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Abstract: Efficient fuel-air mixing within milliseconds is critical for scramjet performance, yet the flow physics of a transverse
jet in supersonic crossflow remains insufficiently quantified. Planar Rayleigh/Mie scattering and stereoscopic particle-image
velocimetry were applied to a Mach 2.68 crossflow. Jets with a 2 mm orifice diameter were injected at three dynamic-pressure
ratios (1.64, 4.92, and 8.19) under two incoming boundary layer thicknesses (1 and 4 mm). Instantaneous imaging captured the
bow shock, barrel shock, Mach disk, slip line, recirculation zone, and counterrotating vortex pair (CVP). Vorticity fields
revealed streamwise vortices forming beside the barrel shock, merging 20 mm downstream from the jet orifice, and persisting as
a typical CVP that entrained freestream fluid. Boundary layer thickness systematically enhanced jet penetration and modulated
near-field breakup patterns without altering far-field mixing limits. The penetration depth was fitted using a modified correlation,
indicating an approximately 10%-20% increase when the boundary layer thickness increased from 1 to 4 mm. Lateral diffusion
reached 15 mm at the orifice and plateaued at 20 mm beyond 20 mm downstream from the jet orifice. Fractal analysis
partitioned the jet plume edges into three regions. A thicker boundary layer elevated the initial fractal dimension in Region I but
suppressed its growth in Region II, whereas Region III exhibited consistent rapid fragmentation. The quantitative datasets and
key parameters established benchmarks for validating computational fluid dynamics simulations and scramjet engine designs.
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1 Introduction to the greatest extent possible (Jia et al., 2022). Trans-

verse fuel injection represents the most prevalent and

In scramjet engines, the mainstream flow remains
supersonic throughout the combustion chamber. Con-
sequently, the residence time of injected fuel is limited
to milliseconds, imposing significant challenges for
achieving complete fuel-air mixing (Huang et al., 2019),
ignition (Bao et al., 2024), and flame propagation and
stable combustion (Shi et al., 2020) within this con-
strained duration. These limitations constitute a criti-
cal bottleneck for attaining high engine performance
(Huang, 2016). In engine design, it is essential to en-
hance mixture formation for combustion mode transi-
tion while minimizing total pressure loss and to maxi-
mize combustion stability and combustion efficiency
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effective fueling strategy for supersonic inflows (Wang
et al., 2024). Steinberg et al. (2013) experimentally in-
vestigated the combustion characteristics of transverse
hydrogen jets, revealing that flames stabilize in two
distinct branches along the jet centerline: one anchored
in the jet leeward region and another lifted above the
jet trajectory. The leeward-stabilized branch exhibits su-
perior positional stability under high jet velocities due
to large-scale recirculation zones downstream of the
orifice, whereas the lifted branch demonstrates greater
dynamic variability. Similar flame stabilization regimes
reported by Gamba and Mungal (2015) and Zhang JC
et al. (2021) further corroborated the efficacy of trans-
verse injection configurations.

Mixing constitutes the initial physical process
governing downstream combustion performance. Ac-
cordingly, characterizing the flow field structure and
mixing dynamics of transverse jets in supersonic
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crossflow is critical for optimizing scramjet combus-
tors. Liu et al. (2015, 2019) demonstrated that recircu-
lation zones and vortical structures facilitate ignition,
flame propagation, and stabilization, whereas intensi-
fied fuel-air mixing and enlarged reaction interfaces
augment combustion efficiency. Zhang et al. (2023)
conducted a parametric investigation of a transverse jet
injected into a model combustor at Mach 1.2 and 2.5.
Their measurements revealed that although the lower
Mach configuration exhibits diminished separation
bubbles and reduced large-scale coherent motions—
hence weaker vortical transport—the prolonged fuel
residence time compensates by enhancing turbulent
and molecular diffusion, leading to superior mixing
effectiveness and combustion efficiency at the lower
Mach number.

Research on supersonic transverse jets has evolved
from fundamental flat-plate studies. Pioneering work
by Glagolev et al. (1967) established the core gas dy-
namic scheme—a A-shaped shock system and 3D sep-
arated flow with horseshoe vortices—via schlieren
and oil-flow visualization. Their subsequent research
(Glagolev et al., 1968) quantified jet geometry using
an “equivalent solid obstacle” analogy, correlating
spread and penetration with the dynamic pressure
ratio through models based on momentum balance and
blast-wave theory, leading to empirical formulas. The
effect of surface geometry was explored by Zubkov
et al. (1994) for a jet issuing from the edge of a 90°
dihedral angle, revealing a thicker boundary layer,
longer separation zone, and internal flow convergence
lines indicative of more complex vortex structures than
those on a flat surface. For a jet on a conical body,
Anokhin et al. (1998) developed a method using mul-
tiangle schlieren photographs of a rotated model to re-
construct the full 3D shape of the bow shock. Investi-
gations progressed to annular systems of transverse
jets, with Vinogradov et al. (1999) studying multiple
jets arranged circumferentially on a cylinder and iden-
tifying flow regimes ranging from independent jet-
mainstream interactions to a merged single separation
zone ahead of the jets.

