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Abstract

Spray jet in cold kerosene-fueled supersonic flow has been characterized under different injection pressures to
assess the effects of the pressure variation on the mixing between incident shock wave and transverse cavity injection.
Based on the real scramjet combustor, a detailed computational fluid dynamics model is developed. The injection
pressures are specified as 0.5, 1.0, 2.0, 3.0 and 4.0 MPa, respectively, with the other constant operation parameters
(such as the injection diameter, angle and velocity). A three dimensional Couple Level Set & Volume of Fluids
approach incorporating an improved Kelvin-Helmholtz & Rayleigh-Taylor model is used to investigate the interaction
between kerosene and supersonic air. The numerical simulations primarily concentrate on penetration depth, span
expansion area, angle of shock wave and sauter mean diameter distribution of the kerosene droplets with/without
evaporation. Validation has been implemented by comparing the calculated against the measured in literature with
good qualitative agreement. Results show that the penetration depth, span-wise angle and expansion area of the
transverse cavity jet are all increased with the injection pressure. However, when the injection pressure is further
increased, the value in either penetration depth or expansion area increases appreciably. This study demonstrates the
feasibility and effectiveness of the combination of Couple Level Set & Volume of Fluids approach and an improved

Kelvin-Helmholtz & Rayleigh-Taylor model, in turn providing insights into scramjet design improvement.

Key words: Injection pressure, Transversal cavity injection, Cold supersonic flow, Couple Level Set & Volume of
Fluids (CLSVOF), Improved Kelvin-Helmholtz (K-H) & Rayleigh-Taylor (R-T) model

1. Introduction

The jet-in-crossflow process is of particular importance in hypersonic vehicles because of its operations at high
Mach number, e.g. at Mach 8. Sufficiently high speed generally leads to significantly short residence time of the free-
stream within the combustion chamber, which in turn incurs incomplete mixing and strongly affects the combustion
efficiencies [1]. Therefore, the study of the flow topology related to the liquid jet injecting into supersonic flow is
intriguing and meaningful. Current design of the optimum injection system with great performance capabilities is
really a challenge [2]. In this regard, the fundamental mechanism of the liquid jet in the high speed crossflows must
be understood.

Currently, studies have already focused on the design of injector systems for improving the fuel-air mixing
characteristics. For example, transversal fuel injection through a wall orifice is considered to be one of the simplest
and most conventional approaches for the scramjet engine, possibly due to its better fuel penetration, interaction, and
mixing [3-6]. Abdelhafz et al. [7] numerically investigated oblique and transverse configurations as gaseous fuel was
injected into a low-aspect-ratio supersonic combustor. They claimed that injecting fuel obliquely can result in higher
mixing efficiencies. Huang et al [8] addressed the effect of injection angle of helium, under various pressure
conditions, on the interaction between fuel and incoming air in the transversal injection flow field. They concluded
that Re-normalization group (RNG) Kk — & turbulence model is better in predicting the wall pressures under low jet-
to-crossflow pressure ratios, whilst shear stress transport (SST) K — & is more appropriate for high jet-to-crossflow

pressure ratios. Hu et al. [9] studied the performance of a scramjet combustor with kerosene fuel injected from a strut



under different equivalence ratios and observed that the mixing characteristics greatly vary with the strut fuel feeding
ratio, especially when this ratio is close to the lowest and the highest limits. However, to the authors’ knowledge,
there are few studies in literature for the injection-pressure effects on fuel-air mixing characteristics in a cold
kerosene-fueled supersonic air-stream. This emphasis is on the mixing characteristics in the kerosene-fueled
supersonic flow field, and especially on the effects of the injection pressure on the interaction between incident shock

wave and transversal cavity injection.

