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ABSTRACT

Direct numerical simulation of a spatially developing supersonic turbulent boundary layer at a Mach number of 2.25 and a friction Reynolds
number of Res¼ 769 subjected to an expansion corner with a deflection angle of 12� is performed to investigate the effect of expansion on
the characteristics of the wall heat flux (WHF). The effect of expansion on the statistical and structural properties of the fluctuating WHF is
analyzed systematically in terms of probability density function, frequency spectra, and space-time correlations. Normalization using the
local root mean square value yields good collapse of the probability density function curves. Unlike with wall pressure frequency spectra, it is
found that expansion has little influence on the low-frequency components of the WHF spectrum. The correlation results show that the
main effect of expansion is to increase the characteristic length scales and convection velocity of the WHF fluctuation in the post-expansion
region. Furthermore, a direct comparison between the conditionally averaged flow fields and those presented in the authors’ previous work
[Tong et al., Phys. Fluids 34, 015127 (2022)] is performed to uncover the effect of expansion on the flow structures associated with extreme
positive and negative WHF fluctuation events. We highlight that the extreme positive event emerges below a small hot spot under the action
of a strong Q4 event, whereas the extreme negative event is relatively insensitive to expansion and still occurs between a pair of strong obli-
que vortices. In addition, we decompose the mean WHF into seven physics-informed contributions and quantify the effect of expansion on
the dominating components with the aid of the bidimensional empirical mode decomposition method. The scale-decomposed results dem-
onstrate quantitatively that expansion decreases the contribution of the large-scale structures in the outer region but the small-scale struc-
tures in the near-wall region contribute heavily to the mean WHF generation in the downstream region.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0113514

I. INTRODUCTION

The expansion corner is of fundamental interest in the context of
wall-bounded flows under favorable pressure gradients. When a com-
pressible turbulent boundary layer passes through an expansion cor-
ner, its density decreases rapidly and the accelerated boundary layer is
subject to the combined effects of favorable streamwise pressure gradi-
ent, convex streamline curvature, and bulk dilatation, as noted by
Bradshaw.1 It is well accepted that turbulence downstream of the
expansion is suppressed greatly and the boundary layer is stabilized. If
the expansion is strong enough (large deflection angle), the distorted
boundary layer experiences relaminarization in the relaxation region,
as documented by Sreenivasan2 and Bourassa and Thomas.3 Although
significant advances have been made over the past few decades, the
effect of expansion on wall-flow variables is not yet fully understood.

This is especially true for wall heat flux (WHF). A better understand-
ing of its relaxation in the expansion region would aid novel thermal
protection system and scramjet engine inlet designs.

The effect of expansion on turbulence intensities has commonly
been studied in compressible boundary layers over expansion corners.
Previous experiments and numerical simulations have demonstrated
that bulk dilatation, which acts as the primary stabilizer, is mainly
responsible for reduction of the turbulence intensity. This reduction is
large in the distorted boundary layer and increases with the Mach
number, as noted by Spina et al.4 For example, Dussauge and
Gaviglio5 used direct comparisons between experimental measure-
ments and rapid distortion theory calculations to investigate the effect
of bulk dilatation on turbulent fluctuations in a turbulent boundary
layer at Mach 1.76 over a 12� centered expansion corner. They found
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that the theoretical analysis, which only considered dilatation effects,
reproduced the reduction in the longitudinal turbulence intensity in
the outer part of the disturbed boundary layer well. Later, the rapid
distortion approximation proposed by Dussauge and Gaviglio5 was
further supported by Smith and Smits6 via an experiment that identi-
fied a stronger distortion using a Mach 2.84 turbulent boundary layer
in a 20� centered expansion corner. They highlighted an encouraging
agreement between the computed and measured Reynolds stresses.
This confirmed the large influence of bulk dilation on the decrease in
the Reynolds stress. Using laser Doppler velocimetry in a Mach 3 tur-
bulent boundary layer (Reh¼ 40 000) developing along a centered
expansion corner with a deflection angle of 14�, Arnette et al.7

observed that the turbulent kinetic energy levels decreased sharply and
that the sign of the Reynolds shear stress changed. This implied an
apparent reverse transition downstream of the expansion. The domi-
nance of bulk dilatation during turbulence reduction was examined
analytically via analysis of the compressible vorticity transport equa-
tion. The results were consistent with the perturbation impulse esti-
mates proposed by Spina et al.4 Furthermore, the experiment
performed by Dussauge and Gaviglio5 was studied numerically again
by Nguyen et al.,8 Konopka et al.,9 and Teramoto et al.,10 who ana-
lyzed the turbulent kinetic energy transport equation and the anisot-
ropy of the Reynolds stress tensor. They revealed that the near-wall
turbulence in the expanding flow attained the one-component limit
and the negative production of turbulent kinetic energy was caused by
bulk dilatation in the expansion fan.

The effect of expansion on the behaviors of turbulent structures
is another important issue considered in many studies of compressible
turbulent expansion flows. Arnette et al.11 performed experiments in
four expansion regions that corresponded to centered and gradual 7�

and 14� expansions at Mach 3. They showed that the small-scale struc-
tures in the near-wall region and large-scale structures in the outer
region exhibit apparently different motions during expansion and
observed a more intermittent boundary layer downstream of the
expansion. Their filtered Rayleigh scattering visualizations suggested
that, in response to bulk dilatation, the small-scale structures were
quenched rapidly after the initial expansion. In contrast, large-scale
structures in the outer part survived the expansion, after which their
scale increases but the magnitude of their density decreases. Recently,
Humble et al.12 performed experiments at Mach 4.9 to investigate the
responses of inner small-scale and outer large-scale structures to con-
vex curvature. They proposed an idealized conceptual model to
account for coherent motions within the initial expansion region and
used fractal theory to explain the effect of bulk dilatation on quenching
of the small-scale structures.

Recently, Fang et al.13 studied the Mach 2.9 turbulent boundary
layer over a tandem expansion-compression corner configuration
numerically by using direct numerical simulation (DNS) to uncover
the flow structure evolution in the expansion region. A characteristic
two-layer structure, similar to the finding in the experiments by
Arnette et al.,11 was observed. In addition, the different turbulence
evolution characteristics within the inner and outer layers were con-
firmed. However, the researchers found that suppression of turbulence
in the inner layer occurred only in a small region after the expansion
and the inner turbulence was amplified significantly in the other
regions due to the shock wave interaction. Furthermore, Sun et al.14

performed DNS studies of expansion corners with deflection angles of

2� and 4� at Mach 2.7. They focused on the effect of expansion on tur-
bulence structure recovery and found that turbulence recovered to the
equilibrium state more quickly in the inner layer than in the outer
layer. The turbulent kinetic energy profiles and budgets revealed a
two-layer structure in the recovery region. As explained by Sun et al.,14

the quick recovery in the near-wall region and the slow recovery in the
outer region were closely related to the outer turbulence decay history
effects, which limited momentum and energy exchanges between the
two layers.

Regarding the effect of expansion on surface quantities, consider-
able experimental studies have been aimed at the wall pressure. Using
mean wall pressure distributions, Lu and Chung15 proposed a scaling
law for the downstream influence of the expansion and validated that
the downstream influence was characterized primarily by an inviscid
parameter K¼M1a, where a is the deflection angle (in radians) of
the corner. In a follow-up work, Chung16 experimentally validated the
downstream influence scaling in a lower supersonic expansion corner
flow. The increased corner deflection angle changed the downstream
influence little. It was suggested that the scaling law might be only
applicable to high Mach flows. Wall pressure fluctuations in Mach
8 flows past small expansion corners were investigated by Chung and
Lu,17 who stated that the expansion process severely attenuated the
normal fluctuation distribution and observed that the fluctuating wall
pressure was not recovered completely within 4–6d0 (where d0 is the
boundary layer thickness upstream of the corner), which was much
slower than that for the mean pressure. Dawson et al.18 performed an
experimental campaign that studied centered and gradual expansions
to characterize the influence of varying degrees and expansion rates on
wall pressure fluctuation spectra. Multipoint wall pressure measure-
ments were used. The power spectrum distributions measured just
downstream of the corners shifted to lower frequencies and exhibited
a decrease in high frequencies. This matched a footprint of quenched
small-scale structures in the near wall region. However, there are a few
studies of WHF in compressible expansion flows. Bloy19 measured the
mean wall pressure andWHF for the expansion of a hypersonic turbu-
lent boundary layer at a sharp corner. The WHF downstream of the
corner was compared to local flat-plate boundary-layer similarity the-
ory solutions. To our knowledge, there is no available data regarding
wall heat flux fluctuations in the published literature and little is
known regarding the behavior of the fluctuating WHF during
expansion.

The main purpose of the present study is to address the limita-
tions of the literature by documenting the effect of expansion on the
mean and fluctuating WHFs via DNS. In our prior work,20 the flow
associated with extreme events and the scale-based decomposition of
WHF in a Mach 2.25 fully developed turbulent boundary layer was
analyzed. In this paper, we extend this previous study and investigate
the characteristics of WHF in a Mach 2.25 turbulent boundary layer
over a 12� centered expansion corner. A cold wall thermal condition is
used with a wall-to-recovery-temperature ratio of 0.75. The parameter
proposed by Narasimha and Viswanath21 is Dp/so¼ 113, where Dp is
the pressure drop during the expansion process and so is the wall shear
stress upstream of the expansion corner. Thus, the relaminarization is
expected downstream of the expansion. In the present study, we focus
on the global fluctuating WHF fields in the expansion region, which
are difficult to measure, and highlight the effect of expansion on quan-
titative contributions of turbulent structures to mean WHF generation

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 105109 (2022); doi: 10.1063/5.0113514 34, 105109-2

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0113514/16584511/105109_1_online.pdf

https://scitation.org/journal/phf


using bidimensional empirical mode decomposition (BEMD) intro-
duced by Koll et al.22 The remainder of this paper is structured as fol-
lows. Section II introduces the details of the DNS, including the
numerical method, computational set-up, grid, and numerical validity.
In Sec. III, the statistical properties and conditional analysis of the fluc-
tuating WHF and scale-based decomposition of the mean WHF are
presented. Finally, conclusions are presented in Sec. IV.

