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The compressibility e®ect and transport motion in highspeed turbulent boundary layer (TBL) is

a fundamental problem because they dominate the average and statistical characteristics. Using

the statistical methods and °ow visualization technology, °at-plate TBLs at Ma1 ¼ 8 with
high- and low-wall temperatures, Tw=T1 ¼ 10:03 and 1.9, are investigated based on the direct

numerical simulation (DNS) datasets. Compared with previous studies, this study considers

relative higher Mach number and strong cold wall temperature condition at the same time.
First, the turbulent Mach number and turbulent intensity show that the compressibility e®ects

are enhanced by the cooling process. Second, the high-order statistical moments and structure

parameters con¯rm cold wall that causes stronger compressibility and the corresponding

increased intensities of local streamwise and wall-normal transport motions. Finally, for
uncovering the relationship between the compressibility e®ect and turbulent transport, more in-

depth visualization analyses of velocity streaks are performed. It is found that `knot-like'

structures are generated when cooling the wall, and they lead to stronger intermittent, which

results in the rapid increase of local compressibility e®ect and the wall-normal transport motion.
Our research sheds light on providing a theoretical basis for further understanding the com-

pressibility e®ects of TBL at high Mach number.
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Mach number.
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1. Introduction

With a great increasing °ight speed, the aerodynamic and thermal problems caused by

the turbulent boundary layer (TBL) on aircraft surface become prominent sharply.

Generally speaking, these problems are closely related to the compressibility and

transport motion in TBL, whose features have not yet been predicted accurately.1 At

the same time, due to the e®ects of heat transfer and thermal radiation on aircraft

surface, the compressibility and transport motion will be complicated by the obvious

temperature di®erence. Therefore, it is necessary to investigate the e®ects of wall

temperature on compressibility and transport motion in depth at high Mach number.

Direct numerical simulation (DNS) is an important method for investigating

turbulent mechanisms. Limited by computing technology, most of the previous DNS

studies with wall temperature e®ects focus on supersonic condition. Guo and Adams2

take the lead in temporal DNS of compressible °at-plate TBL, revealing that the

compressibility has little e®ect on the expansion dissipation term and pressure ex-

pansion term of turbulent kinetic energy with hot wall conditions at Ma1 ¼ 3, 4.5

and 6. Subsequently, Guarini3 studies adiabatic °at-plate TBL at Ma1 ¼ 2:5 to

con¯rm the similar statistical features to those of incompressible turbulence. To

spread the spatial simulation range, Rai et al.4 perform spatially DNS to simulate

TBL at Ma1 ¼ 2:25 and point out that the mean velocity, ¯rst- and second-order

statistics under Van driest transform5 are consistent with the incompressible turbu-

lence under supersonic condition. Pirozzoli et al.6 and Gao et al.7 use higher precision

numerical methods and more dense grids to obtain clearer statistical characteristics

and also visualize the °ow ¯elds. Although the studies obtained great progress in TBL,

but the results have not been applicable enough to high Mach conditions.

Gradually, DNS is applied to the TBL at higher Mach numbers. Maeder et al.8

simulate the °at-plate TBL atMa1 ¼ 3 � 6. Their results show that when the Mach

number is less than 5, the compressibility e®ect can be ignored. At this time,

Morkovin's hypothesis is still valid. Li et al.9 ¯nd mainly quasi-streamwise vortices

and little hairpin vortices in °at-plate TBL at Ma1 ¼ 6, which are very di®erent

from the low Mach number cases. Duan and Martín10–12 systematically study the

wall temperature e®ect, Mach number e®ect and high enthalpy e®ect on compress-

ible TBLs, of which the highest freestream Mach number is Ma1 ¼ 12. They point

out that when close to the adiabatic wall temperature, the compressibility e®ect is

not obvious in the main statistical features such as mean velocity, mean temperature

and turbulence intensity, while the van Driest transformed velocity is in good

agreement with incompressible turbulence, and the mean temperature collapses to

Walz's equation or Crocco's relation.13 The density-scaling turbulence intensity is

similar to that of incompressible °ows. The production, dissipation and transport

distribution of turbulent energy at di®erent Mach numbers are also in good agree-

ment with the measurement of semi-local coordinates.14 The results indicate that

when the wall temperature is close to the adiabatic wall, Morkovin's hypothesis is

still partially e®ective at Ma1 up to 12. Lagha et al.15,16 extend the DNS range to

