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In this numerical study, supersonic combustion of kerosene in three model combustor configurations is
investigated. To this end, 3-D, compressible, turbulent, nonreacting, and reacting flow calculations with a single step
chemistry model have been carried out. For the nonreacting flow calculations, the droplet diameter distribution at
different axial locations, variation of the Sauter mean diameter, and the mixing efficiency for three injection
pressures are presented and discussed. In addition, the effect of turbulent dispersion on the mixing efficiency is
studied using a stochastic model in conjunction with the two-equation shear stress transport k- turbulence model.
For the reacting flow calculations, contours of heat release and axial velocity at several axial locations are used to
identify regions of heat release inside the combustor. Combustion efficiency predicted by the present results is
compared with earlier predictions for all the combustor models. Furthermore, the predicted variation of static
pressure along the combustor top wall is compared with experimental data reported in the literature. Calculations
show that the penetration and spreading of the fuel increases with an increase in the injection pressure. Predicted
values of the combustion efficiency are more realistic when the spray model is used for modelling the injection of the
fuel. The importance of the mixing process, especially for a liquid fuel such as kerosene, on the prediction of heat

release is discussed in detail.

1. Introduction

ENEWED interest in hypersonic flights has motivated research

efforts toward developing a supersonic combustion ramjet
(scramjet) engine. Supersonic combustion is the key enabling
technology for sustained hypersonic flights. In scramjet engines, the
combustor length is typically of the order of 1 m and the residence
time of the fuel-air mixture is of the order of a millisecond (for
flight Mach numbers M = 6 to 8). Beyond M = 10, fuel has to be
injected in the mainstream direction as the momentum of the fuel
jet considerably augments the overall thrust. However, at lower
hypersonic regimes (M < 8), transverse fuel injection has proven to
have a higher penetration into the core flow. Nevertheless, because
the fuel is injected into a supersonic flow, the mixing process is
highly inefficient, especially in the case of a liquid fuel such as
kerosene, which has to atomize and evaporate before mixing. This,
in turn, demands longer residence times for better mixing at higher
velocities and, hence, a longer combustor. However, a short com-
bustor is desirable from the consideration of the thrust-to-drag ratio
of an engine, because it is approximately proportionate to the ratio of
the combustor diameter to the length [1]. Moreover, in compact
engines, the combustor diameter is usually small, and so the length
has to be scaled accordingly. All these constraints demand a better
mixing strategy at supersonic speeds within a short combustor
length.

Over the years several fuel-injection strategies, such as strut, wall,
and ramp, and several flame-holding strategies, such as rearward-
facing step and cavities of different configurations, have been
proposed and extensively studied. Though efficient mixing is the
objective in all these injection strategies, the total pressure loss and
drag (resulting in overall thrust loss) associated with these devices
must be within acceptable limits before they can be implemented in
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scramjet engines. The total pressure loss associated with recessed
cavities is less than that of other flame holders that obstruct the
flowfield. They are also attractive from a functional perspective
because they can serve as integrated fuel-injection and flame-holding
devices, which can hold stable flames over a wide range of operating
conditions, as encountered in dual-mode scramjets. Cavities can be
classified broadly as being acoustically open or closed, of which
open-type cavities have been shown to have moderate drag penalty as
compared with closed cavities [1]. In combustor systems, cavities
have been shown to substantially increase the mixing rate and, in
turn, the volumetric heat release [1]. Further, cavities with an inclined
aft wall and cavities in tandem were shown to have efficient
volumetric heat release [1,2]. In addition, direct cavity fuelling has
proven to be more efficient than passive injection schemes in the
recent past [3]. However, the direct fuelling technique may further
complicate the process of controlling the cavity entrainment and may
be undesirable from that perspective.

Numerous experiments have been carried out to study the effect of
cavity geometric parameters, namely cavity length-to-depth ratio,
offset ratio, and aft-wall angle and other parameters, such as injection
pressure, injection location, passive and direct fuelling, and back
pressure on the mixing and combustion characteristics of gaseous
fuels like ethylene and hydrogen. In general, gaseous fuels, espe-
cially hydrogen, are preferred over liquid hydrocarbon fuels because
evaporation of the fuel is not necessary and, in addition, their
diffusivity is higher. However, for lower hypersonic flight regime
(M < 8), which is of current interest, a liquid hydrocarbon fuel such
as aviation kerosene is desirable owing to its high volumetric energy
content and ease of handling. However, there are very few studies
devoted to the understanding of fuel-air mixing and combustion
phenomena of kerosene fuel. A brief review of the studies on the
mixing and combustion characteristics of kerosene in the presence of
cavities is presented next.

In a supersonic airstream, the effect of three different mixing
schemes, namely rearward-facing step (baseline), modified rearward
step with bevelled edges, and rearward-facing step along with a
wedge placed downstream, on kerosene combustion was studied
experimentally by Owens et al. [4]. Kerosene was injected down-
stream of the step in all the experiments, and the wedge was shown to
enhance the mixing process. The rearward-facing step with bevelled
edges yielded the maximum combustion efficiency due to vortex-
enhanced mixing. Later, in the same configurations, the effect of air
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stagnation temperature, modulation of kerosene flow rate, and pilot
hydrogen flow rate on flame stabilization were studied by injecting
kerosene into the boundary layer upstream of the step [5]. At higher
stagnation temperatures, preinjection of kerosene was shown to have
a detrimental effect on flame stabilization. Further, modulation of the
fuel flow rate resulted in minimal entrainment of core flow into the
cavity, which resulted in a hydrogen-rich mixture inside the cavity
and, hence, flame extinction. However, a reduction in the pilot
hydrogen flow rate also resulted in flame extinction, in contrast to the
finding of Vinogradov et al. [6].

