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Abstract Combustion instability of O2/kerosene, O2/kerosene/hydrogen, and O2/kerosene/hydro-
gen spray flame is numerically studied. The numerical results of combustion self-oscillation are
consistent with the historical experiments. Hydrogen is helpful to stabilizing oxygen/hydrocarbon
combustion. High gas injecting velocity of the coaxial injector would increase the combustion sta-
bility. Contrary to the former expectation, the most sensitive region for combustion instability is not
where the heat releases most intensely but is the low-temperature premixed region near the injec-
tors. According to the simulation, the technology steps, such as adding catalyzer to decrease the
reaction activity energy, or improving the injector design to reduce the premixed low temperature
region, would improve the combustion stability.
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With the development of Computional Fluid Dynamics (CFD), numerical simulation be-

comes the third important method to study the combustion instability besides theory and experi-

ment. Priem et al.[1] are the earliest persons who used numerical integral to deal with the liquid

rocket instability. Their method was later adopted by the afterwards[2] include Hoffman[3] and oth-

ers. But they only treated one-dimensional and two-dimensional cases. The two-dimensional

problems is formulated for an annular ring in the chamber. The nonlinear conservation equations

are solved with source terms representing vaporization and combustion. The model of Priem was

based on real combustion mechanisms. So the combustion response is instantaneous, and there is

no time lag. The combustion response of Priem’s model is invariable with frequency, which is

why it was not accepted by other persons. Hoffman et al.[3] improved Priem’s model. They treated

variable oxidizer/fuel mixture ratio, including the droplet drag and momentum transfer between

the liquid and gas phases, and adapted the vaporization model by including the Reynolds number

dependence. In these works, numerical analysis was initiated by a pressure wave having sinusoidal

amplitude distribution around the ring.

In more recent work, Kim et al.[4] have reported solutions of the reacting Navier-Stokes equa-

tions for both axisymmetric and annular geometries, and Litchford and Jeng have coupled the un-

steady vaporization model based on a simple pressure-sensitive response with a two-dimensional

annular geometry. In addition to these CFD models, Priem and Breisacher have developed a
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three-dimensional, frequency-domain analysis that incorporates injection, atomization, and va-

porization submodels. Their model provides the linear response to single-frequency distribution,

although the physical subprocesses are incorporated as full nonlinear models. The CFD analyses

of Grenda et al.[5�7] are philosophically similar to the Priem-Breisacher approach except that it is a

time-domain method, and all nonlinear terms are retained. The model developed by Habiballah et

al.[8], which has been applied to real engines perhaps more extensively than any other, solves the

Navier-Stokes equation for gas phase plus Eulerian formulation for the liquid phase. Their model

considers annular geometries and includes comprehensive submodels for atomization, vaporiza-

tion, turbulence and finite rate chemistry. A similarly detailed model by Liang et al.[9] likewise

includes atomization, vaporization, second breakup and droplet agglomeration, turbulence, species

diffusion, and chemical kinetics. This model has been applied to both steady-state combustion and

instability simulations. In recent years, high precision computing method has been applied to

studying combustion instability. Laroche et al.[10] developed MSD solver to simulate 3D acoustic.

Grohens et al.[11] used a numerical method, based on a network of elementary chemical reactors, to

study the global performance of a ramjet. Venugopal et al.[12] investigated the dynamics of a tur-

bulent flow subjected to strong wall injection through Direct Numerical Simulations (DNS), and

linear stability analysis for the temporal growth of the perturbations was conducted.

However, these numerical analyses are by no means fully matured and anchored. These

models either assume artificially combustion response function or excite the combustion response

through artificial initial disturbance. One of the key current limitations of analytical stability tools

is the instability to predict the magnitude of the combustion instability gain. Often it is not even

possible to determine which mechanisms are responsible for a given combustion instability, much

less to model it[10].

In this paper, combustion stability numerical model is established based on chemistry. Tran-

sient two-phase numerical simulation program is developed to simulate gas-oxygen/kerosene, liq-

uid oxygen/gas hydrogen and gas oxygen/gas hydrogen/kerosene combustion stability. The influ-

ences of propellant combination and the design of injector to combustion stability are studied.

This paper probes mainly into the driving mechanism of combustion instability.

1 Governing equations

The gas phase is described by solving the Favre-averaged Navier-Stokes equations with spe-

cific source terms. These terms are the result of chemical reactions and the interaction between the

gas phase and the liquid phase. The later terms are set to zero when studying gas flame stability.