X. Li et al.
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Ma1 ¼ 20 to study the in°uence of compressibility on turbulence statistics and

coherent structures. Liang and Li17,18 use DNS to study the °at-plate turbulence for

wide range of Ma1 ¼ 2:25� 8. The high wall temperature approximates the

recovery temperature and the lower one only 0.2 times the recovery temperature.

They develop a modi¯ed strong Reynolds analogy for high Mach number and strong

cold wall temperature. Duan et al.19,20 conduct systematic analyses of the statistical

characteristics of the pressure ¯eld for a cold-wall °at-plate boundary layer at

Ma1 ¼ 6. They found that the cooled wall has the most signi¯cant e®ect on the

nonlinear component of the sound source term. Later, authors also focused on the

Reynolds stress and coherent structures at Ma1 ¼ 8.21,22

From the above literature, it can be observed that the previous studies mainly

focus on the classical mean quantities and low-order statistics to describe the basic

properties of the turbulence. The corresponding essential mechanism re°ected by the

coherent structure is still not so clear, which is the most important in connecting and

uncovering compressibility e®ect and transfer motion. Besides, DNS study of the wall

temperature e®ect over TBL at high Mach number is limited. It is very necessary to

carry out DNS study in this ¯eld. For the purpose of this study, DNS databases over

°at-plate TBLs atMa1 ¼ 8 with two di®erent wall temperatures conditions are used

to study the e®ects of wall temperature on compressibility and transport motion.17,18

This paper is structured as follows. Governing equations and computation setup

are given in Sec. 2. Turbulence statistics and °ow visualization technology are given

in Sec. 3. Finally, conclusions are drawn in Sec. 4.

2. Governing Equations and Computation Setup for DNS

The governing equations solved in this paper for DNS are nondimensional continu-

ity, momentum and energy equations in conservative form on the Cartesian coor-

dinate system (See Eq. (1)). The °ow parameters �, u, v, w, T , p need to be

nondimensionalized by the characteristic quantities �1, U1, U1, U1, T1 and

�1U 21, respectively, where the subscript 1 represents the free stream. The char-

acteristic length L to nondimensionalize the length scale is a length unit as inch. The

characteristic viscosity coe±cient and heat conductivity coe±cient are �1 and �1.

@U

@t
þ @ðF � FvÞ

@x
þ @ðG�GvÞ

@y
þ @ðH �HvÞ

@z
¼ 0; ð1Þ

where U represents the conservative variables, F ;G;H and Fv;Gv;Hv represent the

numerical inviscid and viscous °ux functions, respectively.

The speci¯c form of conserved variables is as follows:

U ¼

�
�u
�v
�w
�et

0
BBBB@

1
CCCCA; ð2Þ

Compressibility and transport motion in TBL
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where � denotes the density of the °uid. u; v and w are the velocities in the x; y and z

directions, respectively. et ¼ cvT þ 1=2ðu2 þ v2 þ w2Þ ¼ p
ð��1Þ�þ 1=2ðu2 þ v2 þ w2Þ

is the total energy of per unit mass, where T is the temperature and cv is the constant

speci¯c heat capacity.

