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Abstract Scramjet engine is the most promising air breathing propulsion system in
the hypersonic flight regime. Combustion in a scramjet engine, however, is difficult
to achieve due to flow residence times being comparable to chemical times. For
our study, 3-D RANS CFD analysis of a strut flame holder of a scramjet engine
combustor was carried out. The first part of the analysis focuses on the validation of
CFD gas dynamics results with earlier experimental data in literature. The air enters
the combustor at Mach 2 with a stagnation temperature of 612 K and a stagnation
pressure of 7.82 atm. Various flow properties like velocity profile, wall static pressure
and density gradient were in good agreement with experimental results. The next
part of the analysis involves a strut mounted across the walls of the combustor with
hydrogen fuel injector jets forming an aerodynamic ramp on both the upper and
lower surfaces. The location of the injectors relative to the strut base and dynamic
pressure ratio were varied and the observations presented.
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1 Introduction

There has been extensive research carried out since the 1960s to fully understand and
efficiently implement fuel injection and mixing in hypersonic flow. Ramp, step and
struts have been extensively used for flame holding along with other physically intru-
sive techniques to promote fuel air mixing. Extensive numerical and experimental
investigations have been performedwith the strut flame holder spanning the length of
the combustor. One such investigation performed atGeorgia Tech involved fuel injec-
tion from the base of the strut and validation of numerical code with experiments at
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DLR wind tunnel facility in Germany [1]. Other Large Eddy Simulation (LES) stud-
ies have also been performed on the same configuration [2, 3]. Besides non-reacting
flow, they also performed combustion analysis and enhanced the understanding of
reacting flow beyond the available experimental data.

According to Fuller [4], a physically intrusive structure in supersonic flow will
necessarily create hot spots, with thermal loads at specific locations exceeding the
temperature limits of practical materials. Also, there are added problems of drag
and loss in thrust with such physically intrusive structures [5]. In order to prevent
the drawbacks of physically intrusive structures, Cox et al. [6] came up with a novel
injector concept called the ‘Aerodynamic ramp’ or simply ‘Aeroramp’. This injection
technique initially involved a three by three array of closely spaced flush walled jets
with a yawangle given to each row.Theobjectivewas to create individual fuel vortices
as a result of interaction between the skewed injection of one hole with that of the
downstream hole. These individual fuel vortices are called skew induced vortices
and along with shock induced vortex generation enhance mixing significantly [4].

Due to the absence of physically intrusive structures in the supersonic flow, hot
spots and hence high thermal loading at specific locations is avoided. There is also
lower associated stagnation pressure loss with this injection technique. Results of
both numerical and experimental analysis performed by Fuller at the US Airforce
research laboratory show that the Aeroramp injection technique achieved better mix-
ing in the near field as compared to a physical ramp, increasing the jet-air momentum
ratio enhanced the mixing performance in both the near as well as the far field. The
total pressure loss incurred by the Aeroramp in all the cases was found to be lower
than that of the physical ramp. It was also found that the total pressure loss decreased
with increasing momentum ratio. Once the Aeroramp injection configuration proved
to be a viable alternative to fuel injection in supersonic flow, several studies were
performed to optimize it. This optimization was done to establish the parameters in
terms of number, size, orientation and spacing of the Aeroramp holes.

Improvement to the design was done experimentally in Virginia Tech supersonic
wind tunnel [7]. The study was a comparison of the mixing performance of a four
flush walled hole Aeroramp injector with a single, low downstream angled hole in a
cross-stream flow of Mach 2.4. It was found that eliminating the centre row of holes
from the original nine flush walled holes and increasing the toe-in angle enhanced
axial vortex formation. This axial vortex prevented the development of a secondary
fuel core near the wall by lifting the entire plume off the wall, thus eliminating the
possibility of hot spots at locations on the wall during reactive flow. Concurrently,
studies were also performed to determine suitable toe-in angles and jet to freestream
momentum flux ratios for injection [8]. It was found that increased momentum ratio
improved core penetration of the fuel plume into the freestream. However, it also
results in the formation of stronger bow shocks, leading to higher stagnation pressure
loss. Increasing the toe-in angle increased the injected plume area but decreased its
penetration into the freestream [4]. From the studies by Jacobsen, it was found that
the 15° toe-in angle arraywith 30° transverse injection resulted in aminimised overall
total pressure loss associated with the injector shock structure [8].
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The toe-in angle is defined as the angle formed by the axis passing through the
centre of the hole on the streamwise plane with the freestream. In the two row holes
of the Improved Aerodynamic ramp study [7], this was taken as 15° for the front
row and 30° for the rear row. The transverse injection angle is the angle at which the
fuel is injected into a horizontally moving freestream. These angles are 20° and 40°
respectively for the front and rear set of holes. The jet to freestream momentum flux
ratio is defined as:

q =
(
ρ × u2

)
j(

ρ × u2
)
∞

=
(
γ × P × M2

)
j(

γ × P × M2
)
∞

(1)

Combustion experiments with the Aeroramp were also performed with the inte-
gration of a plasma torch as a flame holder [9]. Dual mode ramjet combustion exper-
iments with the Aeroramp configuration have shown this method of injection to be
viable of mixing and stable combustion [10]. The idea was further evolved at Beijing
University where Aeroramp injector was scaled down, non-reacting and combus-
tion experiments were performed. A jet of hot exhaust gases at 3000 K was injected
downstream of the Aeroramp to serve as a flame holder [11], a more detailed analysis
of the flow field was done using CFD [12].

In present study, the aero-ramp fuel injectors were mounted on the upper and
lower surfaces of the strut to improve the transverse penetration and mixing of fuel
and air. The interaction of aero-ramp vortices with the recirculation zone behind the
strut and its influence on themixing process was investigated for different conditions.

2 Numerical Methodology

2.1 Geometry

The injection technique in the current work consists of two components: a strut which
acts as the flame holder and spans the entire width of the combustor, the Aeroramp
injection configuration on the upper and lower faces of the strut.

2.1.1 Strut Without Aeroramp Injectors

The DLRmodel of combustor used for the current work was obtained from literature
[1] and is shown in Fig. 1. It has a length of 340 mm, width of 40 mm and a height
of 50 mm at the inlet. The strut mounted across the walls of the combustor has a
half angle of 6°. A 3° diverging slope is applied on the top wall of combustor to
compensate for the boundary layer growth and effect of heat release on slowing
down of supersonic flow.
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Fig. 1 Combustor geometry with strut flame holder

2.1.2 Strut with Aeroramp Injectors

The analysis deals with injecting fuel (H2) from the top and bottom surfaces of the
strut. In Fig. 2a, the isometric view of Aeroramp configuration on the upper face of
the strut can be seen. An identical Aeroramp configuration is present on the lower
face of the strut.

There are four injectors on the top surface and four on the bottom, making it a
total of eight injectors. The injectors are placed in 2 rows. The front row of injectors
is inclined at 29° with respect to the strut surface (35° with horizontal) and a toe-in
angle of 20°. The back row of injectors is at a higher inclination of 49° with respect
to the strut surface (55° with horizontal) and having a toe-in angle of 35°. The toe-in
angles are indicated in Fig. 2b and transverse injection angles in Fig. 2c.

The location of Aeroramp injector with reference to the strut base was one of the
parameters varied during the study, the end of the downstream injector row being
3 mm and 9 mm from the strut base respectively (Fig. 2b). When normalised with
the length of the strut (32 mm), this corresponds to 0.09 and 0.28 for 3 mm and
9 mm from strut base respectively. Further increase in this distance would lead to
a prohibitively small space for inclusion of the injector tubes. The holes have a jet
diameter of 1 mm (dj), with the equivalent diameter for four holes being 2 mm (deq =
2dj). The front and back injectors were placed 8 mm (4deq) apart in the stream-wise
direction with transverse spacing of 4 mm (2deq).

2.2 Mesh

A structured multi-block mesh was created using ICEM. The original mesh size was
3.4 million cells. The mesh was highly refined near the strut and combustor walls,
giving y+ less than 2, enough to capture the boundary layer gradients. The mesh was
refined around the strut and its wake, with a cell size of approximately 0.2 mm and
a moderate growth rate downstream of the strut. A finer mesh was obtained using
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(c) Side view

(a) Isometric view

(b) Top view

Fig. 2 Strut geometry with fuel injectors placed 9 mm from base a isometric view b top view c side
view
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Adaptive Mesh Refinement (AMR) which increased the cell count to 7.7 million.
The 3.4 million cell mesh was able to capture the flow field details accurately and
used in the analysis.