The effect of kerosene spray without and with barbotage (using
H,) on the combustion characteristics in a model supersonic
combustor was investigated by Gruenig and Mayinger [7].
Kerosene—-H, mixture was shown to have better dispersion and
produced fine droplets in the vicinity of the injector compared
with a pure kerosene spray. Also, the mechanisms for self-ignition
and combustion were studied at different combustor inlet air
temperatures with hydrogen as well as kerosene. For hydrogen
combustion, the self-ignition temperature was identified as the
crucial parameter whereas for hydrocarbon combustion, self-ignition
delay was shown to govern the combustion process. Furthermore, the
fuel-specific combustion phenomena was explained through a gas
dynamic feedback mechanism, which was reported to have a
significant impact on kerosene combustion.

Similarly, Yu et al. [8] experimentally investigated the ignition
and combustion characteristics of a pure kerosene spray along with
pilot hydrogen in a model supersonic combustor. Various cavity
module configurations with different pilot injection schemes were
investigated. The fuel penetration and spreading rate was shown to
increase by 30% with increase in injection pressure from 2.5 to
4.5 MPa. Cavity length and depth were shown to have a significant
influence on the ignition and flame-holding characteristics. A local
high temperature zone was shown to exist within the cavity, which
assisted in flame-holding, and high combustion efficiency was
achieved by using pilot hydrogen in conjunction with a recessed
cavity configuration. Further, cavities in tandem were shown to be
more effective in flame holding compared with a single cavity,
requiring the lowest pilot hydrogen equivalence ratio. Later, the
enhancement of stabilization and combustion using barbotaged (with
air and H,) kerosene was investigated [9] and compared with that of a
pure kerosene spray. Barbotaging with hydrogen gas enhanced the
combustion process by about 15-20%. However, this was influenced
strongly by the conditions of effervescent atomization. Also, the
injection location and scheme were shown to have a significant effect
on the minimum pilot hydrogen equivalence ratio required for
sustained combustion. In addition, vaporized kerosene was shown
to have the potential of enhancing the fuel-air mixing [10]. Thus,
supercritical (preheated) kerosene enhanced the combustion
process by about 10-15% compared with pure kerosene, but the
enhancement was marginal when compared with barbotaged
kerosene.

Dufour and Bouchez [11] numerically investigated the com-
bustion characteristics of kerosene injected from struts in a generic
scramjet combustor. The predictions of wall static pressure profiles
compared reasonably well with that of experimental data. Com-
bustion efficiency was reported to be low due to the inefficient
mixing of fuel and air. Numerical simulations of kerosene com-
bustion in a dual-mode supersonic combustor were carried out by
Rajasekaran and Babu [12]. Fuel was injected from wall-mounted
injectors for the first stage and ramp based injectors for the second
stage. The numerical calculations were able to predict the overall
pressure rise reasonably well for both wall and ramp injection
schemes. The over-prediction of pressure rise and heat release was
attributed to the inadequacy of the single step chemistry to model
complex hydrocarbon combustion.

Recently, Rajasekaran et al. [13] numerically investigated the
effect of three different wall-mounted recessed cavity configurations
on combustion characteristics of kerosene in a model supersonic
combustor. Details of the flowfield, such as shocks, expansion fans,
and flow separation inside the combustor, were predicted well.
Further, the overall wall static pressure predictions were shown to

agree reasonably well with experimental data. The success in
predicting the overall pressure rise, which is crucial for designing a
combustor, within acceptable limits in model combustors showed the
capability of the numerical simulations for modelling kerosene
combustion. This led Rajasekaran and Babu [14] to extend the
numerical simulations to a full-scale concept combustor. In this
study, from the baseline calculations, the ramp structure was shown
to be very efficient for mixing. Further, based on preliminary results,
the combustor design was improved by adjusting the location of
ramps to enhance the lateral mixing and, in turn, the spread of heat
release. Also, the wall divergence was increased to accommodate
higher heat release. A CFD based design study for full-scale
combustor designs has been reported recently by Manna et al [15].
They used the two-equation k-€ model for modelling turbulence. The
eddy dissipation approach in conjunction with the mixed-is-burnt
assumption was used for modelling the heat release and four strut-
based combustor designs were investigated.

In all the preceding numerical simulations, the fuel injectors were
modeled as surface injectors injecting droplets of constant diameter
and the dispersion of the droplet trajectories due to the turbulent
fluctuations of the continuous phase was ignored. These issues can
be considered to be significant shortcomings from the injection
modelling side. Also, the single-step chemistry can be identified as a
major shortcoming from the chemical kinetics side. With these
shortcomings in mind, the former issue has been addressed in this
work by modelling the injection as a spray (which is more realistic),
wherein the liquid fuel jet is disintegrated into fine droplets, and the
droplet diameter is not constant but obeys a Rosin—Rammler
distribution. This also increases the number and spread of the fuel
streams and, in turn, the heat release. In the present work, the
numerical simulations have been carried out to investigate the effect
of the spray model on the mixing and combustion characteristics
of kerosene in a model combustor with three different cavity
configurations. The effect of injection pressure on the penetration of
the fuel stream has been studied with different injection pressures.
All the calculations have been performed using Fluent.

