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The characteristics of propellant injection, mixing, and combustion have a pro-
found effect on liquid rocket engine performance. The necessity of raising rocket
engines performance requires a combustion chamber operation often in a super-
critical regime. A supercritical combustion model based on a one-phase multi-com-
ponents approach is developed and tested on a non-premixed H»-O; flame configu-
ration. A two equations turbulence model is used for describing the jet dynamics
where a limited Pope correction is added to account for the oxidant spreading rate.
Transport properties of the mixture are calculated using extended high pressure
forms of the mixing rules. An equilibrium chemistry scheme is adopted in this com-
bustion case, with both algebraic and stochastic expressions for the chemistry/tur-
bulence coupling. The model was incorporated into a computational fluid dynamics
commercial code (Fluent 6.2.16). The validity of the present model was investi-
gated by comparing predictions of temperature, species mass fractions,
recirculation zones and visible flame length to the experimental data measured on
the Mascotte test rig. The results were confronted also with advanced code simula-
tions. It appears that the agreement between the results was fairly good in the
chamber regions situated downstream the near injection zone.
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Introduction

Chemical propulsion has been the mainstay of space exploration propulsion since the
beginning of space missions, it’s still the only technology applicable to launch from earth to
space with a higher payload to cost ratio [1]. In this context, the use of liquid propellant engines
provides good flexibility and better performance, this type of engines can be designed to be
throttled and fired more than once in each mission.

The use of cryogenic propellants in liquid rocket engines (LRE) at chamber pressures
that exceed critical point of the mixture has been well established as a combination that provides
high efficiency and performance for a variety of launch vehicle applications. In particular, liquid
oxygen-hydrogen (LOX-H,) engines have been developed for a variety of launch systems, in-
cluding the space shuttle mean engine (SSME) and the Ariane5 Vulcain engine.

To accurately predict the performances and the internal thermal environment of the en-
gine using computational fluid dynamics (CFD) methods, the degree of local mixing and the ex-
tent of the combustion reactions must be established. The involved processes of injection, mix-
ing and combustion have a decisive influence on rocket engine performance, combustion
stability, and service lifetime [2].
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Although LOX-H, rocket engines have been operating relatively safely for the past
several years, the processes that control combustion are still not well understood [3]. Today,
some very detailed investigations of these processes are available. There are studies on the evap-
oration, mixing, and combustion of liquid or supercritical droplets in a quiescent or moving gas-
eous surrounding [4-7] and supercritical shear flows as occurring at the coaxial injection into the
rocket combustors by direct numerical simulations (DNS) [8, 9], and large eddy simulations
(LES) [9-10]. These detailed investigations are very important for the understanding of the com-
plex mixing and combustion processes occurring in rocket combustion chambers, but nowa-
days, these methods are still too computationally expensive to use them for industrial applica-
tions. Here still Reynolds averaged Navier-Stockes (RANS) methods are applied to support the
design process. Two of the latest publications based on a RANS method for the description of a
supercritical combustion using commercial CFD-codes are Poschner ef al. [11] which used
ANSYS-CFX for a diffusion H,-O, turbulent flame and Minotti et al. [12] for CH,-O, systems
using Fluent software.

The aim of this work is to implement a homogeneous multi-component one phase
model in the Fluent 6.2.16 [13] material database and to carry out a faithful description of the
H,-0, supercritical combustion with a less computational cost. The model treats liquids-gas
mixture as coexisting continua and assumes there is no thermal or velocity lag between phases.
This avoids modeling drop size and calculating droplet trajectories. The model is based on an
accurate representation of the viscosity and thermal conductivity of the H,/O, mixture and use a
polynomial fits of the temperature for describing the density and thermodynamic properties.
Emphasis is placed on shear-coaxial injection processes in the laboratory-scale uni-element
rocket configuration (Mascotte) developed at ONERA in Chatillon, France. On this test rig, the
data were deemed to be the benchmark test cases for multiphase spray flows presented by the 2™
International workshop on rocket combustion modeling (IWRCM) committee [14].

