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Usage of serpentine injector for
hydrogen mixing at combustion
chamber of scramjet engine via a
computational study
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This article fully investigates the hydrogen fuel jet mixing behind the strut with a serpentine injector

at a supersonic combustion chamber. The main goal of this work is to analyze the three-dimensional
flow of hydrogen jet released from the serpentine nozzle by computational technique. The role of
serpentine nozzle height is also examined to find the optimum location for fuel mixing. Meanwhile, the
extruded serpentine nozzle located behind the strut is also studied. The strength of circulation in these
configurations is compared and our results show that the fuel circulation strength is improved when
the serpentine nozzle is located in a higher height behind the strut. Moreover, a comparison of the

fuel mixing behind the strut indicates this injector has significantly higher fuel mixing efficiency (about
40%) in comparison with a circular nozzle.
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The scramjet engine, a cornerstone of hypersonic propulsion technology, operates by compressing incoming air
at supersonic speeds and combusting it with fuel to generate thrust. Achieving efficient fuel-air mixing in the
combustion chamber is a critical challenge due to the extremely short residence time and high-speed airflow. The
success of the scramjet largely depends on innovative injector designs that ensure rapid and effective mixing of
the fuel with the airstream under extreme operating conditions!'~>.

Among various injection strategies, serpentine injectors have garnered attention for their ability to enhance
fuel-air mixing through a combination of passive mechanisms. By introducing secondary flow structures, such
as vortices and shear layers, the serpentine injector promotes turbulent mixing, which is crucial in overcoming
the inherent challenges of high-speed combustion. Additionally, its design can potentially reduce total pressure
loss, which is a critical factor for maintaining overall engine efficiency*°.

A particularly intriguing aspect of the serpentine injector is its ability to generate large-scale vortices in the
wake of the injector, especially when positioned behind a strut. These vortices play a pivotal role in the mixing
process within the combustion chamber. The interaction between the vortices shed by the serpentine injector
and the high-speed shear layers of the supersonic flow intensifies turbulent mixing’~®. Specifically, counter-
rotating vortices enhance cross-sectional mixing of fuel and air, while longitudinal vortices stretch and fold the
mixing layers, increasing the contact area between the two fluids'®!L.

When placed downstream of a strut, the serpentine injector’s vortices synergize with the wake turbulence
generated by the strut itself'>!%. The strut, commonly used to anchor injectors or other flow control elements,
introduces regions of low pressure and recirculation zones. The vortices produced by the serpentine injector
interact with these recirculation zones, creating a complex flow pattern that further enhances fuel entrainment
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into the air stream!*!°. This interaction ensures that the fuel remains well-dispersed and mixed throughout the
combustion chamber, even under the high-strain and short-duration environment of a scramjet!'®!”.

This study focuses on the computational investigation of serpentine injectors for fuel mixing within the
combustion chamber of a scramjet engine, with a particular emphasis on the role of vortex structures generated
by the injector and their interaction with strut-induced flow features'3-*. Using advanced numerical simulations,
we evaluate the injector’s performance in terms of mixing efficiency, flow uniformity, and pressure loss under
realistic operating conditions. The results provide critical insights into the flow dynamics and highlight the
potential of serpentine injectors as a promising solution for the fuel injection challenges in scramjet engines?!~23.
By optimizing the design and understanding the physics of vortex generation and interaction, this research aims
to contribute to the advancement of hypersonic propulsion technology.

The efficient injection of the hydrogen gas behind the strut via a serpentine injector is investigated in this
research article. The fuel jet characteristic released from the serpentine injector has been studied to reveal the
importance of the injector shape on the fuel penetration inside the combustor with a strut. The computational
technique is used for the modeling of the hydrogen gas released from three different serpentine injectors at
supersonic flow. The effects of the extruded nozzle as well as nozzle location on the fuel jet mixing are fully
explained in this paper. A three-dimensional model of the serpentine injection system is used since the flow of
the hydrogen jet should be analyzed by real physics of the flow. Circulation analysis is also conducted for the
evolution of this innovative model.

