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corresponds to an experimental facility is carried out here to investigate the nature of

spray mixing and combustion in this configuration. The mixing efficiency of two different

injection strategies is first studied with a particular focus on the interaction of the spray
and the vaporized fuel with the shear layer that forms at the rearward facing flame
holder. It appears that better flame-holding characteristics are achieved when injection
is performed just upstream the cavity leading-edge. The mass addition into the shear layer
tends to increase the mixing properties of this configuration. Simulation of a reacting

flow for the latter injection strategy is then performed. A particular emphasis is placed
upon the issues of ignition in high-speed dual-phase flow. Characteristic flow features
and limitations of this injection approach are examined.

Nomenclature
CFD Computational Fluid Dynamics
LES Large Eddy Simulation
RANS
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Reynolds-Averaged Navier Stokes Simulation

Local grid size

density

Velocity in the ith-direction
Cartesian body axes

Pressure

Stress terms

Coupling force

Sensible Energy

Sensible Enthalpy

Viscous Work

Dissipation

Energy source term

Species Mass fraction

Diffusion Velocity

Chemistry source term for the species
Spray source term for the species
Specific heat for constant pressure
Specific heat for constant volume
Thermal conductivity

Dynamic viscosity

Spray source term for

the turbulent kinetic energy
number of droplets per group

n
m mass of a droplet
\% Droplet velocity
r droplet radius
Re Reynolds number
Pr Prandt]l number
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B Spalding number
Cpb Drag Coefficient
Subscripts

s spray

c Combustion

t Turbulent quantity
d Droplet

i space index (1,2,3)
k species index

f fuel

Superscripts

s9s Subgrid Scale
Overheads

X volume averaged
X Favre averaged

X rate of change

1 Introduction

The successful development of SCRAMJET engines
is essential for the development Single-stage-to-orbit
(SSTO) space planes, as well as for hypersonic air-
crafts. While most of the earlier works were focused
on gaseous hydrogen fueled engines, a significant in-
terest has recently been focused toward the use of
hydrocarbon fuels in SCRAMJET applications (see,
for example!>2). Tt has been shown,® that for a flight
Mach number below 9-10, hydrocarbon fuels present
a viable alternative to hydrogen. The advantage of
higher specific heat of hydrogen fuel is negated by its
low density and the necessity for storage at cryogenic
temperature. Hydrocarbon fuels, on the other hand,
allow significant simplification of fuel system, opera-
tional procedure and provide increased safety. They
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also benefit from an extensive design, manufacturing
and maintenance experience accumulated by aircraft
and missile industry.

An important issue which needs to be addressed in
SCRAMJET design is mixing enhancement since it is
an essential element for the success or failure of su-
personic combustion. Fuel-air mixing is complicated
by a variety of physical and geometrical constraints.
For example, increase in the effective convective Mach
number* reduces the growth of shear layers and hence
inhibits mixing. Geometry constraints mixing as well
since the dimensions of the combustor cannot be ad-
justed to increase mixing. On the other hand, fuel-air
mixing could be enhanced by modifying the injection
process, e.g., ramped injectors,® by creating secondary
(3D) instability in the shear layer® and/or by shock in-
duced shear layer mixing.” All these methods have
their advantages and disadvantages and an optimal
procedure applicable to various combustor Mach num-
ber is still not available.

The above issues are even more complicated when
liquid fuel is employed since fuel spray vaporization
time-scale introduces another variable into the mix-
ing process. Earlier experimental studies at WPAFB®
showed that hydrocarbon combustion at a Mach num-
ber of 2.1 can be achieved by using a ramped cavity
but only when the liquid fuel is preheated to crack the
fuel and to create gaseous hydrocarbons. Fuel-air mix-
ing and combustion when a liquid fuel if injected as is
(i.e., as a spray) are not properly understood at this
time.

Due to the complexity of the physics involved in
SCRAMJIET combustion and the difficulties in exper-
imental investigation of such processes, simulations are
expected to play an ever increasing role in the design
process. In addition to access to flow conditions and
flow features which can not be readily obtained exper-
imentally, CFD can greatly reduce the length and cost
of the design cycle, due to the continuous advances
in computer technology and the development of more
sophisticated flow simulation software.

