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H;0;/kerosene bipropellants are effective alternatives for toxic propellants currently in use. The
complex H,0,/kerosene turbulent flow and combustion chemical reaction are modeled, the atomization,
evaporation and mixing are investigated, the characteristics of the complex chemical reaction path of
kerosene at different stages in combustion chamber are analyzed, and the profiles of static pressure,
temperature and Mach number of exhaust plume are provided. During the kerosene injection, the
Keywords: spray angle is 13°, the atomization and evaporation occur and complete simultaneously, the lasting
H,0, time of atomization is about 1 ms, and the maximal vaporization rate reaches 1.5 x 1076 kg/s. The

Kerosene combustion chamber can be divided into the following three zones: rapid high-temperature pyrolysis
Shear-coaxial jet zone, oxidization zone and equilibrium flow zone. The initial excitation of kerosene reactions is crucial
Combustion link, and the hydrogen abstraction reactions are the dominant reactions in the high pyrolysis. These peak
Plume values of static pressure, temperature, Mach number along plume axis almost evenly distribute, and the

interval distances are about 32 mm along the centerline of axis.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Green and nontoxic hypergolic H,0,/kerosene bipropellants are
promising candidates as effective alternatives for toxic propellants
currently in use [1]. Rocket-grade H,0, (concentration o > 85%)
is decomposed into a high-temperature (T > 1000 K) and oxygen-
rich steam as it comes in contact with a catalyst medium. This
leads to an automatic ignition with a liquid fuel in a bipropellant
engine without a requirement for a separate ignition unit.

Previously, a test of 100N-thrust laboratory scale H,0;/kerosene
rocket engine was performed. Due to high-pressure and high-
temperature environment in the combustion chamber, the pro-
cesses of kerosene spray, atomization, vaporization, mixing and
chemical reaction were very difficult to be diagnosed, and the
combustion chamber pressure and the exhaust plume image were
only monitored.

The process of HO;/kerosene combustion is very complex.
Since the turbulence and the chemical reactions not only interact
with each other but also with the spray processes [2], the pres-
ence of the liquid phase complicates the situation. An improved
understanding of the physical and chemical processes occurring in
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liquid rocket engines is required to ensure the stability, reliability,
and efficiency of the engines.

In the study, in order to discover the complex process of
H,0;/kerosene combustion in rocket engine, based on the previ-
ous test, the complex gas-liquid turbulent flow and combustion
chemical reaction are modeled, the atomization, evaporation and
mixing are investigated, the characteristics of the complex chemi-
cal reaction path of kerosene are analyzed, and the profiles of static
pressure, temperature and Mach number of exhaust plume are pro-
vided.

2. Lab-scale rocket engine configurations and experimental
conditions

In the previous experiment, the rocket engine consists of sil-
ver screen catalyst bed, injector, combustion chamber and nozzle,
as shown in Fig. 1. The length and inner diameter of combustion
chamber are 100 mm and 25 mm, respectively. The inner diame-
ters of the nozzle throat and nozzle exit are 7.5 mm and 15 mm,
respectively. The above detailed configurations are mentioned in
the following computing domain of combustion.

H,0; and kerosene were pressurized with a regulated nitro-
gen gas manifold system. The propellants were controlled by a
pneumatic actuator operated using a solenoid valve. 90% H,0; was
decomposed into high-temperature mixture of water vapor and
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Fig. 1. Schematic of the experimental engine.
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Fig. 2. Operating pressures of injector and combustion chamber in the experiment.

oxygen (mass concentration: 42.3% 05, 57.7% H,0; 1030 K) when it
passed through the silver screen catalyst bed, and the decomposed
stream was used as oxidizer.

The operating pressures of injector and combustion chamber
were measured in the experiment, as shown in Fig. 2. At the in-
jector inlet, the operating pressures of kerosene and oxidizer are
about 2.8 MPa, and mass flow rates of kerosene and oxidizer are
7 g/s and 43 gfs, respectively. In the experiment, HO, was in-
jected 2 s before kerosene was injected, and kerosene injection
lasted for 3.5 s. The combustion chamber pressure was measured,
and it was about 2 MPa. Since the combustion residence time is
less than 10 ms in combustion chamber, the heat transfer through
the chamber wall can be ignored, and the wall is considered as
adiabatic wall in the simulation.