Mabhesh (2013) and Zhang et al. (2025) summa-
rized the canonical flow features in the flow field of a
jet in supersonic crossflow, including vortex struc-
tures, jet trajectory, mixing processes, and injectant
concentration distribution. Subsequently, the flow field
topology of a single transverse jet under supersonic
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conditions was characterized through experimental and
numerical investigations (Liu et al., 2018; Sun and
Hu, 2018a). Transverse jet injection obstructed the free-
stream, thereby generating a shock wave system and
separation regions near the orifice (Zhao et al., 2020).
Furthermore, high-resolution simulations by Sun and
Hu (2018b) and Iwasa and Tsuboi (2022) resolved de-
tailed vortical structures and the formation mechanism
of streamwise vortices.

Santiago and Dutton (1997) acquired detailed ve-
locity distributions of the transverse jet flow structure—
including the bow shock, recirculation zone, and coun-
terrotating vortex pair (CVP) via laser Doppler velo-
cimetry (LDV), demonstrating that counterrotating
kidney vortices serve as a primary mixing mechanism
with decay rates diminishing gradually downstream.
Using temporally resolved Rayleigh/Mie scattering,
Gruber et al. (1997) revealed that mainstream com-
pressibility modulates large-scale eddy characteristics
on the jet windward side. Erdem and Kontis (2021)
employed schlieren imaging and particle image velo-
cimetry (PIV) to analyze sonic transverse jets in a
Mach 5 crossflow, confirming peak turbulence at the
shear layer/shock interaction region. Despite abundant
side-view flow visualizations in studies of transverse
jets in supersonic crossflow, end-view experimental
data remain scarce.

Viti et al. (2009) demonstrated that boundary layer
thickness modulates the formation of streamwise vor-
tices in supersonic crossflow jets. Liu et al. (2020) es-
tablished a correlation between turbulent boundary
layer characteristics and coherent structures in the trans-
verse jet flow field. Subsequently, Wang et al. (2013)
investigated boundary layer effects on transverse jets
using a hybrid Reynolds-averaged Navier—Stokes
simulation/large eddy simulation approach, revealing
that increased boundary layer thickness enhances the
near-field penetration depth and mixing efficiency. Com-
plementarily, Fries et al. (2021) quantified boundary
layer impacts via Mie scattering and schlieren visual-
ization. Their data, compared with prior literature, in-
dicated that turbulent mixing is optimized under dis-
tinct conditions: for low molecular weight gases, a
thicker boundary layer and lower momentum flux ra-
tios are favorable; for high molecular weight gases, a
thinner boundary layer and higher momentum flux ra-
tios yield superior results. The breakup process of the
jet plume critically influences mixing and combustion



1030 | J Zhejiang Univ-Sci A 2026 27(9):1028-1042

efficiency. A “tilting—stretching—tearing” mechanism
was proposed by Ben-Yakar et al. (2006) to dominate
near-field breakup based on schlieren imaging obser-
vations. However, quantitative evaluation of this mech-
anism remains unaddressed.

This study aims to quantify the flow field structure
and mixing characteristics of transverse jets through
detailed experimental observations. Transient grayscale
images and velocity distributions were acquired via
planar Rayleigh/Mie scattering and stereoscopic parti-
cle image velocimetry (stereo-PIV). Key flow struc-
tures, including the barrel shock, Mach disk, slip line,
windward shear-layer vortices, CVP, and large-scale
eddies, were resolved, while the evolution of stream-
wise vortices was quantitatively analyzed. Jet penetra-
tion depth and lateral diffusion boundaries were ex-
tracted via edge-detection algorithms applied to in-
stantaneous images. Furthermore, the plume breakup
process was assessed using fractal dimension analysis
to quantify mixing efficiency.

2 Experimental setups
2.1 Wind tunnel equipment

To characterize the transverse jet flow field with
a turbulent boundary layer, a direct-connect supersonic
wind tunnel integrated with a reflector cabin was man-
ufactured. The facility comprises six primary compo-
nents: a contraction section, stabilization chamber, in-
tegrated nozzle/test section, reflector cabin, diffuser, and
vacuum tank. More details are available in the litera-
ture (Zhao et al., 2020). Notably, to mitigate shock waves
induced by assembly misalignment, the integrated

nozzle/test section was monolithically fabricated via a
B-spline surface design. The reflector cabin was posi-
tioned between the test section and the diffuser. An
adjustable optical reflector was accommodated at the
base of this cabin, while the remaining sides were fur-
nished with large observation windows. The incident
laser sheet was redirected by the reflector housed
within the chamber. Through precise adjustment of the
reflector angle, the laser path was aligned to be nearly
parallel to the bottom wall. A schematic diagram of the
laser path is presented in Fig. 1. Particle imaging analy-
sis corroborated that this design effectively mitigated
wall reflection artifacts in the acquired image data.