Phenomenological trends

Shear coaxial injection processes in LRE exhibit two distinct modes of combustion
[15]. At sub-critical pressures, the liquid jets atomize, here, dynamic forces and surface tension
promote the formation of heterogeneous spray and lifted spray flames form in a manner consis-
tent with the modes of combustion exhibited by local drop clusters. When chamber pressures ap-
proach or exceed the critical pressure of a particular propellant, the injected liquid jet undergo a
transcritical change of state as interfacial temperatures rise above the critical temperature of the
local mixture. For this situation, diminished inter-molecular forces promote diffusion domi-
nated mixing processes prior to atomization [16].

Above the mixture critical point, liquid and gaseous phases are no longer separated.
Indeed, the recent flow visualizations [ 15] confirm that the surface and surface tension of the ox-
ygen liquid core vanish, the sharp distinction between gas and liquid disappears and the entire
field essentially becomes a continuous medium with no abrupt phase change involved in the
burning process. Small changes of state lead to huge gradients in density and thermodynamic
variables during the mixing and make the accurate prediction of the processes taking place very
difficult [9].

Governing equations

The reacting flow equations of mass, momentum, total energy and chemical species
are written, respectively, in conservative forms as:
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where e and q are the specific internal energy and the total heat fluxes, respectively. When ne-
glecting molecular diffusion caused by temperature gradient (Soret effect) and thermal diffusion
caused by a concentration gradient (Dufour effect), the heat flux can be expressed as:
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@, represents the instantaneous rate of production of the i" chemical species due to reactions.

Heat release due to chemical reactions in the energy equation is accounted for in de-
scription of the partial specific enthalpies %, by including the enthalpy of formation 4, 1 in its
definition. Radiation fluxes and body forces are currently neglected.

In the case of supercritical combustion regimes, assuming the gas mixture having an
ideal behavior leads to large errors up to 650% in predicting the fields of temperature and spe-
cies mass fractions [17]. Hence, the density is deemed as a function of pressure and temperature
as:

p =p(T p) (8)

For most turbulent combustion calculations, it is not possible to solve the previous sys-
tem of equations directly. Averaged forms are mandatory to access the mean quantities of the
flow unknowns. Every extensive quantity ¢ (except density and pressure), can be decomposed
into a mean part ¢ and a fluctuating part ¢" as:

P=p+¢" )
where the Favre (mass weighted) averaging form is defined as:
p=22 (10)
3}

The averaging leads generally to unclosed terms in the momentum, species transport,
and energy equations, which are modeled using the eddy viscosity, dissipation, and diffusivity
hypothesis, respectively, as:



142 Benarous, A., Liazid, A.: H,-O, Supercritical Combustion Modeling ...

— ou, Ou; 25; om,
—puiu’ = L+ - 11
w ﬂt[@x 0x; 3 Ox; (1)

J 1

ny n :ut afa
u"Y) = —= 12
PUte =5, ox, (12)
" :ut 6}7
Y Pr, 0Ox; (13)

where Sc, and Pr, are the turbulent Schmidt and Prandtl numbers supposed identical to treat tur-
bulent diffusion processes for heat and species identically. The system of equations can be
closed by choosing a model for the turbulent viscosity u,. This is done in this paper by a simple
k-¢ turbulence model, solving two additional transport equations for the turbulent kinetic energy
k and its dissipation rate ¢. The turbulent viscosity is modeled as:

k2
e =Cup = (14)

Properties evaluation

Above the critical point, molecular transport properties exhibit anomalous behavior
and are extremely sensitive to both local temperature and pressure. This is due to a transition of
molecular ordering or to small-scale circulation effects resulting from the migration of clusters
of molecules. Hence, terms relating to mixture dynamic viscosity — i, in eq.(3), thermal conduc-
tivity — 4, in eq. (5), and the species diffusion coefficient in the mixture — D, in eq.(7), have a
considerable contribution on the mixing process [5].

Kinematic diffusivity

In Fluent, diffusion coefficient is calculated by default from the bulk mass diffusivity
available in its material database. Because here, the mixing is diffusion controlled process, the
assumption of constant diffusivities may lead to large errors. Hence, diffusion coefficient of a
species a in the mixture at a reference pressure p° can be calculated using the Blanc’s law :

py-—1! (15)
Yy
s L
ﬂf-aDaﬁ

where D, is the binary diffusion coefficient evaluated via the relation derived from the Chap-
man-Enskog theory [18]:

4
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and M, and My are the molecular weights of components o and 8 and C, and Cj are their atomic
diffusion volumes, respectively. The extension of the previous relations to high pressures is
made by the correlation of Takahashi [19]:
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and T, = T/T, where T is the critical temperature of the mixture which is lower than the critical
temperature of the pure oxygen, and 4, B, E, G, and H are empirical coefficients.

