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ABSTRACT

We report the characteristics of wall shear stress (WSS) and wall heat flux (WHF) from direct numerical simulation (DNS) of a spatially
developing zero-pressure-gradient supersonic turbulent boundary layer at a free-stream Mach number M., =2.25 and a Reynolds number
Re, =769 with a cold-wall thermal condition (a ratio of wall temperature to recovery temperature T,,/T,=0.75). A comparative analysis is
performed on statistical data, including fluctuation intensity, probability density function, frequency spectra, and space—time correlation.
The root mean square fluctuations of the WHF exhibit a logarithmic dependence on Re, similar to that for the WSS, the main difference
being a larger constant. Unlike the WSS, the probability density function of the WHF does not follow a lognormal distribution. The results
suggest that the WHF contains more energy in the higher frequencies and propagates downstream faster than the WSS. A detailed condi-
tional analysis comparing the flow structures responsible for extreme positive and negative fluctuation events of the WSS and WHF is per-
formed for the first time, to the best of our knowledge. The conditioned results for the WSS exhibit closer structural similarities with the
incompressible DNS analysis documented by Pan and Kwon [“Extremely high wall-shear stress events in a turbulent boundary layer,”
J. Phys.: Conf. Ser. 1001, 012004 (2018)] and Guerrero et al. [“Extreme wall shear stress events in turbulent pipe flows: Spatial characteristics
of coherent motions,” J. Fluid Mech. 904, A18 (2020)]. Importantly, the conditionally averaged flow fields of the WHF exhibit a different
mechanism, where the extreme positive and negative events are generated by a characteristic two-layer structure of temperature fluctuations
under the action of a strong Q4 event or a pair of strong oblique vortices. Nevertheless, we use the bi-dimensional empirical decomposition
method to split the fluctuating velocity and temperature structures into four different modes with specific spanwise length scales, and we
quantify their influence on the mean WSS and WHF generation. It is shown that the mean WSS is mainly related to small-scale structures in
the near-wall region, whereas the mean WHF is associated with the combined action of near-wall small-scale structures and large-scale struc-
tures in the logarithmic and outer regions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0079230

I. INTRODUCTION

Owing to their fundamental importance in a wide range of prac-
tical flow configurations, turbulent boundary layers (TBLs) have been
extensively studied in the last three decades. Even though considerable
progress has been made in the supersonic regime,' ° a more profound

particularly for drag reduction techniques and the efficient design of
thermal protection systems.

A considerable number of experimental and numerical studies
have been conducted to improve understanding of the statistics and
structure of WSS fluctuations. The logarithmic dependence of the
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understanding of the wall-flow variables beneath compressible turbu-
lent boundary layers is necessary, especially regarding the wall shear
stress (WSS) and wall heat flux (WHF). An accurate prediction of skin
friction and heat-transfer rates is of great engineering interest,

streamwise and spanwise components of the scaled mean WSS fluctu-
ations on the Reynolds number has been well established by laser
Doppler anemometry experiments’ and direct numerical simulation
(DNS) of channel flows®™ and turbulent boundary layers."""
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The numerical data of Hu et al.” suggested that the WSS spectra col-
lapsed under viscous scaling for Re, > 360. In experiments on a thick
axisymmetric turbulent boundary layer on a cylinder, Wietrzak and
Lueptow'” observed that the effect of transverse curvature reduced the
low-frequency energy in the spectrum for fluctuating WSS. Using a
two-point space—time correlation, Jeon et al."” found that streamwise
WSS fluctuations in a turbulent channel flow at Re, = 180 propagated
at a speed of 0.53U,, and Daniel et al'! revealed that the convection
velocity followed a clear decreasing trend with increasing Reynolds
number. Taking advantage of the high resolution of the micro-pillar
shear stress sensor (MPS?), Grosse and Schroder'* exactly captured
characteristic dimensions of the WSS distribution in turbulent duct
flows. That experimental study confirmed the findings of Briicke'
that the spanwise component of the WSS exhibited wave-like patterns,
as well as revealing strong spanwise meandering in the low- and high-
shear regions. In a follow-up work, Nottebrock et al.'® used the MPS’
to investigate the WSS distribution in an adverse-pressure-gradient
turbulent boundary layer. Recently, Tong et al.'” employed DNS to
analyze the effect of expansion on the spatial structures of streamwise
and spanwise WSS fluctuations in supersonic turbulent boundary
layers and suggested that the spanwise meandering of the fluctuating
WSS was significantly suppressed downstream of the expansion.
Regarding the fluctuating WHF in wall-bounded turbulent flows, the
available data in the literature are very scarce, and there is no consen-
sus on the statistics and structure of WHF fluctuations in supersonic
turbulent boundary layers.

One purpose of the present study is to investigate coherent flow
structures related to extreme WSS and WHF events. Remarkable
advances in the understanding of extreme WSS events have been
made in the past few decades, even though the associated intermit-
tency behavior and its relationship to the velocity structure inside the
turbulent boundary layer are not yet fully understood. For example,
Sheng et al.,'” through a conditional analysis of concurrently measured
WSS and the corresponding three-dimensional velocity fields in the
inner part of a square duct channel flow at Re, = 1470, have identified
two distinct types of buffer layer structures: (i) single and paired
streamwise vortices, which contribute to the existence of the region
with high WSS; (ii) paired streamwise vortices and hairpin-like struc-
tures located in the inner layer, which are responsible for extreme neg-
ative (EN) WSS events. Similarly, Pan and Kwon'’ numerically
investigated the conditionally averaged flow fields around extreme
positive (EP) WSS events in a DNS turbulent boundary layer at
Re, =1500. The extreme WSS events were detected under a strong fin-
gerlike Q4 event associated with the outer-layer positive large-scale
motions and generated by a splattering of high-speed fluids in the
near-wall region. This is consistent with conditioned data from hot-
film shear sensors together with hot-wire probes in experiments by
Hutchins et al.,” who identified the influence of outer very-large-scale
motions on positive and negative WSS fluctuations. Further, Gomit
et al”" divided the histogram of the measured large-scale WSS into
four equal quartiles and found that the conditioned flows above the
extreme negative WSS events carried a larger amount of Reynolds
shear stress than those of the extreme positive WSS events. More
recently, Guerrero et al.”> have proposed a three-dimensional model
to conceptualize the flow dynamics related to extreme WSS events in
turbulent pipe flows. Their conditional analysis resulted in two obser-
vations about WSS events: the extreme positive WSS regions were
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generated by an energetic quasi-streamwise vortex at the buffer layer,
and an identifiable oblique vertical structure was clearly found above
the backflow events. While the majority of published experimental
and numerical studies of extreme WSS events concern incompressible
wall-bounded turbulent flows, much less attention has been paid to
extreme WSS and WHEF events in compressible flows, and a complete
picture of the associated coherent structures is still unclear. We are
therefore motivated to make one contribution to solving this problem,
with our main aim being to examine whether the phenomena reported
in the literature for extreme WSS events in the incompressible regime
are equally associated with compressible extremes WSS and WHF
events. In the present work, we numerically investigate, for the first
time to our knowledge, extreme WHE events and related flow features
in a supersonic turbulent boundary layer.

The first investigation of mean skin friction generation dates
back to the period when Fukagata et al.”’ used successive triple inte-
grations of the incompressible mean streamwise momentum equation
to derive a simple relation quantifying the contribution of the
Reynolds shear stress to the generation of mean skin friction in three
canonical wall-bounded turbulent flows, which is frequently quoted as
the Fukagata—Iwamoto—Kasagi (FIK) identity. Inspired by the theoret-
ical work of Peet and Sagaut,”* Bannier et al.”” proposed an extension
of the FIK identity to investigate the effect of wavy riblets on the wall
friction. Modesti et al.”® derived a generalized version of the FIK iden-
tity for duct flows with arbitrary shape to quantify the influence of
cross-stream convection on the WSS. Kametani et al.”’ carried out a
comparative study of the dominant terms in the FIK identity in a tur-
bulent boundary layer with and without uniform blowing/suction.
Despite the encouraging results obtained from these works, there are
still two major questions concerning the FIK identity, namely, a lack
of interpretation of the successive triple integrations used and the
absence of any physically informed explanation for the linearly
weighted Reynolds shear stress. In particular, it was the remarkable
work by Renard and Deck™ that overcame some drawbacks of the
FIK identity by performing a theoretical derivation of the mean
streamwise kinetic energy budget in an absolute reference frame, here-
inafter referred to as the Renard-Deck (RD) identity. In their study,
the mean skin friction was decomposed into three clearly physically
identified terms: direct viscous dissipation, turbulence kinetic energy
(TKE) production, and spatial growth. Later, Li et al.”” and Fan et al.”
generalized the RD identity to compressible flows and used it to inves-
tigate the Reynolds number and Mach number dependences and scal-
ing of the contributing terms. To date, the RD identity has been
applied successfully to a wide range of complex flows, such as reflected
shock interactions,”’ supersonic expansion corners with shock
impingement,”” and adverse-pressure-gradient turbulent boundary
layers.”” Regarding mean WHF generation, only a limited number of
studies are available in the literature, and the influence of coherent
structures on the generation process is much less understood. Li
et al.”” recently derived an exact relationship to relate the WHF to the
skin friction generation process in compressible turbulent channel
flows and suggested that the wall heat transfer might be related to
molecular viscous dissipation and TKE production. However, follow-
ing the approach of Renard and Deck,”® Sun et al.”* decomposed the
wall heat flux in a hypersonic transitional boundary layer at M, = 6.0
by integrating the total energy equation under the reference absolute
frame and found that the positive component associated with the
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work of the Reynolds stresses and the negative component associated
with turbulent transport of heat were predominant in the WHF gener-
ation. In the present study, we fill this gap by extending the previous
work by Li et al.”” and Sun et al.”* and applying the bi-dimensional
empirical mode decomposition (BEMD) method used by Cheng
et al.” to identify the fluctuation structures with specific spanwise
length scales and to quantify their contributions to mean WSS and
WHE generation in a supersonic turbulent boundary layer.