The test section featured a rectangular cross-section
of 120 mmx56 mm. Optical glass panels mounted on
the remaining three walls enabled unobstructed opti-
cal observation within a 394 mm (length)x90 mm
(height) field of view that encompassed the concerned
region of transverse jet flow field. The total tempera-
ture of the mainstream flow in this test section is
300 K, and the total pressure is 101325 Pa. The Mach
number was verified to be 2.68 (Section S1 of the
electronic supplementary materials (ESM)). Thus, the
static temperature and static pressure can be derived
via isentropic relations, as shown in Table 1.

A jet orifice (diameter: 2 mm) was integrated at
the base of the test section and connected directly to
an upstream air tank equipped with a pressure sensor
to monitor injection pressure stability. Nitrogen was
injected through the jet orifice. A two-stage pressure
regulator maintained precise air tank pressure control,
enabling accurate adjustment of the injection total
pressure (Section S1 of the ESM). The injection pa-
rameters are summarized in Table 2.

Optical lenses set

Incident laser sheet

|

Particle image

Reflected laser sheet

A Optical reflector

! N |

Test section

Reflector cabin

Fig. 1 Observation sketch utilizing a reflector cabin



Table 1 Mainstream flow experimental parameters

Experimental parameter Value
Mainstream total temperature, 7, (K) 300
Mainstream static temperature, 7, (K) 123.1
Mainstream total pressure, P, (Pa) 101325
Mainstream static pressure, P, (Pa) 4488
Mainstream velocity, U, (m/s) 596
Mainstream Mach number, Ma,, 2.68
Unit Reynolds number, Re, 9.068x10°

The subscript 0 refers to the stagnation parameters and the subscript
oo refers to the static quantities

Table 2 Experimental injection parameters

Injection parameter Value
Jet orifice diameter, d (mm) 2
Mach number, Ma, 1
Total temperature, 7, (K) 300

100, 300, and 500
J=1.64,J,=4.92, and J,=8.19

Total pressure, P, (kPa)
Jet to mainstream dynamic
pressure ratio, J

The subscript j represents the jet parameter. J,, J,

» /5 and J; denote
three distinct dynamic pressure ratios

2.2 Experimental observation scheme

Rayleigh and Mie scattering techniques were em-
ployed to characterize the typical flow field structures
of a transverse jet in supersonic crossflow, a configu-
ration extensively documented in previous studies
(Zhao et al., 2009, 2010; Yi et al., 2010; Zhu et al.,
2015). Crucially, both methods could be implemented
using identical optical instrumentation by strategically
selecting seeding particles of appropriate dimensions.

The main components of the integrated Rayleigh/
Mie scattering system in this study were provided by
Dantec Dynamics A/S (Denmark), which comprised:
(a) a dual-cavity pulsed neodymium-doped yttrium alu-
minum garnet (Nd: YAG) laser (wavelength: 532 nm);
(b) a programmable particle generator capable of pro-
ducing both nanoparticles (TiO,, diameter: 50 nm) for
Rayleigh scattering and microparticles (TiO,, diameter:
0.5 um) for Mie scattering; (c) two charge-coupled de-
vice (CCD) cameras (FlowSense EO 11M, 4000 pixelsx
2672 pixels, 12-bit dynamic range) equipped with
NIKON 60 mm f/2.8 lens and Scheimpflug mounts;
(d) a synchronizer controlling laser firing and camera
exposure with a temporal resolution <100 ns.

To quantitatively assess PIV image quality and
the uniformity of tracer particle seeding, the particle
density and spatial distribution within the acquired
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instantaneous images were evaluated (Section S2 of
the ESM). According to the criteria established by
Keane and Adrian (1992), an interrogation window in
a double-exposure PIV system should contain no fewer
than 10 particles to ensure a sufficiently high detec-
tion probability during cross-correlation processing.
In the present dataset, 99.7% of the interrogation win-
dows satisfied this criterion, thereby confirming the
adequacy of the particle seeding density.

