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ABSTRACT

Direct numerical simulations (DNS) are performed to in-
vestigate the spatial evolution of a three-dimensional (3D) tur-
bulent boundary layer over a swept blunt leading edge at a
freestream Mach number of M., = 6.0 and a unit Reynolds
number of Re. = 1.8 x 10’m~!. This configuration induces
a continuous transition from a quasi-two-dimensional state
at the attachment line to a highly three-dimensional, non-
equilibrium state downstream under the influence of strong
geometry-induced pressure gradients. The simulation results
reveal that while the flow at the attachment line exhibits char-
acteristics of equilibrium turbulence satisfying classical scal-
ing laws, the downstream acceleration leads to a significant
phenomenon of “stress depletion.” As the flow develops along
the chordwise direction, the intense favorable pressure gradi-
ent (FPG) and crossflow shear disrupt the near-wall turbulence
regeneration cycle. An analysis of the turbulent kinetic en-
ergy budget confirms that the production term is suppressed
more rapidly than the dissipation term, eventually becoming
insufficient to sustain turbulence, which provides definitive
evidence of relaminarization process. Furthermore, spectral
analysis indicates a scale-selective suppression where large-
scale structures are annihilated, leaving only highly organized,
streak-dominated fluctuations. Regarding thermal character-
istics, the Strong Reynolds Analogy (SRA) relations between
velocity and temperature fluctuations remain robust, indicat-
ing that thermal transport remains structurally locked to the
surviving momentum streaks.

INTRODUCTION

Turbulent boundary layers are ubiquitous in various en-
gineering applications, such as aerospace engineering, turbo-
machinery flows, and naval engineering. The vast majority of
turbulent boundary layers encountered in practical engineer-
ing scenarios are three-dimensional (3D) and non-equilibrium.
The three-dimensionality manifests as a misalignment be-
tween the primary flow direction and the pressure gradient
(Schlichting & Gersten, 2017). This misalignment induces a
crossflow velocity perpendicular to the primary flow direction,

significantly altering the characteristics of the shear stress dis-
tribution within the boundary layer.

To advance our understanding of three-dimensional tur-
bulent boundary layers, the primary requirement is access
to high-fidelity data capable of characterizing their essential
three-dimensional features. Such data can, in principle, be
obtained through high-resolution experimental measurements
or high-fidelity numerical simulations. However, accurately
measuring the three-dimensional turbulent flow field within a
boundary layer itself remains a challenge (Westerweel et al.,
2013).

In contrast, rapid advancements in computing power, par-
ticularly the advent of high-performance computing (HPC),
have enabled the widespread application of direct numerical
simulation (DNS) in turbulence research. However, the vast
majority of existing DNS studies remain confined to statisti-
cally stationary, two-dimensional turbulent boundary layers,
such as those over flat plates (Schlatter & Orlii, 2010; Piroz-
zoli & Bernardini, 2011) or in pipes (Yao et al., 2023). Con-
sequently, understanding how insights gained from canonical
two-dimensional turbulent boundary layers can be extrapo-
lated to genuinely three-dimensional scenarios is of paramount
importance.

To better understand three-dimensional boundary layer
flows and to simplify the problem, a commonly employed
model is the infinity-swept configuration. In this configura-
tion, although there exists a spanwise velocity component in
the flow field, the primary variables are assumed to be func-
tions of a planar coordinate only. As a result, this model is
often referred to as a 2.5D model. However, such simulations
inherently fail to accurately represent the realistic co-evolution
of the primary flow and crossflow, along with their associated
history effects.

Recently, we conducted high resolution simulations of the
attachment-line boundary layer of a hypersonic swept blunt
leading edge (Xi et al., 2025). The swept blunt body config-
uration serves as a natural model to bridge two-dimensional
and three-dimensional turbulent boundary layers. Unlike tem-
poral simulations that rely on artificial initial conditions, this
configuration offers a continuous spatial evolution: from a
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quasi-two-dimensional flow at the attachment line to a highly
three-dimensional, non-equilibrium state downstream. This al-
lows for a precise interrogation of how 3D turbulence struc-
tures evolve spatially under realistic, geometry-induced pres-
sure gradients.