The remainder of this paper is structured as follows. In Sec. 11,
the DNS of the spatially developing supersonic turbulent boundary is
briefly introduced, including the numerical methodology used and the
validation of the DNS database. The WSS and WHEF are focused on in
Sec. III, through an analysis of statistical properties, the flows associ-
ated with extreme events, and a scale-based decomposition. Finally,
concluding remarks are presented in Sec. I'V.

Il. SIMULATION SETUP
A. Numerical methodology and inflow conditions

In the present simulation, the governing equations are the full
three-dimensional compressible conservative Navier—Stokes equations
for a perfect gas in Cartesian coordinates (x, y, z), which are non-
dimensionalized by inflow parameters. The strain-rate tensor S;; and
the dynamic viscosity coefficient u are related to the viscous stress ten-
sor ¢;; via the constitutive relation for a Newtonian fluid, and Fourier’s
law of heat condition is used to calculate the heat flux vector g;. The
thermodynamic variables are assumed to obey the ideal gas equation
of state, and the dynamic viscosity coefficient is related to the tempera-
ture through Sutherland’s law. The specific heat capacity ratio and the
molecular Prandtl number are taken as y = 1.4 and Pr=0.71, where
the thermal conductivity is k = uC,/Pr, with C,, being the specific heat
capacity of gas at a constant pressure. More detailed descriptions of
the governing equations can be found in Tong et al.”®

We use an open-source high-order finite-difference flow solver,
Opencfd-SC, to directly solve the governing equations without any
modeling. This code has been extensively used in previous DNS stud-
ies of compressible flows, involving compression ramps,””* reflected
interactions,””  supersonic flat-plate turbulent boundary layers
(TBLs),"” and it has been thoroughly validated that the compressible
turbulence can be accurately captured. For the spatial derivatives, a
fourth-order weighted essentially non-oscillatory (WENO) scheme,
proposed by Martin et al.*' and Wu and Martin,™” is used to calculate
the convective flux terms. The present scheme uses a symmetric collec-
tion of candidate stencils and a set of optimized WENO weights in the
linear part of the original WENO scheme introduced by Jiang and
Shu*’ to maximize bandwidth resolution, and the method of limiters
is used to further reduce numerical dissipation. A standard eighth-
order central difference scheme is used to calculate the viscous flux
terms. For the time integration, the third-order total variation dimin-
ishing Runge-Kutta scheme of Gottlieb and Shu** is applied.

The selected free-stream inflow conditions are similar to the
DNS of Pirozzoli et al.*” in the case of a supersonic zero-pressure-gra-
dient flat-plate TBL, including a nominal free-stream Mach number of
M., =2.25, a free-stream static temperature of T, =169.44K, and a
unit free-stream Reynolds number of Re./mm=2.5x 10%. The
inflow turbulence is generated using the laminar-to-turbulent transi-
tion method proposed by Pirozzoli et al.,”” with the wall blowing and
suction region set downstream of the inflow laminar boundary layer.
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To induce the transition, the imposed wall-normal velocity fluctua-
tions at the wall are similar to the disturbances suggested by Pirozzoli
et al.”” and Fang et al.,"” whereby there are two temporal modes, two
spatial modes in the streamwise direction, and ten spatial modes in the
spanwise direction. As confirmed by Fang et al." and Gao et al,"’ no
extra mass flux is introduced into the boundary layer due to the zero
net flow rate at the wall.

B. Computation overview

The size of the computational domain is L, x L, x L,= 1556,
X 1089 % 8.7500, where Ly, L, and L, are the extents in the streamwise
(%), wall-normal (y), and spanwise (z) directions, respectively, and the
compressible inflow laminar boundary layer thickness at the domain
inlet (x=0) is about d,=0.508 mm (based on the 99% free-stream
velocity; see Fig. 2). Unless otherwise stated, the spatial coordinates in
the following analysis are normalized by J,. As sketched in Fig. 1, a
structured Cartesian mesh consisting of N, x N, x N;= 2105 x 400
x 340 grid points is used to discretize the flow domain. Following
Pirozzoli et al.,"” the mesh in the streamwise direction is progressively
refined in the transition region extending from x =0 to x =100 (for a
total of 400 grid points) and quickly coarsened in the fringe region
x> 150. A total of 1595 grid points are equally distributed in the tur-
bulent region 100 < x < 150, corresponding to a uniform grid distribu-
tion of Ax=0.031. In the wall-normal direction, the grid points are
clustered toward the wall using a hyperbolic tangent mapping, with
280 grid points located inside the boundary layer, whereby the grid
spacings at the wall and at the edge of TBL (x = 125) are Ay,, = 0.002
and Ay, = 0.02, respectively. In the spanwise direction, the grid spac-
ing is kept at a constant value of Az=0.026. In wall units calculated at
x = 125, the non-dimensionalized spatial resolutions of the grid in the
well-resolved  turbulent region are AxT =85, Ayx = (.55,
Ay =5.5, and Az" =715, respectively, which are comparable to
those in recent DNS studies of compressible TBL by Bernardini and
Pirozzoli"” and Wu et al.*® Throughout this paper, the superscript “+-”
stands for normalization by wall viscous scales in the TBL region, and
the subscripts “e” and “w” denote quantities calculated at the wall and
the edge of the TBL, respectively.

A steady inflow laminar profile (see Fig. 2), obtained from an
auxiliary DNS simulation under the same inflow conditions, is pre-
scribed at the inlet of the domain. Nonreflecting boundary conditions
are prescribed at the outlet and the upper far-field boundary of the
domain to avoid reflection of disturbances back into the domain. The
selected spanwise width is sufficiently large, and periodic boundary
conditions are used in the spanwise direction. At the wall, no-slip
boundary conditions are used, with a constant wall temperature of
T,, = 254.16 K. Under the inflow conditions considered here, the wall-
to-recovery-temperature ratio T,,/T, is about 0.75, where T, is the wall
recovery temperature, indicating that an isothermal cold wall is
prescribed in the present study. As shown in Fig. 2(b), the unsteady

50 X 100 150

FIG. 1. Sketch of the computational mesh in the x—y plane. The grid is plotted only
every tenth point and fifth point in the x and y directions, respectively.
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FIG. 2. (a) Profile of inflow laminar bound-
ary layer. (b) Visualization of wall-normal

velocity disturbances in the region of blow-
ing and suction.
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wall-normal velocity disturbances, expressed as vis = Afps(x)gps(2) s (£)
and

Jos(x) = isin(27rx;,s)[l — cos (27xp)],

V27
Imax
os(z) = ZO.Sl’lgo sin27l(zps + )],
=1
hos(t) = > 0.8 'hg sin2m(wt + )],

=1

Imax Minax
= 1/20.81’1, hy = 1/20.8'"’17
=1 m=1
X — X, z
Xps = — Zps = 7
Xp — Xg

1

are only enforced in the blowing and suction region (15 < x < 40 and
0 < z<8.75). Here, Iy = 10, M. =5, x, = 15, x, =40, and ¢; and
¢,, denote random numbers between 0 and 1. To accelerate the
transition in the current simulation, we chose a disturbance ampli-
tude A=0.15U,, and a basic frequency of the disturbances
@ =0.157U,./d¢, both of which larger than those of Pirozzoli
et al.”” and Fang et al.*

In the present spatial simulation, as the disturbed boundary layer
develops downstream, fully developed turbulence is finally obtained
after x > 100. It can be seen from Fig. 3 that inclined and highly inter-
mittent turbulent bulges are clearly observed in the outer region of the
boundary layer, and the streamwise velocity flow field in the near-wall
region is mainly characterized by alternating low- and high-speed
streaks in the spanwise direction, consistent with previous numerical
and experimental observations of a supersonic flat-plate TBL. After a
washout time of about 200U/, (or three flow-through times, FTTs),
the effect of the initial transient solution is negligible and a statistical
stationary state is attained. Here, we choose the flow data over a nar-
row streamwise range of [xy — 10, xy + 10] (xo = 125) to calculate the
mean and statistical quantities in the following analysis. At x= 125,
the boundary layer thickness based on 99% free-stream velocity is
estimated as 0=127mm, and the displacement thickness
and momentum thickness are ¢x/d =0.204 and 0/6 = 0.073, respec-
tively. Correspondingly, the representative Reynolds numbers are
Reg=poo UsO/1too =2318, Resx = p o Uyo0%/ 1o =2571, and Re,
= P10/, =769. It is important to note that the boundary layer

40

parameters are changed by less than 2% over the selected stream-
wise region, suggesting that the effect of the spatial growth of the
TBL on the following statistical properties is negligible.