Molecular (dynamic) viscosity

In Fluent, molecular viscosity of a mixture can be evaluated by a volume weighted or a
mass weighted mixing laws, which do not account for molecular interactions at high pressure.

For polyatomic molecular gases like hydrogen and oxygen, we use a method proposed
by Chung et al. [20] containing a potential energy term 2* which describes the interaction be-
tween molecules:

JMT
1= (40785-10%) X< F (19)
Q*3fr2
F.=F(w, ud, T) (20)

The dynamic viscosity is a function of the mixture critical point (7}, V), the collision
parameter (€2, the Pitzer’s acentric factor w and the dipole moment uud which are a self charac-
teristics of the molecule‘s shape. At a particular pressure, the molar critical volume V, and the
collision parameter 2" are tabulated for various reduced temperatures [21].

Thermal conductivity

An extension of the Eucken model [22] for the thermal conductivity of dilute gases
was proposed by Chung et al. [21] as:

7.452

l:uvT(w,T cv) (21)

ro

Specific heat capacity at constant volume is also evaluated at each prescribed pressure
as a function of the reduced temperature.

Mixture density

At high pressures and low temperatures, the equation of state (EOS) for the mixture
differs significantly from that of the ideal gas equation. The choice of the EOS based on the
Pen-Robinson (PR) formulation is a result of a comparison between the relations of Lee-Kesler,
Soave, and Redlich-Kwong made in the work developed by Harstad et al. [23]. This equation is
a three parameter formula accounting additionally for the deviation of molecule from spherical
shape. It has the following expression:

__RT aa(T)
V—-b VZ2+2bV —b?

p (22)
with

a=a(T, p,)and b=>5b(T, p,) (23)
and

a(T)=[1+8(1-T))* with &=5(w) (24)
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The coefficients a, b, and w are relating to the mixture, and are obtained from those of
individual species using recent mixing rules [24]. In this paper, we use the data [21] obtained
from the PR EOS for the H,-O, mixture for a prescribed pressure as a piecewise polynomial of
the temperature.

Configuration and operating conditions

The present study concerns a subscale thrust chamber of the Mascotte single injector
test case RCM-3 (Rocket Combustion Modeling, Version 3) [4]. The high pressure combustion
chamber is a cylindrical duct of 50 mm inner diameter and a 400 mm length (fig. 1). At its down-
stream end is a nozzle of variable shape having a convergent length of 20 mm and a throat diam-
eter of 9 mm allowing a chamber pressure of about 60 bar, however, because of the lack of ex-
perimental data about the nozzle flow, this last was not included in the 2-D axisymmetrical
model (fig. 2).

25 mm "
| 400 mm H
) 50 1mm e Adiabatic walls "
| H, i
View A-A Unn ii
~—Faceplate % _ _U ;2_ ______________ ::
i R Symmetry axis |,
‘[ posed
GH,—~ i X presure
5 r%m 5.8 mm
—(‘Siﬁmb I 12 mm Figure 2. Geometrical modeling and boundary
A conditions
View A-A
Figure 1. Configuration of the RCM-3 test case This version of the test rig in use since

1997 allows operating conditions (until 100
Table 1. Operating conditions for RCM-3 test case bar) above the critical pressure of oxygen

T — H, 0, (50.4 bar).The? operqting conditions qsed fgr
the present simulation are summarized in

Pressure [bar] 60 60 tab. 1.
A preliminary simulation of the injector
Temperature [K] 287 100 inﬂovf for each };ropellant was carriegd out
Mass flow rate [kes '] 0.070 | 0.100 [25] in order to get the velocity profile for an
established turbulence at the injector exit.
Injector inlet velocity [ms ] | 236 435 This last, will be used as a velocity inlet con-

dition for the combustion chamber, and one
will be able to proceed to a geometrical
shrinking of the injectors (fig. 2). At the outlet, a pressure of 60 bar was prescribed and the walls
of the chamber were assumed to be smooth and adiabatic.