2.3 Solver Setup

2.3.1 Governing Equations

The numerical analysis in this study was performed using the Ansys Fluent 17.2,
which solves the Reynolds Averaged Navier Stokes Equations (RANS) for the flow
field. The RANS equations are as follows:

Continuity:

∂ρ

∂t
+ ∂

∂xi
(ρui ) = 0 (2)

Momentum:
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Energy:
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The fluctuating component is given by:

∂

∂x j

(
−ρu′

i u
′
j

)
(5)

The k-ω SST turbulence model is used to calculate the Reynolds stresses. It is
known to be reasonably accurate for a wide class of flows involving adverse pressure
gradient and shock induced flow separation. It was also shown to capture species
concentration gradients in a subsonic recirculation region behind a step in supersonic
flow [13].

Species transport equation:

∂

∂t
(ρYi ) + ∇ · (ρ�vYi ) = −∇ · −→

Ji + Ri (6)

where Ri is net rate of production of species ‘i’ by chemical reaction.
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The transport of enthalpy due to species diffusion is given by ∇ ·
[

n∑

i=1
hi �Ji

]
and

included in the Energy equation.

2.3.2 Boundary Conditions

Air enters the combustor inlet at Mach 2 with a stagnation temperature and pressure
of 612 K and 782.45 kPa respectively. Mach 2 corresponds to 732 m/s at 340 K static
temperature. The turbulence intensity was set to 5%. The outlet was set as a pres-
sure outlet with non-reflecting boundary condition in lieu of supersonic flow. The
strut surface and walls were set as stationary adiabatic walls with no-slip condition.
Vertical symmetry was used to model only half of combustor geometry. RANS CFD
analysis was performed using k−ω SST turbulence model and compressibility cor-
rection enabled. The flow and turbulence parameters were set to vary as 2nd order
upwind to maintain a balance between accuracy and the computational resources
required. The Courant number was initialized to a sufficiently low value of 5, which
was changed by the solver to maintain convergence.

Hydrogenwas injected fromall 8 holes,with injection parameters given inTable 1.
Three cases were analyzed, two with the location of Aeroramp injectors from strut
base varied from 3 to 9 mm and dynamic pressure ratio held constant at q = 1.9. The
other case involved changing the dynamic pressure ratio from 1.9 to 3.5, with the
location of Aeroramp injectors held constant at 9 mm from strut base. The values
of static pressure (P) and Mach number (M) for the freestream in dynamic pressure
ratio calculation (Eq. 1) are taken after the oblique shock formed at the strut tip.

Fuel-air mixing in cold flow is the sole focus of this study. Hence, volumetric
combustion model used for reactive analysis is disabled in the current work. It must
be noted, however, that the results obtained from cold flow analysis will only show a
part of the flow physics and mixing involved in the combustor, phenomenon such as
dilation encountered with actual reactive flows will change the results observed with
cold flow analysis alone. Combustion experiments performed with dual injectors
have shown that there would be augmentation of mixing due to “blockage effect”,
where front row of injectors blocks the flow leading to back injectors, thus allowing
the back injectors to achieve better penetration and also resulting in stronger chemical
reactions [14, 15]. Hence, further reacting flow analysis should be performed to fully
establish the actual flow behaviour occurring in the scramjet combustor.

Table 1 H2 injection
parameters for strut with
Aeroramp injection
configuration

Location of injectors (from strut
base)

Dynamic pressure ratio (q)

3 mm 1.9

9 mm 1.9

9 mm 3.5
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3 Results and Discussion

3.1 Mesh Independence and Validation

The gas dynamics of flow past the strut is shown in Fig. 3. Oblique shocks are formed
at the strut tip, these shocks reflect toward the centre line after impacting the walls.
The shock reflections are not entirely symmetric about the centreline because of the
3° divergence on the upper wall. At the base of the strut, the flow separates leading
to the formation of a recirculation region behind the strut, along with expansion fans
at the rear edges.