However, conventional CFD techniques such as
Reynolds-Averaged Navier Stokes (RANS) approaches
have failed in the past to resolve many of the is-
sues related to SCRAMJET fuel-air mixing, since this
is primarily an unsteady phenomenon. A promising
technique for predicting the effects of turbulence in
flows of technological interest is Large Eddy Simula-
tion (LES).% !0 In LES, all scales larger than the grid
is modeled using a space and time accurate scheme
and only the small scales are modeled using a sub-
grid model that is considered relatively universal. The
direct computation of the large, energy-containing ed-
dies (which are geometry and flow dependent features)
gives LES more generality than the RANS. The com-
putational cost of LES, although significant is fast
becoming reasonable on massively parallel computers,

especially on PC based Linux clusters.

This paper reports on some recent LES studies of
mixing and combustion of hydrocarbon liquid fuel in
the flow field over a ramped cavity. The configuration
adopted, as well as the inflow conditions, correspond as
much as possible to the actual facility and the test con-
ditions in the AFRL/PRSC Supersonic Combustion
Research Facility.!!»128 The influence of the injector
location, and of the droplet size distribution on the
mixing, dynamics of the flow, and on the combustion
efficiency is investigated.

2 Formulation
2.1 LES Governing Equations

The governing equations for LES are obtained by
applying a spatial filter (based on the local grid size
A) to the compressible Navier-Stokes equations for the
mass, momentum, internal energy, and species conser-
vation. Favre averaging, commonly used in the study
of compressible flow, is defined by f = pf/p, where the
over-line stands for volume averaging. The resulting
equations are given by:

(2 + %4 =,
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where p*, F¥, Q® and S,k are respectively, the source
terms from the spray evaporation for mass, momen-
tum, energy, and species (these terms will be explicitly

described in 2.2), and Q. and Wy, are source terms from
the chemistry.

The quantity e is the filtered internal sensible en-
ergy, computed as € = ZkN;I [coYiT]. A transport
equation for the internal sensible energy rather than
for the total energy, is adopted here for supersonic
flows since the amount of kinetic energy in total en-
ergy is very large and dominates the budget of the
total energy equation. Consequently, numerical errors
in internal energy can be significant.

Perfect gas is assumed, with a constant specific
heats ratio of 1.4. Both the viscosity and the ther-
mal conductivity of the species were approximated by
a Sutherland law. The heat flux term is written in the
following form:

or Q.
§i = —F > ViV
ai n@wi+p; kY Vik

The diffusion velocities are approximated using Fick-

ian diffusion as V; = (—Dy/Yy)(8Y)/0z;) where
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pressure diffusion (Dufour) and temperature diffusion
(Soret) effects are neglected.

Several terms in the LES equations require closure.
Here, a closure based on a transport model for the
subgrid kinetic energy k®9° is used to close the mo-
mentum and energy subgrid fluxes. In this approach,
a one-equation model for k%9%:

apk*s* D .
s : 598 — 2
& (v Ok9°
Ps9s _ s9s F
+ 6.%', (Prt 6.%', ) t 5

is solved along with the LES equations. Here, F}, is the
work done due to the two-phase coupling force term
Fs,Z This term is defined in 2.2. 14 is the turbulent
viscosity and Pr; is the turbulent Prandtl number. v,
the turbulent viscosity, P%9%, the subgrid kinetic en-
ergy production and D?9%, the subgrid kinetic energy
dissipation, are given by:

v = CVE9 A (3)
ou;
ps9s = e 2l
i g, 4)
_ (ksgs)S
DSQS = CE —_— 5
= (5)

The subgrid stresses and energy flux are then closed
as follows:

898 _ (g lo— 2_ sgs
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where h is the sensible enthalpy. The subgrid viscous
work, 07%%, that appears in the filtered energy equa-
tion, is neglected, based on the earlier work of Kim et
al.'® In the above closure, two model coefficients C,
and C, appear. Currently, we employ constant values
of 0.067 and 0.916 for these constants based on earlier
evaluation of these parameters.!* A localized dynamic
approach (LDKM) has also been developed!® to com-
pute these coefficients as a part of the solution. This
approach is currently under evaluation for supersonic
combustion,'® and is used here for a non-reacting mix-
ing case in the present study.