Motivated by the aforementioned challenges, there is a
critical need to establish a physically realistic and high-fidelity
benchmark database for three-dimensional non-equilibrium
turbulent boundary layers through high-resolution numerical
simulation. Consequently, a fundamental objective of this
work is to leverage high-resolution DNS for three-dimensional
turbulent boundary layers and construct an engineering-
relevant database characterizing three-dimensional non-
equilibrium turbulent boundary layer physics.

Therefore, in this study, leveraging insights gained from
prior high-resolution implicit LES (Xi et al., 2025), we con-
duct DNS within the fully developed turbulent region to ad-
dress these gaps. We employ a realistic swept blunt lead-
ing edge, a configuration that intrinsically embodies the spa-
tial coupling between geometry-induced pressure gradients,
crossflow shear, and turbulence history effect. The remain-
der of this paper is structured as follows: Section 2 provides
a detailed discussion of the methodology, including governing
equations, numerical methods, and computational setup. Fun-
damental computational results concerning mean flow prop-
erties and turbulence statistics are presented and discussed in
Section 3. Finally, concluding remarks are provided in Section
4.

METHODOLOGY
Governing Equations and Numerical Methods

The governing equations for all simulations in this work
are the dimensionless compressible Navier—Stokes equations
for a Newtonian fluid. The equations are solved using a high-
order finite difference code developed at Tsinghua University.
A shock-fitting method is used to compute steady hypersonic
viscous flow together with high-order accurate non-compact
finite differences methods. The Sth-order upwind scheme (for
inviscid flux) and the 6th-order centre scheme (for viscous
flux) are used to compute the flow field. A 4th-order Runge-
Kutta method is applied for the time integration, and the sim-
ulations are performed until the maximum residual reaches a
small value on the order of 10713,

For three-dimensional calculations presented in this study,
a hybrid high-order finite difference scheme, including the
seventh-order upwind scheme, fifth-order and seventh-order
WENO schemes (Jiang & Shu, 1996), together with a shock
sensor (Dang et al., 2022), is used for the inviscid flux in the
characteristic form. Based on that formulation, during the cal-
culation, more than 98% of the regions use the linear seventh-
order upwind scheme, only a few regions corresponding to dis-
continuities use the nonlinear WENO schemes, which greatly
increases the calculation efficiency. A standard sixth-order
central difference scheme is used for viscous flux. Time ad-
vancement is achieved by the explicit third-order total varia-
tion diminishing Runge-Kutta scheme.

Computational Model and Setup

Our computational model is designed based on an exper-
imental configuration (see Xi et al. (2025) for more details).
The model is the front part of a delta wing with a swept angle
A of 45 degrees. The thickness of the wing is 2L4 = 40. The
computational model can be likened to a sandwich-like config-
uration, where the top and bottom layers consist of semicircles

Figure 1: Schematics of the swept blunt leading edge
used for numerical simulations. The blue lines stand for
the leading shock and the red line represents the leading
edge attachment line.

with a radius of R; = 17.5, and the intermediate layer is a flat
rectangular slab with a width of L3 = 5. Together, these three
layers form the complete swept blunt body configuration.

The roughness element is located at z = L, = 40, at the
center of the leading flat rectangular slab. The radius of the
roughness is Ry = 1. The length of the whole model is de-
signed as L; = 200. Based on experiments, the surface tem-
perature is set to 7,7 = 370K, with freestream Mach num-
ber M. = 6.0, unit Reynolds number Re.. = 1.8 X 104, and
freestream temperature 7; = 56.58K.

The calculation process for this problem is divided into
four steps: (1) two-dimensional calculation with infinity span
assumption using shock-fitting solver; (2) three-dimensional
pre-calculation with periodic boundary condition along the
spanwise direction; (3) fully three-dimensional calculation; (4)
extraction of a computational domain for DNS with refined
grid meeting DNS requirements.

Grid Resolution and Validation

The computational grid for the present DNS is designed
according to the following principles, extending classical flat-
plate boundary layer DNS standards to address the unique
complexities of three-dimensional turbulent boundary layers.
The grid numbers used for DNS of the selected region are
Ng X Ny x N; = 4801 x 601 x 2001.