The speci¯c forms of inviscid °uxes are given by

F ¼

�u
�uuþ p
�uv
�uw

ð�et þ pÞu

0
BBBB@

1
CCCCA; G ¼

�v
�vu

�vvþ p
�vw

ð�et þ pÞv

0
BBBB@

1
CCCCA; H ¼

�w
�wu
�wv

�wwþ p

ð�et þ pÞu

0
BBBB@

1
CCCCA; ð3Þ

and viscous °uxes can be expressed as follows:

Fv ¼

0
�xx
�xy
�xz
�x

0
BBBB@

1
CCCCA; Gv ¼

0
�yx
�yy
�yz
�y

0
BBBB@

1
CCCCA; Hv ¼

0
�zx
�zy
�zz
�z

0
BBBB@

1
CCCCA: ð4Þ

Here, from symmetry, the stress can be written as follows:

�xy ¼ �yx ¼ �
@u

@y
þ @v

@x

� �

�xz ¼ �zx ¼ �
@u

@z
þ @w

@x

� �

�zy ¼ �yz ¼ �
@v

@z
þ @w

@y

� �
; ð5Þ

where the dynamic viscosity coe±cient � obtained by Sutherland's formula is as

follows:

� ¼ 1

Re1

T
3
2ð1þ Ts=T1Þ
T þ Ts=T1

: ð6Þ

where Re1 ¼ �1U1L=�1 representing the free-stream Reynolds number, and,

Ts ¼ 110:4K representing the reference temperature parameter.

According to energy transform and Fourier's law, we de¯ne

�x ¼ u�xx þ v�xy þ w�xz þ k
@T

@x

�y ¼ u�xy þ v�yy þ w�yz þ k
@T

@y

�z ¼ u�xz þ v�yz þ w�zz þ k
@T

@z

; ð7Þ

where k is the mixture heat conductivity.

X. Li et al.
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As shown in Fig. 1, x; y; z denote free-stream, wall-normal and spanwise direc-

tions, respectively. Along the streamwise direction, the computational domain suc-

cessively includes laminar, transitional and turbulent regions. The in°ow conditions

come from the computation of two-dimensional laminar °at-plate °ows. The pa-

rameter pro¯les at a streamwise position are copied along spanwise direction for

three-dimensional computation. Near the in°ow plane, blow-suction disturbance is

set on the wall to promote the bypass transition process. No-slip and isothermal

conditions are applied. In order to inhibit the re°ection of the numerical disturbance,

the progressively coarsening meshes are generated near the upper far ¯eld and outlet

boundary. For spanwise direction, periodic boundary conditions are used on the

computational domain.

The °ow conditions are shown in Table 1, where TH and TL denote the high and

low isothermal wall conditions, respectively.

Table 1 provides di®erent de¯nitions of Reynolds number at the selected y-z

planes, where Re�2 � ��u��=�w and Re� � ��u��=�� based on the momentum

thickness �, density, velocity at the edge of the boundary layer and viscosity at the

wall and edge of the TBL. We use � to denote the nominal thickness.

As shown in Table 2, Lx, Ly and Lz denote the length of computational domain in

the streamwise, wall-normal and spanwise directions. Nx �Ny �Nz indicates the

corresponding number grid points. The grid is equally spaced in the spanwise di-

rection. In order to capture the ¯ne turbulent structures, the uniformly spaced and

¯nest grids are employed in turbulent region in streamwise direction. For reducing

the computation cost, relative sparse grids and transitional grids are used in laminar

and transition regions, respectively. Along with the wall-normal direction, an

Fig. 1. Sketch of computational domain and coordinate system for the °at-plate °ows, including laminar,
transitional and turbulent regions.

Table 1. Flow conditions for the °at-plate DNS.

Case Ma1 T1 (K) Tw=T1 Tw=Tr Re�2 Re� �

TH 8 169.44 10.03 0.80 6328.23 3:71� 104 0.25

TL 8 169.44 1.90 0.15 6763.45 1:24� 104 0.12

Compressibility and transport motion in TBL
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exponential grid distribution is adopted. The ¯rst point near by the wall locates at

about one viscous length scale. The grid resolutions based on the viscous scale are

comparable with previous DNS cases.6,10,23

In the DNS, the numerical method combines the WENO-JS7 scheme for the

inviscid °uxes and the eighth-order central di®erence for the viscous terms. Com-

paring with other improved low-dissipation scheme, even though the present WENO

scheme may be dissipative, the enough dense grids are considered to eliminate the

impact of dissipation. The time-advancement is evaluated using the explicit third-

order accurate Runge–Kutta method.