2.2 Continuum/Dispersed Phase Coupling

The volume averaged inter-phase source terms that
appear on the right hand side of the LES equations (1)
are given by:!7
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These terms are computed as follows:18:19
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In all the expressions that follow, subscript d refers to
droplet quantities. Here, pq, Vg, i 4, €14, and Yy q
are the density, volume, “i-th” component of the ve-
locity, total energy and species mass fraction of the
droplets, respectively and n4 is the number of droplets
in a group. The summation index “m” is over all the
droplets crossing a LES cell volume. The influence
of the liquid phase on the k°9% transport equation is
modeled as:

Fy =< u;iFy; > —;Fy;

where the angled brackets stand for ensemble averag-
ing over the droplets contained within the considered
LES cell, and wu; is a corrected gas phase velocity,
taking the subgrid fluctuations into account. This
approach is described in section 2.4. These parame-
ters are obtained by explicit modeling of the dispersed
phase, as discussed below.

2.3 Dispersed Phase Modeling Assumptions

The present LES approach employs a Lagrangian
approach,'?>20 since the ability to include droplet size
effects (which directly impacts evaporation, fuel-air
mixing and hence, combustion), is considered very
important for accurate prediction. Solving for the par-
ticle evolution in space and time within the gas field
can be computationally expensive if a large number of
particles have to be tracked. Therefore, a sampling
technique is employed, whereby characteristic groups
of droplets are represented as “computational parcels”.
Each of these computational parcels represents a group
of particles, all having identical size, location, veloc-
ity and temperature. For completeness, some of the
assumptions used in the dispersed phase modeling are
presented here, although more details can be found
elsewhere.!8

The spray field simulated here is assumed to be
dilute. The dilute spray approximation implies that
while particles interact with the gas phase, direct in-
teraction between drops can be neglected. The di-
lute spray approximation also precludes the inclusion
of droplet breakup effects and coalescence processes
(which might be significant in a dense spray situa-
tion). This implies that the present model is not
suitable for simulating the near field of the liquid at-
omizers/injectors where the droplet collisions are high.
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The droplet is assumed to be spherical in this for-
mulation. It is known that moving droplets tend to
deform; however, the drag correlations (used in the
present model) implicitly incorporate this effect and
treats the droplets as equivalent spheres. The pressure
at the location of the droplet is assumed to be constant
during its interaction with the gas phase and equal to
the local ambient pressure. This assumption is satis-
factory, except at very low pressure. Diffusivities in
the liquid and circulation velocity inside the droplet
are assumed to be negligible. This is valid, when
the size of the droplets are small (which is applica-
ble for the present simulations). All external forces on
the droplet such as, gravity, Coriolis, centrifugal, and
Basset force, and virtual mass effect are neglected.'®
These approximations are valid, when the liquid-gas
density ratio (pg/p >> 1) is very high (which is valid
here).

2.4 Equations for the dispersed phase

In modeling the spray field, it is assumed that the
Kolmogorov scale is of the same order or larger than
the largest droplets (= 40um) in the spray field. For
such a situation, the interaction between gas and lig-
uid phases is dominated by laminar fluid dynamics.
Given these assumptions, the governing equations for
the dispersed phase, (following Oefelein and Yang!”)
are given by:

dzia  _

dt = Uid (8)
du; q _ 3 CpuRey

dt - 16 pd"% (us Uz,d) 9)

Here, u; 4 is the i-th component of the droplet veloc-
ity, pq is the droplet density and r4 is the radius of the
droplet. Rey is the droplet Reynolds number defined
as Red = \/(u,’ — ui,d)(ui — ui,d)dd/ll, where CD is the
drag coefficient. The drag coefficient is obtained from
empirical correlations for evaporating droplets (assum-
ing that they retain the spherical shape). This results
in the following expression for C' :l8