(a) Experimental Schlieren [1]

(b) CFD Schlieren

(c) Static pressure along bottom wall of combustor.
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Fig. 3 Gas dynamics of flow around strut flame holder without injection a Experimental Schlieren
[1] b CFD Schlieren c static pressure along bottom wall of combustor
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Two shear layers are formed which separate the recirculation region and the main
supersonic flow; they are pushed towards the centre by the expansion fans. As they
curve back into the main flow, shock waves are formed. These shock waves reflect
against the walls and interact with the boundary layer, which separates at the shock-
boundary layer interaction zone due to adverse pressure gradient produced by the
shock. A smaller recirculation zone can be seenwhere the shock reflects off the upper
wall due to the 3° divergence angle.

Figure 3 also shows the comparison of the CFD density gradient contours with
the experimental schlieren image obtained from [1]. The gas dynamics flow details
in the CFD results match well with the schlieren image. The turbulent region behind
the strut appears to be smoothened because time averaging was employed in the
RANS model. Lower wall static pressure variation obtained downstream of the strut
base from [1] and the CFD results were compared as shown in Fig. 3c. The initial
decrease in pressure can be attributed to the expansion fan at the strut base. Later, the
pressure increases due to the shock wave originating at the shear layer reflecting off
the lower wall. The CFD results are in reasonable agreement with the experimental
static pressure decrease due to the expansion fan, the minima being captured well in
CFD. However, it predicts a weaker oblique shock and hence a lower pressure rise
compared to the experiment.

The data for velocity validationwas obtained from [1].Here, three velocity profiles
at distances of 11 mm, 58 mm and 166 mm from the base of strut and on symmetry
plane were plotted against experimental values (Fig. 4). The strut length was 32 mm.
A velocity deficit is observed in the recirculation region, which gradually reduces
as we move away from the strut. In general, the velocity profiles between CFD and
experiment are in good agreement. At x = 11 mm, the maximum velocity difference
in recirculation region is 16%, while at other locations it is within 7%.

Both the 3.4 and 7.7 million cell mesh results are surprisingly close to each
other, except x = 11 mm location, where the 3.4 million mesh data is closer to the
experimental results than the 7.7millionmesh data. Thewall static pressure variation
also overlaps for the two meshes (Fig. 3c). Hence, the 3.4 million mesh was used in
subsequent analysis.

3.2 Strut with Aeroramp Injector

3.2.1 Gas Dynamics of Flow Field

The flow field that results due to injection into supersonic cross-stream involves gas
dynamics details that play a significant role in the overall mixing of fuel with air. In
order to understand these details, Schlieren images are taken, giving the side view
of strut and associated flow field for the three injection cases (Fig. 5), along with
streamlines image giving the isometric view of fuel injected from theAeroramp holes
(Fig. 6).
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Fig. 4 Velocity profiles at
a 11 mm b 58 mm c 166 mm
behind the strut on the
symmetry plane

(a) Velocity profile at 11mm

(b) Velocity profile at 58mm
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(c) Velocity profile at 166mm
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Fig. 5 CFD Schlieren
images for various fuel
injection configurations from
strut upper and lower
surfaces a 3 mm, q = 1.9
b 9 mm, q = 1.9 c 9 mm, q
= 3.5

(a) 3mm, q = 1.9

(b) 9mm, q = 1.9

(c) 9mm, q = 3.5
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Fig. 6 Streamlines of H2
injection for 9 mm, q = 3.5

The CFD Schlieren images are given in Fig. 5 for strut with Aeroramp injectors.
Schlieren is the first derivative of the density in the flow field. Hence the gradient of
density is shown in these images in a vertical plane cutting through the fuel injectors.
The region around the strut is shown to explain the effects of injection and the flow
details associated with it. The region further downstream has some differences with
that seen without injection. The reflected shocks originating at strut tip are at greater
angles than that seen with just the strut, they get strengthened from the bow shocks
emanating due to the injector jets. However, the shocks originating at the shear layer
are weaker in the case with injection; their strength is controlled by the weaker
expansion fan due to lower Mach number flow approaching the strut base.