Chemistry and turbulence modeling

The chemistry model used in simulation is of great importance for predicting the tem-
perature field. As it was confirmed in the works of Cheng et al. [26, 27], the equilibrium chemis-
try and chemical kinetic are almost identical because the H,-O, reactions are extremely fast at
high pressure conditions. The minor effect of rate chemistry can only be seen at the region very
close to the injector tip where the flow’s residence time is extremely short.
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A preliminary thermo-chemical work [25] was done using the rocket module of the
CEA (Chemical Equilibrium and Applications) Fortran code [28] on the H,/O, combustion un-
der RCM-3 conditions. The analysis shows that the dominant combustion products were re-
stricted to four species (H,O, OH, O, H) with a particular dominance of the OH radical over dis-
sociation products. This result is completely identical to kinetic chemistry analyses made at
ONERA [29]. Hence, the use of a complete reaction model without considering the hydroxyl
radical will probably not be suitable for this situation.

In the non-premixed combustion cases, the algebraic approaches are mainly based on
the work of Magnussen ef a/. [30]. In this context, the eddy dissipation model (EDM) supposes
that the chemical reactions are fully controlled by the turbulent mixing which tends to bring
back the fuel and the oxidant to a reaction zone where the large eddies occurs.

Chemical kinetics effects are not considered in the reaction rate calculation. This
makes the model well suitable for one step global reaction. To account for OH radical, we also
use a stochastic approach based on a conserved scalar. Here, a transport equation for this scalar
(mixture fraction) is solved and individual component concentrations are derived from the pre-
dicted mixture fraction distribution using the prePDF module [13]. Turbulence-chemistry cou-
pling effects are accounted for with help of a presumed probability density function (PDF)
which is supposed to have a Beta shape.

Keeping in mind that the standard k- model overestimates mixing and turbulence lev-
els of axisymmetrical jets [27], a Pope correction is added to the kinetic energy dissipation rate
equation [31]. This last is corrected by adding a production term which takes into account of
vortex stretching effect on the jet viscosity and consequently on its spreading rate:

0 e ~ 0 0¢ g o~ = ~
_(pujg):a_(/’t_fa_J+:(ClePK -pC,. e +pC,y.x¢) (25)
where ox; x; | o, Ox; k
"on aat
PK =—puiuj g (26)

J
is the production rate of the turbulence energy and

Klou, Oou, KFlou, ou,
X =0,;0,;S, where o, =l§ —ZL——Z | and S, =l§ —L+—L @7
T 2¢| ox; Ox 2| ox; Ox

Here y denote the invariant vortex stretching and Cj, is a strictly positive Pope constant. The
correction is practically done by choosing an appropriate value for the new turbulence constant
appearing in eq. (25).

Cés = C2g - ZC3S (28)

Results and discussions

The first step in carrying out the
flame simulation is to set up the geo-
metric mesh. It is developed by im-
plementing throughout the entire
axisymmetrical domain a quadrilat-
eral elements scheme while keeping Figure 3. Grid refinement zone
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the element size at 60 um [26], hence, a primary structured mesh containing 28256 quadrilateral
elements, was created.

In order to improve the results quality in the zones of strong gradients, an adaptive
mesh refinement (AMR) technique was adopted. The algorithm adaptively creates finer grids
depending on where in the domain extra solution is needed according to a user defined error esti-
mator. In the present work, the axial velocity gradient (imposed at 3%) was chosen as an estima-
tion quantity, on a basis of which, a grid refinement will occur. The initial simulations show a
strong velocity gradient in a mixing layer zone situated along the potential core.

Consequently, refinement was located at this zone and the local grid spacing was re-
duced to 35 pm. The resulting mesh containing 30306 elements was retained for the simulations.

Cold flow simulation

The propellant flow in each injector was analyzed separately and a fully developed tur-
bulence was ensured at their exit sections. The corresponding velocity profiles [25] were used to
initialize the flow in the chamber and allow us to keep the injector’s flow history. In the absence
of chemical reactions, the species transport equation is solved without considering the produc-
tion source term; the corresponding simulation is called cold flow. It is particularly interesting
because it separates the effect of turbulent mixing from combustion such that, one can validate
the appropriate turbulence model for the hot fire simulation.