2. CFD Model and Simulation Approach

2.1. Model geometry

Fig.1. (a) A real prototype and (b) A 3D model of the scramjet combustor: 1. flange, 2. rear cover, 3. pressure pad

of upper glass window, 4. upper glass window, 5. upper cover, 6. flange, 7. lower cover, 8. strut, 9.cavity
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Fig.2. Schematic of the scramjet combustor geometry

Figure 1 shows the real prototype and the corresponding three-dimensional (3D) model of the scramjet
combustor developed by Liu [10]. The real scramjet combustor contains flange 1 and 6, pressure pad of upper glass
window 3 and upper glass window 4. However, to simply the CFD model in this study, we have ignored the above-
mentioned components due to no effects on the kerosene-air interaction and due to the reduced calculation time.
Meanwhile, although strut 8 affects the flow behavior of the mixture in the combustor, it is not considered either
because no related component exits in the present experimental setup of Liu’s. Thus, the scramjet combustor herein
only consists of rear cover 2, upper cover 5, lower cover 7 and cavity 9. Figure 2 shows the simplified 3D geometry
of the scramjet combustor by using feature-based modeling [11]. Table 1 shows the primary specifications of the

combustor for calculations. Note that the incident shock wave generated by kerosene is injected from the orifice at



the center of the cavity, as shown in Fig.2.

Table 1
Specifications of the scramjet combustor
Item Dimension
Scramjet combustor 0.6x0.05x0.08m? (length = width x height)
Cavity 0.1x0.05x0.02m3 (length = width x height)
Orifice 1.0x103m(P),0.02m long
Inlet & outlet 0.05x0.08m? (width = height)

2.2. CFD modeling

Fig.3. Details of numerical grid of the scramjet combustor

The meshed CFD model of the scramjet combustor is shown in Fig.3, where the total of 330,000 hexahedron
cells is used. As observed, the mesh cells are concentrated around either the walls or the region near the cavity due
to the strong interaction between incident shock wave and transverse cavity injection.

Currently, the supersonic air-fuel interaction is predicted by using commercial CFD software ANSYS Fluent
14.0, in which volume of fluids (VOF) model is generally used to calculate the interface breakup and coalesce with
another interface [12]. But, when a large deformation of the gas-liquid interface is involved additional re-meshing is
greatly necessitated [13]. The mixing process of incident shock wave and transverse cavity injection in supersonic
flows facilitates the more complex turbulent structures. Hence, in this study three dimensional Couple Level Set &
Volume of Fluids (CLSVOF) model is proposed to investigate the effects of the injection pressure on the mixing
characteristics between supersonic flow and kerosene in the cold scramjet combustor. This may be explained as due
to the fact that the CLSVOF model, coupling the LS (Level Set) and VOF, not only contains their common advantages
but also overcomes their disadvantages [14]. For CLSVOF, a single set of the conservation equation is used for the
whole domain and there are no separate gas-liquid velocities. Consequently, the Navier-Stokes has the following form
[14]:
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where V is a velocity vector, p —fluid density, t—time, w —fluid viscosity, D—viscous deformation tensor,

g—egravity vector and F; —body force due to the surface tension.

In addition, such the other governing equations as the energy equation, the state equation of gaseous mixture
and the turbulent model are also taken into account in this study. The detailed formulas are presented below,
respectively.

The energy equation for a droplet is [15]:

de 0

dm
m— =(q+Q,, where e=c, T, +h{, Q. =—h @)
dt q Q f Qs dt L

where Q,is the energy of phase transitions, the heat fluxq to a single droplet from the surrounding gas flow is

determined by [16]

7dA-Nu-(T -T,) Re <1000
q= 4)

7d*p|V—U|-St-(H, —H,) Re>1000

where  Nu=2+0.16-Re?*-Pr"?, Stzﬂpr-% , v —droplet velocity, u —fluid velocity, T—gas temperature,
2

T, —droplet temperature.

The state equations for the gaseous mixture are [17]:
P=R,oTD Y, /W,
k

)
E=3 Y, (c,T + hok)+“7+k (%)
k

where E is the gas energy, P —the gas pressure, k —the turbulent kinetic energy, W, —the molar mass of the kth

gas component, h, —the specific chemical energy, C,, —the specific heat capacity, Y, —the mass concentration of

the kth gas component, R, —the universal gas constant.

The turbulent model is presented as follows [18]: the two-equation shear stress transport (SST) model developed
by Menter is used for the turbulence in the cold supersonic flow because of its combined advantages of both k-
model and the k-¢ model. The SST turbulence model consists of two equations: one fork , the specific turbulent
kinetic energy (m?s?) (Eq.6) and the other for o, the specific turbulence dissipation rate (or specific turbulent

frequency) (s!) (Eq.7). Eq. 8 shows the formula on the turbulent viscosity.
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where P = T % , 0;(i =k, w)—diffusion constants of the model. We refer the readers to the work of Menter [18]
j

for details of the equations.