C. Validation of DNS data

For the purpose of validation, we quantitatively compare the tur-
bulence statistics at a selected location x =125, including the van
Driest transformed mean streamwise velocity U, ", the density-scaled
Reynolds stress components Ry, the turbulence kinetic energy budget,
and the power spectral density (PSD) of the wall pressure fluctuations,
with the reference DNS and experimental data for a flat-plate TBL at
comparable Reynolds numbers. In the results that follow, a bar and a
tilde indicate the Reynolds average and the Favre (density-weighted)
average, respectively, with a prime and a double prime for the corre-
sponding fluctuations, and the mean values are calculated by the aver-
age in the spanwise direction and in time.

FIG. 3. (a) Instantaneous temperature flow field in the x—y plane. (b) Instantaneous
streamwise velocity flow field in the x-z plane at y* = 10. (c) and (d) Enlargement
of the zones marked with pink boxes in (a) and (b).
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FIG. 4. (a) Profile of the van Driest trans-
formed mean velocity in inner scaling. (b)
Distribution of the density-scaled Reynolds
stress components.
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The mean velocity profile, as reported in Fig. 4(a), is in good
agreement with the compressible DNS data of Fang et al.,"” and fol-
lows the incompressible logarithmic law with von Karman constants
k =0.41 and C = 5.2 in the logarithmic region 30 < y* < 100 and the
linear viscous sublayer law up to y* < 6. According to Morkovin’s
hypothesis,”’ the computed Reynolds stress components in Fig. 4(b)
are scaled by the mean density profile to account for the compressibil-
ity effect. As expected, a good collapse with the incompressible and
compressible flat-plate DNS results of Schlatter and Orlii”™ and Fang
et al'® is observed, where the peak streamwise turbulence intensity
occurs at y* =~ 15, with the peak value being slightly larger than those
of the reference DNS owing to the different Reynolds number and iso-
thermal wall condition.

Figure 5(a) shows the budget terms of the turbulence kinetic
energy K, where the compressible transport equation for K is defined
as 8Z)K/6t = Cy + Tx + Py + Vi — e+ My. Here, C, Ti, Pr, Vi, &,
and M, denote the mean advection contribution, the turbulent trans-
port term, the production term associated with mean velocity gra-
dients, the viscous diffusion term, the viscous dissipation term, and the
direct compressibility effect, respectively. A more detailed explicit
expression for the budget terms can be found in Tong et al.”” The fig-
ure highlights the close similarities with the compressible DNS results
of Fang et al.*® and Pirozzoli et al.,”' where Py attains a maximum in
the buffer layer at y© ~ 12. Consistent with previous findings for a
canonical zero-pressure-gradient supersonic TBL, the contributions of
Cy and M, can be neglected owing to the rather small amplitude, while

=]

the viscous dissipation ¢ in the near-wall region is mainly balanced by
the viscous diffusion V}, in contrast to the relative balance between the
production term Py and the viscous dissipation ¢ in the outer layer.
The frequency spectrum of the wall pressure fluctuations in inner scal-
ing is given in Fig. 5(b) as a function of the angular frequency w and is
carefully validated against previous experimental data of Gravante
et al.”” at Re, =715 and Farabee and Casarella™ at Re, = 1165. It can
be seen that the spectrum at high frequencies varies like &>, owing to
the contributions of near-wall motions.

lll. RESULTS AND DISCUSSION
In the following analysis, the wall shear stress and heat flux,
defined as
Ou(x,y,z,t)
9

OT(x,y,2,t)
Ay ’
(2)

are fully time-resolved and are sampled at a short constant time inter-
val of 0.6U,,./d. To guarantee statistical convergence, a total of 15000
instantaneous fields of WSS and WHF spanning a long time period of
approximately 600U,/dy (or 11 FITs) are equally collected in the
region 120 <x<130and 0 <z< 8.

To provide an overall organization of the fluctuation fields, in
Fig. 6 we show instantaneous snapshots of the WSS and WHF fluctua-
tions. The fluctuating WSS, shown in Fig. 6(a), which resembles very

T(x,2,t) = u and q(x,z,t) =k

W W
—
W

2

w[CD(co)uf/rzv ]

—
(9]

Present DNS
A Fang et al.
o Pirozzoli et al.

10 log
S
oD

Present DNS N
Farabee & Casarella
Gravante et al.

FIG. 5. (a) Turbulence kinetic energy
budget. The individual terms are normal-
ized by p,u*/vy. (b) Wall pressure fre-
quency spectrum in inner scaling.
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ms

FIG. 6. Instantaneous flow fields of fluctuations: (a) WSS; (b) WHF. The black and
pink lines represent =37 in (a) and £3qms in (b).

closely the WSS distributions of an incompressible turbulent duct flow
obtained by Grosse and Schroder'” and of a low-Reynolds-number
channel flow obtained by Jeon e al.,"” is organized into alternating elon-
gated streamwise streaks of positive WSS and negative WSS, exhibiting
close similarities with the typical streaky pattern of velocity fields previ-
ously observed inside incompressible and compressible boundary layers.
In Fig. 6(b), the fluctuating WHE, which is elongated in the streamwise
direction, is clearly seen. A notable difference is found in the characteris-
tic length scales in the streamwise and spanwise directions. Careful
observation shows that the streamwise characteristic length scale is dra-
matically decreased compared with that of the WSS fluctuations,
whereas the spanwise characteristic length scale is slightly increased,
which will be quantitatively discussed in Sec. III A. Another important
difference is the occurrence probability of extreme events, especially
extremely negative events. Following Guerrero et al,”” events with
T < —3Tyys OF ¢ < —3(Guy are defined as extreme negative (EN)
events, while events with t" > 31, or ¢ > 3¢ are defined as extreme
positive (EP) events throughout this paper. Here, T,;,,s and gy, denote
the root mean square (rms) value of the WSS and WHEF fluctuations,
respectively. It is clear that EN events are much more common in the
WHE fluctuations than in the WSS fluctuations.

A. Statistical properties
The rms fluctuations of WSS and WHE (z/’ . and gt ), normal-

ms
ized by the local mean values, are shown in Fig. 7 as functions of Re,

s 0 50 X 100 150
N ---- 7,,=0298+0.0181nRe,
12 G ons cmimm g =0.45740.0181n Re,

O Huetal

+ A Jimenez et al.
w2 .
20.9
&~ /\
0.6
F
.D.-ﬂ. ........ & ---k--- FL -

0.3

200 400 Re 600 800

FIG. 7. The rms fluctuations of the WSS and WHF as functions of Re, and x. The
rms values are normalized by the local mean values, and the gray shading indi-
cates the turbulent region.
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and x, together with the incompressible channel DNS data of Hu
et al” and Jimenez et al.”* and the correlation proposed by Orlii and
Schlatter'”

5 =0.298 + 0.018In Re;. (3)

rms

Note that the results in the transition region are also included for com-
parison. For 7, , the present simulation data in the transition region
do not follow the above logarithmic correlation, and the peak value
emerges in the blowing and suction region, which is related to the trip
methods used in the turbulence generation, as also found in previous
DNS of incompressible TBL by Daniel et al'' and Schlatter and
Orlii.”” After experiencing a rapid decay in the transition region, the
computed rms values in the turbulent region (x > 115 and Re, > 700)
compare very well with the logarithmic correlation. For g, similar
behavior is observed, with the main difference being the larger ampli-
tude of g, than that of ¢} ; throughout the computational domain,

and the correlation
g/ = 0.457 +0.018 In Re,, (4)

fits the current WHE fluctuations in the turbulent region with satisfac-
tory agreement, indicating a logarithmic dependence on the Reynolds
number. We observe that the curve for g, has the same logarithmic
slope as 7/ but a different constant, similar to the previous findings
by Daniel et al.'' for the spanwise WSS fluctuations, which can be
attributed to the essential differences between the fluctuating stream-
wise velocity and temperature fields in the near-wall region.

Figure 8(a) compares the probability density functions (PDFs) of
the WSS ©* and WHF g" with a lognormal distribution. Consistent
with the work of Daniel et al,'" the PDF of t* displays a positively
skewed distribution and shows the nonzero probability of T+ < 0, fur-
ther confirming the existence of backflow. Good agreement with a log-
normal distribution is obtained in the central region of the PDF,
whereas the extreme tails deviate significantly, in accordance with the
previous study by Guerrero et al.”” The figure also shows a clear width
increment of the PDF tails of g+, which is more pronounced in the
negative tail, meaning that the skewness is decreased. It is important to
notice that the distribution of g* does not follow a lognormal distribu-
tion, and the occurrence probability of g* < 0 becomes much higher
compared with that of 7", In addition, the PDF of the normalized
WSS fluctuations 7', shown in Fig. 8(b), exhibits good agreement with
the supersonic TBL findings of Tong et al.'” at Rey = 2300, the incom-
pressible TBL experiments of Nottebrock et al.' at Rey= 4420, the
turbulent duct experiments of Grosse and Schroder' at Regy = 15000
(based on the duct height), and the channel flow observations of
Sreenivasan and Antonia™ at Rep, = 6050 (based on the channel half-
height), except for the considerable differences observed in the left tail.
Under such a normalization, it is clear that the PDF of ¢ agrees well
with that of 7 for —2 < ¢'/gums < 4, whereas large deviations occur
only in the extremely negative tail. This figure also helps to explain the
sharp decrease in EN events previously observed in Fig. 6, where the
probability of ¢'/gyms = 3.0, corresponding to the threshold for the EN
events, is about an order of magnitude larger than that of 7’'/7,,, = 3.0.

