 15 Representations of a) combustion chamber pressure, and
b)H2O2 supply pressure during ignition as the function of time.

Fig. 16 Representations of a) temperature data acquired during rapid re-decomposition experiments as the function of time, and b) partial zoomed-in
view of this process.
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downstream backpressure, the flow velocity in the upstream chamber
of the injector decreased, resulting in the maximum decomposition
temperature of H2O2 reaching 1000 K. In addition, there were no
obvious ignition pressure peaks in the last two periods, confirming
that the rapid reignition of the paraffin-based fuel occurred regardless
of the molten state of the inner wall of the grain.
These data indicate that a preheated silver catalytic bed with 60

layers of mesh provided suitable catalytic ignition and that the
paraffin-based fuel could undergo rapid reignition. However, addi-
tional work is required to obtain a better understanding of the
enhancement effect associated with decreased H2O2 decomposition
efficiency. Additionally, the computational fluid dynamics model
could be improved by taking heat transfer from the fuel into consid-
eration. In future work, tunable diode-laser absorption tomography
will be applied to determine the two-dimensional distributions of
temperature and combustion products.

V. Conclusions

Experimental and numerical investigations concerning the cata-
lytic ignition and combustion characteristics of a laboratory-scale
HRE were conducted. Silver catalytic beds were assessed while
monitoring the H2O2 decomposition temperature with a thermocou-
ple, and an LAS system was used to provide comprehensive temper-
ature data. The effects of preheating, the number of silver mesh
layers, and the repeated reuse of the catalytic bed on the 90% H2O2

decomposition performance were clarified. Preheating of the cata-
lytic bed was found to significantly increase the initial H2O2 decom-
position rate, whereas increasing the number of silver mesh layers
improved the decomposition efficiency. However, an excessive num-
ber of silver mesh layers and continuous catalytic bed reuse reduced
the decomposition temperature because of heat losses and service life
decay, respectively. The optimal performance was obtained with a
preheated 60-layer bed, which gave a decomposition delay time of
less than 0.5 s and a decomposition efficiency of 100%. The repeated
reignition of this system gradually lowered the decomposition effi-
ciency at a rate of approximately 0.0625%/s. The numerical simu-
lation results showed that the engine performance decreased as the
H2O2 decomposition efficiency decreased. When the H2O2 decom-
position efficiency continued to drop to 80%, the engine performance
decreased abruptly due to the mass loss of H2O2. Finally, firing tests
were carried out with the optimal catalytic decomposition setup
obtained from the preceding evaluation. Catalytic ignition of the
H2O2/paraffin-based HRE was verified along with rapid reignition
without pressure peaks.
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