Cp = { 24 (1 4+ 1Re2®)  for Req <1000

Reg
0.424 for Reg > 1000

The effect of turbulence on the droplet motion
is simulated using the Stochastic Separated Flow
model.'® The stochastic dispersion of droplets due
to turbulent motion is incorporated by representing
the gas phase velocity at particle location as u; =
; + X /2k%9% /3, where X is a random number sam-
pled from a uniform distribution (with zero mean).
Note that, particles are not restricted to lie on the Eu-
lerian grid points where the gas-phase properties are
known. Therefore, an interpolation function S, of the

following general form
$(xa) =Y S(wa,zc) ()

is used to estimate the gas phase properties at the par-
ticle location. Here, . is the Eulerian grid cell center
and ¢ is any gas phase property known at the posi-
tion z.. An eight-point, volume-weighted averaging of
the adjacent cells is used to interpolate the gas phase
properties to the droplet locations, and also for the re-
distribution of the spray source terms from the particle
position to the Eulerian grid (gas phase).

2.4.1 Droplet Mass Transfer:

The equation governing the mass conservation for
the droplet is given by

dmd

dt
where the mass of the particle is given by mg =
(4/3)mr3pq and miq is the net mass transfer rate for
a droplet in a convective flow field given by

1.232

=1+ [0.278/ResSc /D /[1 + Wim))]“/”
Here, Rey—¢ is the Reynolds number for the droplet
at rest. The governing equation for mass trans-
fer under quiescent condition reduces to Mmpe,=0 =
2wpsDgmdgln(l + Byr) where ps and Dy, respec-
tively, are the gas mixture density and the mixture
diffusion coefficient at the droplet surface. Also, By,
is the Spalding number given by!?

By = Ffs = Vo)
(1-Y%,)
Here, Yy, is the fuel mass fraction at the droplet sur-

face, Yy o is the fuel mass fraction in the ambient gas,
and

= —Mig (10)

mq

mRCd:O

Xy Wy

Y;, =
T = X Wi + (1= Xp5)Wa

where W, is the molecular weight of the gas (excluding
fuel vapor), Wy is the molecular weight of the fuel
and Xy, is the mole-fraction of the fuel at the droplet
surface. The mole-fraction Xy, is obtained from the
Raoult’s law,!? which assumes that the mole-fraction
at the droplet surface is equal to the ratio of the partial
pressure of the fuel vapor (p,,) to the total pressure.
For the present spray calculations, the partial pressure
of the fuel vapor is computed based on the following
empirical correlation?!

() = T

where © = 1 — [T/T¢], and T, and p. are the critical
temperature and critical pressure of the fuel vapor,
respectively. The coeflicients P,,, Py,, Py, Py, for a
given fuel vapor can be found elsewhere.?!

[Py, & + Py,x® + Pyyz*® + P, 2°]
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2.4.2 Droplet Internal Temperature:

As a single droplet enters a hot environment, a small
region of the droplet near the surface will heat up
quickly while the central core of the droplet remains
“cold”. The heat conduction to its interior increases
as the droplet penetrates further into the hot am-
bient gas. Eventually, the temperature within the
droplet will become nearly uniform before the end of
its lifetime. solving this transient phenomena within
a droplet is not trivial, and various models have been
proposed!'® of which the simplest is the uniform tem-
perature model. In this model, the thermal conductiv-
ity is assumed infinite inside the liquid and therefore,
the bulk liquid temperature is same as the surface tem-
perature. However, the species mass fraction is allowed
to be different from the bulk liquid and the ambient
condition.