Computational methodology and main governing equations

The flow inside the combustor of the scramjet with an injection of the fuel behind the strut is fully compressible
and turbulent?*-2°, The main focus of this work is to visualize the real fuel mixing and distribution downstream
of the strut without reactions?”-?. Thus, RANS equations are considered for the modeling of the supersonic flow
within the combustor with the SST turbulence model®*°, and>!. As hydrogen is the fuel for the injection from
the serpentine injector, the species transport equation is also required for the modeling of the secondary gas in
our domain®>*. The ideal gas assumption is done for the modeling of the gas behavior and the energy equation
is also coupled due to shock wave production inside the model at the supersonic combustor. The main governing
equations are fully available in previous studies®*?*, and*.

The proposed serpentine injector configurations are demonstrated in Fig. 1. The initial radius (rl) and final
radius (r2) of the designed serpentine are 0.5 mm, and 2.25 mm, respectively. The present work also investigated
the vertical location of the serpentine injector at two heights of L1=5 mm and L2=2.7 mm. The width and
height of the strut are 5 mm and 10 mm, respectively. The extruded serpentine model is also simulated in this
work and the model with extruded length of 10 mm behind the strut is also simulated in this work. The length
of the extruded injector is chosen arbitrary and this length is chosen to investigate the use of this technique
for the injection of the fuel behind the strut. The supersonic air flow with Mach=2 and atmospheric pressure
enters from the inlet and the hydrogen is also injected from the serpentine nozzle with Mach=1 with 30%
total pressure of free air stream. The length of the domain upstream and downstream of the strut is 20 mm
and 70 mm, respectively. The applied condition at the inlet is pressure far-field and the outlet is pressure outlet
(Fig. 2). The bottom is assumed symmetry and two sides of the model are assumed symmetry. The schematic
structure of the fuel jet released from the nozzle is also depicted in the figure.

 Supersonic flow|

|Strut injection with serpentine nozzle

Fig. 1. The geometry of the proposed serpentine grid.
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Fig. 3. The final structured grid for the proposed serpentine injector.

In Fig. 3, the generated cells for one of the proposed serpentine models are illustrated. The grid size is adjusted
based on the importance of the domain to optimize the grid cells and run time. In fact, critical regions near
serpentine injectors have higher grid resolution while large grids are generated at a far distance near the outlet.
The grid study is also conducted and the fuel concentration on the specific plane positioned 15 mm behind the
strut is evaluated to ensure that the produced grid is not effective on the obtained results. Figure 4 presents the
archived results from different produced grids. The third grid is selected as a final grid for this investigation. A
structured grid is produced to achieve high-precision results and the Y +value of the grids in the final grids is
less than 4.

Results and discussion

The important step for the computational modeling of the fuel jet mixing in the combustor is to compare the
numerical data with existing experimental data (Table 1). The present work has modeled the single circular
nozzle model behind the strut since the experimental results®” of the model are available in the context. The
velocity changes behind the strut on the plane positioned 125 mm behind the strut are compared with the
experimental data and a comparison of the results shows that the selected technique for the modeling of the fuel
mixing is reliable for the proposed serpentine injector.
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Fig. 4. Grid study.

Z Waidmann et al. (Exp)*’ | Our numerical data
(mm) | m/s m/s
5 780 775
10 775 773
15 771 772
20 741 744
25 560 550
30 650 630
34 725 735

Table 1. Validation of the axial velocity on symmetry line located 125 mm behind the strut.

