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Abstract

The scramjet appears to be among the most promising propulsion solutions for the future,
attracting attention of many researchers and experts. The major concern is the complicated
mixing of air and fuel phenomena within the combustor. The supersonic flow inside combustor
causes improper air and fuel mixing in scramjet engines. The flame in stabilizes due to less air
resident time, affecting output efficiency and resulting in fuel energy loss. The primary purpose
of previous researches is to increase the performance of scramjet engines by improving
supersonic mixing and combustion. Furthermore, beyond previous research endeavors
investigating diverse fuel injection techniques within the supersonic combustor, this paper will
delve into multiple fuel injection designs aimed at enhancing the combination of air and fuel.
Additionally, it will demonstrate the reacting flow attributes associated with various ramp
positions in a scramjet combustor featuring strut injection. Reduced fuel consumption in the
combustor also exerts a considerable influence on efficient use of fuel energy in aviation field.
A strut-based injector appears as an excellent design solution for a supersonic combustor.
Conversely, a complex aero-thermodynamic system incorporating high-speed flow,
compression waves, and thermochemical reactions represented by the scramjet combustor. The
performance of a supersonic combustor is affected by numerous factors, such as the input Mach
number, the type of fuel used, combustor pressure, and temperature.
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INTRODUCTION

The supersonic combustion ramjet engine, commonly known as a scramjet, stands out as one
of the most promising air-breathing propulsion systems for future hypersonic vehicles,
attracting a growing interest from researchers. A scramjet is a high-speed engine that mixes
fuel into supersonic air flowing through it; it is intended for hypersonic aircraft. Scramjet is a
key component for hypersonic flight operations. As shown in Figure 1 below, the scramjet
engine comprises three primary components: a converging inlet, a combustion chamber, and a
nozzle.

In a scramjet combustor, the flow should ideally be supersonic. The supremely challenging
aspect of the supersonic combustor lies in achieving supersonic mixing of air and fuel. In
combustion chamber, flame in stabilization will occur if the fuel and air mixture is improper.
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Because of less resident time of air, hyper mixer fuel injectors or alternate wall injector designs
are used in the combustor to enhance the air-fuel mixture. [1]
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Figure 1: schematic of scramjet engine

The efficiency of the fuel injection system predominantly regulates the heat emission in a
supersonic combustor. The performance of a scramjet relies heavily on effective and thorough
fueling across the combustor cross-section. In order to minimize total pressure losses, the fuel
injection system must efficiently mix fuel and air within the combustor at the proper distance.
To take advantage of all available oxygen, Across the combustor's entire cross-section, the
fuel must be distributed uniformly through the fuel injection system.

A scramjet represents a specific category of air-breathing jet engine designed to combust fuel
through supersonic airflow. Scramjets, akin to ramjets, necessitate high vehicle speeds to
efficiently compress incoming air before combustion. However, unlike ramjets, which utilize
shock cones to decelerate air to subsonic velocities before combustion, scramjets forego shock
cones. Instead, they rely on shockwaves generated by their ignition source to decelerate airflow
[2]. As aresult, scramjets are capable of operating at incredibly high speeds [3].

Among the three critical components of the scramjet engine, the combustor stands out as the
most challenging. Supersonic combustion, encompassing turbulence mixing, shock interaction,
and heat release within supersonic flow, constitutes a highly complex process. Designing and
developing an ideal geometry for a supersonic combustor poses a significant challenge due to
the extremely intricate flow field encountered within the combustor of the scramjet engine.
For the necessary chemical reaction to transpire and facilitate the subsequent release of heat
throughout the residence time of the fuel-air combination, the combustor must enable effective
mixing of the fuel and air. To accomplish this objective, it demands a comprehensive
comprehension of fuel injection processes, as well as the mechanisms governing supersonic
mixing and combustion, along with the factors influencing losses within the combustor.
Following objectives were kept in mind when designing it:

1) Fast and efficient fuel air mixing
i1) Reducing total pressure loss
i) High combustion efficiency.