Throughout the entire three-dimensional boundary layer,
the grid spacings (AT, An*, AzT), based on inner scales,
in all coordinate directions remain below 4.5. The grid spac-
ings normalized by the local Kolmogorov length scale 1 =

(v3 /8)1/ * are always smaller than 4ng inside the present
three-dimensional turbulent boundary layer. Furthermore, the
effective mesh spacing, AT, ranges between 2 and 4 across the
entire boundary layer. These grid-resolution metrics demon-
strate that the predominant scales of the turbulent motion in-
side the three-dimensional turbulent boundary layer can be ad-
equately resolved.

Statistical convergence is verified by calculating the aver-
ages of the components in the transport equations of Reynolds
stresses over two different numbers of snapshots. The ba-
sic numbers of snapshots are chosen as Ty = 62.58/liz m
(~ 200005 /Uz), where tiz, is the maximum friction velocity
for the present three-dimensional boundary layer.



14th International Symposium on Turbulence and Shear Flow Phenomena (TSFP14)
Heidelberg, Germany, July 28-31, 2026

Figure 2: Instantaneous spanwise velocity w, density p
and temperature T distributions in the x —y plane. Seven
chordwise locations &; are marked from the exact attach-
ment line to the chordwise exit.
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Figure 3: Snapshots of vortices by iso-surfaces of the
Ay —criterion with A, = —0.35. The colour stands for
the spanwise velocity component W.

RESULTS AND DISCUSSION
General Flow Features

Figure 2 shows instantaneous spanwise velocity, density,
and temperature features on an x —y cross-section. As the flow
field is statistically symmetric about the attachment-line plane,
the results begin from a point slightly below the attachment-
line plane and extend to the upper chordwise outlet. It can be
clearly observed that as the flow develops from the attachment-
line region toward the chordwise outlet, the thickness of the
turbulent boundary layer progressively increases, while the
fluid density within the boundary layer gradually decreases.

To provide a more intuitive understanding of the turbulent
flow field, the instantaneous vortical structures within the com-
plete computational domain are visualized using iso-surfaces
of the A,-criterion, as shown in figure 3. The vortical struc-
tures in the attachment-line region remain similar to those in a
conventional two-dimensional turbulent boundary layer over a
flat plate, with no pronounced tilting or skewing observed. In
the downstream chordwise regions, however, as the flow ac-
celerates, the vortices exhibit significant skewing due to the
crossflow/pressure gradient induced by the geometry. Due to
the strong favorable pressure gradient from the attachment line
to the chordwise outlet, the vortical structures are observed to
gradually become more sparse, indicating a local reduction in
turbulence intensity.

Mean Flow Statistics and Crossflow Develop-
ment

Figure 4 presents the variation of mean velocity profiles
at different chordwise stations, while the corresponding three-

Figure 4: Schematic of spanwise velocity profiles w and
chordwise velocity profiles i at chordwise positions &,

&3, &, and &7.
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Figure 5: Streamwise mean-velocity profiles, trans-
formed according to VD and GFM transformations, at
chordwise positions &1,&,--+,&7. All the scales and
variables are scaled based on T,,, total wall-shear stress.

dimensional velocity changes are illustrated. From the figures,
it can be clearly observed that, with the change in chordwise
station, the fluid accelerates gradually along the £ —direction
under the influence of the chordwise pressure gradient. At
some downstream stations, a distinct velocity overshoot ap-
pears, where the velocity magnitude within the boundary layer
exceeds the potential flow velocity at the boundary layer edge.
As the & —direction velocity increases, the corresponding flow
deflection angle of the three-dimensional boundary layer also
becomes larger, and the magnitude of the crossflow velocity
gradually increases.

To better examine the fundamental characteristics of the
mean flow, we check whether the corresponding mean veloc-
ity satisfies the classical velocity scaling or the law of the wall.
The transformed streamwise velocity profiles are presented in
Figure 5, ranging from position &; (the exact attachment line)
to the downstream chordwise position &;. It can be clearly ob-
served that the GFM transformation collapses the correspond-
ing velocity profiles in the logarithmic region better than the
classic Van Driest transformation. Additionally, two notewor-
thy points arise. First, the velocity profiles in the region from
the buffer layer to the viscous sublayer do not collapse well. A
possible reason for this is that as the boundary layer flow devel-
ops three-dimensionally, the shear introduced by the crossflow
velocity gradually increases, making the scaling based solely
on the total wall shear stress 7,, less appropriate.