II. DIRECT NUMERICAL SIMULATION
A. Numerical methodology and inflow conditions

An open-source, high-order, finite difference flow solver,
Opencfd-SC, is used in our simulation. This solver has been applied
successfully to a wide body of studies on supersonic and hypersonic
flows such as transition over a blunt cone23 and shock wave/boundary
layer interactions.24–26 The flow is governed by the three-dimensional
compressible unsteady Navier–Stokes equations in their conservative
forms, which are solved using curvilinear coordinates. The inflow
parameters are used to non-dimensionalize the governing equations
and a perfect gas with a specific heat capacity ratio c¼ 1.4 is taken as
the working fluid. The viscosity coefficient l and thermal conductivity
k are calculated using Sutherland’s law and k¼ lCp/Pr, respectively.
The specific heat capacity of the gas at a constant pressure Cp and the
molecular Prandtl number Pr are taken as Cp¼ cR/(c � 1) and
Pr¼ 0.71, respectively, where R denotes the specific gas constant. The
thermodynamic variables are governed by the ideal gas state equation.
The strain-rate tensor Sij and the viscous stress tensor rij are assumed
to obey the constitutive relation for a Newtonian fluid. The heat flux
vector qj is obtained from Fourier’s law of heat condition. The details
of the governing equations are given in Tong et al.25

This code directly solves the governing equations and no model-
ing is used. The inviscid fluxes are discretized using a fourth-order
weighted essentially non-oscillatory (WENO) scheme with relative
and absolute limiters,27,28 in which a symmetric collection of candidate
stencils is applied and the weights in the linear part of the original
WENO29 are optimized. This scheme is low dissipative and robust to
compressible flows with strong discontinuities, which has been vali-
dated extensively in many DNS studies. A detailed description of the
optimized weights and limiters can be found in Wu and Martin27 and
Martin et al.28 For the viscous fluxes, discretization is performed via a
standard eighth-order central difference scheme. A third-order total
variation diminishing Runge–Kutta method proposed by Gottlieb and
Shu30 is used for the time integration.

The free-stream inflow parameters are selected in accordance
with the M2.25 DNS studies of Tong et al.20,31 for a zero-pressure-
gradient flat plate and a reflected interaction. The free-streamMach num-
ber is M1¼ 2.25, the free-stream static temperature is T1¼ 169.44K,
and the unit free-stream Reynolds number is Re1/mm¼ 2.5� 104.
The inflow turbulent boundary layer is generated via the laminar-to-
turbulent transition method, as previously used by Pirozzoli et al.,32

where an inflow laminar boundary layer is triggered and evolves spa-
tially to a fully developed turbulence state. The inflow laminar bound-
ary layer is generated via an auxiliary laminar computation with the
same inflow conditions and the inflow boundary layer thickness is
din¼ 0.508mm. The transition is induced by unsteady velocity distur-
bances in the wall blowing and suction region, which is set down-
stream of the inflow boundary layer. The disturbances are generated by
two temporal modes, two spatial modes in the streamwise direction,

and ten spatial modes in the spanwise direction. Thus, a zero net flow
rate was obtained at the wall. Detailed expressions for the disturbances
are given in Fang et al.33 In addition, the disturbance amplitude and
fundamental frequency used in the present study are identical to those
of Tong et al.20,31 Throughout this paper, the subscripts “1” refer to
quantities in the free-stream flow.

B. Computational domain and simulation set-up

The computational domain for the DNS of the 12� expansion
corner is illustrated in Fig. 1, where the coordinate systems are also
presented. Lowercase x, y, and z denote the streamwise direction along
the bottom wall, wall-normal direction, and spanwise direction,
respectively, whereas uppercase X, Y, and Z denote the corresponding
directions in Cartesian coordinates. Throughout this paper, the veloc-
ity components in (x, y, z) are denoted by u, v, and w, respectively.
The flow variables U, V, and W represent the velocity components in
the X, Y, and Z directions, respectively. The size of the domain in the x
direction is Lx¼ 185.4din. The tip of the corner xo is located at x¼ 0
and the domain inlet is located at x¼�142.3din. Thus, the lengths of
the upstream flat-plate and the expansion corner are Li¼ 142.3din and
Lc¼ 43.1din, respectively. It was found by Tong et al.20 that a fully
developed turbulent boundary layer was generated after x>125din. In
the present study, we chose a streamwise distance of 142.3din before
the expansion corner, which is long enough to generate a realistic tur-
bulent inflow upstream of the expansion. The blowing and suction
region at the wall extends from xa¼�127.4din to xb¼�102.4din. The
domain sizes in the y and z directions are Ly¼ 17.5din and Lz¼ 8.7din,
respectively.

We discretize the domain using a mesh consisting of nx � ny
� nz¼ 3042� 430� 340 grid points, where the grid is distributed
equally in the z direction. Figure 2 shows a sketch of the grid distribu-
tion in the x–y plane. In the x direction, the transition zone (�142.3din
< x < �42.3din) contains a total of 400 points, which are refined pro-
gressively. A total of 2632 points are spaced uniformly in the well-
resolved zone that extends from x¼�42.3din to x¼ 35.3din, where

FIG. 1. A sketch of the computational domain. The flow configuration is illustrated
using the contour of the density q/q1 in the x–y plane at z¼ 0. The wall blowing
and suction region is highlighted by the contour of the wall-normal velocity v
between xa and xb. xref denotes the reference station and the tip of the corner is
denoted by xo.
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the turbulent boundary layer experiences a 12� expansion. The grid in
the fringe zone at x>35.3din is coarsened sharply and includes only 10
points. In the y direction, the grid is clustered toward the wall to
resolve the turbulent fluctuations inside the boundary layer. There are
about 280 points located between the wall and y/din¼ 2.8. In wall units
at xref¼�17.4din (located in the upstream turbulent boundary layer,
see Fig. 1), the streamwise spacing in the well-resolved zone is
Dxþ¼ 8.5. The spanwise spacing is Dzþ¼ 7.15 and the wall-normal
spacing gradually increases from Dyþ¼ 0.55 at the first grid point
above the wall to Dyþ¼ 5.5 at y/din¼ 2.8. The grid resolutions in the
present study compare well with previous DNS studies of compressible
turbulent boundary layers by Sun et al.14,34 and Wang et al.35 The
superscript “þ” indicates that a quantity is scaled in wall units at xref,
and the subscript “w” denotes condition at the wall, hereafter.

A steady laminar boundary layer profile, given by Tong et al.,20 is
applied at the domain inlet. Supersonic outflow boundary conditions
are enforced at the domain outlet. The sharply coarsened grid used in
the fringe region, as suggested by Pirozzoli et al.,32 drives the flow to a
uniform state. At the upper boundary, disturbance reflections back
into the domain are inhibited by using a nonreflecting boundary con-
dition. At the bottom wall, a no-slip isothermal boundary condition is
enforced and a cold-wall condition is used, where the temperature is
fixed to Tw¼ 254.16K (about 0.75 times the recovery temperature Tr).
Unsteady wall-normal velocity disturbances are enforced between xa
and xb. As suggested by Tong et al.,20,31 the amplitude and basic fre-
quency are chosen as A¼ 0.15U1 and -¼ 0.157U1/din, respectively,

to accelerate the transition process. Spanwise homogeneity of the flow
is ensured by the large spanwise width used in the present study, and
then periodic boundary conditions are applied in the z direction. The
calculation is started by initializing a three-dimensional flow field, in
which the inflow laminar boundary layer profile is used, and is
advanced for a period of 380din/U1 (or two flow-through periods) to
wash out the effect of the initial transient flow. The simulation is con-
tinued for a period of 990din/U1 (or five flow-through periods) to per-
form sample collection after the flow attains statistical steadiness. The
statistical convergence of the flow properties is guaranteed by averag-
ing 300 three-dimensional flow fields in the time and the spanwise
directions, which are sampled at time intervals of 3.3din/U1.
Throughout this paper, the Reynolds and density-weighted averages

for a generic variable f are defined as �f and ef ¼ qf =�q, respectively,

with the corresponding fluctuations being f 0 ¼ f � �f and f 00 ¼ f �ef :
To estimate frequency spectra and space-time correlations of the fluc-
tuating WHF fields accurately, a constant small time interval of
0.05din/U1 is used to collect the full time-resolved signals in the x–z
plane at the wall. The BEMD analysis in the WHF decomposition is
performed using 3700 flow samples in the y–z plane. These samples
are collected at time intervals of 0.25din/U1.

C. Grid and numerical validity

We first assess the effect of the selected spanwise width on the
DNS results. The spanwise two-point correlation coefficients Raa
of the velocity fluctuations, defined by Pirozzoli et al.,32 are given in
Fig. 3, where the computed correlation results at four wall-normal
locations yþ¼ 20, 45, 188, and 478 with x¼ 0.2din (just after the point
of the corner) are displayed as functions of the spanwise distance rz.
Clearly, a rapidly decaying correlation coefficient can be seen at larger
spanwise distances. All of the coefficients in the inner and outer
regions approach zero over a spanwise distance of Lz/2. This indicates
that the domain width used in the present study is reasonable and can
provide reliable turbulence dynamics.