The bow shocks ahead of the fuel jets are visible, with the bow shock formed as a
result of front injectors stronger than the rear. This shields the rear jets and “blocks”
the main flow to some extent, allowing better penetration of the rear jets into the core
flow. The strength of these bow shocks is directly related to dynamic pressure ratio;
higher the dynamic pressure ratio of injection, stronger the bow shocks associated
with each injector. The fuel jets after injection undergo expansion due to the pressure
gradient and subsequently lead to a Mach disk downstream. When the injector holes
are 9 mm from the base of strut, for q = 3.5 (Fig. 5c), the Mach number at the
strut base is lower compared to q = 1.9 (Fig. 5b) because of stronger bow shocks.
This results in a weaker expansion fan and less turning of flow downstream of the
strut base. Hence, the recirculation zone behind the strut is larger for q = 3.5. It has
implications for fuel-air mixing, as discussed later.

The streamlines of hydrogen jets are shown for 9 mm, q = 3.5 in Fig. 6, with an
isometric view encompassing the recirculation region at the strut base. The stream-
lines give the direction of fuel jets after injection, the effect of the Aeroramp can
be seen in these images. The “blockage effect” of the front row of injectors allows
the back row to bump up the fuel stream deeper into the core flow. As a result, the
penetration of the fuel into the freestream is improved in the near field. At the strut
base, the expansion fan forces the fuel vortices to turn back into the recirculation
region, hence improving its mixing with air.

An important constraint in the development of combustor is the overall stagnation
pressure loss incurred from inlet to exit. The flame holder and the fuel injection
technique play a crucial role in this context. The stagnation pressure loss for various
cases is given in Table 2.
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Table 2 Overall stagnation
pressure loss (%) for various
cases

Case Stagnation pressure loss (%)

Only strut (without injection) 21

3 mm, q = 1.9 22.7

9 mm, q = 1.9 21

9 mm, q = 3.5 20.6

Since the number of fuel injector holes is less, the injection process causes only a
minor increase in mass-averaged stagnation pressure loss across the combustor; the
maximum increase is 1.7% among the aero-ramp cases compared to the strut only
case. An apparent anomaly observed in the table is that the loss is 0.4% lesser for the
9 mm, q = 3.5 case than loss without injection. As discussed earlier, the bow shocks
due to fuel injection increase the losses, while the weaker shocks originating at the
shear layer reduce the losses. For the case under discussion, the net effect of these
two shock structures is a reduction in overall loss.

3.2.2 Equivalence Ratio Variation

The Equivalence ratio contours in Fig. 7 give a good picture of the mixing process
fromcombustionpoint of view.Although combustion runs are not performedhere, the
equivalence ratio depicts what part of the fuel-air mixture in a plane is combustible.
The outer black line in each image corresponds to Lower Flammability Limit (LFL)
and the inner black line corresponds to Upper Flammability Limit (UFL). For the
given airflow conditions, these values of LFL and UFL correspond to equivalence
ratios of 0.1 and 2.1 respectively. Only the region between these limits is combustible;
the region within the UFL line is very fuel rich and not combustible and the region
outside the LFL line is very fuel lean and hence not combustible. This combustible
region is compared among the three cases and along four planes downstream of strut
base in the recirculation region, as most of the mixing occurs here.

Figure 7 shows the equivalence ratio contours for the three injection cases at four
locations downstream of the strut base. The distance x is normalized by strut length L.
At x/L = 0.5 given by Fig. 7a, for 3 mm, q = 1.9, the Aeroramp vortices are forced
to turn by a sharp angle towards the recirculation zone due to the expansion fan at
the strut base. Thus, there is some interaction of the Aeroramp vortices with the strut
wake vortex. For the 9 mm, q = 1.9 case, the strut wake vortices are shorter due to
the stronger expansion fan as discussed earlier. Hence, in contrast to the 3 mm case,
the Aeroramp vortices have a more limited interaction with the strut wake vortices.
In the 9 mm, q = 3.5 case, the recirculation vortex is larger, resulting in a stronger
interaction and enhanced mixing with the Aeroramp vortices. There is also higher
penetration in the vertical and lateral directions in this case compared to the previous
two cases.

