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ABSTRACT

In this paper, the effect of the secondary flow induced by convergent–divergent riblets in supersonic turbulent boundary layers over a 24�

compression ramp at Mach number 2.9 is studied via direct numerical simulation. Two riblet cases with the wavelength K being 1.1d and
1.65d (d is the boundary layer thickness) are conducted to examine their impact on the secondary rolling motion, momentum transfer,
turbulent fluctuations, flow separation, and unsteady shock motion. As the flow develops over the riblet section, both the size and intensity
of the secondary rolling motion tend to increase. For the riblet case with K=d ¼ 1:1, a single rolling mode is observed within a half
wavelength, while a pair of co-rotating vortical structures is obtained for K=d ¼ 1:65. Both rolling patterns lead to an apparent spanwise var-
iation of the flow field. The results reveal that the secondary flow contributes to the increase of both the mean momentum flux and turbulent
fluctuations. By using the spanwise averaging, the mean momentum flux contributed from the dispersive stress and compressible effect
caused by the secondary flow is identified. Both components appear to enhance the near-wall momentum mixing, and a larger enhancement
is observed for K=d ¼ 1:1, where the intensity of the secondary flow is stronger. Compared to the baseline case, the area of the separation
zone at K=d ¼ 1:1 and K=d ¼ 1:65 is decreased by 56% and 38%, respectively. For all the cases, the low-frequency motion near the foot of
the shock is observed. In comparison, the frequency of the low-frequency motion for the riblet case is two times higher than that in the base-
line case, owing to the reduction of the separation area and length.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0123482

I. INTRODUCTION

Shock wave/boundary layer interaction (SWBLI) occurs widely
in high-speed internal and external flows of supersonic/hypersonic
vehicles, such as the engine inlet, internal flow-path of scramjets, over-
expanded nozzles, control surfaces, and so on. The resultant strong
adverse pressure gradient can lead to flow separation, high wall heat
flux, and strong pressure fluctuations, along with other complex physi-
cal phenomena.1 It is, therefore, important to develop effective flow
control methods to alleviate these detrimental effects.

The micro-ramp vortex generators (MVGs) have received great
attention owing to their simplicity in implementation, strong robust-
ness, and control effectiveness.2 MVGs are capable of inducing large-
scale streamwise vortices that increase the near-wall momentum by
transporting the high-energy fluid in the outer part of the boundary
layer to the near-wall region, enabling them to mitigate the flow

separation caused by the shock-induced adverse pressure gradient.
Nevertheless, with the increase of free-stream Mach number, the
micro-vortex generators would be exposed to the high-speed outer
flow, which brings a considerable amount of parasitic drag. Although
a further decrease of the device height can hide MVGs in the low-
speed inner flow and ease the increase of the parasitic drag, the con-
trolling effect could be lost2,3 with a height less than 0.1d0–0.3d0 (d0 is
the local boundary layer thickness). Rybalko et al.3 reported that no
control effect was obtained when the device height was decreased to
0.35d0 in the external compression low-boom inlets. As such, alterna-
tives to conventional vortex generators, which are effective and simple
to implement but only impose a negligible amount of parasitic drag,
are highly desirable for high-speed applications.

Convergent–divergent (C–D) riblets are a new type of directional
surface roughness patterns, which is inspired by the surface structures
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of the sharks’ skin4 and the secondary flight feathers of birds.5 For
these surface patterns, sections of left-tilted and right-tilted riblets are
arranged in an alternative manner in the spanwise direction, as seen in
Fig. 1. In recent years, C–D riblets have received a large amount of
research attention,5–9 owing to their ability in performing the flow sep-
aration control10–12 by producing large-scale streamwise vortices. The
control mechanism of C–D riblets is similar to that of the MVGs,
namely, enhancing the momentum transfer across the boundary layer
by the large-scale secondary flow motion. In fact, C–D riblets could be
regarded as a streamwise array of vortex generators with their height
only a few percent of the local boundary layer thickness. It is the accu-
mulative impact of these yawed riblets that produces the persistent
streamwise vortical structures. Therefore, C–D riblets are expected to
be an alternative device to the MVGs, with clear advantages in size
and parasitic drag.