Spatiotemporal resolution was achieved through
nanosecond laser pulses (<6 ns duration) and camera
exposures (<15 ps), enabling transient flow field visu-
alization. The system generated a laser sheet with a
minimum thickness of 0.5 mm at the measurement
plane. During operation, the synchronizer triggered se-
quential laser pulses with adjustable interpulse inter-
vals (0.5-500.0 ps) while the camera operated in
double-exposure mode. Nanoparticles or microparti-
cles seeded in the upstream region scattered the inci-
dent light, with the resulting Rayleigh or Mie scatter-
ing signatures captured across two consecutive expo-
sures. Grayscale images of the transverse jet flow
field could be acquired from these signatures.

Postprocessing procedures employed Dynamic-
Studio software to extract instantaneous velocity fields
or transient flow structures from the grayscale images.
The pinhole model was used for camera calibration. A
calibration target featuring 24x24 black circular mark-
ers was used, with each observation plane serving as
the reference plane. The target was displaced at posi-
tions of £2, £1, and 0 mm relative to this plane. Based
on the calibration results, the experimental data were
postprocessed. Statistical averaging of multiple velocity
field images yielded the scalar velocity field and the
three velocity components within the observation area.

To precisely define the position of the observa-
tion region, a Cartesian coordinate system was estab-
lished with its origin at the center of the jet orifice.
The x-axis aligned with the mainstream flow direc-
tion, while the y-axis followed the wall-normal direc-
tion (coinciding with the injection direction). The z-
axis was determined by the right-hand rule. Within this
framework, the laser sheet positions were specified as
the XOY and YOZ slices, as illustrated in Fig. 2. Here,
XOYO0 denoted the XOY slice passing through the ori-
fice center, and YOZ20 and YOZ40 referred to the
YOZ slices located 20 mm and 40 mm downstream of
the orifice, respectively.
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Fig. 2 Observation area scheme for Rayleigh/Mie scattering:
(a) XOY slice location; (b) YOZ slice location

The experimental observation conditions are sum-
marized in Table 3.

Transient flow structures and PIV velocity fields
could be directly acquired from the XOY slice, as un-
distorted imaging is achievable in this orientation
(Fig. 2a). In contrast, observations in the YOZ slice
provided critical insights into the transverse jet flow
field but necessitated oblique imaging with a Scheimp-
flug adapter to maintain focus across the inclined field
of view (Fig. 2b). This configuration introduced per-
spective distortion, requiring geometric correction of
raw particle images prior to flow structure analysis.
For 3D velocity reconstruction in the YOZ slice, stereo-
PIV using two cameras observing the same region was
essential. The velocity components in the spatial coor-
dinate system were resolved through a least-squares
solution of displacement vectors from both cameras,
as depicted in the dual-camera arrangement in Fig. 3.

Table 3 Regional observation and arrangement of optical
diagnostic methods

Observation area

Label position (mm) Optical diagnostic technique
XOYO0 z=0 Rayleigh/Mie scattering, stereo-PIV
YOZ0 x=0 Rayleigh/Mie scattering, stereo-PIV
YOZ5 x=5 Rayleigh/Mie scattering
YOZ10 x=10 Rayleigh/Mie scattering, stereo-PIV
YOZ20 x=20 Rayleigh/Mie scattering, stereo-PIV
YOZ40 x=40 Rayleigh/Mie scattering, stereo-PIV
YOZ60 x=60 Stereo-PIV
YOZ80 x=80 Stereo-PIV
YOZ100 x=100 Rayleigh/Mie scattering

CCD camera

Fig. 3 Diagram of YOZ slice observation using two CCD
cameras for stereo-PIV

3 Results and discussion
3.1 Assessment of particle density

Comparative experiments were conducted to an-
alyze the flow characteristics of particle-laden jets
versus unladen jets. Fig. 4 presents grayscale images
of the transient flow structures in the XOYO slice.

As shown in Fig. 4, the introduction of tracer
particles significantly enhances the grayscale intensity
within the shear layer, thereby improving flow visual-
ization. Distinct flow features, including the barrel
shock, Mach disk, and slip line, become clearly identi-
fiable after particle seeding. The velocity gradient at
the jet shear layer induces a slip line, while Kelvin—
Helmholtz instability rapidly destabilizes the flow,
generating large-scale eddies that fragment within short
streamwise distances. Concurrently, strong shear stresses
between the high-speed crossflow and jet fluid drive
the entrainment of windward-side jet fluid into the lee-
ward side, forming a CVP. This dynamic interaction
creates an extended recirculation zone downstream of
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Fig. 4 Gray images of the XOY0 slice in comparative
experiments: (a) jet flow with particles; (b) jet flow without
particles

the jet, which facilitates critical fuel-air mixing for
flame stabilization and ignition. In the subsequent ex-
periments of this study, tracer particles were seeded
into both the mainstream and the jet flows to enhance
the optical diagnostic results of the detailed flow field.