Conservation equation of mass:

( )1
( ) .j ma

j

g u s
t xg

ρ ρ∂ ∂+ =
∂ ∂

(1)

Conservation equations of momentum:
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Conservation equation of static enthalpy:

( ) ( ),
1 1
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where h is the static enthalpy, defined by
0

0 .p p m m t m mh c T c T m H h m H≡ − + = +∑ ∑ (4)

Conservation equations of species concentrations:

( ) ( ),
1

,m j m m j m
j

g m u m F s
t xg

ρ ρ∂ ∂+ − =
∂ ∂

(5)

where ,h jF is the diffusion energy flux in direction xj, ,m jF is the diffusion flux component,

g is the determinant of metric tensor, mm is the mass fraction of mixture constituent m, sm is the

rate of production or consumption due to chemical reaction, sh is the energy source, sma is the mass

source, and si is the momentum source components.

The particular high Reynolds number form of the two-equation k-ε model is used, subject to

fully turbulent compressible flows.

The liquid phase is divided into droplet groups. Each group includes droplets having the

same composition, diameter, velocity, and temperature. As the droplets move through the chamber,

they remain in their initial group and, as a result, there is no mass transfer between groups. For

each group, transient Lagrangian motions of the droplets are solved, which requires very high

CPU computing velocity and very large computer memory because a large number of droplets

groups should be tracked at the same time.

The conservation equation of momentum:

d
.

d
d

d dr p amm
t

= + +
u

F F F (6)

Here:

(i) drF is the drag force, given by

1
| | ( ),

2dr d d d dC Aρ= − −F u u u u (7)

Cd is the drag coefficient.

(ii) Fp is the pressure force given by

.p dV p= − ∇F (8)

(iii) Fam is the so-called “added-mass” force. The expression for this is

d
.

d
d

am am dC V
t

ρ= −
u

F (9)
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Cam is a so-called “virtual mass” coefficient, usually set equal to 0.5.

Knowledge of the droplet velocity allows its instantaneous position vector x to be determined

by integrating

d
.

dt
=x

u (10)

In the presence of mass transfer at a rate Fm per unit surface area, the droplet mass rate of change

is simply given by

d
.

d
d

s m
m

A F
t

= − (11)

For an evaporating single-component droplet,

,

,
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ln ,

( )
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t v s
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(12)

where Kg is the mass transfer coefficient.

Conservation equation of energy:

The droplet energy balance takes into account the mechanisms of surface heat transfer dq′′�

per unit surface area and loss/gain due to phase change, thus

,d( ) d
.

d d
p d d d

d s d fg

c T m
m A q h

t t
′′= − +� (13)

The surface heat

( ),d dq h T T′′ = −� (14)

where h is the heat transfer coefficient:

.
( 1)
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The quantity Z is defined as

(d / d )
,

π

p d
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c m t
Z

D k Nu
= (15)

where Nu is Nusselt number.

Using a simplified reaction scheme to present a set of complex chemical reactions is often

necessary for theoretical analysis and numerical simulation. Numerical simulation of combustion

instability is such a time-consuming work that we have to simplify the reaction scheme in so far as

possible. This simplified mechanism may not provide a realistic description of the chemical kinet-

ics, but we expect that it should be a qualitative description. A three-step reaction mechanism is

adopted, where the hydrocarbons are first attacked and reduced to products (CO, H2) which are

then oxidized.

C12H24 + 6O2�12CO + 12H2 (16)

CO + 0.5O2�CO2 (17)

��
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H2 + 0.5O2�H2O (18)

The rate of reaction for any reactant is assumed to be Arrhenius expression:
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, (19)

where vm for reactant is set to unity and for product is set to zero, β is set to 1/2 for the three

reactions. The activation energy of hydrogen oxidation E3 is much lower than that of the other two

reactions.

2 Numerical method and boundary conditions

Implicit PISO method is employed to solve the algebraic finite-volume equations resulting

from the discretisation of the above control equations. To save CPU time, only two-dimensional

problem is treated here. The first axial acoustic mode may be the most unstable mode in this

chamber because the length of its cylindrical section (125 cm) is much larger than its radius (25

cm), though the first tangential mode is usually found to be the most unstable mode in other liquid

rocket engine. The cylindrical section of the chamber is divided into 100�100 fit-body meshes,

and the nozzle regime is divided into 67�50 fit-body meshes.

Hydrogen, hydrocarbon and oxygen are injected through the coaxial tripropellant injector. At

the inlet boundary in the simulation, we chose to specify the gas flux components, the species

mass fractions, and the temperature, whereas the pressure is extrapolated from downstream flow-

field. Unlike other numerical simulations of combustion instability, no special triggering methods

are used here. The simulation begins from the ignition of the chamber, whose transient time-step is

1�10−7 s. Every ten time-steps a group of droplets is injected into the chamber. All the groups of

one kind droplet have the same initial diameter (50 µm) and the same initial temperature, whereas

their initial velocities and directions are at random.