II. Computational Methodology

The supersonic model combustor considered in the present work is
the same as the model experimentally studied by Yu et al. [8] and is
shown in Fig. 1. It consists of three sections, a nearly constant area
(section I) of length 0.266 m (with a 1 deg divergence for boundary-
layer correction) followed by two expansion sections (Il and III). The
first expansion section (II) is 0.3 m long and has a 3 deg divergence,
whereas the second expansion section (III) is 0.336 m long with 4 deg
divergence. The section of the combustor is 0.0305 x 0.03 m at
the entry and 0.07 x 0.03 m at the exit. The combustor has a
detachable cavity module (to accommodate different cavity lengths
and aft-wall angles) in section I. Three cavity configurations (named
as models 1a, 1c, and 1d by Yu et al. [8]) of varying cavity lengths
(45 and 61 mm) and aft-wall angles (15 and 45 deg) are studied in the
present work. All the cavity configurations are the open type with a
cavity module depth (denoted by #) of 8 mm. Kerosene fuel is
injected at 300 K from five fuel-injection ports (each of 0.4 mm in
diameter), located on the cavity ceiling and floor near the trailing
edge of the cavity (at 5/ in model 1a and 7/ in models 1c and 1d from
the cavity leading edge). Because all the present calculations have
been carried out on a quarter geometry based on symmetry
consideration, fuel is injected only from two and a half injection
ports. The details of the three cavity configurations, and the

Fig. 1 Schematic of the model supersonic combustor [8].
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Table 1 Combustor Details and Inlet Conditions

Model Cavity length, m Aft-wall angle Tointer> K Py iniers MPa Equivalence ratio ¢
la 0.045 45 deg 1720 1.35 0.43
Ic 0.061 15 deg 1730 1.30 0.44
1d 0.061 45 deg 1710 1.41 0.47

corresponding inlet stagnation conditions and equivalence ratio are
given in Table 1.

Vitiated air (with the mass fractions of O,, H,0O, and N, being 0.2,
0.134, and 0.666, respectively) enters the facility nozzle. The flow is
accelerated to a nominal Mach number of 2.5 as it enters the
combustor. The flow in the nozzle has also been simulated to capture
the boundary layer on the walls accurately and to match the
experimental combustor inlet conditions. In the simulations, three-
dimensional, compressible, and turbulent Favre-averaged Navier—
Stokes equations are solved along with the species conservation
equation for the continuous phase. The calculations have been
carried out primarily using the one-equation, Spalart—Allmaras (SA)
model [16] but some calculations used the two-equation, SST (shear
stress transport) k- model [17]. The motivation for using two
different turbulence models is explained later. The SA model is a
relatively simple and well-established model for aerospace
applications, specifically for wall bounded flows. In this model, a
separate transport equation for turbulent kinematic viscosity v, is
solved. The SA model with default model constants (Cj,; = 0.1355,
Cp,=0.622,C,, =71,Cyp =0.3C,3 =2.0,and k = 0.4187) has
been used here. This model has been successfully used for modelling
supersonic combustion of hydrogen [18]. The turbulent Schmidt
number and Prandtl number are taken to be equal to 0.7 and 0.667,
respectively. Sensitivity of the numerical predictions to the turbulent
Schmidt number for ethylene [19] and hydrogen [20] fuel has been
investigated already. The SST k-w model is a hybrid of the standard
k-€ and the k-w models. This model is essentially a standard k-w
model near solid surfaces, which gradually switches to the standard
high Reynolds number k-e model away from solid surfaces. This
feature combines the near-wall robustness of the k- turbulence
model with the capabilities of the k-€ model away from the walls. It
also includes the effect of turbulent shear stress transport based on
Bradshaw’s [21] assumption that the shear stress in a boundary layer
is proportional to the turbulent kinetic energy. This modification
improves the ability of this model to predict the flow separation better
than the k-¢ model. This model with default closure coefficients
(a5 =1, ay, = 0.52, B, =0.09, Ry =8, and {* = 1.5) has been
used in this study.

In an earlier investigation [13], the fuel injectors were modeled as
surface injectors, wherein droplets are injected from each discretized
face of the injector. Because the injector dimension is usually very
small compared with the dimensions of the combustor, very fine
meshing is necessary to have at least a few facets on the injection
surface. The number of discretized faces varied from 6-8 for the
various injectors [13]. Meshing the volume containing the injector
face and blending it smoothly (i.e., with acceptable skewness of the
cells) with the mesh in the surrounding volumes is usually a
formidable task. Although it is possible to prescribe a distribution for
the droplet diameter in the surface injection model, it is somewhat
unrealistic to do so when the number of streams are so few. Hence, in
the previous calculation using the surface injection model, the
droplets were injected with a uniform diameter. This shortcoming
was identified to result in excessive heat release locally and, thus,
unreasonably high temperatures [13]. In the present work, this
shortcoming and the difficulty with the meshing have been addressed
by using a spray model.

Kerosene fuel is injected in the transverse direction (i.e., normal to
the supersonic core flow) as a hollow cone spray (emanating from a
simplex atomizer). The simplex atomizer model used here uses the
linear instability sheet atomization (LISA) model proposed by
Schmidt et al. [22]. In this model, the internal flowfield of the injector
is not modeled separately as it is computationally too expensive for a
three-dimensional calculation such as the present calculation and

also due to the proprietary nature of the internal geometry details.
Hence, a zero-dimensional model was used by Schmidt et al. [22] to
represent the internal flowfield of the injector. A uniform velocity
profile was assumed at the injector exit, and the velocity magnitude at
the exit was related to the pressure difference a the injector.

Senecal et al. [23] showed that this model was able to predict the
spray formation in both types of hollow cone sprays, namely,
inwardly opening and outwardly opening atomizers, of which the
former type is considered in the present work. The spray formation in
this model is categorized into two stages 1) the film formation and
2) the sheet breakup and atomization process (Fig. 2). Senecal et al.
[23] also showed that the effect of viscosity was minimal when the
gas Weber number We, is below 27/16 (critical Weber number
We,,), butin flow regimes where the We, > We,, viscosity had to be
considered to accurately predict the wave growth. However, in
modern high-pressure fuel-injection systems, the velocities are high
enough that the gas Weber number is above the critical limit.
Nevertheless, in this spray model, the effect of liquid viscosity,
surface tension, and the surrounding gas on the sheet breakup have
been considered. After the sheet breakup, the ligament length can be
calculated. This, in turn, allows the droplet diameter to be predicted.
The actual size of the resulting droplet is chosen from a Rosin—
Rammler distribution considering the predicted drop size as the mean
size [23] with a spread parameter of 3.5, recommended by Schmidt
et al. [24].