In the experiment, China No. 3 aviation kerosene was em-
ployed, the measured mass fractions of various components were
listed in Table 1 [3]. Guided by Dagaut’s three-component sur-
rogate [4], Fan et al. [5] given the surrogate fuel consisted by
mole of 49% n-decane, 44% 1,3,5-trimethylcyclohexane, and 7%
n-propylbenzene.

3. Model description
3.1. Kerosene injection and spray break-up model
The CFD code Fluent is used in the study, a “Plain Orifice Atom-

iser” (POA) model is used to model the high-speed liquid injec-
tion into a gaseous atmosphere. The model is suitable to simulate

(b) lower part

(a) upper part

Fig. 3. View on the coaxial injection head.

kerosene injector with a long and thin orifice, and the orifice con-
nects a high pressure reservoir of kerosene within the injector to
the high-pressure steam of the decomposed hydrogen peroxide in
the combustion chamber (see Fig. 3). Using the POA model en-
ables the injection and subsequent atomization of the kerosene jet
to be modeled without the need to create complicated mesh ge-
ometry. The main parameters used in the case modeled here are
as follows: inner diameter of kerosene tube: 0.7 mm; tube length:
5 mm; mass-flow rate of kerosene: 7 g/s.

The “wave” model in Fluent is used to model kerosene spray
break-up. The wave model of Reitz [6] considers that the break-up
of an injected liquid is induced by the relative velocity between
the liquid and gas phases. Once the spray breaks up into droplets,
the penetration of the spray depends mainly on the aerodynamic
drag of the droplets. This model is chosen for this study. To take
into account the turbulence effects, the realizable k-¢ turbulence
model is used.

3.2. Eulerian-Langrangian Discrete Phase Model (DPM)

In the study, Eulerian-Langrangian Discrete Phase Model (DPM)
is used, the flow of discrete fluid droplets is introduced to treat
with an Eulerian description and the other with a Lagrangian ap-
proach. At the interface between the phases, the partial pressure
of the vapor is considered equal to the saturated vapor pressure
calculated at the liquid temperature. The rate of vaporization is
governed by the gradient diffusion.

3.3. Thermodynamic model

The equation of state employed in the present study is the
Peng-Robinson (PR) cubic equation, which is used in the La-
grangian/Eulerian description:

RT a
 V—b V242bV —b?
where R is the universal gas constant and V is the molar volume.
Terms a and b are coefficients that account for attraction and re-

pulsion effect among molecules. Details of the application of these
equations can be found in Ref. [7].

P

(1)

3.4. Combustion model

The combustion in liquid rocket propulsion typically occurs in
the flamelet regime of turbulent combustion [8,9], which enables
the use of the flamelet model for turbulent spray diffusion flames.
Thus, the combustion is modeled by a Flamelet approach includ-
ing non-equilibrium effects and a PDF-treatment to take into ac-
count turbulent combustion. In the flamelet model used in the
non-premixed combustion model, the turbulent diffusion flame is
considered as an ensemble of laminar flamelets, and chemical re-
actions and heat transfer occur in a thin layer. The thermochem-
istry calculations are preprocessed and then tabulated for look-
up in the CFD code. Interaction of turbulence and chemistry is
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Table 1
Compositions of China No. 3 aviation kerosene.

Composition (mass basis) of China no. 3 aviation kerosene (%)

Saturated hydrocarbons

Aromatic hydrocarbons

Alkanes Naphthenes Alkyl benzenes Indan and tetralin Naphthalene and derivatives
Monocyclic Bicyclic Tricyclic
52.2 33.8 6.0 0.1 13 1.5

Surrogate compositions (mole fraction) for China no. 3 aviation kerosene (%)

n-decane (CioH22)

n-propylbenzene (CoHi3)

1,3,5-trimethylcyclohexane (CoHjs)
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Fig. 4. Scheme grids of computing domain.

accounted for with an assumed-shape Probability Density Func-
tion (PDF). A high-temperature combustion skeletal mechanism of
kerosene containing 79 species and 330 reactions is used in the
thermochemistry calculations, and the mechanism was described
and validated in Ref. [10].

3.5. Radiative heat transfer model

The Discrete Ordinates (DO) radiation model with a variable
absorption coefficient and the weighted-sum-of-gray-gases model
(WSGGM) are employed in the study.