The equation governing the internal temperature
distribution based on this uniform temperature model
is

de ,d% = hdﬂdg(f - Td) - mdAhv

where Ah, is the enthalpy of vaporization which is the
energy required to vaporize one mole of liquid compo-
nent into a gaseous mixture at a given temperature
and pressure. Note that, this is not same as the la-
tent heat of vaporization which represents the energy
required to vaporize one mole of pure liquid in its own
vapor at a given temperature and saturation pressure,
Psat(Tq). The heat transfer coefficient, hy for a droplet
in a convective flow field with mass transfer is mod-
eled following the proposed correlation of Faeth and
Lazaar?? :

ha
hRed:o

= 1+ 0.278\/ RedPT(l/S)/[l + W
Here, the heat transfer coefficient at quiescent condi-
tion is hge,—0 = Nupge,—o%/dq where the Nug,,—¢ is
the Nusselt’s number at quiescent conditions given by
Nuge,_, = 2ln(afa — 1), where a = (1 + By )ke™
and Le is the Lewis number of the gas mixture eval-
uated using the Schmidt number and Prandtl number
as Le = Sc/Pr.

2.5 Heptane/Air Chemistry

In order to simulate the heptane-air combustion, a
single-step mechanism, developed by C.K. Westbrook
and F.L. Dryer?® is used. The global mechanism is
described by:

CyHyg + 1105 — 7C O + 8H,0O (11)

This reaction is assumed to follow an Arrhenius law,
given by:

@y, = kf[CrHig)"?*[02]"°

1
kf = 5.11’101161'])(—%)

1232

- 3,0.75
where k; isin (22)7 7L

A conventional closure based on the subgrid Eddy
Break-Up (EBU) model is employed. In this ap-
proach the filtered reaction rate is controlled by the
turbulent timescales of the flow, corresponding to the
subgrid scalar mixing rate. Reaction then occurs
at the smallest of the time scale for mixing and re-
action. The turbulent timescale was estimated by

Tmiz = CEBUZ/V 2ks9s,
3 Numerical Methods

The governing equations are solved using a finite-
volume predictor-corrector scheme that is nominally
second-order accurate in space and time. A fourth-
order accurate scheme is also available but is not em-
ployed here. The central scheme used is not resistant
to high-frequency oscillations appearing near shock-
waves. In order to suppress spurious oscillations, a
Total Variation Diminishing (TVD) type of artificial
dissipation was added to the base scheme. The semi-
discretized scheme takes the form:

d
prt
With a;y1/2 the eigenvalue of the considered variable,
and given the different quantities:

ViikUijk) + Qijk — Diji, =0

E+1/2 = miand(AUi+1/2,AUi_1/2) +
miand(AUi+1/2, AUi+3/2) - AU,H_l/Q
At
L
lz| ~ for lz[>d
P(z) = { z2-(i5-151 for |z| <&

the dissipation term is computed as:

diy1/2 = —[¢(ai+1/2)AUi+1/2 +
()\/3((1141/2)2 - ¢(ai+1/2))Fi+1/2]

where f = 1. This TVD limiter corresponds to the
explicit symmetric scheme of Davis.?*

Fully supersonic (Dirichlet) conditions are imposed
at the inflow, and supersonic outflow is used: extrap-
olation is applied for supersonic outflow (Neumann
Boundary Conditions). Impermeable, slip wall bound-
ary conditions are used for the top wall, while no-slip
conditions are enforced along each side of the step, and
at the bottom wall. Periodic boundaries are set for the
spanwise direction.

4 Results and Discussion
4.1 Test case

As mentioned previously, the configuration chosen
is identical to the research facility at WPAFRL.1112:8
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The free stream airflow has a total temperature of 950
K, a total pressure of 390 kPa, and a Mach number of
1.8.

For this study, only a small spanwise section of
the combustor is studied. The cavity has a depth of
0.00207m, an L/D ratio of 4.8, and an aft-ramp an-
gle of 22 degrees. The domain of dimension 0.27m x
0.073m x 0.012m is discretized using 343x159x13 cells.
A higher clustering of grid cells is employed close to
the walls and in the shear layer. The computational
grid is shown in Fig. 1.