To characterize the 3D topology of the transverse
jet and investigate the evolution dynamics of stream-
wise vortices, a sequence of instantaneous grayscale
images was acquired across multiple YOZ slices. Fig. 5a
captures the transient flow structure in the YOZO slice
intersecting the jet orifice center. The initially under-
expanded jet flow undergoes rapid expansion, form-
ing a barrel-shaped shock wave that exhibits a fan-like
geometry in the YOZ cross-section. The inner inflec-
tion point of this shock structure aligns with computa-
tional fluid dynamics (CFD) predictions by Liang et al.
(2020), confirming its role as a critical flow feature.
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The fluid undergoes rapid expansion and acceleration
within the barrel shock, leading to a swift decrease in
density and a concomitant reduction in its gray value.
As illustrated in Fig. 5b, within the YOZS5 slice, the
shear layer on the windward side of the jet undergoes
continuous development. Fluid starts to be entrained
from both sides of the barrel shock into the region be-
neath the plume. Simultaneously, the leeward side
shock interacts with the vortical structures, leading to
the formation of a recirculation zone on the leeward
side. Within the YOZ10 slice of Fig. Sc, the shear layer
on the windward side of the jet manifests fragmented
vortical structures. The spatial extent of the barrel
shock region diminishes, while its specific morpho-
logical features become indistinguishable.

The barrel shock wave dissipates in the YOZ20
slice, indicating that pressure matching has been
achieved between the jet and the surrounding fluid.
Strong entrainment by the CVP transports windward-
side fluid toward the leeward side, forming the promi-
nent CVP. The vortex cores of the CVP exhibit re-
duced grayscale intensity due to localized density and
pressure minima, which can be clearly discerned in
Fig. 5d. The plume becomes dominated by the CVP,
and vortex shedding is observed in the windward-side
shear layer.

Fig. 5e displays the flow structure in the YOZ40
slice, where the jet plume has completely broken
down. By YOZ100 (Fig. 5f), the jet plume exhibits
significant vertical uplift and an expanded plume
scope, a signature of persistent fluid entrainment de-
spite the complete disintegration of streamwise vorti-
ces. The unresolved CVP vortices indicate a transition
to small-scale turbulent mixing, evidenced by dimin-
ishing coherence in the vorticity structure. This mor-
phological evolution confirms that vorticity-driven
entrainment continues to enhance the jet penetration
depth and lateral diffusion even after large-scale vortex
breakdown.

3.2 Velocity distribution analysis

Transient velocity distributions were obtained by
postprocessing particle image pairs from the experi-
mental data. The mean velocity was subsequently de-
termined by averaging 100 transient distributions, as
illustrated in Fig. 6. Vorticity fields were then calculated
from the mean velocity distribution using Eq. (1).
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Fig. 5 Instantaneous grayscale images of YOZ slices in the transverse jet flow field: (a) YOZ0; (b) YOZS5; (¢) YOZ10;

(d) YOZ20; () YOZA0; (f) YOZ100

ov, _ov.

O=VxV=Zr - o (1)

where @ denotes the local vorticity, ¥ denotes the ve-
locity vector, V, represents the velocity component
along the y-axis, and V', signifies the velocity compo-
nent along the x-axis.

The average velocity distribution of the XOY0
slice is presented in Fig. 6a, revealing a barrel shock
length of approximately 8 mm and a recirculation
zone length of approximately 20 mm on the leeward
side of the jet. Considering the transient flow field
structure previously noted, a CVP formed at the
YOZ20 slice, which subsequently dominated the trans-
verse jet flow field. The y-axis velocity component is

displayed in Fig. 6b, illustrating that the bow shock
induces deflection of the incoming flow. However, a
fraction of the fluid is redirected by the expansion
wave located downstream of the bow shock, thereby
inducing a velocity component oriented along the —y
direction. Near the jet exit, the jet plume manifests a
pronounced +y velocity component, which provides
the initial momentum required for downstream jet
penetration. Furthermore, the induction effect exerted
by the CVP contributes to a progressive uplift of the
plume.

Fig. 6¢ presents the computed mean vorticity field
and corresponding streamline distribution derived from
the instantaneous velocity data. Significant spanwise
vorticity is generated primarily within high-shear
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Fig. 6 Fields of average velocity and vorticity for the
XOYO0 slice: (a) mean scalar velocity; (b) average y-axis
velocity component; (¢) mean vorticity field