The input parameters for the spray model are the spray half angle,
sheet constant, ligament constant, atomizer dispersion angle, and the
azimuthal start and stop angle. In the present simulations, the spray
half-angle is taken to be 30 deg based on spray visualization images
by Yuetal. [25] for the case of liquid injection into a supersonic flow
in the presence of a cavity. The sheet constant is taken to be 12 as
recommended by Dombrowski and Hooper [26], who showed that
this value predicted sheet breakup length, which agreed well with
experimental sheet breakup lengths over a wide range of Weber
numbers from 2 to 200. The ligament constant is taken as 0.5 as
suggested by Schmidt et al. [22]. Sensitivity of the numerical
predictions to the atomizer dispersion angle has been studied by
running the calculations with two different dispersion angles,
namely, 3.5 and 6 deg, and the results were found to be insensitive to
the atomizer dispersion angle. Hence, a default dispersion angle of
6 deg has been used in all the simulations. A complete hollow cone
spray from the periphery of the injection port is simulated by
specifying the azimuthal start and stop angle as 0 and 360 deg.

The mass flow rate of fuel is calculated from the equivalence ratio.
The fuel mass flow rate through each injection port is specified, and
in each injection port the specified mass flow rate is assumed to be

Film formation

Sheet breakup

Dispersion"~,
angle
Fig. 2 Illustration of the hollow cone spray model, from Schmidt et al.
[22].
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distributed among 50 fuel streams based on past experience with gas
turbine combustor simulations where 30 streams are customarily
used. Because kerosene is injected in a liquid phase in the form of
droplets, the simulations have been performed using a discrete-phase
model. Here, in addition to solving the transport equations for the
continuous phase, the discrete phase (dispersed in the continuous
phase) is simulated in a Lagrangian frame of reference. Mass,
momentum, and energy transfer between the two phases is accounted
for in the simulations. The drag force on the dispersed droplets is
calculated using the high Mach number law [27]. Dispersion of the
droplets due to turbulence has been ignored in the calculations where
the one-equation SA model was used for the continuous-phase
turbulent flowfield, as it is not currently possible to model this effect
with a one equation model. However, a two-equation model such as
the SST k-w model will allow this effect to be modeled. Hence, in
order to evaluate the importance of the dispersion of the droplets due
to turbulence, calculations using the SST k-w model have also been
carried out. In this case, the dispersive effect of the instantaneous
velocity fluctuations of the turbulent continuous-phase flowfield on
the droplet trajectory is accounted for using a stochastic tracking
model. Droplet breakup, however, is not modeled.

Single-step, laminar finite rate kinetics has been used to model the
chemistry. Rate data for the C;,H,3-O, forward reaction mechanism
have been adapted from Westbrook and Dryer [28]. Viscosity and C,,
of the mixture have been evaluated using a mass-weighted-mixing
law. For the individual fluids in the mixture these properties have
been evaluated using Sutherland’s law and fifth-order polynomials in
temperature, respectively.

A. Boundary Conditions

At the nozzle inlet, where the flow is subsonic, stagnation
pressure, stagnation temperature, and species mass fractions are
specified. In addition, inlet turbulence intensity (10%) and the
hydraulic diameter (to estimate the turbulent length scale) have been
specified. All the flow variables at the outlet boundary including
pressure are determined from the interior of the domain by
extrapolation, if the flow is supersonic. Otherwise, the exit pressure is
taken to be equal to 100 kPa. All the walls are considered stationary,
and standard wall functions have been used. Based on observations
by Yuetal. [8] during their experiments, a constant wall temperature
of 500 K has been specified. For the discrete phase, injection
parameters, namely mass flow rate of kerosene, temperature, and
upstream injection pressure, are specified. Also, the spatial location
and the diameter of the injection ports are specified. In the SST k-w
model calculations, a two-way turbulence coupling is also enabled.

For combustor model 1a, a mixing study has been carried out with
three injection pressures, namely 2.5, 3.5, and 4.5 MPa to study the
effect of injection pressure on fuel mixing. Reacting flow
calculations have been carried out only for 2.5 and 4.5 MPa injection
pressures. Based on the results from combustor model 1a and in the
absence of any information on the exact value for the injection
pressure used in the experiments, the mixing and reacting flow
calculations for combustor models 1c and 1d have been carried out
with the injection pressure conservatively set to 2.5 MPa.

B. Grid Independence Study

For model 1a, calculations have been carried out using the same
mesh as the one used by Rajasekaran et al. [13]. This mesh was
obtained after grid adaption based on gradients of static pressure and
species concentration to resolve the flow features and combustion
phenomena accurately. In the case of models 1c¢ and 1d, the domain
has been remeshed, because remeshing the geometry improved the
grid quality (i.e., in terms of wall y*) with only a very modest
increase in the overall cell count. However, considerable effort has
been devoted to ensure that the cell count on the new meshes are very
close to that of the old ones used by Rajasekaran et el. [13] so that the
comparison of the predictions is fair. The grid size and the wall y* for
all the models are given in Table 2. As pointed out by Rodriguez and
Cutler [29], for turbulent calculations such as the present one, wall y*
values less than 100 are generally acceptable, although lesser values

Table 2 Grid refinement study for nonreacting
and reacting flow calculations

Model Number of cells Maximum wall y* Average wall y*

Nonreacting flow (without and with fuel injection)

la 649178 227 94

Ic 766688 137 62

1d 750038 200 60
Reacting flow

la 649178 230 77

Ic 766688 137 48

1d 750038 186 52

are preferable. It is evident from Table 2 that the area-weighted
average of wall y* for the three models is acceptable. In flows with
shocks, it is very difficult to have low wall y* value throughout the
domain. In the present calculations, the maximum value for wall y*
given in Table 2 is seen near the separated flow region close to the
combustor exit due to the imposed atmospheric pressure boundary
condition at the exit. As this region is not of interest in the present
context, further refinement in this region was deemed unnecessary.