All the simulations in this paper are implemented with an implicit CFD code. This code solves the governing
equations, i.e. Reynolds averaged Navier-Stokes (RANS) equations using cell centered finite volume approach. A
second order upwind scheme is employed to discretize both momentum and continuity equations with a coupled
solver, i.e. the pressure-based (coupled) double precision solver. The convective fluxes are treated using the Roe Flux-
Difference Splitting Scheme, which has been demonstrated to have the potential for improving treatment and accuracy
at shock [19].

The boundary conditions for the CFD modeling are specified to mostly match the experimental scenarios
supplied by Liu. This purpose is that the numerical simulations will be compared against further measurements. Note
that due to the ignored flange uniformly distributed speed, pressure and temperature are assumed on the air inlet.

The coming air is assumed to be a thermally and calorically perfect gas and the mass-weighted-mixing law of
viscosity is utilized. The key operation properties of the supersonic flow are specified as a Mach number of 2.2 and
a stagnation pressure Poof 7.85 MPa. For the kerosene jet, the operational parameters are set to be an injection velocity
of 70 ms’!, an injection diameter of 1.0 mm and injection pressures of 0.5, 1.0, 2.0, 3.0, and 4.0 MPa. The other
parameters of kerosene, e.g. density, viscosity and surface tension are kept constant at p=0.78g/cm’, u=2mPagsand
0=23.6x10" N/m, respectively.

A fixed pressure of 1.013x10° Pa is specified at the inlet and outlet of the scramjet combustor, respectively. No-
slip boundary conditions are used for the channel wall, where the standard wall functions defined in FLUENT are
applied to model the near-wall region flow. The stagnation temperature Ty is designated as 300K. In addition,
following the turbulence model used in this study, i.e. the Menter’s two-equation shear stress transport (SST) k-o
model, the turbulence characteristic values are specified as follows: turbulence intensity—8%, hydraulic
diameter—1.0 mm, and the courant-Friedrichs-Levy (CFL) number also remains at 0.5 with suitable under-relaxation

factors to ensure stability.
3. Results and Discussion
3.1. Numerical accuracy

For a more accurate numerical result, two key factors are generally addressed. One is grid scale and the other is
convergence and discretization error. The current study on grid-dependency has demonstrated that for supersonic
flow the grid scale has slightly influences on the transverse injection flow field [20]. For this reason, we select the
medium size of the grid for all simulations in order to save the calculation time. Such the grid treatment (330,000
hexahedron cells), as shown in section 2.2, is believed to guarantee the high level of accuracy.

The method of convergence and discretization error analysis is based on the previous numerical investigations,
where the computational model is considered to be in convergence if the residuals of the flow field parameters, e.g.
continuity and momentum etc. all fall below a certain order of magnitude [21]. To achieve the solution convergence

of the steady state, we optimize both courant-friedrichs-levy (CFL) number and under-relaxation factors. The solution



convergence is judged in accordance with the residuals of the governing equations. In detail, all the calculations are
stopped and remain stable as the residual of each equation is smaller than 1.0x1073. The average time step is designated
as 10 ps, and a typical run actually takes 2127 time steps to a real time of about 22 ms. Figure 4 shows the residual
evolutions of the different flow field parameters vs the iteration number for the different injection pressures. These
operation parameters include continuity, velocity, energy, k and omega. As shown in Fig.4, the iteration number for
the injection pressures of 0.5, 1.0, 2.0, 3.0 and 4.0 MPa approximates 400 as the computational model of the scramjet

is in convergence. Note that the situation that all but energy is less than a certain value, €.g. 107 is also considered to

be converged [21].
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Fig.4. Residual variation with iteration number under the different injection pressures

3.2. Penetration depth
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Fig.5. Penetration depths of the kerosene jet under the different injection pressures

Figure 5 shows the penetration depths of the kerosene jet for five different injection pressures. As observed, all



the flow structures consist of such similar primary compression shock, compression shock normal to the wall and
curved central compression shock with [22]. For the baseline of y=—40 mm (the red dashed line in Fig.5), most of
the kerosene droplets approximately appear in the range of -40 to 20 mm,—40 to 25 mm,—40 to 30 mm,—40 to 39 mm,
and —40 to 40 mm, corresponding to the different injection pressures of 0.5, 1.0, 2.0, 3.0, and 4.0 MPa. Hence, it is
inferred that at the identified injection velocity, angle and diameter, the penetration depth of the kerosene droplets
increases with the injection pressure. This can be explained as follows: an increase in injection pressure of the liquid
jet from the orifice contributes to an increase in total momentum and hence in inertia force. Consequently, the
increased inertia force causes the liquid jet to deflect difficultly, thereby enlarging the penetration depth.