Gas tripropellant combustion stabilities are first simulated. Then five operating conditions are

investigated. For the five operations, the injected kerosene is liquid, oxygen and hydrogen are gas

except that oxygen for the last operation is liquid. The hydrogen percentages in the fuel are 0%,

10%, 20%, 30%, and 100%, respectively. The designed chamber pressure of the first four opera-

tions is 4 MPa, and yet that of the last one is 2.6 MPa. At last, more cases are simulated, whose

injecting velocity of the gas oxygen, the reaction activity energy, and the injecting temperature of

gas hydrogen are varied, respectively.

3 Simulation results

All the gas propellant combustion simulations show that the gas flame is stable. The pre-

mixed gas combustion would oscillate for some time if the reaction activity energy is artificially

enlarged, but the oscillation cannot last for a long time, and the combustor would extinct in the

end.
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Among the five operation conditions of

the two-phase simulations, the LO2/kerosene

bipropellant spray flame is the most unstable

one, and the stability is improved when 10%,

20% and 30% gas hydrogen are injected, re-

spectively. The LO2/H2 bipropellant spray

flame is the most stable one with little oscilla-

tion difficultly distinguished from combustor

background noise. Fig. 1 shows time evolution

of pressure in a cell near the wall and the in-

jecting plate (operation 2, 10% hydrogen). The

pressure and time in the figure is comparative

value. The reference pressure is the time average pressure in the cell, and the reference tempera-

ture is 1 µs. The corresponding analyses are presented in fig. 2, showing that the combustion in-

stability can be self-excited and reach a limited cycle. Unstable modes are the first longitudinal

(1L) and the first radial (1R).

To review the effect of activity energy, the

activity energy of eqs. (16) and (17) is artificially

reduced to equal that of eq. (18). The oscillation

amplitude diminishes with low activity energy.

The oscillation amplitude of tripropellant

combustion also diminishes when injecting ve-

locity of the gas oxygen increases, which shows

that high gas injecting velocity is beneficial to

combustion stability. But the changing of the

injecting temperature of the hydrogen has no

obvious effect on combustion stability.

The pressure animation shows that the time evolution of the pressure near the injector is not

normal sine wave, and is not very lubricity. The pressure amplitude near the injector is large, but it

is very little near the entrance of the nozzle. The spatial distribution of temperature is more com-

plex than that of pressure, because temperature represents not only the flow characteristics but

also the wave characteristics. The temperature animation is very similar to the combustion oscilla-

tion film shot by Cheng Xinyi. The components oscillation is like that of temperature.

4 More analyses of the numerical simulation results

The above results show that there are some driving mechanisms of combustion instability in

the numerical model. But more analyses should be conducted to determine which mechanism

works. So the flame structure and the spatial distribution of various parameters are analyzed first.

Fig. 1. The time evolutions of pressure in a cell close to the
head wall (10% hydrogen). The reference pressure Pref is the
mean pressure, 4.0�106 Pa, and the reference time is 1 µs.

Fig. 2. Analyses spectra of the curve in fig. 1.
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Two-phase spray flame is more complex than that of gas flame (see Plate I(1), tripropellant

10% hydrogen). The low temperature region near the axis is the gas hydrogen region, and the low

temperature region near the wall is gas oxygen region. The region between the gas oxygen and gas

hydrogen is the diffusion reaction region whose main component is reaction product. Because the

spray droplet can fly through the gas phase, a low temperature premixed region could be formed

near the injector, which means that the spray flame has the characteristics of both the diffusion gas

flame and premixed gas flame. It is found that the spray droplet distribution near the injector may

be varied markedly by changing of the structure and operation parameters. As a result, combustion

instability is also affected.

The sensitive region of combustion instability is very important to determine the driving

mechanisms. The sensitive region is defined with Rayleigh’s Criterion according to Zinn. Define a

parameter

d
( , ) ( , )d d

V
G p t Q t V t

Γ
= ∫ ∫ x x ,

where p is the pulse pressure, Q the pulse heat release, T the period, and V the control volume.

Positive G shows that the heat release would increase the pressure oscillation. Negative G shows

that the heat release would dissipate the pressure oscillation. However, it is very difficult to meas-

ure the heat release Q. In this paper Q is calculated by the gas energy conservation equation:

D 1 D
.

D D s s
p j j

T T p
w Q

t c x x t
λ

ρ
  ∂ ∂= + −   ∂ ∂   

� (20)

The above equation is multiplied by pulse pressure p, and then integral it. Neglect the diffusion

item in the right side of the equation. For

D
d 0,

D

p
p t

t
≈∫ (21)

then

D
d d .