C–D riblets were first studied by Koeltzsch et al.4 in a turbulent
pipe flow. From their hot-wire measurements, they found that C–D
riblets were capable of causing an apparent spanwise variation of the
streamwise velocity and turbulent fluctuations in the circumferential
direction. Later, Nugroho et al.6 conducted an experimental study
using hot-wire measurements in a turbulent boundary layer over C–D
riblets, and they revealed a mean secondary rolling mode in the wall-
normal-spanwise plane. Such a rolling mode is manifested by a
downwelling that transports high-momentum fluid toward the wall
and an upwelling that takes low-momentum fluid away from the wall.
The presence of the rolling mode has also been observed in the stereo-
scopic particle image velocimetry experiments conducted by Kevin
et al.7 and Xu et al.13 in turbulent boundary layer flows. Furthermore,
Xu et al.14 found that C–D riblets with a height of 2.4%d0 brought a
50% increase in the turbulent shear stress and in the population of

prograde/retrograde spanwise vortices over the converging region; in
contrast, the impact of C–D riblets around the diverging region was
weakened. Based on the flow database from Kevin et al.,7 Bai et al.15

reported that the large-scale secondary flow was associated with
enhanced streamwise vortices and contributed to profound effects on
the spatial correlations of velocity and the distributions of Reynolds
stress. Guo et al.9,16 carried out a parametric study of the effects of the
riblet yaw angle and wavelength on the intensity of the secondary roll-
ing mode in incompressible flow simulations. Their results indicated
that the intensity of the secondary flow reached the peak when the
yaw angle was around 45� and the wavelength was about one bound-
ary layer thickness (or half channel height).9,16

Recently, Guo et al.17 conducted a first direct numerical simula-
tion (DNS) of a SWBLI to examine the impact of C–D riblets on the
shock-induced flow separation. They found that with C–D riblets, the
near-wall momentum around regions of down-welling was increased,
and the separation area was significantly decreased. The opposite phe-
nomenon occurs near regions of up-welling. They also pointed out
that the Mach number around the region of up-welling was decreased,
and the separation shock was also weaken,18 which eased the enlarge-
ment of the separation area. In consequence, although the riblet height
was only 3.3% of the boundary layer thickness, the area of the separa-
tion zone was reduced by 56%.

This paper is a follow-up research of our previous work17 with an
in-depth analysis of the evolution of the large-scale secondary flow
induced by C–D riblets and its influence in a supersonic SWBLI. The
key objectives are presented as follows.

(1) The streamwise evolution of the large-scale secondary flow is
studied. To date, the existed study regarding C–D riblets is

FIG. 1. Sketch of the computational
domain with its local enlargement to illus-
trate the C–D riblets geometry parame-
ters. K and c are the riblet wavelength
and yaw angle.
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mainly focused on the flow characteristics in the wall-normal-
spanwise plane, while the streamwise evolution of the large-
scale streamwise vortices has been less reported. This is because,
on the one hand, the experimental measurement is difficult to
achieve the spatial development of the streamwise vortices. On
the other hand, the existed numerical studies of turbulent flow
over C–D riblets were mainly performed in channels,9,19 in
which the flow is homogeneous in the streamwise direction.
Therefore, it is meaningful to explore how the large-scale roll-
ing motion by C–D riblets is generated and developed.

(2) The momentum mixing that plays an important role in mitigat-
ing the flow separation is analyzed quantitatively. The intensity
of the rolling motion by C–D riblets is much weaker than that
by MVGs,2 with the magnitude of the in-plane velocity lower
than 3% of the free-stream velocity.7,17 Thus, it is a valuable
research to find out whether the weak rolling motion can
enhance the momentum mixing. Based on double averaging
operations (in time and space),13,20 the contributions of turbu-
lent fluctuations and the mean flux to the total momentum flux
are obtained. Furthermore, the contributions of the dispersive
stress and compression effect caused by the rolling motion to
the mean momentum flux are achieved.

(3) The effect of the riblet’s wavelength on the vortical structures is
examined. C–D riblets have been reported to be able to induce
two types of vortical structures within a half wavelength, i.e., a
single streamwise rolling motion7,13 and a pair of co-rotating
vortical structures.8,16 By conducting riblet cases with different
riblet wavelength, the influence of the two kinds of vortical pat-
terns on the momentum transfer and flow separation is
examined.

(4) The effect of C–D riblets on the unsteady shock motion in the
SWBLI system is analyzed. In our previous work,17 the
unsteady shock motion characteristics, such as the low-
frequency motion of the shock, were not mentioned. This topic
has attracted a large amount of research attention21,22 and could
be an interesting aspect to look into.

This paper is organized as follows. In Sec. II, the geometry of the
C–D riblets is described in brief. Section III presents the results and
discussions. Finally, conclusions are drawn in Sec. IV.