To understand and to quantify the mixing of a given
injection case two injection locations have been stud-
ied: (a) Injection on the step, 0.045m upstream the
cavity leading edge, normal to the free stream, see
Fig. 2 a), and (b) Injection from the cavity rear-wall,
0.002m below the step corner, at 45 degrees from the
free stream, see Fig. 3 a). The first configuration is
similar to the experimental setup.

For all the cases, the spray half angle is chosen to
be 25 degrees, and the droplets have a constant radius
of 25 wm. The velocity of the particles is also set at a
constant value of 50 m/s.

4.2 Spray evaporation and fuel-air mixing

In the bottom wall injection case, the cold droplets
are injected within the incoming boundary layer,
where stagnation temperature is almost recovered. A
high evaporation rate then takes place in the first pe-
riod of the droplet lifetime. This blockage results in
the creation of a weak shock, and a local separated re-
gion appears just upstream the spray injection point,
as seen in Fig. 2 c).

Another consequence of the high initial evaporation
rate is that the equivalence ratio peaks in the boundary
layer, and these highly concentrated spots are con-
vected downstream. Mixing takes place within the
shear layer above the cavity, and consequently, as is
apparent in Fig. 4, where equivalence ratio profiles
along the cavity are shown, a mean equivalence ratio
of 0.35 resides inside the cavity.

Simultaneously, the particles leave the hot boundary
layer region, and penetrate into the free stream. The
expansion due to the particles/gas coupling during the
evaporation process results in the formation of a weak
shock, a subsequent increase in static temperature and
evaporation/mixing is thus enhanced in a second re-
gion, above the shear layer. This configuration shows
interesting features for flame-holding capabilities: pen-
etration of the fuel in the freestream is observed, while
a significant amount of fuel is supplied to the cavity,
so initiating reaction from the cavity heat reservoir to
the freestream should be possible.

When the spray is injected directly into the cav-
ity the particles are directly introduced into the hot
pool formed by the cavity. A high evaporation rate
is again observed at the beginning of the droplet life-

time. Indeed, the mean temperature in the cavity is
close to the stagnation temperature of the incoming
airflow. The angle of injection was chosen so that the
particles quickly penetrate the freestream. Most of the
evaporated fuel gets into the shear layer, and into the
freestream.

As a consequence of this quick penetration in the
airflow, very little gaseous fuel gets into the cavity, as
can be seen in Fig. 4, where equivalence ratio profiles
are compared to the bottom-wall injection configura-
tion. The bottom wall injection case shows a better
ability to increase the presence of the fuel in the free
stream.

Injection inside the cavity results in a significant
reduction of the ”trapped vortex” size. The time-
averaged vector field inside the cavity is shown in Fig.
5 for the non-injecting configuration, and in Fig. 3 c)
for the cavity injection. Without injection, the vortex
diameter is about the cavity depth, whereas with injec-
tion inside the cavity, the vortex is compressed along
the lower wall of the cavity, and very little interaction
with the shear layer is observed.

4.3 Turbulent motion and flow dynamics

Profiles of the LES resolved axial turbulence inten-
sity u'u’ and Reynolds stress u/v’ are shown in Figs.
6 and 7, respectively for a base case without injection
(reference case), and for both the bottom-wall and cav-
ity injection configurations.

The reference case shows a peak in axial turbulence
intensity emerging from the boundary layer on the
step, that grows in the shear layer formed above the
cavity. The anisotropic part shows the same trend.
The effect of the bottom wall injection on the turbulent
motions is to increase significantly these turbulent lev-
els all along the shear layer. Also, a significant amount
of turbulence is added to the freestream, which seems
to diffuse as convected downstream.

A very high level of turbulence is generated along the
ramp of the cavity. The flow dynamics show a small
amplitude flapping of the shear layer, that periodically
impinges on the aft-ramp, and results in mass entrain-
ment from the cavity into the freestream. A sequence
of numerical shadowgraph pictures of the flowfield is
shown in Fig. 8, where the part of the shear layer
close to the cavity trailing-edge is observed to flap.
The freestream motion (i.e., the shock location and
motion) as well as the cavity flow are affected during
this process.