In order to get a better approach to the flow behavior predicted by Villermaux’s theory
[32], a Pope correction was made by adjusting turbulence constant from the default value C,, =
=1.92 to a value that gives a maximum half jet spreading C,, = 1.89 when maintaining a fixed
value of C|, = 1.44. The half jet spreading is defined here as arctangent of the line that fits the lo-
cus of points where O, mass fraction is 90%.

The contour of the axial velocity (fig. 4) shows clearly a corner recirculation zone
which is due to the presence of the wall, and an oxidant-front recirculation zone which extends
downstream of the mixing layer and considered as a consequence of the shearing between the
propellant flows.
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Figure 4. Contour of the axial velocity
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Because of the high value of the chamber to oxidant injector diameter ratio (about 10)
and due to the high turbulence intensity of the fuel stream, the recirculation zones affect also the
species distribution and consequently the local mixing. Indeed, radial profile of the oxygen mass
fraction at a near (X'= 10 mm) and a far (X =250 mm) stations from the faceplate, present a quasi
asymptotic behavior which shows the existence of a zone where the oxygen is trapped (figs. Sa
and b).
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Figure 5. Oxygen mass fraction near (a) and far (b) from the injector

As hydrogen is much more diffusive substance than water vapor and oxygen, the mix-
ing process as estimated using a standard (or bulk) viscosity for calculating kinematic
diffusivity might be misrepresented and the region of pure oxygen persists slightly far the down-
stream than using the mixing rule of the Takahashi correlation approach [19].

It is also important to note that effect of turbulent diffusion characterized by the turbu-
lent Schmidt number on the fresh mixture quality is significant far away from the injector (fig.
5b).

The oxygen mass fraction decreases averagely of 98% when changing the Schmidt
number value from Sc, = 0.5 (high hydrogen diffusivity) to Sc, = 0.9 (default value on the
ONERA CEDRE code). Nevertheless, the diffusion influence is not so important near the injec-
tor face (fig. 5a) and becomes insignificant when one approaches the centerline of the chamber.
This behavior is quite similar to results obtained in cold flow experimentations [33].

Hot fire simulation

In the EDM model, every reaction has the same turbulent rate which is inversely pro-
portional to the large-eddy mixing time scale (k/€) [30]. Using this model in a multi-step reaction
mechanism will likely produce incorrect solution, because the Arrhenius rates differ for each re-
action. A single step chemistry model with the complete following reaction:

H, + (1/2)0, —> H,0
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gives much too high temperature that exceeds 4200 K (fig. 6) compared to the adiabatic flame
temperature value (AFT =3615 K, fig. 7) predicted by the rocket module of CEA [28].

Comparing with the experimental data [14], an overestimation of 400 K is noted on the
peak value of the axial static temperature when neglecting dissociation products. Taking into ac-
count for additionally species (H, O, OH, H,0,), the maximum temperature (fig. 8) resulting
from applying the flamelet model was found about 3200 K which is more realistic value, but the
real temperature is still underestimated [11].
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Figure 6. Temperature distribution (EDM model)
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—@— Chamber pressure = 60 bar (RCM-3)
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Figure 7. Adiabatic flame temperature for
various mixture ratio
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Figure 8. Axial temperature profiles for various
chemistry models

In a second step, we use an equilibrium Beta-pdf approach containing the same type
and number of species (H,, O,, H,O, OH, O, H) as it was found in CEA analysis and ONERA
scramjets studies [29]. Look-up tables of temperature, density, and species mass fractions for
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various mean mixture fraction (and its vari- ~_ 4000007

ance) are created in a PDF file, which can be = 3500.00-] il $Z,D==0°’ 126l
read by the Fluent solver. Here we do not need g 3000.00] g RD=1

to define the reaction mechanisms and, instead, “é-’ : - RD-2

the system is treated using chemical equilib- £ 2500.007] ‘:

rium calculations. This approach seems to be  § 2000.00- /

well adapted for H,-O, single coaxial injection 1500.00-]
and combustion since the flame temperature

was over predicted about 2.2% only (fig. 8). 1000.00-73

Comparing the axial temperature distribu- 500.00
tion of the flame resulting from EDM and PDF oo L —=
models, it can be recognized that position of 0.00 100.00  200.00  300.00  400.00