3.6. Mesh generation and numerical schemes

In the simulation of the experimental combustion chamber and
exhaust plume, the scheme grids of computing domain are shown
in Fig. 4. The domain is modeled by a combination of (hexahe-
dral) individually discretized numerical sub-grids, and the grids are
refined in the zones of spray, atomization, vaporization and cen-
tral exhaust plume. Adequate grid independence is satisfied with a
mesh of 406609 cells, and the minimum and maximum volumes
are 6.18 x 10713 and 9.87 x 10~7 m?, respectively. The simulation
time required for a case is about 6 h by using 8 CPU cores.
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Fig. 5. Droplet diameter distribution at the chamber inlet.

4. Results and discussion
4.1. Kerosene atomization and evaporation

In the rocket combustion chamber, although kerosene can be
autoignited by the high-temperature oxidizer stream, the relative
small amount of fuel is difficult to completely mix with the oxi-
dizer where the oxidizer-to-fuel (O/F) mass ratio is about 7. Thus,
the ignition delay of kerosene mainly depends on the physical de-
lay (atomization, vaporization and mixing).

The atomization characteristics of oxidizer gas/kerosene shear
coaxial injection are influenced by the following the two parame-
ters: Reynold’s number (Re) of liquid jet and aerodynamic Weber
number (We) of the gas-liquid flow. In the jet simulation, the val-
ues of Re and We are 8340 and 414, respectively. Fig. 5 shows the
atomization characteristics of kerosene/oxidizer gas shear coax-
ial injection. The aerodynamic interactions between the liquid
kerosene surface and gaseous oxidizer bring about the instability
and disintegration of the liquid into small drops, the high mo-
mentum of the gaseous oxidizer stream rapidly atomizes the liquid
fuel. The droplet diameter distribution at the location of chamber
inlet is shown in Fig. 5, and the maximal diameter is about 6 pm.

Fig. 6 depicts kerosene droplet spray domain and evaporation
rate contour. The spray spread angle is 13° (see Fig. 6a), the
droplets almost disappear at the axial location of 20 mm, the last-
ing time of atomization is about 1 ms. As known from Fig. 6, the
atomization and evaporation occur and complete simultaneously,
and the maximal vaporization rate reaches 1.5 x 1076 kg/s.

In the study, the time evolution of the species mass fractions
and the temperature are modeled using the unsteady flamelet
equations [11]. For the two streams of oxidizer (decomposed per-
oxide hydrogen gas) and fuel (kerosene vapor), one with fuel at a
mass fraction of Yg; and one with oxidizer at a mass fraction of
Yo,1, the mixture fraction, Z, is defined by

_aYr—=Yo+Yo.
aYg1+Yo2
where a is the stoichiometric mass ratio.

(2)
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Fig. 7. Mixing characteristics of kerosene/decomposed peroxide hydrogen in com-
bustion chamber.

Fig. 7 depicts the mixing characteristics of kerosene/decom-
posed peroxide hydrogen in combustion chamber. In the front of
combustion chamber, there is a core zone of evaporation where
kerosene mixture fraction can reach 0.66, and it is a rich-fuel
zone, which corresponds to the atomization and evaporation zone
in Fig. 6. In the surround core zone, there is turbulent recirculat-
ing flow, and a large amount of high-temperature gas is entrained
into the core zone, which enhances the heat and mass transfer and
strengthens the turbulent combustion.

4.2. Combustion chemical analysis

Although the processes of atomization and evaporation mainly
occur at the front zone of chamber, the physical process is ac-
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Fig. 8. The profiles of temperature, species concentrations and mixture fraction at
axial centerline of the front zone of combustion chamber.

companied by combustion chemical process, such as ignition, fuel
pyrolysis, etc. Fig. 8 presents profiles of temperature, species con-
centrations and mass mixture fraction at the front zone of combus-
tion chamber. Due to the high temperature of oxidizer stream and
the great injection momentum ratio of oxidizer to fuel (above 10),
once propellants inject, the heat and mass transfer rapidly, and the
kerosene droplets sharply preheat and evaporate. As known from
Fig. 8b, the mixture rapidly increases to 0.33 at chamber inlet, the
temperature drastically reaches 1197 K at the axial location of 0
mm (namely, injector outlet), and then the temperature decreases
and fuel vapor concentration (or mixture fraction) increases in the
endothermic process of evaporation and pyrolysis.