For the selected streamwise direction in the subsequent analysis, both cases are

fully developed turbulence. For converged statistical analysis, the selected y-z planes

contain 1100 and 1800 sections for TH and TL cases, respectively. The corresponding

interval time spacing is 0:02�=U1 and 0:04�=U1, and the span of time is 22�=U1 and

72�=U1. The data average contains both time and spanwise averages.

The DNS is parallelly computed on Tianhe-1, National Super Computer Center in

Tianjin by 9216 CPUs about 152 system hours. The supercomputing node used is

con¯gured as a two-way 12 cores, (2 � lntel Xeon� 5670 @ 2.93GHz, 24GB RAM).

Since the nodes are only used for this task, the CPU time is close to the system time.

The self-developed OpenCFD software contains reasonable allocation of public and

private variables, which not only ensures enough public variables throughout the

whole calculation process, but also needs enough private variables to release the

memory. Before parallel computing, it is necessary to allocate CPU numbers in three

directions of the computing domain to maintain load balance as much as possible to

improve the computing speed. In parallel computing, MPI blocking communication

method is used to package the edge data of each parallel sub-block and then send it to

adjacent sub- blocks. Through the above optimization methods, large-scale parallel

computing can be carried out smoothly.

3. DNS Data and Analysis

Details regarding the accuracy of the DNS statistics as compared to other many DNS

datasets and experiments are provided in Liang.17,18

Turbulent Mach number Mt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u02 þ v02 þ w02

p
=�c is an important indicator for

measuring the compressibility e®ect of TBL, where �c ¼
ffiffiffiffiffiffiffiffiffiffi
�R�T

p
¼

ffiffiffiffi
�T

p
=Ma1 is the

local mean sound speed. Figure 2 compares the current DNS results with Duan's

adiabatic condition at Ma1 ¼ 5. For each case, the magnitude of Mt increases ¯rst

Table 2. Computational domains and grid parameters for the

DNS.

Case Lx � Ly � Lz Nx �Ny �Nz dxþ � dyþ � dzþ

TH 37� 0:7� 0:3 12460� 100� 320 12:2� 0:96� 4:6

TL 11� 7� 0:18 8950� 90� 640 11:2� 1:0� 4:5

X. Li et al.
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and then decreases. Mt for the TH case and Duan's agree well except that it is

increasing slightly at the peak. It is because the wall temperatures of both cares are

close to the adiabatic condition, so the °ow features are very similar. Through the

whole boundary layer, the magnitude of Mt increases signi¯cantly, and the peak

value increased from 0.41 to 0.6, but the change trend is still consistent with the TH

case. At the same wall-normal location, we note that the amplitude enhancement of

Mt near the wall is greater than that of the far wall, indicating the in°uenced range of

wall temperature is only in the near-wall region. The increased compressibility e®ect

can be corroborated from the side by the probability distribution functions for the

density and velocity as shown in authors' previous studies.21,24 The above results

further verify that the cooled wall enhances the compressibility e®ect of TBL.

The root mean square (RMS) of velocity °uctuation, de¯ned as u
0
rms ¼

ffiffiffiffiffiffi
�u02

p
, is

used to characterize the turbulence intensity. The distribution of RMS of velocity

along the wall-normal direction of the wall is shown in Fig. 3. The nominal boundary

layer thickness � is used to nondimensionalize the wall-normal distance, and the wall

friction velocity u� is used to normalized RMS. It can be seen that the turbulence

intensities in the three directions increase from the wall rapidly and reaches the peak

value soon, especially the streamwise velocity °uctuation. Then, the turbulence in-

tensity decreases gradually as it approaches the boundary-layer edge. When cooling

the wall, the turbulence intensity is enhanced signi¯cantly up to approximately two

times the TL case. The results show that reducing the wall temperature enhances the

overall turbulence intensity.