The accuracy of the solutions have been assessed through
additional metrics such as global mass, momentum, and energy
balance. For all the results reported here, the difference in mass flow
rate between the inlet(s) and outlet is less than 1% of the injected fuel
mass flow rate (fuel mass flow rate rather than the inlet mass flow rate
is used because the former is two orders of magnitude less than the
latter). The integrated value of the fuel mass flow rate for the
nonreacting and reacting flow at various x = constant sections
downstream of the injection locations is within 4% of the injected
fuel mass flow rate. This serves as a check on global fuel con-
servation and is also an important metric. Momentum balance has
been checked by evaluating the left- and right-hand sides of the

expression
exit
F :(/pdA+/pu2dA)
inlet

separately and then calculating the difference. The right-hand side of
this expression is the impulse function. The left-hand side is the net
force acting on the walls (pressure + viscous) in the x direction. For
all the results reported here, the difference between the left- and right-
hand side of the preceding expression (for the continuous phase) is
less than 5%. The overall energy balance is satisfied to within 5% of
the inlet total enthalpy. All the calculations are second-order
accurate.

III. Results and Discussion

In this section, predictions from nonreacting and reacting flow
calculations are discussed for the three combustor configurations
mentioned before. The combustion efficiency at different axial
locations and the comparison of wall static pressure (along the
combustor top wall) with the experimental values are also discussed.

A. Mixing Studies

In this section, the effect of the injection pressure on the droplet
diameter distribution, Sauter mean diameter as well as the mixing
efficiency is discussed. In addition, the effect of the dispersion of the
droplets due to turbulence is also presented. Injection pressure can be
expected to significantly influence the penetration and mixing
(spreading and evaporation) of the liquid fuel droplets. The effect of
the injection pressure is evaluated quantitatively using the evolution
of the droplet diameter distribution and the mixing efficiency.

Figure 3 shows the histogram of the droplet diameter distribution
on x = constant planes located 25 mm, 50 mm, 75 mm, and 100 mm
downstream of the injection location (x = 0.235 m) for 2.5 MPa
injection pressure. These axial locations are in the region where most
of the heat release takes place (i.e., within 100 mm downstream of the
injection location). At x = 0.26 m, about 45% of the droplets have a
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Fig. 3 Histogram of the droplet diameter distribution at different axial locations (clockwise from left top) for 2.5 MPa injection pressure (combustor

model 1a).

diameter in between 35 and 45 pm. It can be seen that the droplet
diameter decreases continuously along the axial distance, that is, at
x =0.26 m, almost 44% of the droplets have diameter less than
35 um, whereas at x = 0.335 m the percentage increases to 60%.
This trend is more prominent with increase in injection pressure. In
the first three axial locations, the highest percentage of droplets are
shown to be in between 35 and 45 um. However, at x = 0.335 m,
the maximum percentage of droplets are between 30 and 35 pm.
This, in turn, gives an indication of the evaporation time (or distance)
scale. The decrease in droplet diameter is more rapid at the higher
injection pressure due to the higher penetration of the fuel spray into
the flow. This increased penetration can be expected to result in an
increase of heat release in the core region as opposed to the earlier
cases [13,14], where the heat release occurred near the top wall. This
is due to the fact that, in the surface injection model, all the droplets
had a diameter equal to 20 um at the injection location itself. In
contrast, in the present study, it can be seen from Fig. 3 thatonly 10%
of the droplets have a diameter close to this value near the injection
location.

Axial variation of the Sauter mean diameter (SMD), for three
injection pressures, from just downstream of the injection location
until the combustor exit are shown in Fig. 4. The SMD (which
characterizes the entire spray) at any location decreases with an
increase in injection pressure. The smaller droplet diameter in
conjunction with increased penetration and spreading that is seen at
higher injection pressures can be expected to result in higher mixing
and combustion efficiencies. The reduction in SMD value due to
an increase in injection pressure from 2.5 to 3.5 MPa is more than
that due to an increase from 3.5 to 4.5 MPa. In the region
(0.235 < x < 0.335 m) where much of the heat release takes place,
the SMD is close to 32 and 30 um for injection pressures 3.5 and
4.5 MPa, respectively. At the combustor exit, about 72, 90, and 94%
of the droplets have diameters less than 30 um for 2.5, 3.5, and
4.5 MPa injection pressure, respectively. This clearly highlights the
effect of injection pressure on the droplet evaporation for the
nonreacting case. In the reacting flow case, the SMD values

45

— 2.5MPa

40

35

30

SMD (microns)

25

20 . . .
0.2 0.4 0.6 0.8 1

x (m)
Fig. 4 Axial variation of the SMD for three injection pressures using
SA model (combustor model 1a).

immediately downstream of the injection location are of more
interest and importance because smaller droplets will evaporate and
mix faster, resulting in higher combustion efficiency. Yu et al. [8]
reported a 5 um decrease in mean droplet diameter size when the
injection pressure was increased from 2.1 to 4.5 MPa. However, the
present study shows a 10 um change in SMD immediately
downstream of the injection location for approximately the same
range of injection pressure.