Another noteworthy characteristic of the mean flow is
the relationship between the mean temperature and the mean
velocity. This relationship reflects the intrinsic connection
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Figure 6: Reynolds stress profiles at several & locations.
pulu!! /T,, shows dramatic suppression from & to &;.

between kinetic energy and internal energy. The mean
temperature-velocity relation model given by Zhang et al.
(2014), which is also known as the generalized reynolds anal-
ogy (GRA), shows good agreement with the DNS results, with
only slight deviations appearing in the region near the bound-
ary layer edge.

Turbulence Statistics and Stress Depletion

Figure 6 presents the wall-normal profiles of the Reynolds
stress tensor components, scaled by the local wall shear stress
Ty, in the local streamline coordinate system. This transfor-
mation allows for a direct physical interpretation of the turbu-
lence evolution from the attachment line (&;) to the chordwise
downstream (&7). Three distinctive features regarding the in-
terplay between three-dimensionality and the strong favorable
pressure gradient (FPG) are identified.

First, a dramatic suppression of turbulence intensity, re-
ferred to as stress depletion, is observed in the streamwise
components. At the attachment line (&), the profiles of the

streamwise normal stress pu{/u} and the primary shear stress

pul u’,; exhibit typical characteristics of fully developed tur-
bulence, resembling canonical two-dimensional distributions.
However, as the flow accelerates downstream (&; — &7), the
magnitude of these stresses decreases monotonically and sig-
nificantly. By the chordwise exit (&;), the primary shear stress
pul u/,; has nearly vanished. This behavior indicates a strong
tendency towards relaminarization, driven by the intense ac-
celeration (velocity overshoot) and the associated strong fa-
vorable pressure gradient, which inhibits turbulence produc-
tion and stretches fluid elements.

Second, the crossflow-related stresses exhibit a non-
monotonic evolution due to the competing mechanisms of
three-dimensional shear and flow acceleration. At the attach-
ment line (&), the crossflow components are negligible, con-
sistent with the statistical symmetry of the flow. In the in-
termediate region (§; — &s), these components rise sharply,
reflecting the establishment of the three-dimensional bound-
ary layer and the generation of turbulence via crossflow shear.
However, in the downstream region (& — &7), the stabilizing
effect of the FPG becomes dominant, overwhelming the pro-
duction due to crossflow shear. Consequently, the crossflow
Reynolds stresses collapse alongside the streamwise compo-
nents, despite the flow being highly three-dimensional.

Third, a distinct outward shift of the Reynolds stress
peaks is observed. The location of the peak stress (2*) moves
progressively away from the wall as the flow evolves from
&, — &;. This phenomenon highlights significant turbulence

s

Figure 7: Surface normal profiles of the turbulent struc-
ture parameter ¢ at several locations along & as a func-
tion of wall-normal distance i*.

history effects: the near-wall turbulence responds rapidly to
the local acceleration and is suppressed effectively, whereas
the large-scale structures in the outer layer exhibit a “mem-
ory” of the upstream turbulence and decay more slowly. This
decoupling between the inner and outer layers suggests that lo-
cal equilibrium assumptions (and simple eddy-viscosity mod-
els) may fail to capture the physics in this strongly accelerated,
three-dimensional regime.

To further elucidate the mechanism underlying the ob-
served stress depletion, we examine the Townsend structural
parameter, &) defined as

T
”5”17 +unw o
=
1 %k )

where k is the turbulent kinetic energy. Figure 7 illustrates the
wall-normal profiles of o at various chordwise locations. The
deviation from the equilibrium value of 0.15 provides com-
pelling evidence of the structural distortion within the three-
dimensional boundary layer. Specifically, in the downstream
region, a precipitous drop in (] is observed throughout the
bulk of the boundary layer, with values falling significantly be-
low 0.15. This collapse of structural efficiency confirms that
the reduction in Reynolds stress discussed previously is not
merely a consequence of reduced turbulent kinetic energy, but
rather stems from a fundamental decorrelation between veloc-
ity fluctuations.