Figure 9 shows the premultiplied frequency spectra of 7’ and g’
as functions of the normalized angular frequency wv,,/u? to deter-
mine the energy distribution in frequency space, where the Welch
method is used to estimate the power spectral density W(w) and the
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spectra are averaged in the spanwise direction and normalized with
the squares of the mean WSS and WHE, respectively. The WSS spec-
trum shows good quantitative agreement with the data from the simu-
lations of incompressible TBLs by Daniel et al.'' and of channel flow
by Hu et al,” when the inner scaling is applied. The peak frequency
occurs at wv,,/u? ~ 0.07, which is very close to the value reported in
previous studies. An apparently good collapse between the wall shear
stress and heat flux spectrum is only observed at the low-frequency
end for wv,,/u? < 0.2. Importantly, the most notable feature of the
WHE spectrum appears to be a strong enhancement of the high-
frequency components. For wv,,/u? > 0.1, the WHF spectrum con-
tains more energy, and the peak frequency is shifted to wv,, /u? ~ 0.5,
which is indicative of the predominance of small-scale, high-frequency
dynamics in the WHF field. This behavior is probably linked to the
fundamentally different dynamics of temperature streaks and stream-
wise velocity streaks, since the temperature fluctuations tend to be
more isotropic than the streamwise velocity fluctuations, as previously
observed by Pirozzoli and Bernardini” in supersonic TBLs.

To single out the structural differences between the WSS field
and the WHF field, we show in Fig. 10 the respective two-point

10°g
10}
@10_25 o
210°} ,
i —_
10* . IC{I
u et al.
F O Daniel et al.
sl o
10 _3. .......-_2. .......-_1 n .......-0 —
10 10 10 10

v, lu

T

FIG. 9. Premultiplied frequency spectra of WSS and WHF fluctuations. The spectra
are normalized by the squares of the respective mean values.

correlation coefficients C,, (Ax", Az") and Cqq (Ax", Az"), which are
defined as

o (x,z, ) (x + Axt,z + Azt t)

Co(Axt, AZH) =
wAxT, AzT) temns () s (X + AxT)

5

where o represents the fluctuations of T or g, with Ax* and Az" being
the streamwise and spanwise spatial separations in wall units. The
probe is located at x =125 hereinafter. As found for turbulent duct
flow,"* as well as for compressible and incompressible flat-plate
TBLs,'""” the contour for 7/, shown in Fig. 10(a), can be seen to pos-
sess a streamwise elongated distribution, reflecting the streaky struc-
ture previously observed in Fig. 6, and there are two negative regions
flanking both sides of the elongated positive region in the spanwise
direction, which is a clear reflection of the spanwise-alternating stripes
of the negative and positive WSS fluctuations. The contour for ¢’ is still
elongated in the streamwise direction, and a significant decrease in the
streamwise coherence and a noticeable increase in the spanwise coher-
ence are highlighted in Fig. 10(b), indicating a reduced anisotropy of
the WHEF field. For instance, the streamwise and spanwise extents of
a correlation value of 0.3 are about Ax" =440 and Az" =52,
respectively, for 7/, compared with Ax* =216 and Azt =68 for ¢.

120
C.
(@) s
: |3
0 00
12000 -300 0, 300 600
Ax
120 C
(b) s
! 05
. 0
%0
-120

-600 -300 A(ic . 300 600
FIG. 10. Contours of the two-point correlation coefficients: (a) C.. (Ax*,Az"); (b)

Cqq (AX™,AZ™). Solid white lines and dashed pink lines correspond to correlation
values of 0.3 and —0.03, respectively.
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FIG. 11. (a) Isolines of the space-time correlation coefficients C..(Ax",At") and
CqqlAx™,AtY). Four contour levels are shown from 0.3 to 0.9, with increments of
0.2. (b) Convection velocity U./U., as a function of time delay At".

This finding quantitatively supports the visualization analysis in Fig. 6.
It is worth noting that the negatively correlated region in Fig. 10(b)
appears to be less evident and the fluctuating WHEF correlates positively
over a distance of Az" = 240 at Ax" = 0, suggesting that the spanwise-
alternating streaky pattern become less significant in the WHEF field.

We close this section with an analysis of the space—time correla-
tion coefficients of the WSS and WHF, C,, (Ax™, At") and Cyq (AxT,
Arh), presented in Fig. 11, which are defined as

o (x,z, t)a! (x + Axt,z, t + Att)
Olems () OLems (% + AxT)

Con(AxT,ALT) = , (6)
where o represents the fluctuations of 7 or g, with AtT and Ax™ being
the time delay and the streamwise spatial separation in wall units.
As expected, both maps in Fig. 11(a) are dominated mainly by a
forward-leaning behavior, as a consequence of strong downstream
propagation of the fluctuations, consistent with previous observations
of WSS fluctuations in turbulent channel flows by Jeon et al.'’ and

-3. . .5
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Park and Moin.”” However, the map shape of C,, is highly skewed
and becomes more narrow, resulting in a larger inclination compared
with C,,, This behavior can be better understood from Fig. 11(b),
where the convective velocity Ul is presented as a function of At
Following Duan et al.,” UL is defined as the ratio Ax/At, with Axx
being the streamwise position at which the correlation value attains a
local maximum for a given time delay At". The convective velocity of
7' is weakly dependent on the time delay, where U.=0.42U,, to
0.49U,,,, which is slightly lower than the U.=0.53U,,, of Jeon et al”
at Re, =180 and the U.=0.52U. to 0.56U,, of Daniel et al.'' at
Rey=1072. This is probably linked to the different Reynolds numbers
(Re; =769 and Rey=2318) used in the present study. Previous DNS
data of Daniel e al.'' suggested a Reynolds number dependence, with
the propagation speed of the WSS fluctuations decreasing for higher
Reynolds number. Moreover, the distribution of the convection veloc-
ity of ¢ is very similar to that of 7/, but ¢’ propagates downstream
with larger speeds U, =0.55U,, to 0.62U,,. Combined with the peak
frequencies shown in Fig. 9 and the computed convection velocity, the
most energetic scale is about AT a2 900 for 7 and A} ~ 200 for ¢'. It
is conjectured that the higher convection velocity of the fluctuating
WHEF might be associated with the smaller characteristic length scales,
consistent with the two-point correlation analysis in Fig. 10.

B. Flow associated with extreme events

In this subsection, we aim to relate the flow fields to the previ-
ously detected extreme events of 7’ and ¢’ in Fig. 6 by means of condi-
tional average, similar to the methods of Pan and Kwon'’ and
Guerrero et al.”” Specifically, an averaging box, covering —300 < Ax*
< 300, 0< y+ < 450, and —150 < Az" < 150, has been selected to
condition on an extreme event, which is placed at Axt =0, yJr =0,
and Az" = 0. The following conditionally averaged fields are based on
600 snapshots of velocity and temperature fields, where the numbers
of EP events in 7’ and ¢’ are nearly the same, about 1.7 x 10, and the
number of EP events in 7’ is about 1.9 x 10% much smaller than those

[ ’
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FIG. 12. Conditionally averaged <’ and ¢’ around an extreme event at Ax* =0 and Az* =0: (a) (7')ep; (b) (')en; (©) (¢)ep; (d) (')en. White solid lines in (a) and (c)
denote (7')ep =3 and (¢’)ep = 3, respectively. Gray solid lines in (b) and (d) denote (z")en =3 and (q’)en = 3, respectively.
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in ¢/, which is about 2.9 x 10°. A sensitivity study has been performed by
decreasing the flow samples, and no essential changes have been found,
indicating that statistical independence is obtained in the present study.
Figures 12(a) and 12(b) show the conditionally averaged 7’
around an EP event and an EN event, defined as (t')gp and (7/)gy,
respectively, while the conditionally averaged ¢’ is reported in Figs. 12(c)
and 12(d) as (¢')gp and (q')gn. Throughout this section, ( )gp and
( Yen represent the conditional average fields associated with an EP
event and an EN event, respectively. In Figs. 12(a) and 12(c), (t')gp
and (q')gp are both characterized by an elliptical behavior, being
elongated in the streamwise direction and resembling very closely
the observations in previous DNS studies.'”** By contrast, a span-
wise elongated elliptical region of high magnitude of (7’)gy and
(q')ex is clearly found in Figs. 12(b) and 12(d), which is different
from the round-shaped pattern in a DNS study of EN WSS

scitation.org/journal/phf

fluctuations of a TBL by Pan and Kwon."” This difference can be
attributed to the detection method used. In the previous study by
Pan and Kwon,'” extreme events only in a round-shaped isolated
region with thresholds (AR <4 and r" > 40, AR and r' are the
aspect ratio and the equivalent radius of the isolated region) were
conditioned, whereas a single threshold (7= *37,,, or
qd = *3qims) is used in the present study, without any structural
limitation. Moreover, although the size of (t')gp based on the
threshold of 3.0, which is approximately 70 x 20 wall units in the
Ax" and Az" directions, is essentially larger than the approximate
size of 30 x 10 wall units found by Guerrero et al.”* in an incom-
pressible turbulent pipe flow, the ratio Ax"/Az" is nearly the same.
Compared with (t')gp, the ratio Ax"/Az*" of {q')gp in Fig. 12(c) is
significantly decreased, as a consequence of a large decrease in the
streamwise extent (Ax™ =48) and a slight increase in the spanwise