FIG. 2. A sketch of the computational mesh in the x–y plane with every five points
in the x direction and every three points in the y direction shown.

FIG. 3. Spanwise two-point correlation coefficient distributions at four wall-normal locations when x¼ 0.2din: (a) y
þ¼ 20 and 45; (b) yþ¼ 188 and 478. Ruu: streamwise

velocity; Rvv: wall-normal velocity; and Rww: spanwise velocity.
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The boundary layer thickness d at xref is determined by the point
at the 99% free-stream velocity and estimated as d¼ 2.5din. The fric-
tion Reynolds number is Res¼ 769. To validate the simulation of the
upstream turbulent boundary layer, we compare the mean velocity
profile and turbulence statistics to existing results and theories in Figs.
4 and 5. As shown in Fig. 4(a), the van Driest transformation is applied
to the calculated mean streamwise velocity and the transformed veloc-
ity uþvd obeys the law of the wall, with a liner scaling at yþ <6 and a
logarithmic scaling at 30< yþ < 100. The temperature– velocity rela-
tionship is plotted in Fig. 4(b) together with the generalized Reynolds
analogy (GRA) proposed by Zhang et al.,36 where satisfactory

agreement is observed. In Fig. 5(a), the density-scaled root mean
square (RMS) fluctuations of velocity components are plotted using
outer scaling. Throughout this paper, d denotes the boundary layer
thickness taken at xref. Clearly, the computed turbulence intensities
agree well with the low-speed experimental data of Erm and Joubert37

and the DNS results of Pirozzoli et al.38 The streamwise component
peaks at uþrms � 2.92 and yþ � 15. Following Lumley,39 the anisotropy

of the Reynolds stress tensor bij ¼ gu00iu00 j= gu00iu00i �1=3dij is reported
in Fig. 5(b) to evaluate the turbulent state. The second and third invar-
iants of the stress anisotropy tensor, denoted as IIb and IIIb in the fig-
ure, highlight a two-component turbulent state in the inner region and

FIG. 4. Mean flow properties of the upstream turbulent boundary layer at xref: (a) profile of the van Direst transformed mean velocity uvd
þ plotted against yþ and (b) the

temperature–velocity relationship.

FIG. 5. Turbulence statistics of the upstream turbulent boundary layer at xref: (a) density-scaled root-mean-squared velocity fluctuations plotted against y/d and (b) the anisot-
ropy invariant map. The blue and green solid circles in (b) denote the first point above the wall and the point at the boundary layer edge, respectively. 2C: two-components;
2CA: two-component axisymmetric; AE: axisymmetric expansion; ISO: isotropic; and AC: axisymmetric compression.
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an isotropic state in the outer region. In particular, the anisotropy
attains its peak in the buffer layer at yþ¼ 8.2, which is quite close to
the value identified in numerical studies performed by Pasquariello
et al.40 and Sun et al.34 for compressible turbulent boundary layers.

The assessment of the statistical properties of the inflow turbulence
confirms that a fully developed turbulent boundary layer is generated
accurately before the expansion corner.

Finally, the sensitivity of the DNS results to the grid resolution is
assessed via grid refinement. In the refined grid, the number of nodes
is increased by 50% in both the x and z directions. A direct compari-
son to the results obtained using the refined grid is shown in Fig. 6,
where the streamwise distributions of the mean wall pressure, skin
friction coefficient, and Stanton number are reported. Across the
expansion region, both the wall pressure and Stanton number drop
sharply, whereas the skin friction coefficient exhibits a strong spike
near the point of the corner due to the surface geometry change, as
found previously by Fang et al.13 The overall evolution in the baseline
and refined grids coincides, and no significant deviations are observed
upstream or downstream of the corner. This confirms that a grid con-
vergence is obtained in the present simulation.

III. RESULTS AND DISCUSSION
A. Instantaneous andmean fields

An instantaneous flow field with density q/q1 in the X–Y plane
at Z¼ 0, reported in Fig. 7(a), shows that the density of the incoming
boundary layer decreases dramatically during the expansion process
and the boundary layer becomes thicker. This is quite similar to the
schlieren images of Dawson et al.18 for turbulent flow over a 14� cen-
tered expansion. In Figs. 7(b)–7(d), three cross-sectional planes are
shown to visualize the evolution of the instantaneous temperature
field. Here, we present one plane at xref, one plane at X¼ 1 just after
the expansion, and another plane at X¼ 7. As shown in Fig. 7(b), the
upstream boundary layer is characterized by highly intermittent bulges
in the outer layer. This is observed often in experiments and DNS

FIG. 6. Grid-sensitivity study with respect to the mean properties: (a) wall pressure
�pw=p1; (b) skin friction coefficient Cf ¼ 2ðl@�u=@yÞw=q1u21; and (c) Stanton
number St ¼ ðk@�T=@yÞw=q1U1CpðTr � TwÞ.

FIG. 7. (a) Contour of the instantaneous
density field in the X–Y plane at Z¼ 0.
(b)–(d) Contours of the instantaneous
temperature fields at three cross-sectional
planes: (b) xref; (c) X¼ 1; and (d) X¼ 7.
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results for turbulent boundary layers.11,12,32 In Fig. 7(c), the turbulent
bulges survive at X¼ 1, but quenching of the inner high-temperature
small-scale structures and survival of the outer low-temperature large-
scale structures are observed. This leads to the formation of a much
more highly intermittent boundary layer just after the expansion. This
is consistent with the visualization obtained via the filtered Rayleigh
scattering technique in a Mach 3 experiment of a 14� expansion by
Arnette et al.11 As expected, the low-temperature, large-scale struc-
tures in the outer layer experience significant increases in scale in
response to the strong density field decrease, as shown in Fig. 7(a).
This phenomenon was discussed previously by Arnette et al.11 In Fig.
7(d), different recovery behaviors in the inner and outer regions are
seen at X¼ 7. Clearly, the small-scale, high-temperature structures in
the inner region recover gradually. In contrast, recovery of the large-
scale, low-temperature structures in the outer region is much slower.

Figure 8 shows an instantaneous streamwise velocity field u/U1
in the X–Z plane at yþ¼ 8.2. The velocity field at X< 0 features a typi-
cal streaky pattern, in which alternating stripes of low- and high-speed
flows are found in the spanwise direction, as a result of well-known
sweep and ejection motions. The streak width, determined by the two-
point fluctuating velocity correlations (not shown here), is Dzþ � 58.
Downstream of the expansion, it is clear that the fluctuating velocity is
reduced overall and the streaky structures are essentially preserved,
but the streak width increases significantly and high-speed spots inside
the streaks are observed rarely at 0<X< 5. At X¼ 10, the streak
width is estimated to be Dzþ � 92. A similar observation of an
increased streak width in a DNS expansion corner was also reported
by Sun et al.14 at a deflection angle of 4�.

A general view of the mean flow properties throughout the
expansion is presented in Fig. 9. The streamwise velocity and tempera-
ture profiles at various streamwise locations are reported as functions
of the wall-normal distance y/d. Figure 9(a) shows that the velocity
profiles in the outer region become fuller than that at xref after the
expansion corner and the velocity is increased over most of the bound-
ary layer. This is an obvious consequence of acceleration during the
expansion process. A considerable reduction in the inner velocity is
noted at y/d <0.05, which is better seen in the figure insert. Such a
velocity reduction was also observed by Sun et al.14 for a supersonic
flow over a 4� expansion corner. The high momentum in the free
stream was inhibited from spreading into the inner layer because of
turbulence decay in the outer region and the fullness level close to the
wall was therefore anticipated to suffer a decrease. Different from the
velocity profiles, the three downstream temperature profiles in Fig. 9(b)
confirm an overall decreasing trend inside the expanded boundary
layer. In the figure insert, the inner peak is sustained in the expansion

region although the peak location moves slightly. The peak value and
temperature gradient at the wall are both reduced. Another key obser-
vation is that the decrease in temperature at y/d >0.04 is strengthened
substantially by the expansion. At X/d¼ 8, the temperature falls from
T/T1 � 1.38 at y/d¼ 0.04 to T/T1 � 1.06 at y/d¼ 0.2, whereas T/T1
� 1.25 at y/d¼ 0.2 for the upstream flow. In addition, it is seen from
Fig. 9(c) that the mean temperature profiles at X¼ 2 and 8 normalized
by the free-stream temperature and velocity only agree with the GRA
relation36 in the inner region, but remarkable deviations are clearly
observed in the outer region. In Fig. 9(d), the profiles are re-plotted,
where the temperature and velocity at the local boundary layer edge
(Te and Ue) are used for normalization. At X¼ 2, the GRA in the outer
layer still shows a large overshoot, however; good collapse of the mean
temperature profile onto the theoretical prediction is clearly observed
at X¼ 8 across the boundary layer.