Figure 5 shows the penetration of fuel streams injected (at 2.5 and
4.5 MPa) from the cavity ceiling into the flow in combustor model 1a.
It can be seen from Fig. 5 that the penetration of the spray into the
flow is less at an injection pressure of 2.5 MPa. Consequently, most
of the droplet streams impact the slant aft-wall of the cavity and are
deflected towards the bottom symmetry plane. Whereas, at an
injection pressure of 4.5 MPa, the penetration of the fuel streams into
the flow is higher, which, in turn, results in a smaller number of fuel
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Fig. 5 Penetration of fuel streams injected at 2.5 MPa (left) and 4.5 MPa (right) into the flow in combustor model 1a.

streams colliding with the cavity slant wall. Moreover, some of the
injected fuel streams are trapped in the recirculation region inside the
cavity, and these are seen moving upstream of the injection location
in Fig. 5. This will result in marginal heat release and a rise in wall
static pressure ahead of the injection location. Yu et al. [8] reported
that there was a 30% increase in the penetration and spreading of the
spray with increase in the injection pressure from 2.5 to 4.5 MPa,
based on the visualization of the spray (in the absence of a cavity).
Although the experimental visualization was done without the
cavity, the predicted change in the penetration of fuel streams with
the injection pressure by the present calculations is consistent with
the experimental observation.

Mixing efficiency, in addition to SMD, is also evaluated in the
present work to quantify the effect of injection pressure. Here,
mixing efficiency at any x = constant plane is defined as [30]

= [ atppudA
" meuel,in

The denominator represents the total amount of fuel injected
upstream of this section. The quantity oy, in the numerator is given as
[30]

o =< o

{ o
Or = l-a
Uiy 0> 0

where « is the actual fuel mass fraction, «; is the stoichiometric fuel
mass fraction corresponding to the oxygen mass fraction at that
location, p is the density, u is the axial velocity, and 7t ;, is the
mass flow rate of fuel injected upstream of this plane. Mixing
efficiency is thus a measure of the percentage of the fuel that is likely
to burn under stoichiometric conditions.

Variation of mixing efficiency for three injection pressures for
combustor model 1a is shown in Fig. 6. Mixing efficiency is seen to
increase with injection pressure. There is a 20% increase in the
mixing efficiency at the combustor exit between the lowest and the
highest injection pressure. For a liquid fuel such as kerosene,
combustion can take place only after evaporation and mixing has
taken place, unlike a gaseous fuel. Higher mixing efficiency is thus
essential, because the available combustor length is fixed. The
highest mixing efficiency in the present case is only about 79%,
which is considerably lower than the corresponding value for a
gaseous fuel such as hydrogen [18] or ethylene [30]. Furthermore,
the mixing efficiency in the cavity and immediately downstream,
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Fig. 6 Effect of injection pressure on mixing efficiency for combustor
model 1a.

where combustion is likely to take place, is less than 50% (Fig. 6).
Consequently, combustion efficiency will also likely be lower.

Dispersion of the droplets due to the turbulence field can be
expected to enhance mixing. Figure 7 shows the effect of turbulent
dispersion on the mixing efficiency in combustor model la at
2.5 MPa injection pressure. Because the turbulence model had to be
changed to enable the modelling of the dispersion of the droplets, the
change in mixing efficiency due to the change in turbulence model
alone (i.e., in the absence of turbulent dispersion) has to be
ascertained first. Earlier investigations in model combustors
[13,18,31] have shown that the SA model overpredicts mixing.
Likewise, in the present work the SA model predicts higher mixing
efficiency when compared with the SST k- model prediction.
However, the maximum difference in the mixing efficiency pre-
dicted by these models is only about 5%. When the effect of turbulent
dispersion is also included, the mixing efficiency predicted by the
SST k-w model is higher and is more than the SA model prediction.
In the region 0.235 < x < 0.335 m, where much of the heat release
ultimately takes place, the difference in the mixing efficiency
predicted by the SA model and SST k-w model with turbulent
dispersion is very minimal. However, the difference in the mixing
efficiency predicted using the SST k-w model without and with
turbulent dispersion is significant even in the region of heat release as
can be seen in Fig. 7. This highlights the fact that the dispersion of the
droplets augments the mixing considerably and this can be expected
to have a significant influence on the heat release. As mentioned
earlier, the importance of the mixing study for a liquid fuel such as
kerosene lies in the fact that evaporation has to take place first
followed by mixing and then combustion. This adds another time
delay to the heat release process.

B. Combustion Studies

In this section, results from reacting flow calculations for the three
combustor models are discussed. Contours of dimensionless heat
release and axial velocity are presented and discussed for combustor
model 1a. The combustion efficiency for all the combustor models
are discussed next.

Figure 8 shows the contours of dimensionless heat release and
axial velocity (m/s) at different axial locations inside the cavity and
immediately downstream of the cavity in combustor model 1a. The
dimensionless heat release at a location is defined as the increase in
the stagnation temperature at that location over the value at the inlet
and nondimensionalized using the inlet stagnation temperature. In
Fig. 8, the cross section of the separated flow region on the side wall
due to the pressure rise accompanying the heat release in the cavity is
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Fig. 7  Effect of turbulent dispersion on mixing efficiency.
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Fig. 8 Contours of dimensionless heat release (left) and axial velocity (right) in combustor model 1a.

shown in plane A. It is evident that the heat release in plane A is
confined within the separated flow region. In planes B and C, the
region at which the axial velocity changes from 100 to —100 m/s is
shown as the approximate location of the shear layer. Inside the
cavity, some of the fuel streams are trapped inside the recirculation
zone due to which heat release occurs upstream of the injection
location. However, most of the heat release occurs at the periphery of
the recirculation region/shear region and outside the cavity volume,
thatis, in the central part of the cross section as shown in planes B and
Cin Fig. 8. Also, the considerable amount of heat release inside the
cavity acts a constant ignition source and flame holding, which is
consistent with the experimental finding by Yu et al. [§] Further
downstream in plane D, the heat release occurs near the top wall
owing to the tendency of the particle trajectories to stay close to the
top wall (Fig. 5). This, in turn, highlights the fact that the heat release
downstream of the injection location is controlled by the penetration
of the fuel streams in the domain. Heat release is essentially complete
by the end of section I, as there is not much change in the heat release
contours between planes D and E. This correlates well with the
mixing efficiency curve in Fig. 7, where the gradient is very steep
from the injection location up to x = 0.45 m, suggesting that the heat
release in this region is likely mixing controlled. Further downstream
(i.e., 0.45 < x < 0.6 m) the gradient is less steep indicating that the
mixing levels are off. It may be inferred then that mixing may not
play a dominant role any more and that the heat release in this region
may be determined by both the mixing and the kinetics.