regions on both the windward and leeward sides of
the jet. The windward shear layer originates from the
local velocity gradient between the incoming cross-
flow and the jet, while the leeward shear is dominated
by frictional effects due to viscous interactions be-
tween the wall and the fluid entrained beneath the
CVP. Streamline analysis reveals that the upstream
crossflow converges with the jet fluid along the wind-
ward side, identifying this region as a critical zone for
shear layer formation and enhanced mixing processes.
The evolution of the transverse jet is primarily
governed by streamwise vortices, rendering the vortic-
ity field on the YOZ cross-section particularly infor-
mative for analyzing the development of these vorti-
ces. Analysis of the vorticity fields and velocity con-
tours across different YOZ slices (Fig. 7) reveals that
the development of the CVP exerts a pivotal influence
on the evolution of streamwise vortices. The CVP of
the jet plume commences its formation at the jet ori-
fice, as evidenced by the vorticity field in Fig. 7a;
however, the induced vortices beneath the CVP remain
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comparatively feeble at this initial stage. Within the
near-field mixing region, the CVP vortices transition
into a roll-up phase. During this process, ambient fluid
is entrained into the plume and undergoes rapid mix-
ing with the jet fluid under intense shear stress, result-
ing in a gradual enlargement of the CVP. Concurrently,
a pair of vortices exhibiting opposite vorticity is in-
duced beneath the CVP, as illustrated in Figs. 7b
and 7c.

As the flow progresses into the far-field mixing
region, the CVP vortices undergo progressive stretch-
ing in the y-direction, leading to an expansion of their
influence domain (Fig. 7d). As the jet plume develops
downstream, fluid mixing between the jet and cross-
flow becomes dominated by CVP-induced entrainment
mechanisms. Progressive morphological changes in the
vortical structure are evident: the CVP expands spa-
tially while undergoing axial distortion, as observed
in Figs. 7e and 7f. Each vortex within the pair elon-
gates vertically while maintaining separation, ultimately
forming a characteristic kidney-shaped vortex pair
configuration.

3.3 Penetration and lateral diffusion

The boundaries of jet penetration and lateral dif-
fusion are critical for characterizing the mixing perfor-
mance of transverse jets in supersonic crossflow. Portz
and Segal (2006) systematically analyzed key factors
influencing transverse jets in high-speed flows and de-
rived the empirical penetration depth correlation ex-

pressed in Eq. (2).
s\ Ma, \°
) ( Ma/) G

where P is the penetration depth of jet, P/d is the di-
mensionless penetration depth, x is the distance from
the jet orifice, x/d is the dimensionless distance from
the jet orifice, o is the boundary layer thickness, d/d
is the dimensionless boundary layer thickness, and 4,
B, C, E, F, and G are the fitting coefficients.

Eq. (2) was simplified by Sun et al. (2013) by ne-
glecting the influence of the boundary layer thickness,
yielding Eq. (3).
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To investigate the influence of boundary layer
thickness on flow dynamics, two experimental config-
urations with distinct nozzle-to-orifice distances were
implemented. The boundary layer thickness was dem-
onstrated to be =1 and 4 mm (Section S3 of the
ESM).

The Rayleigh/Mie scattering system was employed
to capture transient grayscale images of the transverse
jet flow field under varying boundary layer thickness
conditions, in accordance with the methodology estab-
lished by Gruber et al. (1997). The high spatial resolu-
tion of the measurement system ensured that the bound-
aries of the jet plume could be clearly identified in the
transient images (Section S4 of the ESM).

The jet penetration depths are plotted against the
dynamic pressure ratio and boundary layer thickness.
A bivariate linear regression analysis was subsequently
applied to determine the statistically significant fitting
coefficients for Eq. (2), establishing an empirical cor-
relation between penetration depth and these control
variables. The fitting coefficients of the present study
and two previous studies are presented in Table 4.

Table 4 Fitting coefficients of the penetration formula in
different studies

Fitting coefficient
A B C E F G
Present study 2.084 0442 0 0.1490.092 0

Sun et al. (2013) 29330256 0 0.161 O 0
Portz and Segal (2006) 1.362 0.568 —-1.500 0.276 0.221 -0.025

Study

Fig. 8 superimposes the fitted penetration depth
curves from this study onto experimental scatter plots,
demonstrating quantitative alignment across all dy-
namic pressure ratios and boundary layer thicknesses.
An increase in boundary layer thickness enhances the
jet penetration depth in the far field by approximately
10%—-20% across varying dynamic pressure ratios.

For comparison, the correlation proposed by Sun
et al. (2013) is plotted in Fig. 8b. While their model
exhibits strong agreement with experimental data at
high dynamic pressure ratios, it systematically overes-
timates penetration depths at lower ratios. This devia-
tion underscores the critical influence of boundary
layer thickness, a parameter not explicitly accounted
for in the formulation of Sun et al. (2013), on jet pene-
tration dynamics.