Mechanism of Relaminarization

The turbulent kinetic energy equation provides a defini-
tive mechanistic explanation for the observed flow relaminar-
ization. Figure 8 illustrates the wall-normal profiles of the ratio
between the production term (PkJr ) and the viscous dissipation
term (¢g)), plotted as P /¢4 — 1.

At the attachment line (&;), the profile exhibits a canoni-
cal distribution typical of equilibrium turbulent boundary lay-
ers, with a distinct peak reaching approximately 1.0 within
the buffer layer (h* ~ 15). This indicates that the produc-
tion of turbulent kinetic energy significantly exceeds dissipa-
tion (P]:r ~ 2¢gt ), sustaining the turbulence regeneration cycle
and energy transport to the outer layer.

However, a dramatic collapse of this energy balance is ob-
served as the flow accelerates downstream. The peak value of
the ratio decreases monotonically from &; to &7. Strikingly, at
the chordwise exit (;), the ratio drops below zero across the
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Figure 8: Balance of production and dissipation of tur-
bulent kinetic energy at .sev.erall E. The r.atio.Pk+ / ¢8‘: -1
drops below zero at &7, indicating relaminarization.

entire boundary layer, including the buffer region. Physically,
this condition (P," < ¢¢) implies that the local extraction of
energy from the mean flow by Reynolds stresses is insufficient
to overcome viscous dissipation. The further drop below zero
implies that turbulent production is insufficient to balance dis-
sipation, leading to a decay in turbulent kinetic energy.

This global deficit in turbulent kinetic energy production
confirms that the strong favorable pressure gradient and the as-
sociated flow acceleration have disrupted the near-wall burst-
ing events. Consequently, the turbulence is no longer self-
sustaining, leading to the relentless decay of turbulent fluctua-
tions and confirming the occurrence of relaminarization in the
downstream region.

Compressibility Effects and Thermal Character-
istics

Given the high freestream Mach number and the cold wall
boundary condition, assessing the validity of Morkovin’s hy-
pothesis (Morkovin, 1962) is crucial. This hypothesis postu-
lates that the turbulent structure of a compressible boundary
layer remains similar to that of an incompressible one, pro-
vided that local variations in fluid properties are accounted for.

We first examine the validity of Morkovin’s scaling for
the Reynolds stress magnitudes. At the attachment line (&),
the profile collapses excellently with incompressible data, con-
firming that at the attachment line, the turbulence is in a state
of quasi-equilibrium where Morkovin’s scaling holds valid.
However, a dramatic departure is observed downstream (&3 —
&7), where the peak stress intensity drops by nearly 90%. This
failure of scaling is not due to a breakdown of the compress-
ibility transformation itself, but is a consequence of relaminar-
ization driven by the strong acceleration, which disrupts the
turbulence regeneration cycle.

To understand the thermal-kinematic coupling, we exam-
ine two key diagnostics: the temperature-velocity correlation
coefficients R, and the turbulent Prandtl number Pr;. Fig-
ure 9 presents the correlation coefficients between tempera-
ture fluctuations and various velocity components. A strik-
ing observation is the consistently high negative correlation
(around —0.8) between streamwise velocity and temperature
fluctuations (—R,»7~) across all chordwise stations, includ-
ing the highly relaminarized downstream region (&7). This
demonstrates that the thermal field remains tightly locked to
the streamwise momentum streaks, even as turbulence inten-
sity collapses. In contrast, correlations involving crossflow ve-
locity components (—R,,7) are significantly weaker, confirm-
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Figure 9: Temperature-velocity correlation coefficients.

The streamwise correlation —R,s7» remains near —0.8

from & to &7, proving robust thermal-momentum cou-

pling.
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Figure 10: Turbulent Prandtl number Pr; ;. The signif-
icant drop below 1 in the outer layer at downstream
stations (&s,&;) indicates momentum transport is sup-
pressed faster than heat transport under strong accelera-
tion.

ing that heat is primarily transported along, rather than across,
the surviving streamwise-oriented structures.