The hyper mixing injector is a two-dimensional compression ramp with a streamwise vortex
producing section on the upstream side. The schematic diagram of an alternating wedge hyper
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mixer is shown in Figure 2. The wedges, created by an extended compression ramp from the
upstream side, are arranged inversely in the span width direction [4].

Figure 2: Alternating wedge hyper mixer (Ogawa and Kodera 2015)

Frequently, intrusive geometries are necessary to supply core airflow within a circular or
elliptical scramjet combustor cross-section. Intrusive geometries possess the capability to
sustain the flame of the fuel-air mixture and ensure uniform fuel distribution across the
combustor cross-section. Intrusive designs offer easier penetration into the core combustor
airflow and require lower fuel injection pressures compared to conventional transverse or
angled wall injection methods. Stream wise vortices (Vortices oriented in the axial direction
within the scramjet combustor) have been explored as a mixing enhancement mechanism in a
fuel/air mixing flow (Fig. 3). Stream wise vortices enhance turbulent fluctuations perpendicular
to the airflow of the combustor while decreasing turbulent fluctuations parallel to the airflow.
This has been demonstrated to be helpful to the mixing process theoretically, numerically, and
experimentally [5]. Introducing streamwise vortices induces fluctuations perpendicular to the
flow, thereby accelerating the transformation of large, stable structures into smaller turbulent
ones [6]. Turbulent fluctuations perpendicular to the flow fragment large two-dimensional
structures into smaller turbulent vortices. Streamwise vortices are also less susceptible to
compressibility effects as they flow perpendicular to the shear layer [7]. Hyper mixers are
devices designed to improve fuel/air mixing by introducing streamwise vortices.

_,/
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Airflow  Vertical Vortices i—

Inlet Combustor Nozzle

Figure 3: Axial vortices generated in a flow.

In scramjet propulsion systems, fuel is injected and burned within extremely rapid flow fields.
Efficient mixing of fuel with the free stream air is crucial for an acceptable design, given the
short residence time of the fuel within the combustion chamber in such high-speed
environments.
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LITERATURE REVIEW:

Among various options, a strut-based injector arrangement is one potential solution to address
the mentioned challenges while still preserving a low total pressure loss. In a series of
experiments, Waidmann et al. [8] utilized the strut-based hydrogen fuel injection method in a
DLR scramjet combustor. Various operating conditions, encompassing temperature and
pressure, were employed for the combustion experiments. Figure 4 below depicts the DLR
scramjet model that Waidmann [9] experimented. There is a wedge-shaped strut located in the
DLR scramjet combustor, 25 mm from the lower wall and 77 mm downstream from the
entrance. The injection of hydrogen occurs through 15 orifices, each with a diameter of 1.0mm.

Due to its direct injection of fuel into the main flow, the strut stands out as one of the most
efficient fuel injection techniques [10, 11, and 12]. Hsu [13] conducted a study on the mixing
characteristics of multiple strut injectors in supersonic flow. The results indicated that struts
with larger wedge angles could generate strong shocks and flow obstructions, leading to a
larger wake and effective fuel mixing. A computational analysis examining the effects of strut
width and height on fuel/air mixing and pressure loss in the combustor section was carried out
[14]. The findings revealed that enlarging the dimensions of the baseline strut augmented both
the combustion area behind the strut and the total pressure loss. Multiple studies have
demonstrated that the fuel/air mixing process is notably influenced by the streamwise vortices
formed behind the strut [15, 16].
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Figure 4: Schematic diagram of waidmann’s DLR supersonic combustion chamber [8]