B. Statistical properties of WHF fluctuations

We seek to provide an overview of the effect of expansion on the
fluctuating WHF, a representative instantaneous field of the WHF
fluctuations q0, which is calculated as

q0ðX;Z; tÞ ¼ qðX;Z; tÞ � qðX;Z; tÞ¼ k
@TðX; y;Z; tÞ

@y

����
w

� k
@TðX; y;Z; tÞ

@y

����
w

; (1)

is reported in Fig. 10. For a better comparison, the fluctuations are
normalized using the local mean WHF �q. The contour of q0 presents
clear streaky patterns upstream and downstream of the corner. This
suggests that the structural distribution of the fluctuating WHF is not
changed substantially by the expansion and the streamwise coherence
remains dominant. However, the main difference is seen from the
characteristic length scale in the post-expansion region, which
increases significantly in both the x and z directions. Correspondingly,
the scales of the high-amplitude q0 region become much larger. This
observation will be extended and quantified in the subsequent condi-
tional analysis. In this section, to quantify the statistical properties of
the fluctuating WHF throughout the expansion, the results at four
streamwise locations are studied comparatively via a detailed analysis of
probability density function (PDF), pre-multiplied frequency spectrum,
and space-time correlation. Here, one point is located at xref in the
upstream boundary layer, and another three points are selected at X¼ 2,
5, and 8 in the expanded boundary layer, denoted as S1–S3 in Fig. 10.

In Fig. 11(a), the PDFs of WHF are plotted on a logarithmic scale
to emphasize the tail region. As we can see, the PDF shape is actually
unchanged by the effect of expansion. All of the PDFs are positively
skewed, but the negative and positive tails of the PDFs become wider
at S1–S3. This suggests that extreme q events are observed more often
after the expansion corner. Similar to theWHF fluctuations in a super-
sonic shock wave/turbulent boundary layer interaction by Tong
et al.,31 we observe that the PDFs of the fluctuating WHF at various
streamwise locations in Fig. 11(b) exhibit good tail collapse, except for

the positive tail of S1, when the local RMS value qrms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q0ðX;Z; tÞ2

q
is used for normalization. Such a behavior can be understood better
from the figure insert, in which the PDFs are re-plotted on a linear
scale. At S1, the PDF shape is affected heavily by the expansion,

FIG. 8. Contour of the instantaneous streamwise velocity fluctuations in the X–Z
plane at yþ¼ 8.2. The tip of the expansion corner is denoted by the white dashed
line at X/d¼ 0.
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where the negatively skewed distribution is greatly relieved and the
peak location moves closer to zero. This results in a nearly symmetrical
behavior just downstream of the expansion. The PDF at S2 exhibits
relaxation toward that of xref and no obvious differences are found at
S3. It is worth noting that the normalized PDFs at �2< q0/qrms <4
match well with the wall shear stress fluctuations in the low-speed
wall-bounded flow experiments by Nottebrock et al.41 at Reh¼ 4420,

Grosse and Schr€oder42 at ReH¼ 15 000 (based on the duct height),
and Sreenivasan and Antonia43 at ReD¼ 6050 (based on the channel
half-height). This suggests a weak compressibility effect in the present
study.

To investigate the influence of expansion on theWHF fluctuation
energy distribution in frequency space, we report in Figs. 12(a) and
12(b), respectively, the pre-multiplied spectra of the wall pressure and
WHF at various streamwise locations as functions of the normalized
angular frequencyxtw/us

2. Welch’s algorithm is used with a hamming
window to estimate the power spectral density W (x), which is aver-
aged in the z direction and scaled with respect to the square of the local
RMS value (q2rms or p

2
rms). The kinematic viscosity at the wall tw and

the friction velocity us are both taken at xref. In Fig. 12(a), it is seen
from the wall pressure spectra at S1 that the low-frequency compo-
nents of the spectrum for xtw/us

2 <0.05 are enhanced remarkably by
the expansion, whereas the energy at the high-frequency end for xtw/
us
2> 0.2 is relatively attenuated. As the expanded boundary layer

develops downstream, there is a considerable decrease in the elevated
low-frequency spectrum energy. As a result, it approaches the
upstream value. The figure qualitatively supports wall pressure

FIG. 9. Mean profiles at four streamwise locations: (a) streamwise velocity and (b) temperature. The insets in (a) and (b) present enlargements of the inner parts of the pro-
files. The temperature–velocity relationships at X¼ 2 and X¼ 8 are normalized by (c) the free-stream velocity and temperature (U1 and T1) and (d) the local external veloc-
ity and temperature (Ue and Te).

FIG. 10. Contour of the instantaneous WHF fluctuations. The white, solid line
denotes the tip of the expansion corner. The three downstream streamwise loca-
tions are indicated by S1–S3.
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FIG. 11. (a) PDFs of WHF at various streamwise locations are made non-dimensional using the local mean value. (b) PDFs of WHF fluctuations at various streamwise loca-
tions are made non-dimensional using the local RMS value. The inset in (b) shows the PDFs re-plotted on a linear scale. Squares: Grosse and Schroder,42 triangles:
Nottebrock et al.,41 circles: Sreenivasan and Antonia.43

FIG. 12. (a) and (b) Pre-multiplied spectra of fluctuations at various streamwise locations and (c) and (d) integration of spectra: (a) and (c) wall pressure; (b) and (d) WHF.
The spectra are scaled with respect to the square of the local RMS values and the angular frequency is in inner scale.
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measurements in supersonic centered expansion corners performed
by Dawson et al.,18 who stated that the power spectra just downstream
of the expansions shift to lower frequencies than those upstream.
However, a completely different picture is presented in Fig. 12(b),
where the effect of expansion exhibits little influence on the low-
frequency energy in theWHF spectra and no shift to lower frequencies
is observed at S1–S3. The most notable feature in the spectrum is the
weak attenuation of the high-frequency components when xtw/us

2

> 0.4. Variation in the spectral energy across the expansion is better
quantified in Figs. 12(c) and 12(d) by inspecting the integrated spectra
below a specific frequency x, which is defined as

Ðx
0 wðfÞdf: As

shown in Fig. 12(c), the curve at S1 is shifted substantially to the left
relative to xref. This is a good indicator of low-frequency energy ampli-
fication within the wall pressure spectra. In the xtw/us

2 <0.05 range,
the portion that represents fluctuating energy is only 10% at xref, but
this increases to 32% at S1 and further drops to 19% at S2 and 13% at
S3. In contrast, Fig. 12(d) shows that all of the curves at the low-
frequency end change slightly, with nearly 30% of the spectral energy
stored in the low-frequency end (xtw/us

2 <0.05). Although the reason
for this is not clear, this behavior might be linked to dissimilarities
between the wall pressure and the WHF fluctuations. It is believed that
the low-frequency components in the wall pressure spectrum are asso-
ciated mainly with large-scale velocity fluctuations in the outer region,
while inner small-scale velocity motions are responsible for the high-
frequency end of the spectrum. Due to quenching of small-scale
motions in the post-expansion region, the relative contribution from
the large-scale structures increases. This explains some of the
enhanced low-frequency fluctuating energy. We hypothesize that the
WHF fluctuations are locally linked to the temperature fluctuations in
the near-wall region, which are characterized mainly by small-scale,
high-frequency dynamics. As a result, suppression of the small-scale
turbulence induced by dilatation leads to energy transport at the
medium- and high-frequency end (0.1< xtw/us

2< 4.0).

The two-point space-time correlation coefficient Rqq (Dx
þ, Dzþ,

Dtþ) at various streamwise locations, defined as

RqqðDxþ;Dzþ;DtþÞ

¼ q0ðx0; z; tÞq0ðx0 þ Dxþ; z þ Dzþ; t þ DtþÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q0ðx0; z; tÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q0ðx0 þ Dxþ; z þ Dzþ; t þ DtþÞ2

q ; (2)

is analyzed comparatively to explore the effect of expansion on the
structural properties of the WHF field, with xo being the reference
probe and Dtþ being the time delay. Dxþ and Dzþ represent the spa-
tial separation at the wall in the x and z directions, respectively.
Contours of the two-point spatial correlation coefficient Rqq (Dxþ,
Dzþ, 0) and the longitudinal space-time correlation Rqq (Dx

þ, 0, Dtþ)
at the four selected streamwise locations are displayed in Figs. 13 and
14, respectively, where the axes in the contour maps do not use the
same scales for better comparison.

Clearly, at xref, the contour map in Fig. 13(a) is compact and
elongated in the streamwise direction. It shows the streaky structures
upstream of the expansion seen from Fig. 10. All of the contour maps
at S1–S3 exhibit an elongated streamwise distribution that demon-
strates the presence of streaky structures in the post-expansion region.
However, the correlations in Figs. 13(b)–13(d) are expanded, which is
more pronounced in the x direction at S2 in Fig. 13(c). Taking the cor-
relation level of 0.3 as an example, the streamwise extent is Dxþ � 216
at xref. It increases persistently to Dxþ � 276 at S1 and Dxþ � 360 at
S2, but drops to Dxþ � 229 at S3, which is quite close to the upstream
value. The spanwise extent increases significantly at S1, where it
reaches Dzþ � 170, which is approximately 2.5 times the upstream
value at xref. A slow recovery is observed at S2–S3, in which the span-
wise extents decrease to Dzþ � 148 and 130, respectively. It is con-
firmed that the expansion increases the characteristic length scales in
the WHF field.