Fig. 9 compares the penetration depth correla-
tions derived in this study with those of Portz and
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Fig. 8 Penetration depth variation of a transverse jet in
supersonic crossflow for different boundary layer thicknesses:
(a) 1 mm; (b) 4 mm (Sun’s study indicates Sun et al. (2013))

Segal (2006) across varying boundary layer thicknesses
and dynamic pressure ratios. Both models demonstrate
consistent predictions when the boundary layer thick-
ness and dynamic pressure ratio are relatively low.
However, as these parameters increase, the correlation
from Portz and Segal (2006) yields progressively larger
deviations, overestimating penetration depths com-
pared with experimental measurements.

The lateral spreading of the jet plume was quan-
tified by its maximum width along both lateral bound-
aries, which was unambiguously identified from tran-
sient grayscale images of YOZ slices. For each YOZ
slice, the plume width was extracted from 100 tran-
sient grayscale images to form a statistical ensemble.



1038 | J Zhejiang Univ-Sci A 2026 27(9):1028-1042

The lateral diffusion boundaries were determined
using the same edge-detection methodology applied to
penetration depth quantification. Fig. 10 illustrates the
lateral diffusion boundaries across all YOZ slices (an-
notated by streamwise position x).

20 — Fitting curve of present study with 1 mm thick boundary layer J;

— Fitting curve of present study with 4 mm thick boundary layer J,
18 . Fitting curve of Portz and Segal (2006) with 1 mm thick boundary layer J;
16 |~ - Fitting curve of Portz and Segal (2006) with 4 mm thick boundary layer J,
A Penetration depth of experimental data with 1 mm thick boundary layer J;
14 F O Penetration depth of experimental data with 4 mm thick boundary layer J,

Fig. 9 Comparative analysis of penetration depth
predictions: current study vs. Portz and Segal (2006)
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Fig. 10 Lateral diffusion boundaries of the jet plume (L,
is the lateral diffusion and L /d is the dimensionless lateral
diffusion boundary) (6=4 mm and J=4.92)

Due to strong jet underexpansion, lateral spread-
ing peaks at approximately 7.5d (15 mm, d=2 mm)
near the jet orifice centerline (x=0 mm). This dimen-
sion remains nearly constant over a short develop-
ment length of 54 (10 mm), followed by rapid expan-
sion to 10d (20 mm) at x=10d. Beyond this location,
lateral diffusion exhibits negligible augmentation
(<3% increase per d). This behavior indicates the
following:

(a) Initial plume expansion dominates lateral
spreading within x<10d, driven primarily by pressure-
gradient effects.

(b) Streamwise vortex development enhances
lateral mixing up to x=10d through entrainment
amplification.

(c) Kinetic energy dissipation and vorticity decay
beyond x=10d eliminate driving mechanisms for fur-
ther spreading, resulting in asymptotic stabilization of
lateral dimensions.

3.4 Assessment of jet plume breakup

Owing to the absence of tracer particles within
the jet flow, its grayscale value approximates zero. In
contrast, the mainstream flow demonstrates uniformly
high grayscale intensity due to homogeneous particle
seeding. Given the superior tracing fidelity of nanopar-
ticles, grayscale variations in the images precisely re-
flect the intermixing process between the jet flow and
mainstream flow. Edge detection algorithms are capa-
ble of identifying the interfacial boundary where the
jet fluid and mainstream fluid interact. Fractal dimen-
sion analysis then offers a quantitative metric for
plume fragmentation intensity—higher degrees of frag-
mentation signify expanded interfacial areas and en-
hanced completeness of mixing.

Transient grayscale images underwent edge de-
tection using the Canny operator. The fractal dimen-
sion of the transverse jet flow under varying boundary
layer thicknesses was subsequently calculated via the
box-counting method (Zhu et al., 2015; Zhao et al.,
2016). For statistical robustness, each of the 100 gray-
scale frames was segmented into 45 sections, and the
fractal dimension of each section was computed. Fig. 11
illustrates the streamwise distribution of the fractal di-
mension averaged across all 100 frames, providing a
quantitative assessment of the jet plume fragmenta-
tion process.

The spatial distribution of the fractal dimension
can be categorized into three distinct regions, as illus-
trated in Fig. 11. In this figure, the D, on the y-axis re-
fers to the fractal dimension. Region I is situated im-
mediately upstream of the jet orifice. Region II corre-
sponds to the near-field mixing zone, while Region
III represents the far-field mixing region (Ben-Yakar
et al., 2000).

Due to the thin boundary layer of only 1 mm, the
initial fractal dimension in Region I is notably low.
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Fig. 11 Streamwise distribution of the fractal dimension
in the XOYO slice for two boundary layer thicknesses: (a)
1 mm; (b) 4 mm

The fractal dimension exhibits contrasting trends across
these regions. A sharp increase in Region I, as depicted
in Fig. 11a. The abrupt surge is attributed to complex
vortex structures generated by shock-boundary layer
interactions. In Region II, the fractal dimension dis-
plays a gradual increase under high dynamic pressure
ratios but experiences a slight decline at low dynamic
pressure ratios. This behavior likely stems from the
competition between reduced vortex merging and en-
hanced eddy generation on the windward side of the
jet. Within Region III, the CVP develops and subse-
quently breaks down, driving the rapid increase in
fractal dimension.