Combustion efficiency is one of the key performance metrics used
to evaluate a combustor. In this study, the combustion efficiency is
calculated based on the fuel consumption at any given x = constant
plane. Hence, it gives an indication of the completeness of the
combustion process. Combustion efficiency on a given x = constant
plane is given as [30]

[ 25 o pudA

x 12x44

n( - .
meuel.in
X

where « is the mass fraction of CO, and the multiplicative constant in
the numerator accounts for the fact that 12 kmoles (12 x 44 kg) of
CO, are produced from the combustion of 1 kmole (167 kg) of fuel.

Figure 9 shows the variation of combustion efficiency for
combustor model 1a. The combustion efficiencies calculated for the
lowest (2.5 MPa) and the highest (4.5 MPa) injection pressure using
the spray model are compared with that of the surface injection [13]
model. As discussed earlier, the combustion efficiency for the
4.5 MPainjection pressure is higher than that of the 2.5 MPa injection
pressure, on account of the higher mixing efficiency in the former
case. This also highlights the fact that the smaller droplets (as a result
of higher injection pressure) burn faster even at supersonic speeds.
The combustion efficiency values predicted using the spray model
are lower than that of the surface injection model but are more
realistic. In all the cases, almost 90% of the fuel consumption takes
place within x >~ 0.4 m, beyond which the combustion efficiency
curves remain almost flat. This is consistent with the experimental
trend, where the maximum pressure rise occurs within 0.15 m
downstream of the injection location.

Figure 10 shows the comparison of combustion efficiency
predicted using the SA model with that of the SST k-w model without
and with turbulent dispersion at 2.5 MPa injection pressure for
combustor model 1a. The combustion efficiency calculated using the
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Fig. 9 Comparison of combustion efficiency for different injection
schemes and injection pressures for combustor model 1a.

SST k-w model with turbulent dispersion is the highest and
consistent with the mixing efficiency prediction. The combustion
efficiencies calculated using the SA model and the SST k-w model
without turbulent dispersion are almost the same, although the
mixing efficiencies are different. It can be seen from Fig. 10 that the
effect of turbulent dispersion is significant along the entire
combustor length.

Variation of combustion efficiency for combustor models 1c and
1d obtained using the spray model and the surface injection model
[13] are shown in Fig. 11. The use of the smaller and constant value
for the droplet diameter in the surface injection model results in
the combustion efficiency reaching 100%. In contrast, the spray
model predicts more realistic maximum values for the combustion
efficiency. When using the spray model, combustor model 1d shows
the highest combustion efficiency, namely 85%. This could be due to
the fact that, of the three combustor models studied, this model has
the largest cavity volume. Furthermore, when the surface injection
model is used, the combustion efficiency for both of these models is
almost the same, whereas with the spray model they are reasonably
different.

100

gao—

>

2 |

5

G 60

oL

[

S 40}

()]

>

g

S 20f —SA .
o —-8sT

- .- SST (with dispersion)
0 0.2 0.4 0.6 0.8 1
x(m)
Fig. 10 Comparison of combustion efficiency using SA model and SST
k-® model without and with turbulent dispersion at 2.5 MPa injection
pressure for combustor model 1a.




590 KUMARAN AND BABU

Combustion Efficiency (%)

—2.5 MPa

I - - - Surface injection13_

O 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

x (m)
Fig. 11 Comparison of combustion efficiency using spray and surface
injection schemes for combustor models 1c and 1d.

As discussed earlier, the heat release in the section between the
injection location and x =~ 0.45 m is mixing dominated for
combustor model la (and indeed for models 1c and 1d as well).
Figures 9—11 show that the combustion efficiency curves for all the
model combustors are steep in this section, then gradually level off
and become flat beyond x = 0.6 m. This indicates that the chemical
reaction and, hence, the heat release tapers off beyond x = 0.6 m.
Because the flow expands and accelerates in this part of the
combustor, the static temperature and the reaction rate decrease
quite rapidly, and the flow is essentially chemically frozen beyond
x = 0.6 m. It can be concluded that the heat release in the region
0.45 < x 0.6 m is controlled by mixing and kinetics, with the
kinetic time scale gradually becoming longer as the reaction rate
decreases. The preceding results clearly bring out the fact that for a
liquid fuel such as kerosene, the regions and the amount of heat
release strongly depend on the extent of mixing of the fuel with the
flow. Such intricate details are captured better with a spray model,
wherein a higher number of fuel streams are allowed to spread over a
larger volume as opposed to the surface injection model.

C. Comparison with Experimental Data

Wall static pressure on the top wall from the numerical
calculations and the experiments [§] for all the combustor models are
given in Figs. 12-15. Figure 12 shows the comparison of wall static
pressure obtained using the spray model for two injection pressures,
namely 2.5 and 4.5 MPa with the experimental data for combustor
model 1a. With the spray model, the wall static pressure predictions
remain almost the same everywhere, despite the increase in injection
pressure, except for the additional peak predicted at x ~ 0.325 m
with the higher injection pressure. Beyond x = 0.4 m, the static
pressure predicted by the spray model is well within the uncertainty
in the experimental measurements.