FIG. 13. Contours of the two-point spatial correlation Rqq (Dx
þ, Dzþ, 0): (a) xref; (b) S1; (c) S2; and (d) S3. Correlation values below 0.3 are omitted. The four gray iso-lines

denote the contour levels from 0.3 to 0.9 at xref, in steps of 0.2.
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For the upstream turbulent boundary, it is clear that the black
iso-lines of Rqq (Dx

þ, 0, Dtþ) are highly skewed. They exhibit a nar-
rowed, forward-leaning elliptical behavior with the major axes inclined
in the first and third quadrants of the Dtþ � Dxþ plane. This can be
attributed to strong downstream propagation of the WHF fluctuation
and is consistent with the correlation analyses of wall pressure and
wall shear stress fields in compressible turbulent boundary layers.44,45

As highlighted in Figs. 14(a)–14(c), downstream propagation of the
WHF fluctuations is well preserved in the post-expansion region and a
similar forward-leaning trend is observed at S1–S3. However, the effect
of expansion on the space-time of the fluctuating WHF is reflected
mainly in the following two respects. First, all of the correlation maps
undergo systematic increases in both their spatial and temporal
extents. This causes shape broadening after the expansion and indi-
cates that the WHF fluctuation field coherence is enhanced signifi-
cantly by the expansion. For example, the temporal and spatial extents
for the correlation level of 0.3 at S2 in Fig. 14(b) both increase by a

factor of about 2.0 with respect to the upstream values. Another
important observation is the variation of the correlation map inclina-
tion. Specifically, in Fig. 14(a), the major axis at S1 rotates counter-
clockwise, leading to an increase in the inclination angle between the
major axis and the time delay axis. At S2–S3, the inclination angle
decreases consistently, whereas the major axis gradually moves close
to that at xref. In Fig. 14(c), it is clear that the inclination angle at S3
remains larger than the upstream value. It is suggested that propaga-
tion of the WHF fluctuation structure generally accelerates during the
expansion. This behavior can be appreciated quantitatively via inspec-
tion of the convection velocity Uc for a given time delay Dtþ.
Following Duan et al.,45 Uc is computed as the ratio Dxþ/Dtþ, with
Dxþ being the spatial separation where a local maximum of the corre-
lation Rqq (Dx

þ, 0, Dtþ) is obtained. Figure 14(d) shows that the WHF
fluctuations at xref propagate downstream at Uc¼ 0.55U1–0.62U1.
Obviously, the convection velocity at S1 increases significantly, reach-
ing values in the 0.74U1–0.85U1 range, and then decreases rapidly

FIG. 14. (a)–(c) Contours of the space-time correlation Rqq (Dx
þ, 0, Dtþ): (a) S1; (b) S2; and (c) S3. Correlation values below 0.3 are omitted. The four black iso-lines in

(a–c) denote the contour levels from 0.3 to 0.9 at xref, in steps of 0.2. (d) Convection velocity Uc of the fluctuating WHF as a function of the time delay Dtþ.
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as the probe is moved downstream, dropping to values between
0.62U1 and 0.68U1 at S3. As previously noted by Joen et al.46 and
Bernaridni and Pirozzoli,47 large-scale fluctuations propagate faster
than small-scale fluctuations. Thus, it is reasonable to conjecture that
the overall higher convection velocity of the fluctuating WHF in the
post-expansion region is probably linked to the significant increases in
the characteristic length scales of the fluctuations, as previously dis-
cussed via the two-point spatial correlation analysis in Fig. 13.

C. Extreme WHF fluctuation events

The flow structures relevant to the extreme events of q0 in the
post-expansion region are investigated by analyzing the conditionally
averaged fluctuation fields. Extreme events of q0 in a zero-pressure-
gradient supersonic turbulent boundary layer have been investigated
systematically only recently and only by the present authors.20 The
present study is the first attempt to explore the effect of expansion on
the flow dynamics related to extreme events of q0. Following Guerrero
et al.,48 extreme negative (EN) and extreme positive (EP) events of q0

are defined as events where q0 <�3qrms and q0 > 3qrms, respectively,
with qrms being the local RMS value of the WHF fluctuations. An
instantaneous visualization of detected extreme q0 events is shown in
Fig. 15. Clearly, both positive and negative events are enlarged down-
stream of the expansion. This is qualitatively similar to the observation
in Fig. 10. Since a full conditional analysis of the extreme events in the
turbulent boundary layer upstream of the expansion is provided in our
previous study,20 the present work focuses on extreme events down-
stream of the expansion, where the conditional average is performed
only in the domain 0<X/d < 10 and 0<Z/d < 3 (see Fig. 15).
Specifically, an averaging box with a size (�400 < Dxþ < 400, 0< yþ

< 450, �300 < Dzþ < 300) is used to condition the flow fluctuations
around an extreme event located at Dxþ¼ 0, yþ¼ 0, and Dzþ¼ 0.
Moreover, a domain-sensitivity study was performed by varying the
domain size in the streamwise direction, but no qualitative changes are
found in the conditioned fluctuation fields. This indicates that the pre-
sent analysis achieves converged statistical results.

Figures 16(a) and 16(b) display the conditionally averaged q0

around an EP event and an EN event, denoted as hq0iEP and hq0iEN,
respectively. Throughout this section, h iEP and h iEN denote the aver-
age field conditioned on an EP event and an EN event, respectively.
For direct comparison, data for conditioned q0 in the turbulent bound-
ary layer upstream of the expansion reported by Tong et al.,20

hq0iEP¼ 3qrms and hq0iEN¼�3qrms, are also included in the figure. In
Fig. 16(a), the pattern of hq0iEP is unchanged by the effect of

expansion, and remains streamwise elongated in the expansion region,
which is characterized by qualitatively similar elliptical behavior. The
size of hq0iEP determined using hq0iEP¼ 3qrms is approximately
68� 44 wall units in the Dxþ and Dzþ directions. This is much larger
than the approximate size of 48� 21 wall units found by Tong et al.20

in the upstream turbulent boundary layer. A similar trend is observed
in Fig. 16(b). hq0iEN exhibits a spanwise elongated elliptical distribu-
tion that resembles the upstream results of Tong et al.20 quite closely,
but the size of hq0iEN determined using hq0iEN¼�3qrms is much larger
in both the Dxþ and Dzþ directions. It is amplified by factors of
approximately 1.5 and 1.9, respectively. The increased streamwise and
spanwise length scales in hq0iEP and hq0iEN further support those
found in the above two-point spatial correlations.

A three-dimensional view of the conditionally averaged fields is
first reported in Fig. 17 to provide an overall organization of the coher-
ent structures associated with an EP event. For better explanation, two
sliced planes at Dxþ¼ 0 and Dzþ¼ 0 are shifted. It is interesting to
note that a small region of the high-temperature flow, made visible by
the red iso-surface of hTþiEP¼ 0.3, close to the wall, emerges above
the EP event, like a hot spot. This is different from the planar pattern
of the high-temperature flow upstream of the expansion (see Fig. 16 in
Tong et al.20). Furthermore, two interconnected tubular regions with
positive temperature fluctuations, denoted by the red iso-surface of
hTþiEP¼ 0.3 in the outer region, appear on both sides above the hot
spot. It is suggested that the high-temperature flow loses its coherence
downstream of the expansion, which is seriously broken into the inner
hot spot and the outer tubular structures. In addition, the blue iso-
surface of hTþiEP¼�1 and the yellow iso-surface of hvþiEP¼�0.3
reveal that downward extrusion of the low-temperature flow is mainly
responsible for the EP event generation in the expansion region, with
the high-temperature flow having only a relatively passive role.

FIG. 15. Instantaneous WHF fluctuation contour normalized by the local RMS
value qrms. The white, solid line denotes the tip of the expansion corner. The black
and pink lines represent 3qrms and �3qrms, respectively.

FIG. 16. Conditionally averaged q0 around an extreme event at Dxþ¼ 0 and
Dzþ¼ 0: (a) hq0iEP; (b) hq0iEN. Pink solid lines are the present results and white
solid lines are the conditional results of Tong et al.20 Solid lines in (a) and (b)
denote hq0iEP¼ 3qrms and hq0iEN¼�3qrms, respectively.
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Next, we focus on the conditionally averaged fluctuations around
an EP event, where Fig. 18 presents the conditionally averaged fields in
the (Dxþ, yþ) plane at Dzþ¼ 0 and Fig. 19 shows the fluctuations in
the (Dzþ, yþ) plane at Dxþ¼ 0. Clearly, the black streamlines in Fig.
18(a) also confirm that a strong Q4 event appears in the buffer region,

resulting in a region of high positive huþiEP [see the pink dashed line
in Fig. 18(b)] and a region of high negative hvþiEP [see the black
dashed line in Fig. 18(b)] located just above the EP event at Dxþ¼ 0.
This finding is consistent with the conditional analysis of the EP event
in the upstream turbulent boundary layer by Tong et al.,20 and
extremely high wall shear stress events in a turbulent pipe flow by
Guerreor et al.48 and in a turbulent boundary layer by Pan and
Kown.49 Figure 18(a) also reveals that the positive temperature fluctua-
tions are concentrated mainly in the region close to the wall, while
negative temperature fluctuations are observed frequently in most of
the boundary layer. The result is qualitatively similar to the character-
istic two-layer structure in hTþiEP reported by Tong et al.20 Such a
behavior likely occurs because the overall mean temperature profile
distribution is not changed essentially by the expansion [see Fig. 9(b)].
However, we remark that, even though the EP event remains sur-
rounded by a high-temperature flow in the inner layer at yþ < 10,
which is in accordance with previous findings by Tong et al.,20 two
regions of large positive temperature fluctuations hTþiEP > 0.2 exist.
One region is located just above the EP event and another is located
above the region downstream of the EP event. The regions are
enclosed by white solid lines in Fig. 18. Their presence suggests that
flow dynamics related to the EP event are different in the post-
expansion region. Importantly, the differences are highlighted in
Fig. 19, where the computed hTþiEP is compared directly to the
numerical results of Tong et al.20 obtained in the transverse section at
Dxþ¼ 0. As reported by Tong et al.,20 the EP event in the upstream
zero-pressure-gradient turbulent boundary layer is a product of the
extrusion motion of the upper low-temperature flow, which can be
interpreted vividly as a fist hitting the high-temperature flow on the
wall. Furthermore, Tong et al.20 suggested that even though the
high-temperature flow is highly squeezed, the spanwise coherence of
the high-temperature flow is destroyed only at the roll-ups of the

FIG. 17. Conditionally averaged three-dimensional fluctuating fields associated
with an EP event at Dxþ¼ 0 and Dzþ¼ 0. Blue iso-surface: hTþiEP¼�1; red
iso-surface: hTþiEP¼ 0.3; yellow iso-surface: hvþiEP¼�0.3; black dashed line:
hTþiEP¼ 0.3. The insert in the lower right corner is a top view of the three-
dimensional field. Conditional averages in two sliced planes at Dzþ¼ 0 and
Dxþ¼ 0 are shifted for better visualization.