.
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FIG. 13. Conditionally averaged velocity
fluctuations associated with an EP event
of 7/ at Ax* =0 and Az* =0. (a) and
(c) Streamwise and wall-normal velocities
in the (Ax*, y*) plane at Az* =0. (b)
and (d) StreamW|se and wall-normal
velocities in the (Az*, y*) plane at four
streamwise locations marked by dashed
lines in (a) and (c). White solid lines in (a),
(b), and (d) denote (ut)gp =2.5.
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extent (Az* = 21). In addition, we observe that the spanwise sizes of
(")en and (q')gn in Figs. 12(b) and 12(d) are very close to those of
(¢)en and (q')gn, whereas the streamwise sizes become much
smaller, Ax* = 14 for {7}y and Ax™ =20 for (¢')gx, implying the
predominance of spanwise coherence.

We first focus on the flow structures associated with EP events by
comparing Figs. 13 and 14, where the conditionally averaged fluctua-
tions around an EP event of 7’ and an EP event of ¢ are reported,
respectively. Here, Figs. 13(a), 13(c), 14(a), and 14(c) present the con-
ditionally averaged fields in the (Ax™, y*) plane at Az" =0, while
Figs. 13(b), 13(d), 14(b), and 14(d) present the fluctuations in the
(Az", y+) plane at AxT=-100, 0, 100, and 200. Clearly, there is a
region of high positive (1" )gp in Fig. 13(a) and a region of high nega-
tive (v")gp in Fig. 13(c), both located between —100 < Ax* < 240 and
0 < y* < 30, demonstrating that the EP event of 7' emerges below a

scitation.org/journal/phf

strong Q4 event in the buffer region, as suggested by Guerrero et al.”’

and Pan and Kown."” Figure 13(b) reveals that there exist two regions
of negative (u')pp, flanking the central high positive (u")gp.
Accordingly, two regions of positive (v")gp are observed at both sides
of the central high negative (v*)gp in Fig. 13(d). This alternating pat-
tern can be interpreted as being symptomatic of sweep and ejection
behaviors induced by a strong quasi-streamwise vortex; that is, the
reduced streamwise momentum at the upwash flank of the vortex is
the result of the low-speed flow ejected from the inner layer, whereas
the enhanced streamwise momentum at the downwash flank of the
vortex is caused by the high-speed flow transported from the outer
layer. However, we remark that even though (u")gp (not shown) and
(v")gp [see Figs. 14(c) and 14(d)] around an EP event of g’ exhibit a
qualitatively similar behavior, providing evidence for the significance
of the Q4 event in the buffer region, the flow dynamics related to the

E)300 -200 -100 0 100
Ax

d-ii

50

0

100 -100 °

100 -100
Az Az

FIG. 14. Conditionally averaged tempera-
ture and velocity fluctuations associated
with an EP event of ¢ at Ax* =0 and
Azt =0. (a) and (c) Temperature and
wall-normal velocity in the (Ax*, y*)
plane at Az"=0. (b) and (d)
Temperature and wall-normal velocity in
the (Az*, y*) plane at four streamwise
locations marked by dashed lines in (a)
and (c). White solid lines in (d) denote
(T *)ep=10.08.
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EP ¢’ events are not the same. Looking at (T ")gp in Fig. 14(a), there
exists a characteristic two-layer structure, whereby positive tempera-
ture fluctuations are located in the inner layer very close to the wall,
and negative temperature fluctuations are distributed in most of the
boundary layer. This trend of (T ")gp is directly related to the exis-
tence of an inflection point in the mean temperature profile due to
wall cooling, contrary to the monotonic changes in the mean stream-
wise velocity profile. Further, an inspection of the (Az", y*) planes of
(T*)gp displayed in Fig. 14(b) proves that the EP events of g’ are
related to the highly squeezed high-temperature flow in the inner layer
y* < 10. Clearly, the upper low-temperature flow coming from the
outer region squeezes down the high-temperature flow covering the
wall, which rolls up two high-temperature regions along the spanwise
direction. It can be seen that the severely squeezed high-temperature
flow is not penetrated, still showing coherence, and no low-
temperature flow arrives at the wall. Thus, it is reasonable to infer that
the downward extrusion motion of the low-temperature flow is unlike
the aforementioned downwash motion of the high-speed flow induced
by a strong streamwise vortex, as previously discussed with regard to
Fig. 13.

Figures 15(a) and 15(b) show enlarged views of (u*)gp and
(T™)gp, respectively, in the transverse section at Ax™ =0, together
with streamlines and vector plots, and these help elucidate the differ-
ences between the conditionally averaged fields around EP events of 7/
and ¢. Both figures reveal a similar qualitative flow pattern for y* >
50, with a pair of large-scale counter-rotating vortices transporting the
outer high-momentum flow or the outer low-temperature flow toward
the overlap region, consistent with the observation by Guerrero et al.””
The greatest difference between two figures lies in the near-wall region.

.~ HEE

EP _1.0 3.0

E)150 -100 -50 50 100 150

E)150 -100

FIG. 15. Enlarged views of conditionally averaged fluctuations with overlapped
white streamlines in the (Az*, y*) plane at Ax* =0: (a) (u")ep; (b) (T )ep
Black arrows denote velocity vectors in the plane.
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FIG. 16. Conditionally averaged three-dimensional fluctuating fields associated
with an EP event of 7 at Ax* =0 and Az* = 0. The pink isosurface is u™ = 0.8,
and the green isosurface and black dashed line, are u™ = 2.5. Red and blue isosur-
faces, flanking the central high-speed streak, represent the two quasi-streamwise
vortices displayed by the Q criterion (Q/Qmax = 5%) and colored by the streamwise
vorticity " > 0 and w," < 0, respectively. Conditional averages in two sliced
planes at Azt =0 and Ax™ = 0 are shifted for better visualization.

In Fig. 15(a), a pair of small-scale counter-rotating vortices with a
spanwise extension of approximately 100 wall units is induced by the
outer vortices and emerges just above the EP event. Between the two
induced vortices close to the wall, the sweep motion of the transported
high-velocity flow located on both downwash sides causes an EP event
of 7/, whereas the ejection of the low-velocity flow occurs on the
upwash sides of both vortices, in accordance with the conditional
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FIG. 17. Conditionally averaged three-dimensional fluctuating fields associated
with an EP event of ¢ at Ax" =0 and Az"=0. The purple isosurface is
TH=—07, the red isosurface is T *=0.08, and the black dashed line
is T™ = —0.5. Pink and green isosurfaces, being wrapped by the high-temperature
flow, represent the two quasi-streamwise vortices displayed by the Q criterion
(Q/Quax = 5%) and colored by the streamwise vorticity w, ™ > 0 and w," < 0,
respectively. Conditional averages in two sliced planes at Az* =0 and Ax™ =0
are shifted for better visualization.
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coherent structures studied by Guerrero et al”” In contrast to this, no
distinct vortical structures are observed in the near-wall region of
{T™)gp, except for a pair of very small counter-rotating vortices in the
interface region between the high- and low-temperature flows. As
shown in Fig. 15(b), both small vortices are generated mainly by the
combined action of the downward extrusion motion of the low-
temperature flow and the upward rolling motion of the high-
temperature flow, exhibiting no substantial effect on the EP event.
Interestingly, the EP event of ¢’ is a product of the extrusion motion of
the upper low-temperature flow, which can be vividly interpreted as a
fist hitting the high-temperature flow on the wall (see the low-
temperature flow in the region —20 < Ax" < 20 and 10 < y* < 30).
To describe the overall organization of the coherent structures
responsible for the EP event, three-dimensional views of the condi-
tionally averaged fields are given in Figs. 16 and 17 for an EP event of
7’ and an EP event of ¢, respectively, where isosurfaces of the stream-
wise velocity fluctuation (u™)gp and temperature fluctuation (T)gp

ARTICLE scitation.org/journal/phf

are shown, as well as an isosurface of the second invariant of the veloc-
ity gradient Q, normalized by its maximum value Q... Two slices are
also included for better explanation: one at Ax™ =0 and another at
Az"=0. In both figures, the quasi-streamwise vortices are made visi-
ble by the isosurface of Q/Q.x = 0.05 and colored by the streamwise
vorticity, .