The process of kerosene pyrolysis can be considered to com-
plete at the axial location of 20 mm. During the rapid high-
temperature pyrolysis, kerosene is decomposed into small molecu-
lar hydrocarbon gas (such as CH4, CH,, and CyHg) and H, (see
Fig. 8b). A large amount of carbon monoxide (CO) is produced
during the partial combustion, the exothermic oxidation reaction
becomes dominant behind the location of 15 mm along the ax-
ial centerline, the temperature begins to increase (see Fig. 8a), and
mixture fraction begins to decrease (see Fig. 8b).

Kerosene is a mixture of large hydrocarbon molecules (Ci9Hy2,
CoHys and CgHiy), the combustion reaction paths are complex in
the rocket combustion chamber with high-pressure, high-speed
and high-temperature flow environment. The initial excitation of
kerosene reactions is a crucial link, which is depicted in Fig. 9.
The hydrogen abstraction reactions of the hydroxyl radical and
H free radical with CigHy;, CgHig and CgHi; are the domi-
nant reactions involving the direct decomposition. The major
intermediates of H-abstraction reactions of n-decane (NCigHj2),
n-propylcyclohexane (CYC9H18) and n-propylbenzene (PHC3H7)
are 3-decyl (CCigHz1), 4-decyl (DCqipH21) and 5-decyl (ECqipH21),
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Fig. 10. The profiles of free radical OH/O/H along radius (at axial distance 13 mm).

cyclohexyl-propyles (ECgH17C, FCgH17C), APHCsHg and CPHC3Hg,
and the reaction channels are as follows:

CioH2a., C1oH21/DCyoH21/ECoH2 1 +H,0

CoH; 8’:‘;:+osé:cﬁcgﬂncmcgﬂ”cmzo (R1)
CoH 1y APHC3Hg/CPHC;H+H,0

CioHaz C10H21/DCyoH21/ECoHy 1 tH;
CoHyg~-~3+HZ—~ECoH}7C/FCoH 7C-+H, (R2)
CoHyy APHC3Hg/CPHC;Hg+H,

As known from above analysis, H and OH free radicals are very
important, but the temperature is only about 700 ~ 800 K in the
pyrolysis zone (see Fig. 8a), the formation of the two free radicals
is impossible in the zone. However, there is a sheet flame surface
around the evaporation/pyrolysis zone, small amount of fuel vapor
combusts with high-speed injection flow of high-temperature ox-
idizer stream, where large amount of OH free radical is formed.
In order to further analyze the formation of O/OH/H free radicals
which are crucial to kerosene pyrolysis, the profiles of these free
radicals along radius are shows in Fig. 10.

A large amount of H/O/OH is formed at R = 1.6 mm where is
the location of sheet flame surface shown in Fig. 10, the tempera-
ture and mixture fraction reaches 1619 K and 0.2, respectively (see
Fig. 10). Based on the location of high-concentration OH formation,
the flame surface is defined. The low-temperature inner side and
low-mixture outside of the flame sheet are not suitable for com-
bustion, and thus these free radicals only form in the flame sheet.
Fig. 11 depicts the formation paths of free radicals of O/OH/H, and
the dominant reaction paths are as follows:

H+H;0 — OH+H; (R3)
H+0, — OH+0 (R4)
H; + OH — H + H,0 (R5)
Hy +0— H+OH (R6)

0.226
+H (19%)
+0 (5%)

+ OH (76%)

0.226
+H (19%)
+0 (5%)
+OH (76%)

0.0218
+H (12%)
+ OH (88%)

0, +H— 0+ OH (R7)

As known from (R3)-(R7), the above reactions of these free
radicals are interactive. In order to make these free radicals dif-
fuse into the fuel pyrolysis zone, the turbulent flow mass transfer
is very important for the mixing between pyrolysis zone and the
flame sheet in the high-speed turbulent flow in the front zone of
chamber. The mixture fraction rapidly decreases from 0.68 to 0.05
in the radius range from 0 to 2.6 mm, which means the intensive
mixing occurs in the region. The recirculated flow eddies in Fig. 7
enhance the diffusion of these free radicals (O, OH and H) into the
pyrolysis region, the mixing of fuel and oxidizer is strengthened,
which is conducive to combustion.

Fig. 12 shows the major species profiles in the rear zone of
combustion chamber and nozzle region, it indicates that small hy-
drocarbon molecules rapidly combust and reach equilibrium state
at the end of the combustion chamber, where the maximal tem-
perature reaches 2458 K.