Figure 5 illustrates another numerical investigation [17], the ramps are positioned in alignment
with the strut, running parallel to both the upper and lower walls of the combustor. Various
metrics such as wall pressures, combustion efficiency, and total pressure loss at different axial
locations are employed to evaluate the efficacy of the ramps within the strut-based scramjet
combustor. Greater instances of shock interactions are observed upstream of the point where
the strut injects for the scenarios involving ramps, causing a deceleration of the flow
downstream. Additionally, the findings indicate a rise in the occurrences of less pronounced
shock reflections.
The shock reflection from the ramps contributes to improving the spatial distribution of
hydrogen. In the results obtained from ramp combustors, there is a noticeable ignition delay
attributed to the deceleration of the flow. The ramp combustor, however, produces a more
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intense flame temperature. Because ramps create additional shock interactions, ramp
combustors exhibit a slight increase in total pressure loss when compared to other strut-only
scramjet combustor models.
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Figure 5: The Schematic of strut based with ramps on top & bottom wall [17]

To enhance combustion efficiency while maintaining flame stability without unduly decreasing
overall pressure, a cavity has been widely employed [18,19,20,21]. The cavity flame holder
interacts with flow mixtures to generate a shear layer, a recirculation region, and a
recompression shock, all of which contribute to enhancing combustion and flame stability. The
combustion within the diverging chamber is regulated by the flame, which is situated within
the shear layer of the cavity [22]. The numerical investigation focuses on a cavity-shaped
combustor featuring a backwards-facing step and a forward ramp equipped with an injector at
a certain inclination angle opposing the inlet flow [23] shows the higher temperature at the exit,
which leads to the increase of combustion performance. Also, the higher inclination angle of
the injector gives higher efficiency than the injector with a lower angle of inclination. The
scramjet combustor, based on a cavity design, enhances fuel/air mixing and augments flame
stability.

Fuel injector

e

Figure 6: The Schematic of Cavity shaped combustor

Incorporating multiple cavities within the combustor can yield superior outcomes compared to
employing a single cavity, under certain circumstances. In the experiments conducted by
Collatz et al., it was shown that the dual cavity generated higher stream thrust and pressure
ratio compared to single cavity flame holders [24]. Micka et al. performed experimental
research on the combustion characteristics of dual-mode scramjet combustors [25]. The
experiment demonstrated that at lower temperatures, combustion tended to localize near the
leading edge of the cavity, whereas at higher temperatures, it stabilized downstream within the
jet wake. Lu et al. conducted a successful investigation on tandem dual-cavity configurations
[26]. According to their research, the presence of a tandem cavity structure contributes to
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enhanced combustion efficiency and flame stability, thereby resulting in a reduced combustor

length.

Fuel injector

Fuel injector

-

Figure 7: The Schematic of dual-cavity scramjet combustor

Another study [27] employed a two-dimensional turbulent non-mixed combustion model with
a diamond-shaped strut injector to investigate supersonic hydrogen combustion. The injection
of hydrogen fuel from the diamond-shaped strut injector effectively represents the turbulent
reactive flow field during combustion. According to the findings of this study, at the points of
recirculation, where shock wave expansion occurs and fuel jet concentration diminishes, the
maximum temperature is reached. As one progresses along the axis through these regions, the
temperature gradually decreases. The utilization of strut injectors generates an expansion wave
that effectively blends the fuels with the air, facilitating thorough combustion.

Pre. Outlet
—--Fuel Inlet & ==
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Figure 8: The Schematic of Supersonic combustion using Diamond shaped Strut Injector [27]

Obula Reddy conducted a numerical comparison between twin strut and strut side fuel injection
models [28]. The study's results indicate that the leading edge of the strut forms a strong oblique
shock, which is subsequently reflected back onto the interior walls of the combustor. The effect
of the strut side fuel jet results in the generation of additional oblique shocks, leading to an
increase in static pressure at the boundary layer separation. Fuel jets and oblique shocks are
transported, thereby enhancing the mixing of air and fuel. The dual strut configuration
decreases ignition delay, consequently leading to improved combustion efficiency in the strut
side fuel injection model compared to the double strut type.
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Fig. 9: The Schematic of Scramjet Combustor with strut side (top and bottom) fuel injection
and with twin strut fuel injection. [31]