D

T
p t Qp t

t
∝∫ ∫ (22)

Plate I(2) shows the G distribution of tripropellant combustion (10% hydrogen). G is positive

only at a little region near the injector. It is about zero at most other regions. There is a small

negative G region in the grids where the kerosene droplet is injected. This region will dissipate the

pressure oscillation.

The effect of vaporization on acoustic process can be represented by convolution integral of

the gas kerosene component and pulse pressure (see Plate I(3), tripropellant 10% hydrogen). The

sensitive region of gas kerosene component to pulse pressure is like the letter “V”. At the right

side of “V”, the oscillation of gas kerosene component and pressure are in contrary phase, where

temperature is very high. At the left side of “V”, the oscillation of gas kerosene component and

pressure are in-phase, where the temperature is very low. Compared with Plate I(2), the sensitive
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region of gas kerosene component to pulse pressure is in contrary phase with that of heat release.

So the combustion oscillation in this paper is not driven by the kerosene vaporization.

The spatial distribution of chemical reaction verifies the above conclusion. The reaction

distribution is not zero though the temperature and pressure are very high in the chamber (see

Plate I(4), tripropellant, 20% hydrogen). The nonzero reaction distribution is mainly near the

injector, or around the droplet. Nonzero reaction distribution becomes the weak when hydrogen

percentage is increased. For hydrogen/oxygen bipropellant, there is almost no nonzero reaction

distribution. Gas oxygen with high injecting velocity blows the kerosene droplet away from the

chamber head, which makes the flame much like diffusion gas flame. The combustion instability

is correlative strongly with spatial distribution of reaction rate. The larger the reaction distribution,

the larger the combustion oscillation.

As a conclusion, the combustion oscillation simulated in this paper is the result of interaction

of chemical reaction and acoustic process.

5 Discussion and conclusion

The self-oscillation of kerosene/oxygen, tripropellant, and hydrogen/hydrogen flames is

simulated for the first time. Table 1 lists the simulation results compared with the historical ex-

periments.

Table 1 Simulation results and experimental results

Simulation results Experimental results

Kerosene/oxygen combustion becomes stable with high
percentage gas hydrogen.

Adding hydrogen into the hydrocarbon/oxygen flame increases
combustion stability[13,14].

The measures to decrease the premixed degree between
the fuel and oxidant are beneficial for the combustion
stability.

High gas injecting velocity of coaxial injector is in favor of the
combustion stability. As an important design rule for hydro-
gen/oxygen coaxial injector, the injecting velocity ratio between
gas propellant and liquid propellant must be larger than a certain
value[15]. Weakening the interaction between the liquid propel-
lants from liquid/liquid coaxial injector is also helpful for com-
bustion stability[16]. The combustion of like-impinging jet injec-
tor is more stable than that of unlike-impinging jet injector[17].

The diffusion gas flame is stable. Combustion oscilla-
tion occurs with large activity energy, but it cannot last
for a long time. For two-phase combustion, there is a
low temperature premixed region near the injector, and
combustion oscillation evolves into a limited cycle.

No serious combustion instability has been observed for gas
propellant combustor. But combustion instabilities occur more
frequently in liquid propellant combustor[17].

Most heat is released in the middle of the chamber, and a
little heat is released at the chamber head. But the sensi-
tive region is located near the chamber head due to the
low temperature premixed region near the head.

The effect is most evident when acoustic cavity is located at the
head of the chamber. Baffle must also be set at the head of the
chamber, and should be longer than the low temperature pre-
mixed region. Combustion instability is much sensitive to the
structure parameters of injectors and operation parameters. A
little changing of the parameters would have evident effect on
the low temperature premixed region near the injector.

The correlations between the simulation results and the experimental results verify this idea:

there exists a low temperature premixed region near the chamber head, where the chemical reac-
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tion rate is very sensitive to temperature disturbance. This sensitivity would drive combustion to

oscillate.

How to suppress the combustion instability can be deduced from the above work. Changes in

injector design or sizing to cut down the premixed low temperature region, and adding catalyzer to

the propellant to lower the activation energy, may stabilize the combustion. This guess needs more

tests.
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Huang Yuhui et al.: Simulation of liquid rocket combustion instability Plate I 

 
1. Temperature (unit K) contour of tripropellant spray flame (10% hydrogen); 2, G distribution in the column section of the 
chamber (10% hydrogen), R presents radial, X presents longitudinal; 3, sensitivity of gas kerosene component to pulse pressure 
( t ripropellant, 10% hydrogen), R presents radial, X presents longitudinal; 4, chemical reaction rate distribution (t ripropellant, 
20% hydrogen), R presents radial, X presents longitudinal. 