FIG. 18. Conditionally averaged fluctuations in the (Dxþ, yþ) plane at Dzþ¼ 0
associated with an EP event at Dxþ¼ 0 and Dzþ¼ 0: (a) temperature fluctuations
with black streamlines overlapping and (b) wall-normal velocity fluctuations. The
white, solid lines in (a) and (b) denote hTþiEP¼ 0.2. The black, dashed line in (a)
denotes hTþiEP¼ 0. Pink and black dashed lines in (b) denote huþiEP¼ 2.0 and
hvþiEP¼�0.3, respectively.

FIG. 19. Conditionally averaged fluctuations in the (Dzþ, yþ) plane at Dxþ¼ 0
associated with an EP event at Dxþ¼ 0 and Dzþ¼ 0: (a) temperature and (b)
wall-normal velocity fluctuations. Black dashed and white solid lines denote
hTþiEP¼ 0 and hTþiEP¼ 0.2, respectively. Gray and pink solid lines in (a) denote
hTþiEP¼ 0 and hTþiEP¼ 0.2, from the conditional analysis of Tong et al.20 Black
arrows in (b) denote in-plane velocity vectors.
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high-temperature flow at both the spanwise ends [see the pink solid
line in Fig. 19(a)]. A careful inspection of the iso-lines of hTþiEP¼ 0
and 0.2 denoted by the white solid and black dashed lines in Fig. 19(a)
and the vector plots reported in Fig. 19(b) proves that the downstream
extrusion motion of the negative temperature fluctuations dominates
in the post-expansion region and the low-temperature flow does not
penetrate the high-temperature flow to arrive at the wall. Interestingly,
there are two large regions with large magnitudes of positive hTþiEP.
These flank the large central region with high magnitudes of negative
hT þiEP. There are also two large regions with high magnitudes of neg-
ative hT þiEP distributed symmetrically in the Dzþ direction. This sce-
nario might be interpreted as the promotion of the extrusion motion
induced by the expansion effect. Contrasting the gray solid and black
dashed lines shown in Fig. 19(a), the size of the central region of nega-
tive hT þiEP becomes much larger. This can be understood intuitively
as a much bigger fist hitting the high-temperature flow. As a result, the
size of the highly squeezed high-temperature flow increases corre-
spondingly. This might explain the increased hq0iEP length scales
observed in Fig. 16(a). On the other hand, the two large regions of pos-
itive hT þiEP at 20< yþ < 120 are extruded from the large positive
temperature fluctuations above the EP event because of the promoted
extrusion motion. Therefore, the occurrence of the two large regions
of negative hT þiEP, which are located in the �270 < Dzþ < �100
and 100 < Dzþ < 270 ranges, respectively, is a direct result of high-
temperature flow ejection from the inner layer, which leads it to break
through the upper low-temperature flow.

In Fig. 20, a three-dimensional view of the conditioned coherent
structures associated with an EN event is displayed. A pair of counter-
rotating oblique vortices is visualized using the Q criterion.50 In the
figure, we report iso-surfaces of positive and negative temperature

fluctuations hTþiEN as well as the iso-surface of Q/Qmax ¼ 10% (Qmax

being the global maximum value of Q), colored by the wall-normal
velocity fluctuations hvþiEN. Looking carefully at hTþiEN, we highlight
that the negative hTþiEN, indicated by the blue iso-surface of
hTþiEN¼�1, has a clear tendency to reside between the left-side
clockwise and right-side counterclockwise oblique vortices, denoted as
QL and QR, respectively, in the figure. In contrast, the positive hTþiEN,
denoted by the yellow iso-surface of hTþiEN¼ 0.3, is clustered into an
elongated pipe downstream of the EN event. This flow topology
can be seen in the figure insert, where the top projection in the
Dxþ � Dzþ plane is shown. Consistent with the EN conditional aver-
age of Tong et al.,20 the distribution of hvþiEN on the iso-surface of Q/
Qmax ¼ 10% and the rotation directions of the two oblique vortices
(see the red arrows) further support that the large-scale, low-tempera-
ture structure is driven mainly by strong downwash motions between
these two oblique vortices.

Likewise, the conditionally averaged fluctuation fields in the
(Dxþ, yþ) plane at Dzþ¼ 0 around an EN event are given in Fig. 21,
and the results in the (Dzþ, yþ) plane at Dxþ¼ 0 are reported in Fig.
22. There is an inclined large-scale structure of high negative hTþiEN
marked by white solid lines in Figs. 21(a) and 22(a). This structure
appears above the EN event and is accompanied by a large region of
high negative hvþiEN, as observed in Fig. 21(b). Unlike with the
hTþiEP previously discussed in Fig. 18(a), we observe that the high-
temperature structure covering the wall is seriously broken. A small
region of low positive hTþiEN is present at Dxþ < �80 upstream of
the EN event and a large region of high positive hTþiEN is present at
Dxþ > 40 downstream of the EN event. This is a manifestation of the

FIG. 20. Conditionally averaged three-dimensional fluctuating fields associated
with an EN event at Dxþ¼ 0 and Dzþ¼ 0. Blue iso-surface: hTþiEN¼�1; yellow
iso-surface: hTþiEN¼ 0.3; white dashed line: hTþiEN¼�1. The two oblique vorti-
ces marked as the left-side (QL) and right-side (QR) vortices are displayed accord-
ing to the Q criterion (Q/Qmax¼ 10%) and colored by the wall-normal velocity
fluctuations hvþiEN. The red arrows represent the rotation direction of the oblique
vortices. Two sliced planes at Dzþ¼ 0 and Dxþ¼ 0 are shifted.

FIG. 21. Conditionally averaged fluctuations in the (Dxþ, yþ) plane at Dzþ¼ 0
are associated with an EN event at Dxþ¼ 0 and Dzþ¼ 0: (a) temperature fluctua-
tions with overlapped vector plots and streamlines in black and (b) wall-normal
velocity fluctuations. White solid lines denote hTþiEN¼�0.6. The Q2/Q4 interfa-
ces are denoted by the gray and pink dashed lines. Gray: present; pink: Tong
et al.20
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high-speed downward movement of the large-scale low-temperature
structure, according to the converging Q4/Q2 pattern displayed by the
vector plots in Fig. 21(a). As we can see, the large-scale, low-temperature
structure is dominated by the sweep motion caused by the Q4 (þu0,�v0)
event, which continuously transports the outer low-temperature flow
toward the wall. In contrast, the two regions of positive hTþiEN on both
sides are related to the ejectionmotion caused by the Q2 (�u0,þv0) event,
which in turn takes the inner high-temperature flow away from the wall.
Correspondingly, there exist two inclined Q2/Q4 interfaces, which are
upper front and upper rear of the EP event, denoted by the gray dashed
lines in Fig. 21(a). This converging Q4/Q2 pattern has been observed pre-
viously by Lee and Sung51 and Adrian et al.52 in the streamwise/wall-
normal cut through a hairpin vortex center. Moreover, comparing the
interfaces to the numerical data of Tong et al.20 suggests that these two
interfaces are moved outward and the inclination angles are altered.
Specifically, the two inclination angles in the post-expansion region are
nearly 10� and 23�, respectively, compared to approximately 14� and 11�

in the upstream turbulent boundary layer. Such a flow pattern can be ana-
lyzed better by examining the streamlines in Figs. 21(a) and 22(b).
Clearly, a clockwise-rotating spanwise vortex is found in the (Dxþ, yþ)
plane and a pair of large-scale counter-rotating vortices is identified in the
(Dzþ, yþ) plane. These provide evidence for the existence of a pair of
strong oblique vortices above the EN event. The flow structures present
here are quite similar to previous findings by Cardesa et al.53 in turbulent
channel flow and of Bross et al.54 in an adverse pressure gradient turbu-
lent boundary layer, who found a low-momentum region and oblique
vortices in the buffer region that emerges above the backflow event.
Therefore, it is reasonably inferred that the EN event is a product of the
high-speed impact of the large-scale, low-temperature flow on the wall,

and that this impact is induced by the sweep motion between the two
oblique vortices. Overall, this is consistent with the conditional analysis in
Tong et al.20 for the EN event in the upstream boundary layer.

D. Decomposition of the mean WHF

In previous papers by the present authors, a successful applica-
tion of mean WHF decomposition was demonstrated for a zero-
pressure-gradient spatially developing compressible turbulent bound-
ary layer20 and a reflected shock interaction.31 The mean WHF was
dominated mainly by the combined action of a particularly large posi-
tive term related to the work of the Reynolds stresses and a large nega-
tive term associated with turbulent heat transport. Using a scale-based
analysis based on the BEMDmethod, we arrived at conclusions similar
to those of the decomposition analysis of the mean WHF downstream
of the interaction. The shock interaction increased the contribution of
the outer large-scale structures to the mean WHF generation in the
downstream region substantially.