Figure 5 also shows that the penetration depth increases appreciably as the injection pressure is further increased.
For example, for the two different injection pressures of 3.0 and 4.0 MPa, the difference in penetration depth is very
little. This may be due to the nonlinear relationship between the injection velocity and the spray pressure and due to
the enhanced effect of the total momentum of the supersonic air on the liquid jet. Hence, we conclude that even if the
injection pressure can provide some increase in the penetration depth, its effect in the practical applications is shown

to be less pronounced than anticipated.

3.3. Span expansion area
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Fig.6. Span-wise expansion area of the kerosene jet under the different injection pressures

Figure 6 shows the span expansion variations of the kerosene jet at five different injection pressures of 0.5, 1.0,
2.0, 3.0, and 4.0 MPa. Note that this expansion area is obtained on the plane XOZ, which is 60 mm vertically away
from the orifice in the cavity (Fig.2). As observed, the span area of the kerosene jet is increased with the injection
pressure. In detail, the expansion breadths and angles of the kerosene jet approximately increase from (27 mm, 597)
to (38 mm, 68°), (41 mm, 72°), (48 mm, 75°), and (53 mm, 79°), respectively. This variation can be explained as due
to the fact that the increased injection pressure leads to the increased momentum of the kerosene jet. The greater
momentum contributes to the more injection mass and the higher injection speed of the kerosene jet and hence

enlarges the expansion area.
3.4. Angle of shock wave

Figure 7 shows the angle of shock wave of the kerosene jet at five different injection pressures of 0.5, 1.0, 2.0,
3.0, and 4.0 MPa. From Fig.7, it can be seen that the predicted shock wave angle is increased with the injection
pressure. In the range of injection pressure of 0.5 to 4.0 MPa, the shock wave angle increases from 58° to 61°, 65°,
70°, and 72°respectively, and that the injection distance of the kerosene droplets, at the outlet of the combustor in
Fig.2, is also increased from 23 mm to 25 mm, 29 mm, 39 mm, and 40 mm, respectively. These numerical predictions

are in qualitative agreement with those in Fig. 5. Hence, it is clearly concluded that under the effect of the injection



pressure the kerosene droplets are inclined to mixing with the incoming flow and atomization due to the shock wave
angle. This increase can be explained by the increase in the initial momentum of the liquid jet due to the increased
injection pressure. In detail, the increase in momentum trends to enhance the flow rate of the liquid jet and hence the
penetration depths; the larger penetration depth indicates the stronger compression effects of the liquid jets on the
incoming flow, which subsequently enlarges the angle of shock wave. However, it should be noted that further
increasing the injection pressure seems to have appreciable effect on the shock wave angle (see the cases of 3.0 and
4.0 MPa in Fig.7). This may be attributed to the relatively slow increase rate of the penetration depth as shown in
Fig.5.

2.0 MPa

1.0 MPa

Y (mm)

Y (mm)

Fig.7.Angle of the shock wave of the kerosene jet under the different injection pressures