From the study of incompressible °ow, the `structure parameter' is de¯ned as

�u0v0=2k, whose value is approximately constant between 0.14 and 0.17.23 Figure 4

plots �u0v0=2k for both DNS cases. It is shown that �u0v0=2k increases along the

wall-normal direction, but they are approximately constant at y=� ¼ 0:1 for TH and

0.2 for TL cases, respectively. Smits et al.25 consider that the structure parameter

might change due to the e®ects of Reynolds number rather than Mach number.

However, it can be observed that the relative position of the structure parameters for

both cases is also impacted by the wall temperature at high Mach number, which

Fig. 2. Turbulence Mach number Mt for present results and Duan's adiabatic result with Ma1 ¼ 5.10

Compressibility and transport motion in TBL
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(a) (b)

(c)

Fig. 3. Pro¯les of turbulence intensities of three velocity °uctuation components. (a) Streamwise velocity

°uctuations u0; (b) Wall-normal velocity °uctuations v0 and (c) Spanwise velocity °uctuations w0.

Fig. 4. Structure parameter �u
0
v0=2k for TH and TL cases.11,12

X. Li et al.
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indicates that the cooled wall enhances the anisotropy as the compressibility

increases. The structure parameter also represents the compressibility e®ect on the

wall-normal velocity °uctuation. It shows that although the wall-normal transport is

weaker than that on the streamwise transport when cooling the wall, the Reynolds

shear stress still maintain 15% in the whole transport motion. The result is a sup-

plement to the results of Mach 3–12 under adiabatic wall condition.

Figure 5 plots the high-order (¯rst- to fourth-order) moments �un=U n
� scaled by

density for TH and TL cases, comparing with Duan's result under adiabatic wall.26

Fig. 5(a) shows that the RMS of density-scaling velocity for both DNS cases is

signi¯cantly closer than Fig. 3(a), but they do not completely coincide. The curves

for TH and TL cases reach peaks at yþ ¼ 20 and yþ ¼ 40, respectively, representing

the location of active local turbulent motion. The peak value and wall-normal po-

sition for TL case are larger than the TH case, which may come from the superpo-

sition e®ect of outer large-scale motion on the near-wall small-scaled motion. For the

TH case, the results coincide with Schlatter's result only except for the peak value,

(a) (b)

(c) (d)

Fig. 5. Pro¯les of density-weighted turbulent high order statistics for TH and TL cases. (a) n ¼ 1, (b)

n ¼ 2, (c) n ¼ 3 and (d) n ¼ 4.

Compressibility and transport motion in TBL
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indicating Morkovin's hypothesis is still partially applicable for nearly the adiabatic

temperature, but there exists a large o®set when the wall temperature is cold enough.

The second-order moments are plotted in Fig. 5(b). Since the second-order moments

are the square of RMS, they have similar features to Fig. 5(a). However, it can be

seen that the deviation of the second-order moments between the results for TH and

TL cases further increases, and the peak increase caused by the increase of Mach

number is more obvious. The TH case has increased about twice in comparison with

Ma1 ¼ 2:25, and the adiabatic wall is no longer a su±cient condition for uniformly

scaling the velocity °uctuation.6 Figure 5(c) provides a comparison between the

third-order moments at high Mach number and the results of incompressible tur-

bulence. Compared with the ¯rst- and second-order moments, the third-order

moments exhibit negative values which is qualitatively consistent with the result of

the incompressible °ow. But at the similar magnitude of Re� , the absolute peak value

of strong compressible °ow is much larger than that of incompressible °ow, and tends

to be negative, indicating that the local intermittent and convective e®ects at high