In the nozzle region, although the temperature decreases from
2458 to 1350 K due to the flow expansion, the flow is supersonic,
gas composition at each stage of expansion is not in equilibrium
(Da<< 1), temperature falls so rapidly that the reaction time may
be insufficient time for dissociated products to recombine during
the expansion, the species concentrations keep constant without
chemical change at all times in the nozzle flow process, and thus
it is called frozen flow rather than equilibrium flow.

Since the combustion temperature reaches above 2000 K, the
vibrational energy of gas molecules becomes excited, some gas
molecules begin to dissociate. Rocket combustion chamber tem-
peratures are so high that typically substantial portion of combus-
tion products are dissociated. When temperature is greater than
2000 K, O and H; begin to dissociate (O, — 20, Hy — 2H); the
dissociation temperature of CO, and H,0 is 2000 K (CO, — CO+0,
H,0 — OH + H); the dissociation extent depends on temperature.
As known from Fig. 12, when temperature reaches above 2000 K,
free radicals of O, H and OH noticeably increase, and CO and CO,
reach equilibrium. Since the residence time is very short in the
nozzle, the time is not enough for free radical association, and
these free radicals keep constant to issue out from nozzle. Since
the dissociation of molecules consume energy, it reduces the com-
bustion efficiency.

4.3. Plume flow analysis

Rocket plume refers to the exhaust gases released from nozzle
outlet. In the experiment, a series of disks can be seen in the ex-
haust plume due to high temperature radiation (see Fig. 13a), the
yellow color shades of image are Mach disks, and the visible Mach
disks are evenly spaced in the plume.

In the plume, the variations of pressure, temperature and Mach
number of plume are very complex, the profiles of static pressure,
temperature and Mach number of plume along the axial center-
line are provided in Fig. 14. In the study, since the experiment
is ground test where is at atmospheric pressure (1.036 x 10° Pa),
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Fig. 13. The characteristics of exhaust plume in the experiment and simulation in
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the exit pressure of the exhaust plume is 5.570 x 10% Pa at noz-
zle outlet where the axial distance of plume is equal to 0 mm
(see Fig. 14). Since the outlet pressure is lower than the external
atmospheric pressure, this situation is referred to as overexpan-
sion. When a flow is overexpanded, the lower gas pressure within
the exhaust compared to that of the external atmosphere causes
the exhaust to be compressed or squeezed inward. However, the
flow may be compressed too much so that its pressure exceeds
the atmospheric pressure. As a result, the flow now expands back
outward to reduce the pressure again. This process may also ex-
pand too far causing the internal pressure to again drop lower
than the ambient pressure. In other words, the flow will repeat-
edly contract and expand while gradually equalizing the pressure
difference between the exhaust and the atmosphere, and simulta-
neously it is accompanied by the increase and decrease of temper-
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Fig. 14. The profiles of static pressure, temperature and Mach number of exhaust
plume along the axial centerline.

ature (see Fig. 14). The static pressure contour of simulation in the
plume is shown in Fig. 13b, the contraction of plume flow results
in the increase of pressure and temperature and the decrease of
Mach number or velocity (see Fig. 14), the location of high static
pressure is that of high temperature, and thus the distributions
of visible Mach disks (see Fig. 13a) and high static pressure (see
Fig. 13b) are similar. In Fig. 14, these peak values evenly distribute
along plume axis almost, and the interval distances of these peak
values are about 32 mm along the centerline of axis.

5. Conclusions

The complex H;0;/kerosene turbulent flow and combustion
chemical reaction are modeled. During the kerosene injection,
the spray angle is 13°, the lasting time of atomization is about
1 ms, and the maximal vaporization rate reaches 1.5 x 1076 kg/s.
The combustion chamber can be divided into the following three
zones: rapid high-temperature pyrolysis zone, oxidization zone and
equilibrium flow zone.

The initial excitation of kerosene reactions is crucial link, and
the recirculated flow eddies enhance the free radicals of O/OH/H
to diffuse into the pyrolysis region. Small hydrocarbon molecules
of the pyrolysis products of rapidly combust and reach equilibrium
state at the end of the combustion chamber.

In the exhaust plume, the flow repeatedly contracts and ex-
pands while gradually equalizing the pressure difference between
the exhaust and the atmosphere, and simultaneously it is accom-
panied by the increase and decrease of temperature. These peak
values of static pressure, temperature, Mach number almost evenly
distribute along plume axis, and the interval distances are about
32 mm along the centerline of axis.
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