3.5. Sauter mean diameter (SMD) distribution

To achieve the droplet atomization, we have used a combination of a Blob model and an improved Kelvin-
Helmholtz (K-H) & Rayleigh-Taylor (R-T) model for SMD distributions. In detail, for simplicity, the Bob model is
employed for the primary atomization, in which the droplet size is equal to the injection diameter, i.e. 1.0 mm in this
study, whilst the improved K-H & R-T model, i.e. K-H & R-T model II is used for the investigation of the droplet’s
breakup because this model has been successfully used at the similar settings in supersonic flow [23-24]. The detailed
description on the K-H & R-T model II is presented as follows [23]: as the liquid jet injects from the orifice a shear
interaction occurs between the liquid jet and the supersonic flow, when a K-H wave appears around the liquid jet and
results in so many droplets peeling off the liquid jet; the K-H model is most appropriate for this process. As the liquid
jet enters into the combustion chamber, the droplets continuously peel off the liquid jet and simultaneously the peeled
droplets begin to break up. At this point, it is so reasonable to consider the foregoing phenomenon by using a
combination of K-T wave and R-T wave. Consequently a combined K-H & R-T model is better to characterize this
process. Note that there is a key to address, namely the time when the R-T model is incorporated into the K-H model
to simulate the droplets’ atomization. The related formulas for the SMD distributions are briefly presented as follows
[23].
1) K-H model
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where A is the surface wave length of the liquid jet at the maximum growth rateQ, oh=.fwe, /Re , —Ohnesorge

number of the droplets, T = /Wed Oh, We, = p,iV*/o —Weber number of the droplet, , —the density of the liquid

jet, o is the surface tension at the interface , We, —Weber number of the gas, and r—the radius of the droplet.

The mean radius r*of the droplets after breakup is

B,A BA<T
r= 3zrv /20"
mi (3 5 0)33 BA>r
(3roA/4)”
The breakup velocity of the droplets is
dr__(-r)
dt T

wherez, =3.726Br/AQ;B, =1.22,B =30.
2) R-T model
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(11)

(12)

(13)

where Q__ is the frequency of the unsteady wave at the maximum growth rate, {4 — the acceleration of the droplets

The breakup time 7, for the droplets is

Tpr = C
RT —
Qg
The mean radius r* of the droplets after breakup is
© o 7Cpqt
KRT

Where C.=1,C, =035, and Ker is a wave number determined by

Ky = /_gd(sd _pg)
(o2

3) The time criterion on incorporating R-T model into K-H model

(14)

(15)

(16)

As depicted above, the liquid jet enters into the combustion chamber, where the droplets continuously peel off

the liquid jet and simultaneously the peeled droplets begin to break up. The aforementioned process is affected by

both the K-H wave and the R-T wave. At this point the time criterion on incorporating the R-T model into the K-H

model can be determined by Eq. (17) [23]. It should be noted that for Eq. (17) if t <t, , the breakup of the droplets

is simply calculated by using the K-H model, whilst if t >t , it is simulated by using a combination of K-H and R-

T models.
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wheret, is the breakup time of the droplets, t"—the characteristic time, and d, —the diameter of the droplet.

In addition, in order to further evaluate the mixture quality, we have also taken into account the evaporation of
the kerosene droplets in all simulations. Due to the non-uniformity interaction between fuel and air in supersonic

cross flow, the non-equilibrium evaporation model is utilized to determine the evaporation rate [25-26]

m=7zd - p,D-Nu-log(1-Y,/1-Y,) (18)
J27RT

YW:WNPoeXp[i( 1 _i)]—r& T E (19)
w, R T,(P) T, 73, pd

whered is the diameter of the droplet, Py —the density of the gas, D—mass diffusion coefficient, and N  —Nusselt

number of the mass transfer.
The related thermal characteristics of gas and droplet for evaporation are specified as follows: ambient pressure
p=1.013x10° Pa, initial droplet temperature—T=300K, static temperature of the gas (considering

evaporation) —T=536K, gaseous phase—air, liquid—kerosene, mass diffusivity (m?/s) —2.88x10, thermal

conductivity (W/m-k) —0.0454, and the latent heath, of evaporation—226kj/kg.
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Fig.8, SMD distribution of the kerosene dropletsunder Fig.9. SMD distribution of the kerosene droplets under

the different injection pressures without any evaporation  the different injection pressures with any evaporation

Figures 8~9 show the sauter mean diameter (SMD) distributions of the kerosene droplets along the x direction
without/with the kerosene evaporation considered. These numerical simulations are obtained for the injection
pressures in the range of 0.5 to 4.0 MPa. Note that in both pictures Pq indicates the percentage of the SMD distribution
of droplets at the cross-section vertical to the supersonic flow direction and D denotes the distance between the cross-
section and the orifice in the cavity.