Looking at the conditional field of (u™)gp in Fig. 16, a region of
high streamwise velocity fluctuation related to the EP event, made visi-
ble by the green isosurface of (u")gp= 2.5, is seen between the ener-
getic clockwise and counterclockwise quasi-streamwise vortices, which
are represented by the red (w," > 0) and blue (w," < 0) isosurfaces,
respectively. This flow topology also confirms what was indicated by
the above two-dimensional representations, namely, that the EP event
of the WSS fluctuations is strongly associated with the quasi-
streamwise vortices. The quasi-streamwise vortices become larger and
higher downstream of the EP event, eventually leading to an upward-
lifting movement of the high-velocity structure, which is better seen in
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Fig. 13(b). In addition, the main coherent structures are surrounded
by a large-scale inclined region of positive fluctuation (u™)gp=0.8,
represented by the pink isosurface, which has a characteristic length of
300 wall units and extends up to y* ~ 150. This large-scale velocity
structure is a signature of the outer counter-rotating motions, as
observed in Fig. 15, and it has previously been observed in condition-
ally averaged volumetric flow fields by Guerrero et al.”” However, it
should be emphasized that Guerrero et al”* used a two-step condi-
tional average, considering the vortex location with respect to the flow
direction, and performed the conditional analysis based on a left-side
or a right-side vortex. Finally, the slice at Az" = 0 is shifted to the left
of the box, and the displayed streamwise lines indicate a strong Q4
event above and downstream of the EP event, characterized by high
positive (u)gp and negative (v ) gp.

The conditional three-dimensional field of (T *)gp reported in
Fig. 17 exhibits a different scenario. As expected, the high-temperature
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flow around an EP event of ¢, made visible by the dark red isosurface
of {T™)gp=0.08, which is highly squeezed by the low-temperature
flow represented by the purple isosurface of (T)gp=—0.7, is also
associated with a strong Q4 event (see the white streamlines in the slice
at Az =0). It is interesting to note that the high-temperature flow on
the wall still retains coherence, whereas the downward extrusion does
not break it but rolls up the fluids on both spanwise sides. As a result,
the upper low-temperature flow cannot reach the wall, and the upward
rolling motion induces a pair of quasi-streamwise vortices down-
stream, represented by the pink and green isosurfaces, respectively,
both of which are located above the high-temperature flow. Therefore,
it is believed that the EP event of ¢ is mainly linked to the downward
extrusion of the upper low-temperature flow, and the high-
temperature flow plays a relatively passive role in EP event generation.

Next, we analyze the conditionally averaged fluctuation fields
around an EN event, as presented in Figs. 18 and 19 for 7’ and ¢,
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respectively. Figures 18(a), 18(c), 19(a), and 19(c) show the condition-
ally averaged fields in the (Ax™, y*) plane at Az* =0, while Figs. 18
(b), 18(d), 19(b), and 19(d) show the fluctuations in the (Az", y™)
plane at AxT=—-100, 0, 100, and 200. As can be seen in Fig. 18(a),
(u™)gp indicates that the EN event of 7’ is associated with an inclined
large-scale low-speed region, which bellows a large scale of the positive
velocity fluctuations in the buffer and outer regions. This flow pattern
is in good agreement with the conditional average above a critical
point at the wall obtained by Chin et al.”” and the averaged velocity
fluctuations related to the backflow event obtained by Guerrero et al.””
Regarding the wall-normal velocity fluctuation in Fig. 19(c), there
exists a region of large negative (v )gp above and downstream of the
extreme event, extending up to y* = 150. Careful examinations of the
large positive (u*)gp and large negative (v')gp for y© > 10 in the
transverse temperature section at Ax" =0, shown in Figs. 18(b) and
18(d), respectively, reveal that the EN event of 7’ is likely to be pro-
duced by strong compression of the low-speed structure on the wall by
the upper high-speed structure.

In Fig. 19(a), (T )y suggests a different mechanism, namely,
destruction of the high-temperature structure on the wall by an inclined
large-scale low-temperature structure, which originates from the wall in
the range —10 < Ax" < 10 and becomes larger as it moves higher.
Looking at the wall-normal velocity field shown in Fig. 19(c), it should
be noted that this upper low-temperature structure is accompanied by a
large region of negative (v")gy. Since the large-scale low-temperature
structure directly impinges on the wall with large speed, the main reason
for the EN event of ¢’ becomes apparent, which can be better seen from
the temperature and wall-normal velocity in the (Azt, y*) plane at
Ax" =0, as displayed in Figs. 19(b) and 19(d). Another important
aspect of the conditional fields for ¢ is the coherent structure of the pos-
itive and negative (v*)py in the (Ax™, y*) and (Az", ") planes, very
similar to the wall-normal velocity fluctuations shown in Figs. 18(c) and
18(d) for 7’. Such behavior is associated with a strong oblique vortex, as
suggested by Guerrero et al.”* and Lenaers et al.”’ in backflow condi-
tioned flow fields. More evidence of the strong oblique vortex will be
provided by the conditioned three-dimensional flow fields.

Figures 20(a) and 20(b) show enlarged views of (u")gy and
{T*)ens respectively, together with vector plots in the (Ax™, y*) plane
at Az" = 0. They highlight that positive (1" )gy and negative (T )y
are related to a strong Q4 event, which is transported from the loga-
rithmic region toward the wall by the sweep motion, whereas negative
{u*)gn and positive (T ) gy are associated with a Q2 event, which is
ejected from the wall to the overlap region and the logarithmic region.
The vector plots show that there exist two converging Q4/Q2 pairs
inclined downstream, with a strong clockwise-rotating spanwise vortex
in the middle. Specifically, a small Q2 (ejection) region close to the
wall appears upstream of the EN event at Ax™ < —40, followed by
another large Q2 (ejection) region downstream at Ax™ > 100.
Accordingly, the Q4 (sweep) region is clearly visible in the upper left
part of both figures, implying a strong top-down interaction between
the near-wall and outer regions. Such a converging Q4/Q2 pattern is
similar to the hairpin vortex signatures proposed by Lee and Sung”’
and Adrian et al.” in streamwise/wall-normal cuts through a hairpin
vortex center. Note that the small spanwise vortex is only a Ax™—y™"
cut through the aforementioned strong oblique vortex, but the remark-
able effect of the downward motions of this vortex on the high-speed
and low-temperature fluids is still clearly observed.
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FIG. 20. Enlarged view of conditionally averaged fluctuations with overlapped
velocity vectors in the (Ax™, y*) plane at Az* = 0: (a) (u")en; (b) (T ")en. The
red line in (a) denotes (u")gy=—0.3 and the black line in (b) denotes
(T")en=03. The white solid lines denote (u')en=1.3 in (a) and
(TH)en=—1.3 in (b). The inclined shear layers associated with the Q2 and Q4
events are indicated schematically by the dashed pink lines. The pink solid line
depicts the clockwise rotating vortex.

The conditioned three-dimensional coherent structures associ-
ated with EN events of " and ¢’ at Ax" =0 and Az" = 0 are shown in
Figs. 21 and 22, respectively. Both figures confirm the existence of a
pair of counter-rotating oblique vortices, which are visualized by the
isosurface of Q/Qp. =0.05 and colored by the streamwise vorticity
;. Here, the left-side clockwise vortex and the right-side counter-
clockwise oblique vortex are marked as Q; and Qg, respectively. It can
be seen that these two attached oblique vortices become larger and get
lifted up downstream of the extreme wall event. In Fig. 21, a large-
scale elongated region of negative fluctuation in the middle of the obli-
que vortex pair forms a low-speed streak, made visible by the blue iso-
surface of (u")gy=—0.3. Consistent with the backflow conditional
average of Guerrero et al,” this low-speed streak is also characterized
by a spanwise meandering behavior owing to the oblique vortices at
Ax' 2~ 0, which is better seen in the figure insert, which shows the top
view of the conditioned structures. In addition, a small ellipsoidal
region of positive velocity fluctuation, indicated by the red isosurface
of (u")pny =—1.3 (a very large value chosen to highlight the high-
momentum structure), is clearly found just above and between the
two oblique vortices, where the induced downwash motion is predom-
inant, as observed in Fig. 20(a). Furthermore, a qualitatively similar
flow topology is also observed in Fig. 22. As can be seen, an inclined
large-scale region of low-temperature structure, indicated by the blue
isosurface of (T ")gy= —1.1, appears between the upper parts of the
two oblique vortices, and an elongated high-temperature streak, made
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300
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100

FIG. 21. Conditionally averaged three-dimensional fluctuating fields associated
with an EN event of 7/ at Ax* =0 and Az"=0. The red isosurface is
(ut)en=1.3, and the blue isosurface is (u")ey= —0.3. The two oblique vortices
marked as the left-side vortex (Q.) and the right-side vortex (Qg) are displayed by
the Q criterion (Q/Qmax=5%) and colored by the streamwise vorticity w;". The
conditional averages in two sliced planes at Az* =0 and Ax" =0 are shifted for
better visualization.

visible by the red isosurface of (T ")y = 0.08, expands downstream of
the EN event. It is clear that the high-temperature streak does not
exhibit meandering behavior. This is probably due to the significant
impact of the large-scale low-temperature structure driven by the
downwash motion of the oblique vortices, which destroys the struc-
tural coherence, as suggested by a comparison of Fig. 20(b) with
Fig. 20(a). Overall, these findings support the previous numerical and

N B |

-2.0 0.5

-100

4",»«

100

FIG. 22. Conditionally averaged three-dimensional fluctuating fields associated
with an EN event of ¢ at Ax* =0 and Az"=0. The red isosurface is
(T")en=10.08, and the blue isosurface is (T ")en = —1.1. The two oblique vorti-
ces marked as the left-side vortex (Q,) and the right-side vortex (Qg) are displayed
by the Q criterion (Q/Qmax = 5%) and colored by the streamwise vorticity ;. The
conditional averages in two sliced planes at Az* =0 and Ax* =0 are shifted for
better visualization.
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experimental studies conducted by Cardesa et al.”” in turbulent chan-
nel flow and by Bross et al.”* in an adverse pressure gradient TBL,
which revealed that the backflow event was generated under a low-
momentum region and was related to oblique vortices located at the
buffer, and further demonstrate the essential role of the strong oblique
vortex in the generation of the EN WHEF event.