In the case of cavity injection, it is seen that the
level of w'u’ is slightly increased in the shear layer re-
gion, and that a new peak of turbulence appears in
the freestream, in the wake of the spray. However,
the anisotropic part is not much affected by the spray.
In general, regions of gradient and counter-gradient
transport (in the mean sense) are seen in the u'v’ at
the edges of the shear layer and in the cavity. In con-
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trast, a conventional RANS approach will impose a
gradient transport closure at all locations and thereby
fail to capture the counter-gradient effect.

4.4 Combustion results

Injection was set at the bottom wall only, in a similar
manner to the mixing configuration described previ-
ously. The global equivalence ratio, based on a total
evaporation of the droplets assumption, was 0.92.

4.4.1 Ignition

In order to initiate combustion in the experiments,
Mathur et al® used an air throttle downstream of the
cavity in order to generate a pre-combustion shock
train that facilitates ignition of the liquid fuel in the
combustor. Turning the air throttle off would lead to
a stable and continuous combustion if the heat release
was high enough.

A hot environment is indeed necessary for a fast
evaporation of the droplets to occur, and a fast evap-
oration is in turn necessary for a high heat release to
take place. Ignition of a supersonic dual-phase system
is a critical issue.

In this simulation, a few ignition approaches have
been tested. The use of an instantaneous infinite-rate
chemistry was first tested. This approach resulted in
hot regions along the jet path which enhanced the
evaporation. However, mixing was not achieved, and
reaction would not stabilize. The use of infinite-rate
on a longer simulation time was not found to be ef-
ficient either. The waves generated by this method
would disturb significantly the flow.

The approach adopted was then to let the mixing
timescale dominate the chemistry in the EBU ap-
proach for a simulation time of one flow through time.
A smooth ignition was then reached.

4.4.2 Bottom wall injection

After ignition continuous combustion could be
reached by adjusting the C'g gy, defined in section 2.5,
to a value lower than unity (0.1). Temperature, COs
and vorticity fields are shown in Fig. 9.

A reverse flow is observed at the edge of the
step, that brings hot products upstream the cavity.
Comparison of velocity profiles for reacting and non-
reacting cases is shown in Fig 10. The reverse flow is
identified at the edge of the step, and the re-circulation
region appears to extend further into the freestream
when reaction occurs. Higher levels of kinetic energy
are observed inside the cavity when the flow is react-
ing.

The boundary layer, fuel-rich, separates due to the
reverse flow, and reaction is initiated in this separated
region. The droplets penetrate the hot shear layer,
and evaporate. Part of the reaction products get into
the cavity.

The shock created by the injection and by the sepa-
ration of the boundary layer reflects on the top wall of

the combustor, and bends the shear layer down. The
reaction zone is then confined in the lower part of the
domain. Moreover, only 40% of the droplets is evapo-
rated at the domain outflow.

Overall, a poor efficiency is observed for this config-
uration. The dynamics of the flow prevent the com-
bustion zone from extending up to the upper wall of
the combustor, and the droplets are partly evaporated
only when they leave the domain. A better mixing
between air and fuel should then be achieved when
injection is done both at the top and bottom walls.

5 Conclusion

A numerical study of a dual-phase model SCRAM-
JET engine was carried out. Two injection options
have been compared in terms of species mixing, turbu-
lence generation and flow dynamics. The most suitable
to flame-holding, injector on the bottom wall, up-
stream the cavity, was then ignited, and combustion
characteristics were identified. The lack in efficiency
of a single injector configuration was pointed out.

The current LES approach shows good capturing of
the flow features. A better simulation of the spray
mixing and combustion could however be achieved
by using more sophisticated subgrid mixing model-
ing, and more detailed finite-rate kinetics. The Linear
Eddy Model (LEM) was shown to be an accurate and
powerful mixing model, and very good prediction for
mixing?® and combustion®® in supersonic flows were
reached using this approach.
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Fig. 2 Flowfield for bottom wall injection.
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Fig. 9 Instantaneous flowfields for the reacting
system, bottom wall injection
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Fig. 10 Velocity profiles along the cavity.
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