Without the evaporation, as shown in Fig.8, the concentration of the kerosene droplets varies along the x
direction as the injection pressure is increased from 0.5 to 4.0 MPa. One interesting finding is that at the location
about 50mm away from the orifice the greatest number of the smallest droplets (0~50 um), namely 98.05% of the
droplets, appears in the case of 0.5 MPa and that when the injection pressure is increased to 4.0 MPa, the greatest
number of the smallest droplets, about 92.81%, is located at the outlet of the combustor. Note that 98.05% and 92.81%
presented here are both accounted for the smallest droplets of all kerosene jets in this study. It is thus concluded that
for no evaporation, the number of the smallest kerosene droplet is dependent on the injection pressure. For the greatest
number of the smallest droplets at 0.5 MPa, this may be explained as due to so low penetration height at the cavity,
which causes so many droplets to meet with the air and subsequently have the strongest shear interaction with each
other; while for the scenario at 4.0 MPa, it may be attributed to the increased momentum of the liquid jet with the
injection pressure, which uplifts the penetration height of the droplets and thus increases the interaction zone between
air and fuel. In addition, it is seen in Fig.8 that the number of the smallest droplets at the outlet is smaller than that at
the cavity. This may be because of the disappearance of some fragmented droplets along the x direction.

From Fig.9, when the evaporation is considered similar phenomena are also observed in the range of injection
pressures of 0.5 to 4.0 MPa. That is, at either the cavity or the outlet the greatest number of the smallest droplets also
appears at 0.5 and 4.0 MPa, respectively. However, compared with no evaporation, as shown in Figs. 8 and 9, the
number of the smallest droplets for the injection pressure of 0.5 MPa reduces from 98.05% without evaporation to
97.65% with evaporation, while for the injection pressure of 4.0 MPa, the number is decreased from 92.81% to

90.94%. This reduction can be explained by the combined effects of shear interaction and evaporation. The shear



interaction causes big droplets to break up and simultaneously the evaporation promotes the fragmented droplets to
become much smaller and subsequently disappear due to the increased evaporation area.

Based on the foregoing analysis, it is therefore inferred that the injection pressure has some effects on the number
of the smallest kerosene droplet and hence on the injection breakup and the droplet atomization in cold supersonic
flow. Note that the breakup condition of the droplet herein is based on the lower kerosene concentration. The lower
concentration indicates the smaller size of the droplet [27]. This can basically be attributed to the fact that an increase
in injection pressure results in an increase in total momentum of liquid jet from the orifice. The greater momentum
generally contributes to the greater concentration of the smallest kerosene droplet. Under the effect of evaporation, a

wider expansion area appears along the x direction, which is good to improve the mixture quality.
4. Comparison of Results with Published Data

As depicted above, the numerical predictions in this study are based on the real prototype of the 3D scramjet
combustor used in Liu’s experiment, but there are still no corresponding measurements available in literature. For
numerical simulations verifying, the mixing characteristics between supersonic flow and kerosene injection for the
different injection pressures have been qualitatively compared with the published data. These experimental evidences
were obtained by such the approaches as high speed photography, high speed shadowgraph and particle image
velocity (PIV) [28]. The comparisons are focused on penetration depth and span expansion area under identified
working conditions. These conditions include an injection diameter of 1.0 mm, an injection angle of 90°, a supersonic-
air velocity of Mach 2.0, and injection pressures ranging from 1.0 MPa to 4.0 MPa. The significant differences
between the literature and this study are 1) the combustor structure (Figs. 1 and 10), and 2) the injection speed of the
kerosene liquid. The injection speeds of the simulation and the measurement are 70 ms™! and 63.2 ms™!, respectively.

The red rectangle in Fig.10 indicates an internal structure of the combustor different from that in this study.