Fig. 11b illustrates the streamwise distribution of
the fractal dimension in the transverse jet flow field
under a boundary layer thickness of 4 mm. In Region I,
the interaction between the bow shock and the bound-
ary layer induces a large separation zone and complex
vortical structures, leading to a noticeable increase in
the fractal dimension. Nevertheless, the majority of
these separated vortical structures fail to penetrate the
windward side of the jet; rather, they evolve down-
stream along both sides of the jet. Consequently, the
fractal dimension at the XOYO slice exhibits an ini-
tial increase followed by a subsequent decrease. In
Region II, large-scale vortical structures emerge and
roll up along the jet’s windward shear layer, driven by
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the pronounced velocity gradient imposed by the in-
teraction of the transverse jet and mainstream flow.
These structures enlarge progressively; nevertheless,
fluid on the windward side is continuously entrained
toward the leeward side by the CVP. Owing to the rel-
atively weaker shear effect on the leeward side, the
breakdown of vortical structures proceeds at a slower
rate, resulting in an initial decline in the fractal dimen-
sion followed by a gradual recovery. In Region III,
the progressive disintegration of the jet shear layer
drives further fragmentation of vortical structures on
both the windward and leeward sides under the CVP-
dominated entrainment process. The fractal dimension
of the jet plume exhibits a continuous increase until
attaining its maximum magnitude, approximately 1.6.

Comparative analysis of Figs. 11a and 11b indi-
cates that boundary layer thickness exerts a primary
role in influencing Regions I and II, governed by three
interrelated mechanisms: (i) Shock-boundary layer in-
teractions induce complex vortex structures, thereby
augmenting the fractal dimension; (ii) The evolution
of the streamwise vortex system generates large-scale
vortex configurations via induction and fragmenta-
tion, elevating the fractal dimension, whereas vortex
merging leads to its reduction; (iii) Jet mixing processes
trigger vortex dissipation, resulting in a gradual reduc-
tion of the fractal dimension. Consequently, the frac-
tal dimension is predominantly governed by the com-
petition among these specific mechanisms within the
complex flow field. Fig. 11 indicates that a thicker
boundary layer intensifies jet-mainstream interactions
in Region I, resulting in higher fractal dimensions. Al-
though the jet flow is dominated by the CVP in Re-
gion III, the fractal dimension values of the jet plume
remain remarkably consistent across varying bound-
ary layer thicknesses.

4 Conclusions

In this study, Rayleigh/Mie scattering and stereo-
PIV were employed to characterize the transient flow
field structure and vorticity dynamics of a jet in super-
sonic crossflow. The key findings are summarized as
follows.

(1) Transient flow field topology. The morpho-
logical characteristics were successfully visualized, in-
cluding the jet barrel shock waves, Mach disks, shear
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layers, slip lines, and leeward surface recirculation
zones. The vortex structure on the windward side of
the jet is highly nonuniform under intensive shear
forces. Driven by the Kelvin—Helmholtz instability,
this structure progressively destabilizes, leading to the
formation of rapidly mixed shear layers that collapse
within a short flow distance.

(2) Vortex system evolution. The vorticity field
reveals a multivortex system emerging in the near-
field mixing region. The formation of a CVP initiates
approximately 20 mm downstream of the orifice, in-
duced by shear stress along the barrel shock periph-
ery. Downstream development features vertical elon-
gation of individual streamwise vortices while main-
taining spatial separation, culminating in a characteris-
tic kidney-shaped vortex pair.

(3) Jet penetration and spreading. The boundary
layer thickness significantly enhances the penetration
depth, with the empirical correlations correcting prior
model overpredictions under thick boundary layer
conditions (4 mm). Strong jet underexpansion drives
peak lateral spreading (15 mm) at the orifice center-
line. Rapid expansion to 20 mm occurs 20 mm down-
stream from the jet orifice, followed by saturation
(<3% increase per 2 mm) due to diminished vorticity-
driven entrainment.

(4) Plume fragmentation quantification. The
streamwise distribution of the fractal dimension delin-
eates three distinct regions. Region I: a sharp increase
driven by shock boundary layer interaction-generated
vortex complexity; Region II: the trend governed by
competition between vortex merging (suppressing
fractality) and windward-side eddy generation (en-
hancing fractality); Region III: a rapid ascent to peak
values (approximately 1.6) due to CVP fragmentation
under the dominance of mainstream-jet shear stress.
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