In the present work, we perform a decomposition analysis of the
mean WHF in the post-expansion region to gain useful information
regarding the response of the mean WHF generation to the imposed
expansion effect. Since the meanWHF decomposition in the upstream
turbulent boundary layer has been analyzed in detail by Tong et al.,20

the effect of expansion on the mean WHF generation is analyzed by
comparing the decomposition downstream of the expansion directly
to the decomposed data from Tong et al.20 The decomposition for-
mula proposed by Sun et al.55 is applied in this section. This formula is
derived from an integration of the compressible total energy equation
under the absolute reference frame. Here, the mean WHF, calculated
using the mean temperature gradient at the wall, Ch;DNS ¼ k@�T=@yjw,
is decomposed into seven terms: Ch,C, Ch,TH, Ch,MD, Ch,TKE, Ch,MS, Ch,

RS, and Ch,G, which are expressed explicitly using

Ch;C ¼ 1
q1u41

ð1
0
k
@�T
@y

@eu
@y

dy;

Ch;TH ¼ 1
q1u41

ð1
0
�cp�q gv00T 00 @eu

@y
dy;

Ch;MD ¼ 1
q1u41

ð1
0
ðu00rxy þ v00ryy Þ @eu

@y
dy;

Ch;TKE ¼ 1
q1u41

ð1
0
� 1
2
ðqu00u00v00 þ qv00v00v00 Þ @eu

@y
dy;

Ch;MS ¼ 1
q1u41

ð1
0
ðeu�rxy þ ev�ryyÞ @eu

@y
dy;

Ch;RS ¼ 1
q1u41

ð1
0
��qðeu gu00v00 þ evgv00v00 Þ @eu

@y
dy;

Ch;G ¼ 1
q1u41

ð1
0
ðeu � u1Þ q

DeE
Dt

þ @ eu�pð Þ
@x

þ @ ev�pð Þ
@y

"

� k
@�T
@x

� cp�q gu00T 00 þ u00rxx þ v00ryx

�
� 1
2
qu00u00u00 � 1

2
qv00v00u00 þ eu�rxy

þev�ryy � euqu00u00 � evqv00u00�#dy:

(3)

FIG. 22. Conditionally averaged fluctuations in the (Dzþ, yþ) plane at Dxþ¼ 0
associated with an EN event at Dxþ¼ 0 and Dzþ¼ 0: (a) temperature fluctuations
and (b) wall-normal velocity fluctuations with overlapped streamlines in black. White
solid lines denote hTþiEN¼�0.6. Black dashed lines in (a) and (b) denote
hTþiEN¼ 0.1 and hvþiEN¼�0.4, respectively.
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Here, eE is the specific total energy, rxx, rxy, and ryy denote the compo-
nents of the viscous stress tensor, respectively. The terms Ch,C and Ch,

MD represent the contributions of thermal conduction and the wall-
normal component of molecular diffusion, respectively. The terms Ch,

TH and Ch,TKE are associated with turbulent transport of heat and tur-
bulent kinetic energy, respectively. The terms Ch,MS and Ch,RS, respec-
tively, denote the work of the molecular stresses and the Reynolds
stresses. The term Ch,G accounts for the variation in eE with time, the
work of pressure, and the streamwise heterogeneity.

Figures 23(a) and 23(b) report the contributions of the seven
decomposed components of the mean WHF at X¼ 1 and X¼ 8.5,
respectively. The relative errors, computed from [Ch,C þ Ch,TH þ Ch,MD

þ Ch,TKE þ Ch,MS þ Ch,RS þ Ch,G – Ch,DNS]/Ch,DNS, are approxi-
mately 0.17% and 0.11%, respectively. This result confirms that the
decomposition method in the present study is highly reliable. This
behavior is different from that discussed in the previous decomposition
analysis of the upstream supersonic boundary layer reported by Tong
et al.,20 who found that the mean WHF Ch,DNS was dominated by the
positive Ch,RS and the negative Ch,TH, yielding up to 126.67% and
�76.64% of the total WHF, respectively. As observed in Fig. 23(a), just
after the expansion, the predominance of Ch,TH and Ch,RS is overtaken
by Ch,C and Ch,MS, respectively. Specifically, the positive Ch,MS, which is
about 146.17% of Ch,DNS mainly counteracts the negative Ch,C, which
reaches approximately�95.76% of Ch,DNS. In contrast, it is seen that Ch,

TH and Ch,RS contribute only �54.44% and 78.12% of Ch,DNS, respec-
tively. The contributions of the other three components, Ch,MD, Ch,TKE,
and Ch,G, remain negligibly small. It is highlighted that the mean WHF
generation just after the expansion can be explained vividly that the
excessive heat at the wall generated by the work of the molecular stress
Ch,MS is transported away from the wall by the mean heat conduction
Ch,C across the boundary layer. This phenomenon can be attributed to
the relaminarization that occurs during expansion, in which the reduced
turbulent fluctuations near the corner become less significant than the
mean flow field, as previously discussed by Teromoto et al.10 and
Narasimha and Viswanath.21 Upon recalling the expressions in Eq. (3)
for Ch,C, Ch,TH, Ch,MS, and Ch,RS, the reason for the increased contribu-
tions of Ch,C and Ch,MS, which are mainly related to the mean flow field,
becomes apparent. In Fig. 23(b), this scenario is not observed at X¼ 8.5,
where the positive Ch,RS and the negative Ch,TH are the principal

contributors again, contributing about 146.82% and �94.22% of Ch,DNS

respectively. This is qualitatively consistent with the observations in the
previous decomposition by Tong et al.20 This finding suggests that the
mean WHF in the downstream region is characterized by the balance
between the work of the Reynolds stresses Ch,RS and turbulent heat
transport Ch,TH. This is indicative of the great importance of the reestab-
lishment of turbulent fluctuations inside the boundary layer.

Next, we discuss the contributions of the turbulent coherent
structures to Ch,DNS by analyzing the dominant terms Ch,RS and Ch,TH

at X¼ 8.5, since the turbulent fluctuations at X¼ 1 are not the main
source of the Ch,DNS generation. According to Cheng et al.

56 and Tong
et al.,20 the velocity and temperature fluctuations in the (yþ, z) plane
are both decomposed in the spanwise direction using the BEMD
method. Four BEMD modes with increasing characteristic spanwise
length scales, denoted by u00i, v00i, and T 00

i, where i¼ 1, 2, 3, 4 (larger
subscripts indicate larger spanwise length scales), are obtained.
Therefore, the wall-normal heat flux in the term Ch,TH is rewritten as
follows:

� gv00T 00 ¼ � gv001T 00
1 � gv001T 00

2 � � � � � gv004T 00
3 � gv004T 00

4 : (4)

Substituting (4) into (3) yields

Ch;TH ¼ 1
q1u41

ð1
0
�cp�q gv001T 00

1
@eu
@y

dy|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ð1;1Þ

þ 1
q1u41
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2
@eu
@y

dy|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ð1;2Þ

þ � � � þ 1
q1u41

ð1
0
�cp�q gv004T 00

3
@eu
@y

dy|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ð4;3Þ

þ 1
q1u41

ð1
0
�cp�q gv004T 00

4
@eu
@y

dy|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
ð4;4Þ

: (5)

Thus, the Ch,TH contribution is decomposed into sixteen components,
which are denoted by the mode number index (i, j). Specifically, the
four diagonal components, (1, 1), (2, 2), (3, 3), and (4, 4), represent the
contributions related to the first, second, third, and fourth BEMD
modes of the wall-normal velocity and temperature fluctuations,
respectively. It is understandable that component (1, 1) accounts for
the contribution of the inner small-scale structures and component
(4, 4) is related to the outer large-scale structures, while components
(2, 2) and (3, 3) denote the contributions associated with intermediate-
scale structures, given that the characteristic spanwise length scale
grows consistently as the mode number increases. As noted by Cheng
et al.,56 the twelve non-diagonal components are mainly produced by
interactions between structures with different spanwise length scales.
Under such decomposition, the Reynolds shear stress in the term Ch, RS

is rewritten as follows:

�gu00v00 ¼ � gu001v001 � gu001v002 � � � � � gu004v003 � gu004v004 : (6)

Similarly, the decomposition of Ch,RS follows:

FIG. 23. Contributions of the seven decomposed components: (a) X¼ 1 and (b)
X¼ 8.5. The black bars in (a) and (b) denote the sums of the seven decomposed
components.
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Ch;RS ¼ 1
q1u41

ð1
0
�eu�q gu001v001 @eu

@y
dy|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
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ð4;3Þ

þ 1
q1u41

ð1
0
�eu�q gu004v004 @eu
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: (7)

Note that the contribution generated by the other component is less
than 5% of Ch,RS and thus it is neglected in the above decomposition.