C. Decomposition of mean shear stress and heat flux

Performing a scale-based decomposition analysis of the mean
wall skin friction coefficient Crand the wall heat transfer coefficient C,
through the RD identity”® * can provide useful information for quan-
tifying the contribution of the associated coherent turbulent structure
with a specific length scale to the mean shear stress and heat flux gen-

eration at the wall. These coefficients are defined as

™)

Following Li et al.”’ and Fan et al,” the decomposition of C; for a
compressible zero-pressure-gradient flat-plate TBL is cast in the form

Cr =Crv +CGr+ G, (8)

where Cg,, Crpy and Cyg, respectively, denote the contributions of
direct viscous dissipation, the power spent in turbulence kinetic energy
(TKE) production, and the streamwise heterogeneity. The three terms
can be explicitly expressed as follows:
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Likewise, similar to the decomposition formula proposed by Sun
et al.”* through an integration of the compressible total energy equa-
tion from the wall to the free stream, the mean wall heat transfer coef-
ficient Cj, is decomposed as

Cyh = Chc + Chra + Cpvip + Chrke + Chms + Chrs + Chg, (10)

where
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The term Cj, ¢ is associated with heat conduction, C, 7y is associated
with turbulent transport of heat, involving the wall-normal heat flux,
Cpyp is the wall-normal component of the molecular diffusion,
Ch1xe is turbulent transport of TKE, Cy, ps and Cj, s are associated
with the molecular stresses and the Reynolds stresses, respectively, and
Cp, is associated with the variation of the specific total energy E with
time, the pressure, and the streamwise heterogeneity. Here, 7, and Tyx
denote the streamwise components of the shear and normal stress,
respectively, and o denotes the viscous stress.

The full compositions of Crand C;, are quantitatively compared
in Fig. 23. The reliability of the decomposition methods is confirmed
by computing the relative errors, defined as (Cry + Cir + Ceg
— Cepns)/Cepns and (Cre + G + Crvip + ke + Chvs + Cirs
+ G — Cupns)/Chons respectively, where Cipys and Cppns are
directly calculated using Eq. (7). As can be seen, the relative errors are
estimated to 0.00% for Cr and —1.03% for Cj,, indicating that the accu-
racy of the decompositions is very satisfactory. For Cg as shown in
Fig. 23(a), Cry and Cir are predominant, attaining approximately
41.73% and 45.02% of the total skin friction, respectively, while the
contribution of Cig is rather small, about 13.25% and comes mostly
from the convection term Cgg;. This trend is consistent with the DNS

~
Q
~

—

00 Error =0.00%

C, = (13.25)

(41.73) (45.02)
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study of a supersonic boundary layer at Mach 2 for Re, = 2501110 by
Fan et al.,”’ who found that Cgy and Cgr yield up to 90% of the total
Cr. With regard to Cj, a different behavior is observed in Fig. 23(b).
Positive C, gs takes the leading role, even larger than the total wall heat
transfer, reaching approximately 126.67%, and counteracts the large
negative contribution of Cj, 145, which is about —76.64%. For compari-
son, the heat transfer decomposition of a hypersonic boundary layer at
Mach 6 and Re,./mm = 12000 conducted by Sun et al.”* had values
of 120% and —71.3% for Cjrs and Cj 1y, respectively. In addition,
another large component Cj, 15 contributes positively to 44.21% of Cj,
whereas the positive contributions of C,, s and Cy,mp, as well as the
negative contributions of Cy,c and G, 1k can be neglected, owing to
their rather small magnitudes. This phenomenon can be better under-
stood as the excessive heat at the wall generated by the work of the
Reynolds stresses Cjzs and the molecular stresses Cj, s being carried
away from the wall toward the outer region through the turbulent
transport Cy, ry.

To further reveal the quantitative contribution of the turbulent
coherent structures to Crand Cy,, we focus on the Crr- cor}t‘;ribution and
the Cj,gs and Cj, 147 contributions. Following Fan et al.,”” the stream-
wise and wall-normal velocity fluctuations, as well as the temperature
fluctuations, are all decomposed into four different terms with specific
spanwise length scales by applying a bi-dimensional empirical mode
decomposition (BEMD),”* " given by

u' =+ + s+ ul,
V=V VE VS v (12)
T" =T{+T; +T5+ T4,
where the subscripts 1, 2, 3, and 4 stand for the fluctuations with
increasing spanwise length scales, corresponding to the four modes of
BEMD. Therefore, the Reynolds shear stress in Eqgs. (9) and (11) can

be decomposed into four diagonal terms and 12 nondiagonal terms
and rewritten as
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Similarly, the wall-normal heat flux in Eq. (11) can be rewritten as

4

SToww (13)

i=1,j=1,i%j

Contribution(%)
wn
3

1A £T £,G1 £,G2
( b) L ~ . (126.67)
5 100 Error =-1.03%
g (44.21)
= (3.20)
= O"—--- _-————— e == === ==
2 (-7.89) (-4.07)
N
=
S-100 (-76.64)
U h,C Ch,TH h,MD Ch,TKE Ch,MS Ch,RS

(10.99) : 5.

0..l _____ l _____ 0D 0. M
(13.51) l
S =

' (100)
1
1
1
1
1
1
1
1
1
. FIG. 23. Contributions of the decomposed
£G3 components: (a) C; (b) Cp. Black bars
denote the sums of the decomposed
components.
(98.99)

Phys. Fluids 34, 015127 (2022); doi: 10.1063/5.0079230
Published under an exclusive license by AIP Publishing

34, 015127-16

Jpd-auluo™ L™ /Z1510/6192991/0£26.00°S/€901 01/10p/pd-ajonte/jod/die/bio-diersqndj/:dpy woy papeojumoq


https://scitation.org/journal/phf

Physics of Fluids ARTICLE

4

STy (14)

4
Y/ N — § v”,-T”,- _
i=1 i=1,j=1,i#j

As a result, the Cgr contribution in Eq. (9) and the Cj, gs and Cj,
contributions in Eq. (11) can also be divided into 16 terms, given
by
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Each component is labeled by a mode number index (i, j), where i
and j denote the ith and jth modes of the BEMD. Considering that the
spanwise length scale /4, of a BEMD mode is increased as the mode
number increases, the four diagonal components represent the contri-
butions associated with specific spanwise length scales. Specifically, the
components (1, 1) and (4, 4) denote the contributions of small- and
large-scale structures, respectively, whereas the components (2, 2) and
(3, 3) are related to intermediate-scale structures. The other 12

scitation.org/journal/phf

nondiagonal components represent the contributions generated by
interactions between structures with different spanwise length scales,
as suggested by Cheng et al.” for turbulent channel flows.

Figure 24 shows the premultiplied spanwise spectra of v/, v/,
and T in the first mode, together with the full spectra calculated from
the original DNS data. Note that the original spectra of &/, v/, and T"
are characterized by an inner peak with a spanwise length scale of the
magnitude of 100 wall units, and no energy peak is evident in the outer
region, owing to the low Reynolds number considered in the present
study. As expected, the decomposed fluctuations are primarily
confined in the small-(y™, 2]) domain, compared with the original
spectra (indicated by the solid black isolines). For u’, the spectra in
Fig. 24(a) peak at y* =12 and 4] = 81, smaller than the primary
inner peak appearing at y* =13 and /) = 120 in the full spectrum,
which is a clear reflection of the frequently quoted near-wall streaky
structures of streamwise velocity in wall-bounded turbulent flows. For
V', as shown in Fig. 24(b), an energy peak with 1| = 83 emerges in
the buffer layer y* = 37, which is likely associated with the short and
tall vortical structures, as suggested by Cheng et al.”” For T", the spec-
tra in Fig. 24(c) exhibit a pattern similar to u”, with clear evidence
for small-scale organizations related to the thermal streaks with
/7 = 160 at y" =27. It is confirmed that the first mode is indeed
exhibited by the small-scale structures of velocity and temperature in
the near-wall region.