Figure 10 shows the turbulent Prandtl number Pr; 5, which
quantifies the relative efficiency of momentum vs. heat trans-
port. At the attachment line (&;), Pry exhibits a canonical
plateau around 1 in the log region. However, a profound non-
equilibrium effect emerges downstream: Pr; g drops signifi-
cantly below 1 in the outer layer, reaching values as low as
0.4 at &;. This reduction indicates that momentum transport
(Reynolds shear stress) is suppressed by the favorable pres-
sure gradient more rapidly than thermal transport (turbulent
heat flux). The thermal field exhibits a stronger ‘history ef-
fect’, maintaining coherent transport structures slightly longer
than the momentum field. Nevertheless, Pr; ; remains positive
and bounded, confirming that the fundamental coupled trans-
port mechanism persists even during relaminarization.

These thermal diagnostics collectively provide strong ev-
idence for the persistence of the Strong Reynolds Analogy
(SRA) in a structural sense. While the turbulence intensity
decays dramatically, the *structural relationship* between ve-
locity and temperature fluctuations remains intact. The ther-
mal field behaves as a passive scalar faithfully advected by the
surviving streamwise streaks, leading to thermal relaminariza-
tion that mirrors the momentum relaminarization. This find-
ing underscores the robustness of SRA-like relationships even
in highly non-equilibrium, three-dimensional, and relaminar-
izing flows.



14th International Symposium on Turbulence and Shear Flow Phenomena (TSFP14)
Heidelberg, Germany, July 28-31, 2026

CONCLUSIONS

In this study, high-fidelity direct numerical simulations
were conducted to characterize the physics of a spatially de-
veloping three-dimensional turbulent boundary layer over a
hypersonic swept blunt leading edge, within a unified and self-
consistent framework, the interplay of geometry-induced pres-
sure gradients, crossflow shear, and the spatial history effects
of turbulence. The simulation covers the continuous evolution
from the attachment line to the downstream chordwise exit,
providing a unique database for analyzing geometry-induced
non-equilibrium effects. The main conclusions are summa-
rized as follows:

1. Mean Flow and Crossflow Development: The flow field
exhibits strong three-dimensionality driven by the swept
geometry. While the attachment line flow behaves simi-
larly to a canonical two-dimensional turbulent boundary
layer, the downstream flow undergoes rapid acceleration,
resulting in a distinct velocity overshoot and a substan-
tial crossflow velocity component. The boundary layer is
subjected to a strong favorable pressure gradient (FPG)
primarily acting in the crossflow direction.

2. Stress Depletion and Non-equilibrium Statistics: A se-
vere suppression of turbulence intensity, known as stress
depletion, is observed as the flow accelerates downstream.
The Reynolds stress profiles show that the turbulent shear
stress decays significantly, and the structural parameter
oy drops well below the equilibrium value of 0.15.

3. Mechanism of Relaminarization: The budget analysis
of turbulent kinetic energy identifies the physical mecha-
nism governing the flow evolution. At the attachment line,
the production of turbulence balances dissipation. How-
ever, in the downstream region, the strong FPG and flow
acceleration inhibit the bursting events, causing the pro-
duction term P, to collapse faster than the viscous dissipa-
tion €. The appearance of a global energy deficit (£, < €)
across the boundary layer confirms that the flow under-
goes a tendency towards relaminarization in the down-
stream region.

4. Compressibility Effects and Strong Reynolds
Analogy: The compressibility transformations and
Morkovin’s hypothesis, which work well at the attach-
ment line, fail to collapse the Reynolds stress profiles
in the downstream region. This failure is attributed to
the intrinsic disruption of the turbulence structure by
relaminarization rather than compressibility effects alone.
Nevertheless, the velocity-temperature correlations re-
main high, and the thermal field maintains a strong
structural similarity to the momentum field, adhering to
the physical essence of the Strong Reynolds Analogy
(SRA) even in this highly non-equilibrium regime.

The present study underscores the limitation of equilib-
rium turbulence assumptions in predicting flows over realis-
tic hypersonic vehicles. The detailed dataset provided herein

serves as a valuable benchmark for the development of ad-
vanced turbulence models capable of capturing history effects,
strong acceleration, and relaminarization in three-dimensional
boundary layers.
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