Figure 13 shows the comparison of wall static pressure prediction
using the SA model and the SST k-w model (without and with
turbulent dispersion) with the experimental data for combustor
model 1a. The wall static pressure predictions using the SA model
and the SST k-w model without turbulent dispersion are almost the
same. However, the peak pressure values predicted using the SST
k- model with turbulent dispersion are higher than the other
predictions. The location of the initial pressure rise closer to the
cavity front wall region is predicted to be marginally upstream
compared with the other two model predictions. In the cavity region,
the first two pressure peaks are predicted better by including the
dispersion effect. Also, these calculations predict the pressure rise to
be spread out, that is, the profile exhibits a plateau rather than a peak.
Beyond x = 0.4 m, the wall static pressure prediction using the SST
k-w model with turbulent dispersion is marginally higher than the
experimental data. This is likely due to the predictions of the mixing
efficiency and, in turn, the combustion efficiency being higher along
the entire combustor length when dispersion is taken into account.
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Fig. 12 Comparison of wall static pressure predictions using spray and
surface injection model [13] with the experimental data [8] for combustor
model 1a.
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Fig. 13 Comparison of wall static pressure predictions using the SA
model and the SST k- model (without and with turbulent dispersion)
with experimental data [8] at 2.5 MPa injection pressure for combustor
model 1a.

Figure 14 shows the comparison of wall static pressure predicted
using the spray and the surface injection model with the experimental
data for combustor model 1c. In this model, the cavity length is more
than in model 1a whereas the aft-wall inclination is less than that of
model la. The pressure rise in the cavity region is underpredicted
somewhat by the present calculation. A higher value for the injection
pressure or inclusion of the turbulent dispersion of the droplets in the
reacting flow calculations or a better chemistry model may improve
the prediction in this region. However, at x >~ 0.3 m the wall static
pressure prediction is shown to agree well with the experimental
data. This is due to the fact that with a smaller inclination of the aft
wall, the fuel streams move closer to the top wall immediately
downstream of the injection location, which results in heat release
close to the top wall. The agreement between the predictions and the
experiment beyond x = 0.4 m is within 5%. The reason for the
anomalous trend in the experimental data at x >~ 0.6 m is not clear.

Figure 15 shows the comparison of wall static pressure predicted
using the spray and surface injection model with the experimental
data for combustor model 1d. In this model, the cavity length is the
same as that of model 1¢ whereas the aft-wall inclination is same as in
model la. The increase in the aft-wall inclination assists in the
penetration of the fuel into the flow. Further, with increase in cavity
length the cavity volume is increased, which, in turn, results in more
heat release inside the cavity. This is captured quite well by the
present calculations using the spray model. In this case also, the
predictions are within 5% of the experimental values.

From all the preceding results, it can be clearly seen that
predictions using the spray model are superior to the earlier
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Fig. 15 Comparison of wall static pressure predictions using spray and

surface injection model [13] with the experimental data [8] for combustor
model 1d.

predictions using the surface injection model [13], wherein the
pressure rise was overpredicted consistently. The location of the
pressure rise, the peak value, and the overall trend predicted by the
present calculations agree with the experimental data to within 5%
for combustor models la and 1d and within 10% for combustor
model 1c. Itis interesting to note that the predictions using the spray
and surface injection model differ significantly only in section I of the
combustor where heat release takes place and they are reasonably
close beyond x = 0.4 m (i.e., sections I and II).

IV. Conclusions

Results from the nonreacting and reacting flow calculations in
three model combustors with kerosene fuel have been presented.
Earlier investigations on the supersonic combustion of hydrogen
[18] and kerosene [13] fuels have shown that mixing of the fuel with
the supersonic flow plays an important role in the heat release, and, in
turn, thrust generation in supersonic combustors. This is especially
true for a liquid fuel such as kerosene, because the evaporation of the
fuel has to take place before mixing, and the evaporation time adds to
the time delay in the heat release process. In the present work, the fuel
injection is modeled using a hollow cone spray model in contrast to
the earlier calculations that used a surface injection model. With the
spray model, the fuel streams are shown to spread over a larger
volume than before. It is shown that the penetration and spreading of
the fuel as well as the rate of decrease of droplet diameter increase
with an increase in the injection pressure. The mixing efficiency also
increases with increasing injection pressure. The effect of turbulent

dispersion on the droplets is shown to be significant in the region of
heat release and further downstream.

Contours of the dimensionless stagnation temperature together
with the mixing efficiency have been used to clearly draw insights on
the nature of the heat release. With the spray model, the fuel streams
penetrate more into the core flow. Consequently, the heat release in
the cavity occurs in the region where the mixing and kinetic time
scales are of the same order. Further downstream, in the diverging
section where the flow is expanding, the heat release is kinetically
controlled, due both to the increasing velocity and the decreasing
temperature, which, in turn, lowers the reaction rate. The combustion
efficiency is seen to increase with an increase in the injection
pressure, owing to higher mixing efficiency. Although the com-
bustion efficiencies calculated with the spray model are lower than
that of the surface injection model, they are more realistic. Of the
three combustor models studied, the combustion efficiency is
the highest for model 1d, owing to higher cavity volume and
consequently higher heat release.

In all the combustor models, the comparison of wall static pressure
predicted using the spray injection model with the experimental data
[8] is seen to be superior to the earlier predictions using the surface
injection model. In all the cases, both peak values and the locations
are predicted to within 5% of the experimental value, despite the use
of a single-step chemistry model. However, in combustor model 1c,
the pressure rise in the cavity region is somewhat underpredicted by
the present calculation. It may be worth investigating to see whether
the predictions can be improved for model 1c by including the
dispersive effect on the droplets, for the reasons mentioned earlier in
connection with the heat release. The present calculations clearly
demonstrate that the predictions of model combustors operating with
low equivalence ratios, the global reaction assumption is adequate.
However, scaling the predictions to a full-scale combustor and higher
equivalence ratios may demand a detailed chemistry model (espe-
cially in the kinetically controlled regions) in view of the fact that
heat release is higher with a detailed chemistry model [32].
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