Mach number are greatly enhanced. Figure 5(d) represents the fourth-order

moments of velocity °uctuations. For better comparison, an incompressible result

with a very high Reynolds number Re� ¼ 19 000 is selected here as a reference. It can

be seen that the result of high Mach number compressible °ow coincides well with the

high Reynolds number incompressible °ow near the wall, but there is a great dif-

ference away from the wall. This is because the large-scale motion in the outer layer is

very active with high Reynolds number resulting in the appearance of the outer peak

of °uctuations. The outer peak in the high-order moments appears earlier than that

in the low-order moments. From the two high-order moments ¯gures (Figs. 5(c)

and 5(d)), we observe that in the °uctuation statistical moments, the in°uence of

high Mach number can be certain equivalent to that of high Reynolds number.

However, in the research range of this paper; no matter which order moments; the

results for the TL case deviate from the TH case, while higher-order statistical

moments are more sensitive to compressibility enhancement than those of lower

order. This result implies that the heat-transfer e®ect of the strong cold wall inva-

lidates the density measurement of higher-order moments of velocity °uctuations.

The expression of van Driest transformation is shown in Eq. (8).5 Because wall

friction velocity u� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
�w=�w

p
contains wall density �w, it is assumed that �� ¼ �w in

van Driest transformation. Figure 6(a) plots the distributions of van Driest mean

streamwise velocities. The dotted line near the wall represents the linear law

yþ ¼ Uþ, and the inclined dotted line represents the log-law Uþ ¼ 1
� ln yþ þ C, here

� ¼ 41, C ¼ 7:2. It can be seen that through van Driest transformation, the slopes of

the mean velocity pro¯les of both cases in the log-law region are in good agreement

with the semi-theoretical value. It shows that the bu®er region for the TL case is

wider than that of the TH case, and the lower limit of the log-law region moves far

away from the wall, which coincides with Fig. 5. The result indicates that the re-

duction of wall temperature makes the average features of the boundary layer de-

viate from the Morkovin's hypothesis. For the linear law region, the di®erence

X. Li et al.

2250090-10

In
t. 

J.
 M

od
. P

hy
s.

 C
 2

02
2.

33
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 T

O
N

G
JI

 U
N

IV
E

R
SI

T
Y

 o
n 

07
/3

1/
22

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



between both cases is evident because there is a strong heat transfer for the TL case

which makes the wall scaling method partially invalid.

U þ
VD ¼

Z �uþ

0

ffiffiffiffiffiffi
��

�w

r
d�uþ: ð8Þ

Figure 6(b) plots the intercept of the van Driest transformed mean streamwise

velocity vs Re �
� in the log-law region. Although van Driest transformation cannot

completely unify the mean velocity pro¯les of di®erent wall temperatures at high

Mach numbers, their intercepts are still regular. The dotted line is the ¯tting curve of

several compressible and incompressible TBLs in channel °ows at Ma1 � 4 and

relative low Reynolds numbers, they only occupy the left of the considered Reynolds

region.27 The results for the TH and TL cases are on the right. Because the

computational domain of the TH case is longer than the TL case, the range of

Reynolds number is wider. It can be seen that the distribution of the intercepts C for

both cases are in a large range about 6:5–8, which is higher than the incompressible

results. It also shows that the intercept of the TL case is generally higher than that of

the TH case. This result is consistent with the distribution observed in the study.18

At the same time, the intercepts for both cases are approximately distributed on a

straight line with a negative slope, so the ¯tting straight line can be obtained by

least-square ¯tting:

C ¼ �1:5�4Re �
� þ 7:7: ð9Þ

This ¯tting line provides a reference for the intercept prediction of the compressible

TBL at high Mach numbers. This analysis also provides a positive e®ect in unifying

the intercept of log-law by Re �
� .