At x/L = 1 given by Fig. 7b, for 3 mm, q = 1.9, the orientation of these vortices
is changed as they are pulled inwards by the significantly stronger recirculation zone
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(a) x/L = 0.5

(b) x/L = 1

(c) x/L = 1.5

(d) x/L = 3

Fig. 7 Equivalence ratio contours for various fuel injection configurations at a x/L = 0.5 b x/L =
1 c x/L = 1.5 d x/L = 3
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vortex. The orientation of the jet vortices is maintained for the 9 mm, q = 1.9 due to
limited interaction with the recirculation vortex, hence causing a lateral bulge in the
equivalence ratio contours. In the 9 mm, q= 3.5 case, the interaction is so significant
that the Aeroramp vortices are flattened and each vortex begins interacting with the
vortex adjacent to it in the lateral direction.

At x/L = 1.5 given by Fig. 7c, for 3 mm, q = 1.9, the Aeroramp vortices have
merged together in an ‘X’ like pattern and for 9 mm, q = 1.9, all the Aeroramp
vortices have merged into a single fuel rich blob. For the 9 mm, q = 3.5 case, the
interaction with the strut wake vortex and adjacent vortices have resulted in the fuel
richness dropping more prominently (from bright red to light yellow) than that seen
in the other two cases.

At x/L = 3 given by Fig. 7d, we can see that the fuel richness has dropped
rapidly to values below the UFL in 3 mm, q = 1.9 and 9 mm, q = 1.9 cases. There
is still a central fuel rich region in these two cases that is not combustible. However,
in the 9 mm, q = 3.5 case, there is no UFL as the mixing of fuel and air has been so
extensive that the entire region within the LFL line is combustible.

This concludes that the best-case scenario is injecting at a higher dynamic pres-
sure ratio (q = 3.5) and away from the strut base (9 mm). The fuel penetrates the
incoming air better in both lateral and vertical directions and stays away from the
injection surface. Fuel-air mixing is also enhanced around and behind the strut. The
combustible area is higher at all locations for this case compared to the other two
cases. To add to these advantages, the overall stagnation pressure loss is also lower
for the 9 mm, q = 3.5 case than in the other two cases.

In Fig. 7, the region within the UFL line is bright red, signifying a very fuel
rich mixture. Although the maximum equivalence ratio for these contours has been
truncated at 3, the equivalence ratios in these fuel rich regions go well beyond 3.

The graph in Fig. 8 gives the maximum equivalence ratio variation from the strut
base up to x/L = 4. The 9 mm location cases show lower maximum equivalence
ratio compared to 3 mm case, since the Aeroramp vortices get more distance along
the strut length to mix with air. While comparing the 9 mm, q = 1.9 and 9 mm,
q = 3.5 cases, an interesting observation is that although more fuel is injected for
the 9 mm, q = 3.5 case at higher dynamic pressure ratio, enhanced mixing with the
larger strut wake vortex ensures that the local maximum equivalence ratio is lower
than the 9 mm, q = 1.9 case.

4 Conclusion

The current study explores a novel strut-based fuel injection scheme for a scramjet
combustor, incorporating an aerodynamic ramp fuel injector on the upper and lower
strut surfaces. As the first step, the gas dynamics of flow past the strut using RANS
CFD analysis were validated with DLR experimental data available in literature. The
velocity profiles behind the strut, lower wall static pressure and density gradients
agreed well with experiment.
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Fig. 8 Maximum equivalence ratio variation as a function of distance behind the strut for various
fuel injection configurations

The Aeroramp injectors were incorporated on the strut surface to increase the
lateral fuel penetration into the flow and improve mixing by Aeroramp vortices in
the near field up to strut base. These vortices subsequently entrain into the larger
strut wake recirculation vortex and further enhance fuel-air mixing.

The location of Aeroramp injectors with respect to strut base (3 mm, 9 mm) and
dynamic pressure ratio (q = 1.9, 3.5) were varied. The fuel injected was hydrogen,
only non-reacting flow runs were performed. Numerical schlieren, streamlines and
equivalence ratio contours in various transverse planes behind the strutwere obtained.
The results indicate that it is beneficial to inject fuel away from the strut base and at a
higher dynamic pressure ratio to achieve better fuel-air mixing and lower equivalence
ratios downstream of the strut, which is more amenable to combustion. Fuel-air
mixing is governed by the interaction of Aeroramp vortices with the larger strut
wake recirculation vortex; the strength of expansion fan at strut base plays a key role
in facilitating this interaction.
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