Supersonic hydrogen combustion employing a wavy wall strut injector within a scramjet
combustor has been numerically studied in another study [29]. The introduction of a wavy wall
strut in the fuel injector led to an observed increase in the number of oblique shock waves, as
distinguished by the differentiation in scramjet flow structure. It raises the level of turbulence
by increasing the number of streamline vortices, turbulent intensity, and turbulent kinetic
energy. As the Mach number increased in the shock wave generation experiment conducted at
different Mach numbers (M = 2, 4, 6), fewer interactions between the shock wave and shear
layer were observed. The research focuses on the formation of shock waves and their
interaction with the shear layer, as well as the measurement of turbulent characteristics, this
research revelas that the mixing of fuel and air, augmented by shock waves, is significantly
influenced by the presence of the wavy wall strut.

3° — = _

Figure 10: The Schematic of wavy wall strut injector [29]

As can be seen in Fig. 11, two right-angled struts are symmetrically arranged about center axis
and the vertical distance among the struts is 4 mm. In comparison to a single strut, a low-
density recirculation area form near to two struts. The expansion of the two struts creates a
low-density recirculation region between the two fuel jets as air exits the channel between
them. This process aids in the early mixing of fuel and air, while shocks occurring farther
downstream contribute to mixing later in the combustion process. Because of improved fuel-
air mixing, multiple struts have higher combustion efficiency than a single strut. The findings
suggest that shocks generated by the leading edge of the strut result in improved mixing and
combustion. As the temperature and pressure of the incoming air at the combustor's inlet
increase, the performance of the scramjet combustor improves. A redesigned combustor
featuring a two-strut fuel injection system demonstrates superior performance compared to a
single-strut combustor [30].
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Figure 11: Schematic diagram of two-strut injector scramjet combustor

In another study [31], two newly introduced variants of strut injectors are the rocket and double
arrow-shaped configurations. The numerical simulation tool ANSYS e FLUENT 15.0 was used
to do a numerical study of computational domains using new strut injectors. For turbulence
modeling in high-speed flows, the shear stress transport model (SST k- model) was
investigated. Numerical calculations suggest that the pressure of compressed air entering the
combustion chamber is higher than that in the DLR scramjet basic model, resulting in reduced
ignition delay. Furthermore, it was demonstrated that both the rocket and double arrow strut
models augment vortex formation and boundary layer separation, thereby improving fuel and
air mixing and consequently increasing combustion efficiency.
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Figure 12: Schematic diagram of rocket strut
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Figure 13: Schematic diagram of double arrow strut (Kummitha O. R, Pandey K. M, & Gupta
R. 2020)

CONCLUSION

The major focus in improving scramjet performance is on boosting combustor efficiency. To
achieve high performance, several hyper mixers have been studied to enhance fuel injection
systems. The enhancement of the fuel and air mixture inside the combustor is demonstrated by
this study on the fuel injector in a scramjet combustor. The primary types of fuel injection
employed in current scramjet technology include transverse injection, ramp injection, strut
injection, cavity flame holders, and dual-cavity injection, diamond shaped strut, twin strut,
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wavy wall strut injector, rocket strut & double arrow strut injector, which has discussed in
literature. Each method has its benefits and drawbacks. When utilizing scramjet injection, the
flow velocity is the most critical factor to consider as it affects the quality of fuel and air mixing.
However, achieving greater mixing may come at the expense of increased pressure loss.

According to the findings of this study, the highest combustion efficiency is attained in double
ramp combustor under-reacting flow conditions, as compared to other types of injectors. The
static temperature increases due to the formation of additional shock waves and their
subsequent interactions. Because of the additional shock formations, the overall pressure loss
for strut ramp reacting flow is comparatively higher than other cases. It was also discovered
that a cavity-shaped combustion with an injector with an inclination angle produces a greater
temperature at exit, resulting in better performance. The cavity within the combustor also
serves as a flame holder. To come up with better design, in future more research on wall
mounted ramps on DLR strut scramjet combustor under reacting flow field will be occurred
which will follow from previous findings, and would benefit from further research.
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