Regarding the other three modes, the spectra of v/, v/, and T’
shown in Figs. 25-27 highlight two important observations. First, as
the mode number is increased, the wall-normal location of the energy
peak moves away from the wall, with the characteristic spanwise wave-
length gradually becoming larger. For the second and third modes, all
the spectra peak in the overlap region within y* < 100, except for the
spectra of v/ in Fig. 26(b), centering at y~ = 115. The second modes in
Fig. 25 share similar length scales 2, &~ 166182, which is a signature
of the near-wall quasi-streamwise vortices observed by Kim et al.*®
and Jeong et al®” In Fig. 26, it can be seen that the third mode is
characterized by a larger spanwise wavelength 4" & 327-387 or /A,
~ 0.40-0.50. Such a value has previously been found by Fan et al.,”
who argued that it corresponded to the energy-containing motions
associated with self-similar Townsend eddies. Figure 27 highlights that
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FIG. 24. Premultiplied spanwise spectra of the decomposed fluctuations in the first mode: (a) streamwise velocity; (b) wall-normal velocity; (c) temperature. The spectra are
normalized by the respective maximum values. The black and pink solid circles denote the peak locations of the spectra for the raw DNS and the first mode, respectively. The
full spectra are denoted by five equally spaced isolines from 0.1 to 0.9, which are marked with black solid lines from outward to inward.
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FIG. 25. Premultiplied spanwise spectra of the decomposed fluctuations in the second mode: (a) streamwise velocity; (b) wall-normal velocity; (c) temperature. See Fig. 24 for
the legend.
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FIG. 26. Premultiplied spanwise spectra of the decomposed fluctuations in the third mode: (a) streamwise velocity; (b) wall-normal velocity; (c) temperature. See Fig. 24 for
the legend.
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FIG. 27. Premultiplied spanwise spectra of the decomposed fluctuations in the fourth mode: (a) streamwise velocity; (b) wall-normal velocity; (c) temperature. See Fig. 24 for
the legend.

all the spectra are centered in the large-(y*, ") domain, attaining an fluctuations are synthesized by four different groups of structure with

outer peak at y* ~ 151-250 and 4, ~ 0.95-1.26, indicating that the increasing characteristic spanwise wavelengths from the near-wall

fourth modes can be attributed to the large-scale motions and very- region to the outer region.

large-scale motions of superstructures located in the logarithmic Second, the figures also support the wall-attached character of

region, such as those found by Hwang®® and Hutchins and Marusic.”” the outer large-scale streamwise velocity structure, whose footprint in

Based on the analysis above, the original velocity and temperature the near-wall region is visible in the form of the spectra of " and is
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attached to the wall at low-wavenumber energy, which is a remarkable
feature of Figs. 26(a) and 27(a). As can be seen in Fig. 27(c), a quanti-
tatively similar pattern is observed in the spectra of large-scale T”,
except that the imprint on the inner region become slighter weaker
compared with 1"/, These results are in accordance with the autocorre-
lation analysis of supersonic TBLs conducted by Pirozzoli and
Bernardini,” who reported that the outer streamwise velocity and tem-
perature structures were attached to the wall, but the influence of T-
bearing eddies on the near-wall region was less apparent than that of
the u-bearing eddies. In addition, it is found that the spectra of large-
scale v/ reported are clearly detached from the wall, and no evident
imprint on the inner region is observed.

To assess the contribution of velocity and temperature structures
with characteristic spanwise length scales to the generation of the
Reynolds shear stress and wall-normal heat flux, comparisons of the
16 decomposed components in Egs. (13) and (14) with the raw DNS
data are plotted vs y* in Fig. 28. The present results highlight an
extremely precise collapse of the sum of the 16 components onto the
full profiles of the Reynolds shear stress and wall-normal heat flux
throughout the boundary layer, further confirming the excellent accu-
racy of the BEMD method. For —u”v" and —v"T”, we observe that
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the four diagonal terms in Figs. 28(a) and 28(c) are clearly dominant
over the other 12 nondiagonal terms in Figs. 28(b) and 28(d). The pre-
dominance of the component (1, 1) in —u”v" is a good indicator of
the important role played by the small-scale structures of #'' and v/ in
the near-wall region (see Fig. 24). A particularly striking feature in
—v"T" is the more prominent role of the component (4, 4), which
characterizes the large-scale structures of v/ and T" in the outer region
(see Fig. 27). Thus, it is reasonable to infer that the full Reynolds shear
stress is mostly related to the near-wall small-scale structures, whereas
the full wall-normal heat flux is mainly dominated by the outer large-
scale structures.

The decomposition of the Cy contribution obtained by integrat-
ing the 16 components of —u”v" over the boundary layer is shown in
Fig. 29(a). As expected, the four diagonal terms contribute approxi-
mately 72% of Cy, with the small-scale component (1,1) being domi-
nant, accounting for about 34.44% of the C;r generation. For Cj,gs, a
similar pattern is also identified in Fig. 29(b). Obviously, most of Cj, rs
comes from the four diagonal components, attaining up to about 69%,
with the small-scale component (1,1) still taking the leading role, con-
tributing about 27.52% of the work of the Reynolds stresses. Given the
significant positive contributions of C7 and Cj,gs to the generation of
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FIG. 28. Profiles of (a) and (b) the decomposed Reynolds shear stress and (c) and (d) the decomposed vertical heat flux: (a) and (c) the four diagonal terms; (b) and (d) the
12 nondiagonal terms. The profiles are normalized by the maximum value of the raw DNS.
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FIG. 29. Decomposition of the most sig-
nificant contribution: (a) Crz: (b) Chrs; (C)
Ch, 7+ The diagonal and nondiagonal com-
ponents are denoted by blue and red
bars, respectively.
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Cr and C, respectively, the above results quantitatively support the
conjecture that the generation of mean skin friction and heat transfer
at the wall is most likely linked to the small-scale energy-containing
structures residing in the near-wall region. Similarly, we perform a
decomposition of Cj, 1y by integrating the 16 components of —v"T"
over the boundary layer, as shown in Fig. 29(c). The sum of the four
diagonal components reaches approximately 64% of Cy 7y, and it
should be stressed that the predominance of the small-scale compo-
nent (1, 1) is overtaken by the large-scale component (4, 4), which is
about 24.97%. This implies that the large-scale structures located in
the logarithmic and outer regions make the greatest contribution to
the upward transport of excessive heat at the wall in the present study.

IV. CONCLUSIONS

The characteristics of wall shear stress (WSS) and wall heat flux
(WHF) have been numerically investigated using a database from
DNS of a supersonic turbulent boundary layer at M., =2.25 and
Re, =769. The analysis has shown that the rms of the WSS collapses
well onto the correlation proposed by Abe et al.,” while the rms of the
WHE is found to follow a similar logarithmic dependence on Re, but
with a larger constant of 0.457. A PDF analysis suggests that the WSS
is characterized by a lognormal distribution, while the PDF tails of the

WD) (1) (03 LD @D 22) 33 G G.D G2 G3) G GD @D G G

WHE become much wider. Compared with the WSS signal, the fluctu-
ating WHF exhibits a significantly higher dominant frequency, a
decreased streamwise extent, and an increased spanwise extent. A
space-time correlation map reveals that the fluctuating WHF propa-
gates downstream faster than the fluctuating WSS at 0.55U,, to
0.62U for ¢’ and at 0.42U, to 0.49U,,, for 7.

The conditionally averaged flow field confirms that extreme posi-
tive (EP) WSS and WHF fluctuation events are detected below a
strong Q4 event. The EP event of 7’ is clearly related to the downwash
motion induced by a pair of strong quasi-streamwise vortices, which
transports high-speed fluid from the outer region toward the wall. By
contrast, the EP event of ¢ is the result of downward extrusion of low-
temperature flow onto the high-temperature flow covering the wall. A
conditional analysis of EN events reveals a completely different sce-
nario, supporting the essential role of a pair of attached oblique vorti-
ces extending downstream. The EN event of 7’ is associated with a
low-speed streak, which is significantly compressed by the top-down
motions of the outer high-speed flow. It is revealed that the EN event
of ¢ is generated by direct impingement of the low-temperature flow
originating from the outer region, which penetrates the high-
temperature flow with a large wall-normal velocity and finally reaches
the wall.
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A decomposition analysis shows that the two contributing terms,
direct viscous dissipation Cy and turbulence kinetic energy produc-
tion C;r, yield approximately 90% of the mean wall skin friction,
whereas the mean wall heat transfer is dominated mainly by a very
large positive term Cy, g related to the work of the Reynolds stresses,
which counteracts a large negative contribution Cj, 7 associated with
turbulent transport of heat. With the help of the BEMD method, the
velocity and temperature fluctuations have been decomposed into four
modes according to the spanwise length scale. The integral of the
decomposed Reynolds shear stress and wall-normal heat flux over the
boundary layer suggests that the near-wall small-scale structures make
a significant contribution to Cr and Gy, gs, whereas the large-scale
structures in the logarithmic and outer regions contribute mainly to
C > playing a leading role in transporting excess heat away from the
wall.
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