Huang14 proposes a semi-local nondimension wall scaling y�, which is de¯ned by

Eq. (10). Compared with the classical yþ, the local °ow information is taken into

account for the wall scaling. Here, the mean velocity pro¯les are redrawn vs y�, as

(a) (b)

Fig. 6. van Driest transformation and the intercept of the logarithm law of U þ
VD varies with Re�� .
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shown in Fig. 7(a). It can be seen that the mean velocity pro¯les diverge from the

wall law whether for the TH and TL cases, and then gradually separate away from

the wall. In the log-law region, both curves always keep an approximatively constant

distance and are on the di®erent sides of the semi-theoretical predicted value. The

above analyses clearly show that even considering the semi-logarithmic coordinates

containing local °ow quantities, the results under di®erent temperatures cannot be

measured uniformly, indicating the heat-transfer e®ect inducing by a strong cold wall

has become very important for the local °ow ¯eld.

y� ¼ ��ð�w=��Þ1=2
��

y: ð10Þ

Subsequently, Brun et al.28 improve the wall coordinate based on y� and obtain

yþ
c , see Eq. (11). They also propose an improved van Driest transformation that

takes into account wall density, wall viscosity, local density and local viscosity (see

Eq. (12)). Brun's numerical tests show that the transformation is suitable for a case

with large temperature gradient on the wall at Ma1 ¼ 0:35. It also can be seen from

Fig. 7(b) that the results for the TH and TL cases in this paper become compact in

the viscous sublayer and bu®er layer, the gap of log-law only increases slightly,

indicating that the local transport motions are active in very high Mach number and

very low-wall temperature conditions.

yþ
c ¼

Z yþ

0

�w

��

� �
dyþ; ð11Þ

�uþ
c ¼

Z �uþ

0

yþ

ycþ

� �
�w

��

� � ffiffiffiffiffiffi
��

�w

r
d�uþ: ð12Þ

In order to study the e®ect of near-wall heat-transfer on local turbulent transport,

the instantaneous streamwise and wall-normal velocity °uctuations are further

(a) (b)

Fig. 7. The mean velocity pro¯le on the y-z selected section. (a) van Driest transformation vs semi-local
nondimension wall scale. (b) Improved van Driest transformation proposed by Brun.
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analyzed. Here, the wall-normal height is at yþ � 15, which is close to the maximum

value of the production term in the turbulent kinetic energy equation. For comparing

the results reasonably, all the contour bands are set to the same range. As shown in

Figure 8(a) and 8(b), obvious streaks are extending along with the streamwise di-

rection, and alternating positive and negative in the spanwise direction. It is con-

sidered that these streaks are the traces left by the quasi-streamwise vortex and

hairpin vortex feet near the wall. Elongating along the streamwise direction does not

mean a vortex structure has the same length as the streaks, but the overlapping

multiple vortex structures lead to the formation of large-scale vortex packets.

Therefore, the streamwise direction length of the vortex packet in the °ows can be

inferred from the length of the streaks. Consistent with the above, the length of

(a)

(b)

(c)

(d)

Fig. 8. Streamwise and wall-normal velocity °uctuation streaks. (a) u
0
=U� for TH case, (b) u

0
=U� for TL

case, (c) v
0
=U� for TH case and (d) v

0
=U� for TL case.
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streaks for the TH case is short and broken, while those for the TL case are longer

and more organized.

As shown in Figs. 8(c) and 8(d), although the feature of the streaks of wall-normal

velocity °uctuation is similar to that of the streamwise streaks, they are much

dimmer than the latter, which indicates that the transport motions in the wall-

normal direction are weaker than the stream-wise direction. However, it can be

observed from the streaks of wall-normal velocity °uctuation for the TL case that

some `knot-like' structures exist seemingly randomly in the °ow, this phenomenon

has not been mentioned in the previous studies. These `knot-like' structures are

considered as strong intermittent local wall-normal transport motion which indicates

the strong convection inducing by the heat transfer.