W

Fig.10. experimental setup of the scramjet combustor [28]

4.1. Penetration depth

Figure 11 shows original image photos of the penetration depth of the kerosene jet at four different injection
pressures of 1.0, 2.0, 3.0 and 4.0 MPa. These experimental evidences were obtained by using high speed photography,
high speed shadowgraph and particle image velocity (PIV), respectively. Figure 12 shows the comparison of the
published experimental data with the numerical simulations in this study. As observed, the predicted patterns are
qualitatively similar to those in the experiments: 1) the variation trend in penetration depth of the liquid jet is in good
agreement with each other; 2) the penetration depth is increased with the injection pressure and 3) as the injection
pressure is further increased the penetration depth is increased appreciably. For example, as the injection pressure is
increased from 1.0 MPa to 2.0, 3.0, and 4.0 MPa the increased penetration depth is approximately 2 mm, 6 mm, and

8 mm, respectively. However, there is also the discrepancy in pressure value. That is, the penetration depths in this



study are much greater than those in [28]. This discrepancy may be explained as due to the different geometric
structure of the combustor and due to the operation parameters, e.g. the injection speed. Generally, the greater
injection speed of the kerosene liquid indicates the enhanced momentum and hence the higher penetration depth.
Indeed, another comparison has also been implemented between Fig.5 and that in [29]. The qualitative agreement is

also found that the penetration depth in [29] is also increased with the injection pressure.

(a) P=1.0MPa (b) P=2.0MPa

(c) P=3.0MPa (d) P=4.0MPa

Fig.11. Original image photos of the penetration depth of the kerosene jet at four different injection pressures
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Fig.12.Comparison of calculated results with measurements in Fig.11

4.2. Span expansion area

Figure 13 shows the span expansion areas of the kerosene jet at four different injection pressures of 1.0, 2.0, 3.0,
and 4.0 MPa in [28]. It should be noted that these experimental evidences are measured at the position of 15mm
vertically away from the orifice of the combustor and that the used experimental approach and equipment are
identified with those in Fig.11. The measured span expansion areas, including span angles and breadths, have been
compared against the numerical simulations in this study, as shown in Fig.14. It is observed that the measured
variation trends in either span angle or expansion breadth are good qualitative agreement with the calculated results.
In detail, both the span angle and breadth are increased with the injection pressure. But, the difference in value of the
span expansion area still exists between CFD predictions and experimental measurements. The span expansion area

is larger than that in [28].This may be also attributed to the different geometric structure of the combustor and



operation conditions, i.e. the injection speed. The larger injection speed of the kerosene liquid leads to the greater

momentum, which, in turn, contributes to the more injection mass and hence enlarges the span expansion area.

(a) P=1.0MPa (b) P=2.0MPa

(c) P=3.0MPa (d) P=4.0MPa

Fig.13. Measured span expansion area of liquid jet under the different injection pressures [28]
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Fig.14. Comparison of the calculated span expansion areas with the

measurements under the different injection pressures

Although there are some discrepancies in magnitude, the foregoing results validate that the predicted effects of
the injection pressures on mixing in the cold supersonic flow are in qualitative agreement with those in literature and
that a combination of CLSVOF and improved K-H & R-T models can offer great potential for the in-depth study of

fundamental mechanisms of the liquid jet in the high speed crossflow.

5. Conclusions

A numerical investigation has been implemented to assess the effects of the injection pressure on the mixing in
the cold supersonic combustor with kerosene fuel. The mixing characteristics in the range of injection pressure of 0.5
to 4.0 MPa are investigated, respectively. Evaluation are performed primarily with respect to four aspects for fuel/air

mixing, namely, penetration depth, span expansion area, angle of shock wave, and sauter mean diameter distribution



with/without the evaporation considered.

This work has demonstrated that varying injection pressure has the effects on the mixing between kerosene and
air. In detail, the penetration depth, span expansion area and shock wave angle of the kerosene droplets are increased
with the injection pressure, respectively and that the greatest number of the smallest kerosene droplets appears either
at the orifice for 0.5 MPa or at the outlet for 4.0 MPa no matter whether the evaporation is considered. However, it
should be noted that the penetration depth increases appreciably as the injection pressure is further increased. Hence,
it is concluded that even if the injection pressure can provide some increase in the penetration depth, its effect in the
practical applications is shown to be less pronounced than anticipated. The numerical simulations in this study have
been compared against the reported experimental measurements with good qualitative agreement although the
difference in value exits.

Overall important insights have been gained into the physical behavior and key factors for fuel injection in the
cold supersonic combustor at the five different injection pressures, adding to the knowledgebase usefully applicable
to the design of high performance fuel injection systems for scramjets. However, the current results suggest further
investigations. The effects of the structural characteristics, e.g. the geometric parameters and shapes of the cavity on

the mixing between fuel and air need to be addressed in the forthcoming study.
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