The 3-dimensional features of the hydrogen jet released from the serpentine nozzle in the introduced
configurations are displayed in Fig. 5. In case 1, the fuel jet released from the center of the strut vertical plane
expands in all directions while its non-uniformity of the jet is preserved. The main attitude of proposing
serpentine injectors is the layer shape of the jet since this shape of the nozzle would produce the layer jet flow
which has great mixing efficiency due to the production of the vertical flow within these layers. When the
serpentine injector moves up behind the strut (case 2), the fuel jet near the outlet is highly under the impact
of the supersonic free stream flow from an upward direction and consequently, the jet expansion occurs after a

Scientific Reports|  (2025) 15:13089 | https://doi.org/10.1038/s41598-025-98077-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

h2: 0.05 0.15 025 0.35 0.45 0.55 0.65 0.75 0.85 0.95

Fig. 5. 3-D flow feature of the hydrogen flow downstream of the serpentine nozzle in the proposed injector
configurations.

limited distance as shown in the figure. In fact, the produced vortices in the gap of the serpentine nozzle and the
bottom are enable to distribute the hydrogen flow with more power. In the extruded serpentine model (case 3),
the power of the induced vortices behind the strut is not high near the serpentine injector and consequently, the
expansion of the fuel jet in this model is not efficient. However, the fuel jet diffusion in the streamwise direction
is more efficient since the free stream airflow in the vicinity of the outlet is higher.

The Mach contour on the mid-plane is also compared to investigate how the contact of the free stream with
the fuel jet layer in the suggested configurations differs from the fuel mixing performance in these configurations
(Fig. 6). In case 1, the gap of the free stream shear layer, initiated from the top edge of the strut, and the fuel
jet is a high potential for the formation of the circulation due to the subsonic region. As the position of the
serpentine jet moves up (Case 2), the induced vortices vanish in the top of the jet and consequently, the gap
between the bottom and the jet is the only potential region for the formation of the circulation. Unlike previous
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Fig. 6. The Mach contour on the mid-plane for the proposed serpentine injection models.

configurations, the shear layer contact jet flow was released from the extruded serpentine nozzle in case 3. Thus,
high shock contact is noticed in this model.

The mixing zone downstream of the three suggested serpentine injectors has been examined to unveil the
role of the produced vortices on the fuel distribution of these models. As illustrated in Fig. 7, the power strength
of the bottom vortices pushes the fuel jet to the upward direction although the up vortices improve the fuel
mixing top of the jet. In case 2, the mass fraction of the hydrogen is less diffused into the free stream and the core
of the hydrogen jet is deflected by the main air stream although there is a large circulation in the bottom of the
hydrogen jet in this model. In the extruded serpentine nozzle, the jet concentration is highly lower than in other
configurations since the shear layer disturbs the hydrogen jet after the nozzle. As mentioned before, the higher
interaction of the free stream with hydrogen along with the layer formation of the fuel jet increases the fuel jet
mixing in this model.
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Fig. 7. Mixing zone and streamline on the mid-plane of these serpentine configurations.

The contour of the mixing zone downstream of the serpentine nozzle is demonstrated in Fig. 8. The figure
of the fuel mixing in these locations displays the trend of the fuel jet changes in these models. The change in the
fuel concentration confirms that the jet behind the serpentine nozzle has a non-uniform distribution and this
effect would improve the fuel distribution behind the strut. The spiral shape of the nozzle deforms the core of the
jet and consequently, the boundary of the hydrogen jet permits the air stream to diffuse into the jet. In case 2,
the jet would preserve the main core since the spiral feature of the jet is limited by the free stream. As expected,
a downward extension of the mixing zone in this model is higher while the core of the jet remains at the top. In
the extruded serpentine model, the fuel mixing is not extended due to the contact of the free stream shear layer
at the jet outlet.

The 3-D flow around the serpentine injector with Mach contour on the mid-plane of these models is
illustrated in Fig. 9. The figure exhibits the jet and free stream in these cases along with Mach contour to evaluate
the flow difference in these introduced models. The flow stream in these models indicates that the gap between
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Fig. 8. The evolution of the mixing zone downstream of the three different configurations of serpentine
injector.

the fuel jet and the bottom is the source of the vortices which greatly change the fuel distribution behind the
nozzles. Meanwhile, the serpentine shape of the injector results in the local velocity gradient and consequently,
the core of the jet would be the source of the vortex. As shown in the figure, in the extruded serpentine model,
the core of the produced vortex behind the strut did not contact with the jet outlet. Thus, the induced vortices
could not improve the penetration of the fuel jet.