The pre-multiplied spanwise spectra of u00, v00, and T00 contained
in the first two and last two modes are shown in Figs. 24 and 25,
respectively. The full spectra obtained from the raw DNS data are
added for comparison. Compared to those values obtained from the
upstream turbulent boundary layer by Tong et al.,20 the full spectra of
u00, v0 0, and T00 peak at higher wall-normal locations and larger span-
wise length scales, (yþ¼ 28, kz

þ¼ 218), (yþ¼ 79, kz
þ¼ 182), and

(yþ¼ 44, kz
þ¼ 227). This is symptomatic of the significant increases

in the sizes of flow structures in the post-expansion region, as previously
visualized by Humble et al.12 using condensate Rayleigh scattering. The
overall trends of the full spectra are captured accurately by the four
BEMD modes. This suggests that the fluctuating velocity and tempera-
ture are synthesized by four groups of structures with increasing charac-
teristic spanwise wavelengths at different wall-normal locations. In Fig.
24, the spectra of the first two modes are confined in the small (yþ, kz

þ)
domain, close to the inner peak in the full spectra and covering two nar-
row ranges of spanwise scales kz

þ � 108–132 and 218–236. In contrast,
the spectra of the last two modes in Fig. 25 are concentrated in the
upper right parts of the full spectra and represent outer large-scale veloc-
ity and temperature fluctuations characterized by kz

þ � 403–1202 or kz
� 0.53d–1.6d. It is worth noting that the spectra of u00 in Figs. 25(a) and
25(d) and the spectra of T0 0 in Fig. 25(f) are observed to impose a foot-
print on the near-wall region. This reveals the wall-attached character of
the outer large-scale u0 0 and T0 0 in the post-expansion region. Similar
decomposed results have been found by Tong et al.20 in the upstream
turbulent boundary layer. The authors argued that the velocity and tem-
perature fluctuations in the first two modes are characterized by near-
wall streaks and quasi-streamwise vortices, while the last two modes
reflect large-scale motion of superstructures located in the logarithmic
and outer regions. However, we highlight that the characteristic span-
wise scales in the spectra of the present BEMD modes are much larger
than those of Tong et al.,20 which is interpreted as the remnants of the
increased length scales discussed in the full spectra.

FIG. 24. Pre-multiplied spanwise spectra of the decomposed fluctuations by mode, together with the full spectra (black lines) calculated from the raw DNS data: (a)–(c) mode
1 and (d)–(f) mode 2. (a) and (c) Spectra of u0 0; (b) and (e) spectra of v0 0 ; and (c) and (f) spectra of T0 0. The spectra are normalized by their maximum values. Black lines mark
five iso-lines from outward to inward at levels 0.1, 0.3, 0.5, 0.7, and 0.9. Black and pink filled circles denote the peak locations in the full spectra and each mode, respectively.
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To provide a clear understanding of the contribution of the fluc-
tuating velocity to the Reynolds shear stress, profiles of the sixteen
decomposed components are displayed in Fig. 26 as functions of yþ.
The comparison of the sum of the sixteen terms with the full profile
calculated using the raw DNS data shows an excellent collapse. This
confirms that the present BEMD method is highly reliable. Clearly,
most of the Reynolds shear stress comes from the four diagonal com-
ponents in Fig. 26(a), especially (1, 1) and (2, 2), whereas the contribu-
tions of the other twelve non-diagonal terms in Fig. 26(b) are relatively
small. The dominance of the two diagonal components (1, 1) and (2,
2), peaking at approximately yþ � 37 and 59, respectively, indicates
the important role played by the inner small-scale u00 and v0 0 structures
in the generation of the Reynolds shear stress. Similar distributions of
the decomposed components and the dominance of the first two diag-
onal components have been reported by Tong et al.20 for the decom-
position of the Reynolds shear stress in the upstream turbulent
boundary layer. For the wall-normal heat flux, a similar behavior is
observed in Fig. 27. Among the sixteen decomposed components, (1,
1) and (2, 2) plotted in Fig. 27(a) are the two dominant contributions.
This further supports the prominent role of the inner small-scale v0 0

and T0 0 structures in the wall-normal heat flux generation. The present
finding is inconsistent with the decomposition of the wall-normal heat
flux by Tong et al.,20 who reported that the outer large-scale structures
dominate the inner small-scale structures. This difference might be
explained as follows. The recovery of the distorted boundary layer at

X¼ 8 is incomplete. The Mach 3 experiments performed by Arnette
et al.7 and Dawson et al.18 using 7� and 14� expansion corners found
that the boundary layer was still not fully recovered after a length of
19.3d downstream of the expansion. On the other hand, even though
the large-scale structures survive the expansion process, the recovery
of the dramatically weakened large-scale structures is much slower
than that of the regenerated inner small-scale structures, as suggested
by Sun et al.14

In Fig. 28(a), the decomposition of Ch,RS is given by the integra-
tion of the sixteen components of the Reynolds shear stress according
to (7). The Ch,RS generation is dominated by the four diagonal terms,
which contribute about 66.57% of Ch,RS. The contributions of the first
two components, (1, 1) and (2, 2), provide up to 28.22% and 25.26%,
respectively. This demonstrates quantitatively the leading role of the
small-scale u00 and v0 0 structures in the work of the Reynolds stresses.
In the same way, the decomposition of Ch,TH reported in Fig. 28(b)
quantifies the prominence of the four diagonal terms, which account
for approximately 63.56% of turbulent heat transport. The two com-
ponents (1, 1) and (2, 2) contribute approximately 20.01% and 24.76%
of Ch,TH, respectively. This can be compared to the 15.86% and
14.78%, respectively, reported by Tong et al.20 The contribution of the
component (4, 4), which is mainly linked to the outer large-scale
energy-containing structures, is only 12.10%, which is much smaller
than the 24.97% observed by Tong et al.20 This confirms that the outer
large-scale v0 0 and T0 0 structures are not the sole determinant of the

FIG. 25. Pre-multiplied spanwise spectra of the decomposed fluctuations by mode, together with the full spectra (black lines) calculated from the raw DNS data: (a)–(c) mode
3 and (d)–(f) mode 4. (a) and (c) Spectra of u0 0; (b) and (e) spectra of v0 0 ; and (c) and (f) spectra of T0 0. The spectra are normalized by their maximum values. Black lines mark
five iso-lines from outward to inward at levels 0.1, 0.3, 0.5, 0.7, and 0.9. Black and pink filled circles denote the peak locations in the full spectra and each mode, respectively.
For contour levels, see Fig. 24.
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local contribution to the Ch,TH generation downstream of the expansion.
Since Ch,RS and Ch,TH provide the dominant contributions to Ch,DNS it is
important to note that a different generation mechanism of meanWHF
is presented in the downstream region, where both the production and
transport of heat inside the boundary layer are mostly dominated by
small-scale structures with kz

þ � 108–236 in the inner region.

IV. CONCLUSIONS

The effect of expansion on wall heat flux characteristics was
investigated numerically by exploiting a database provided via direct
numerical simulation of a supersonic turbulent boundary layer at
M1¼ 2.25 and Res¼ 769 that was subjected to a 12� centered

expansion corner. Expansion has significant influence on the statistical
and structural properties of the fluctuatingWHF. The probability den-
sity function analysis of the WHF fluctuation normalized by the local
root mean square value produces good collapse of the PDF curves. In
contrast to experimental observations of the wall pressure frequency
spectra reported by Dawson et al.,18 the pre-multiplied spectra of the
fluctuating WHF do not show any evidence of low-frequency compo-
nent enhancement, and the space-time WHF correlations in the
post-expansion region reveal that the effect of expansion results in a
significant increase in the spatial extent and the fluctuating WHF
propagates downstream at 0.62U1–0.85U1, which is much larger
than the upstream convection velocity.

FIG. 27. Decomposed wall-normal heat flux profiles: (a) four diagonal components and (b) 12 non-diagonal components. The profiles are normalized by the maximum value
of the full profile, as calculated the using raw DNS data. Squares and the red solid line denote the full profile and the sum of the sixteen decomposed components,
respectively.

FIG. 26. Decomposed Reynolds shear stress profiles: (a) four diagonal components and (b) twelve non-diagonal components. The profiles are normalized by the maximum
value of the full profile, as calculated using the raw DNS data. Squares and the red solid line denote the full profile and the sum of the sixteen decomposed components,
respectively.
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Expansion has a clear impact on extreme WHF events. The
extreme event shapes are insensitive to the expansion, but their sizes
are increased considerably. Conditional analysis suggests that the EP
event that emerges below a strong Q4 event is generated by the down-
ward extrusion of low-temperature flow with the high-temperature
flow above the wall having a relatively passive role. This downward
movement is promoted greatly by the expansion, which destroys the
integrity of the high-temperature flow dramatically. A small hot spot
is located above the event, unlike with the planar pattern proposed by
Tong et al.20 for the generation of EP event in the upstream turbulent
boundary layer. Regarding the EN event in the post-expansion region,
the conditionally averaged flow fields evidence the generation mecha-
nism previously found by Tong et al.20 for the upstream turbulent
boundary layer. This is interpreted as a product of the high-speed
impact of large-scale, low-temperature flow on the wall, which is asso-
ciated with the sweep motion between a pair of oblique vortices.

The mean WHF in the post-expansion region has been decom-
posed using the identity proposed by Sun et al.55 The decomposed
results show that the large positive Ch,MS contribution, related to the
work of the molecular stresses, and the large negative Ch,C contribu-
tion, responsible for the mean heat conduction, dominate the WHF
generation just after the expansion, due to the significant reduction in
turbulence intensity. Downstream of the expansion, the balance
between the work of the Reynolds stresses Ch,RS and the turbulent
transport of heat Ch,TH dominates the generation. The BEMD method
allows us to demonstrate quantitatively that the effect of expansion
decreases the contribution of the outer large-scale structures to Ch,TH,
whereas the near-wall small-scale structures, contributing about
53.78% of Ch,RS and 44.77% of Ch,TH, play a leading role in heat pro-
duction and transport, respectively.
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