In order to validate the discussion and exhibit the `knot-like' structures, Fig. 9

shows the bottom views of the three-dimensional vortex structures and the high and

(a)

(b)

Fig. 9. Bottom views of coherent structures identi¯ed by � ¼ 52. Iso-surfaces of vortices are colored by

local instantaneous temperature with the same color bars. Iso-surfaces of positive and negative streamwise
velocity °uctuations are shown in white (u

0
=u1 ¼ 0:1) and black (u

0
=u1 ¼ �0:1Þ, respectively. (a) TH

case and (b) TL case.
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low-momentum regions, that is, the part closest to the wall region. Here, the vortex

structure is visualized by � criterion29,30 and colored by the local average temper-

ature in the same temperature range. The high- and low-momentum regions,

represented by white and black, are de¯ned by u0=u1 ¼ 0:1 and�0:1, respectively. It

can be seen that the high- and low-momentum regions represented are alternately

arranged in the spanwise direction, con¯rming the `knot-like' structure in Fig. 8. It is

worth noting that for the TH case, the vortex structures are separate from in the high

and low-momentum regions near the wall, and the near-wall regions are mainly

dominated by the streamwise strip structures. However, for the TL case, the near-

wall vortex structures present rich spanwise morphology, and some are highly dis-

torted, winding around the high and low momentum region like a knot. In the

previous heated wall simulation, the near-wall vortex structures are similar with the

TH case.31 But in the cooled wall simulation at Mach 5,32 some statistical analyses

show the increase in the distance of near-wall hairpin vortex legs. Later, recent

studies about uniform-momentum zones and large-scale coherent structures ¯nd

energetic frequencies product near the wall,33,34 which also implies the slice views of

the `knot-like' structures in Fig. 8.

4. Conclusion

To conclude, in order to uncover the mechanism of the cooled-wall coherent struc-

ture, changing the turbulent statistics and transport motion over TBL at quite high

Mach number (Ma1 ¼ 8), we perform the statistical methods and °ow visualization

technology including turbulence Mach number, structure parameter, ¯rst- to fourth-

order velocity °uctuation moments, transformed mean velocity and velocity streaks

with high- and low-wall temperature conditions.

First, the DNS results of Mt and RMS show that the compressibility is strongly

enhanced under cold wall condition whose magnitude is at least two times the TH

case. The results are con¯rmed and analyzed. Second, to study the e®ect of com-

pressibility on transport motion, the high-order statistical moments and structure

parameters of streamwise velocity °uctuation are analyzed. The high-order moments

show that the increase of compressibility caused by cold wall enhances local

streamwise transport intensity and makes the position of the maximum value of

transport intensity to move away from the wall. This phenomenon can be con¯rmed

by the outward movement of the log-law region of the transformed mean velocity

pro¯le for the TL case. Higher-order statistical moments are more sensitive to

compressibility enhancement than those of lower order. The compressibility e®ect on

the wall-normal velocity °uctuation can be obtained from the structure parameter.

This analysis shows that although the wall-normal transport is weaker than that on

the streamwise transport when cooling the wall, the Reynolds shear stress still

increases in the whole transport motion, reaching 15%. From the improved Van

Driest transformation, it can be seen that the enhancement of the compressibility

e®ect increases the local heat transfer. While introducing local heat transfer, the

Compressibility and transport motion in TBL
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transformed mean velocity pro¯les are more uniform. In this paper, the intercept is

¯tted by the least square method, and an empirical formula is obtained.

Finally, in order to further study the relationship between the compressibility

e®ect and turbulent transport motion, visualization analyses of velocity streaks and

vortex structures are carried out. The results show that the cold wall condition

enhances the organization of the streamwise velocity °uctuation which indicates that

the organization of the vortex structures is enhanced. Some `knot-like' structures

appear in the near-wall region, which show rich spanwise morphology and some of

which are highly distorted. The `knot-like' structures lead to stronger intermittent,

then result in the rapid increase of local compressibility e®ect and the wall-normal

transport motion in the wall-normal direction of the turbulence.
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