Scientific Reports|  (2025) 15:13089 | https://doi.org/10.1038/s41598-025-98077-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 9. 3-D flow around the serpentine jet configurations behind the strut.

The contour of Mach and stream behind the strut with the serpentine nozzle in two different heights are
illustrated in Fig. 10. The vortex pair induced by the serpentine injector is noticed by the reason for the velocity
change. The Mach contour demonstrates how the velocity change expands the circulation downstream of the
serpentine nozzle. A comparison of these two cases shows that the change of the injector height has a direct
impact on the size of the vortex size while this role is limited near the injector.

The circulation strength behind the strut for case 1 and case 2 is evaluated and the obtained results are plotted
in Fig. 11. The archived data related to the circulation strength downstream of these two models indicates that
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Fig. 10. Comparison of the Mach contour and streamline behind the serpentine nozzle with different heights.

the circulation strength is improved when the serpentine nozzle is located in higher heights behind the strut.
Indeed, the circulation expanded more when the jet was positioned near the top of the strut. The circulation
strength also discloses that this trend remains downstream. The formulation for calculation of the circulation is
as follows:

T (2) = d;lm {f ‘@ _ 9wl (1)
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Fig. 11. Comparison of the circulation strength downstream of the strut with serpentine nozzle in different
heights.

The comparison of the fuel mixing behind the strut for circular and serpentine nozzle is also done and Fig. 12
presents the reached data. The mixing efficiency results of case 1 and 2 are almost identical and consequently,
they are presented as one plot in this figure. As plotted in the figure, the mixing efficiency near the jet outlet
of circular and serpentine nozzle is practically identical. However, when the jet moves downstream (more
than 10 mm), the fuel mixing of the serpentine nozzle is higher than the circular one about 40%. The higher
performance of the serpentine nozzle is related to the superior circulation power induced by the spiral shape of
the nozzle. The calculation of fuel mixing is done by following equations:

e = I Yir, pu.dy.dz / [ Yon, pudy.z )

where.
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Fig. 12. Comparison of the fuel mixing efficiency downstream of the strut with circular and serpentine nozzle.

YHQ) YH2 S Y;I];

Yi, = 1-Y, 3
T vt (2 ) vy, > Y ®
1Y

where Y7, is the stoichiometric hydrogen concentration for a fuel/air mixture

Figure 13 illustrates the variation of the total pressure loss downstream of the two cases of serpentine injector
as well as simple circular injector™. The total pressure loss across the combustor is largely unaffected by changes
in the separation distance. The results of pressure loss indicate that the use of serpentine injector decreases the
pressure loss behind the strut. The slight variation observed in total pressure loss could be attributed to weaker
trailing edge shock waves.

Conclusion

This study fully investigated the technique of the serpentine injector behind the strut of a supersonic combustion
chamber. The compressible hydrogen jet flow released from the serpentine nozzle is simulated via the CFD
method to visualize the flow of the hydrogen jet diffusion mechanism. The flow stream and mixing zone behind
the serpentine nozzle in three configurations are compared to disclose the important feature that improves the
fuel penetration downstream of this type of injector. To examine the performance of the serpentine injector,
different heights, and extruded serpentine nozzle are simulated. The comparison of the nozzle height indicates
that fuel circulation power improves when the jet nozzle moves to a higher height since the down circulation
expands. Meanwhile, a comparison of the mixing performance of the circular and serpentine nozzle confirms the
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Fig. 13. Comparison of the pressure loss downstream of the strut with circular and serpentine nozzle.

superiority of the serpentine nozzle downstream of the strut located in the combustor of the scramjet engine. The
circulation strength in these configurations is analyzed, and our findings reveal that positioning the serpentine
nozzle at a greater height behind the strut enhances fuel circulation. Additionally, when evaluating fuel mixing
downstream of the strut, this injector demonstrates a notably higher mixing efficiency—approximately 40%—
compared to a conventional circular nozzle.
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