. P . Axial distance from the injector [mm]
maximum temperature (fig. 8) indicating the

flame tip, is located at about the same axial lo-  Figure 9. Temperature profiles at different
cation (=100 mm) for both combustion models, radial locations
but it is slightly downstream when using a

flamelet model. : RD=0
It is also noted that the axial static tempera- o gg: ?'5
ture at various radial positions shows a de- 012 W RD=2

A Simulation (R/D = 0) [26]

crease of the peak value and a retreat of its po-
sition (fig. 9) compared with the centerline
profile (R/D = 0) when exploring the flow ra-
dial direction. The estimated profile is quite
similar to those obtained by using a mature
home-made code [26]. This can be explained
by a well prediction of the jet spreading angle.
Using the stochastic model, the OH mass
fraction at an axial position (fig.10) is quite
similar to the results obtained by applying ad-
vanced real fluid models [26]. A slight dispar-
ity of 15% on the hydroxyl mass fraction is 0.00 20.00 40.00 60.00 80.00 100.00 120.00
noted near the faceplate, but becomes weak far Axial distance from the injector [mm]
downstream of the lnjecthn .Zone.:. Unfortu- Figure 10. OH mass fraction for various radial
nately, there are not OH distribution data to  positions
validate our numerical results at various radial
positions. Because of the smaller and wider
range of turbulent and chemistry scales (non-equilibrium effects) in the near injection zone and
due to a non-fully supercritical regime, it is of importance to account for mass and heat transfer
lag between surrounding gas and the small amounts of residual dispersed phase. These are the
causes for which the results of the model deviate slightly from the experimental data in this re-
gion.

OH mass fraction

Conclusions

In this paper, supercritical H,-O, combustion is investigated using an improved mix-
ing model. The results are validated by using the test bench Mascotte RCM-3 case.

The single one-step EDM yields temperatures up to 4200 K, which are much higher
than the AFT (3615K) predicted by the rocket module of the NASA-CEA Fortran code. More-
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over, the flamelet model containing additional species provides reasonable maximum tempera-
ture (3200 K) which is however, even lower than the experimental data.

Including an equilibrium Beta-PDF chemistry description, the temperature was over-
estimated by 2.2% only. An attempt to fit simulation results with experiments by modifying tur-
bulence constants was performed. Indeed, since it is known from literature that for axisymmetric
free jets, the k-¢ overestimates the turbulent kinetic energy, a Pope correction was added to the
dissipation rate equation. A modification of the C,, constant to 1.89 provided a qualitative pre-
diction of the spreading angle and the visible flame length.

Numerical simulation of the H,-O, supercritical combustion with the one phase
multi-component model exhibits good agreements qualitatively; detailed experimental data will
provide further model validation in the future works.

Nomenclature
Cie Co x, X — i™ Cartesian coordinate, axial position,
(s, C, — turbulence model constants [m]
C, — atomic diffusion volume of a component, Y, — mass fraction of a component o
[Ks’kg’m]
¢p, cv — specific heat capacity at constant pressure Greek symbols
-1
(volume), [JkgK "] € — dissipation rate of k, [m’s]
D — diameter, [m]. . o A — thermal conductivity, [Wm™'K™]
D,, D,z — mixture diffusion, binary diffusion L . 1
: 2 -1 u — dynamic viscosity, [kgm s |
coefficient, [m’s™ ] ¢ producti to of ‘
e _ internal energy, [Jkg '] @, - n}f production rate of a component,
hy, — enthalpy of the component, [Jkg '] [ gors ]
k — turbulent kinetic energy, [m’s ] ®; - rotation tensor
1 — identity tensor p — density, [kgm ]
M — molecular weight, [gmol '] o, — turbulence model constant
Py — production rate of turbulent kinetic T — viscous stress tensor
energy, [kgms ] x — vortex stretching invariant
Pr — Prandt]l number .
p — static pressure, [Pa] Subcripts
= )
q — heat flux, [Wm ] c — critical
R — radial position, [m] F _ formation
Sc — Schmidt number r _ reduced
S — rate of strain, tensor t _ turbulent
T — temperature, [K]t » - — Reynolds averaging
u, u; — velocity vector, i component, [ms ] ~ — Favre averaging
14 — molar volume, [m*mol '] " _ fluctuation
w — Pitzer’s acentric factor
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