II. GEOMETRIC CONFIGURATION AND FLOW
CONDITIONS

The present study is undertaken in a supersonic turbulent
boundary layer with a 24� turning angle of the compression ramp at
Mach number 2.9 via DNS. Figure 1 shows the geometric configura-
tion of the computational domain. The streamwise, vertical, and span-
wise directions are denoted by x, y, and z, respectively, and the
corresponding velocity components are u, v, and w. d is the boundary
layer thickness at x ¼ �12d in the baseline case without C–D riblets
and is used as the reference length. The enlarged drawing of C–D rib-
let parameters is shown in the top left part of Fig. 1. The acute angle
that the micro-groove forms with the diverging line (DL) or converg-
ing line (CL) is called the yaw angle c, and c ¼ 45�. The spanwise
width of two adjacent DL or CL is the wavelength K. Riblets with trap-
ezoidal cross-sections are used with the riblet height h ¼ d=30 and
riblet spacing s ¼ 4h.

Three cases are simulated in this study, including one baseline
case and two riblet cases with different sets of wavelength (K ¼ 1:1d
and 1:65d) to highlight the effect of K. The detailed descriptions of the
numerical method and computational setup are given by Guo et al.17

In the following flow analysis, the Reynolds and density-weighted
averaging operations are incorporated, which are, respectively, defined
as �/ ¼ ð1=TÞÐT/dt and h/i ¼ q/=�q for a general variable /. The
fluctuations from the Reynolds and density-weighted averaging opera-
tions can be, therefore, expressed as /0 ¼ /� �/ and /00 ¼ /� h/i.
III. RESULTS AND DISCUSSION

In this section, the streamwise development of the secondary roll-
ing motion induced by C–D riblets is first examined, followed by the
analysis of the influence of the secondary flow on the mean flow field,
momentum transfer, turbulent fluctuations, flow separation, and
shock unsteadiness.

A. Spatial development of the secondary flow over
riblets

The spatial development of the secondary flow in a turbulent
boundary layer flow over C–D riblets with K=d ¼ 1:1 is shown in
Fig. 2 using the iso-surfaces of the mean-signed swirling strength
Kci¼�kci �xx=j�xxj. For the sake of brevity, results covering only one
spanwise wavelength are presented. kci is defined as the imaginary part
of the complex–conjugate eigenvalue of the velocity gradient tensor,23

and the mean streamwise vorticity (�xx ¼ @�w
@y � @�v

@z) is applied to denote

the swirling direction. Here, Kci > 0 and Kci < 0 correspond to an
anticlockwise and clockwise rotation, respectively. It can be seen from
Fig. 2(a) that the secondary flow at the start of the riblet section
appears mainly near the diverging/converging regions and the riblet
grooves. As the secondary flow travels downstream, its size in the wall-
normal direction tends to increase at a fast speed first and then it

FIG. 2. Iso-surfaces of the time-averaged signed swirling strength with
Kcid=U1 ¼ 0:06 and Kcid=U1 ¼ �0:06 along the streamwise direction in a tur-
bulent boundary layer flow developing over C–D riblet section in the (a) 3D view
and (b) side view, drawing the spatial development of swirling motion. (c) Contours
of Kci on the x–y plane at z=K ¼ 0:25 (the mid-plane between the DL and CL).
The results are for the riblet case with K=d ¼ 1:1.
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increases slowly [Figs. 2(a) and 2(b)]. It is noteworthy that the riblet
geometry is symmetric with respect to the x–y plane over the DL or
CL, and the resultant Kci between two adjacent half wavelength
regions has the same magnitude with opposite sign.

According to Fig. 2, one can see that both the size [Figs. 2(a) and
2(b)] and the intensity [Fig. 2(c)] of the vortical structures reveal
riblet-scale fluctuations along the streamwise direction within one rib-
let spacing. In order to minimize the sensitivity of the result to the
exact location of x and focus on the effect of the large-scale secondary
flow, hereafter, streamwise averaging is performed over a streamwise
length equivalent to one riblet spacing over the riblet section; for an
arbitrary variableH, the streamwise averaging is expressed as follows:

bHcsðx; y; zÞ ¼
1

s=sinðcÞ
ðxþ0:5s=sinðcÞ

x�0:5s=sinðcÞ
Hðx; y; zÞdx; (1)

where s=sinðcÞ is the streamwise length of one riblet spacing, b � cs
denotes the streamwise averaging within one riblet spacing, and the
symbol will be omitted in the following discussion for the sake of
brevity.

To examine the vortical structures more closely, the contours of
the mean-signed swirling strength in conjunction with in-plane veloc-
ity vectors on several cross-stream (y–z) planes are presented in Fig. 3.
It is clear that the secondary rolling mode in Fig. 3 is owing to the

inclined riblet grooves which induces the spanwise motion in the
near-wall region from the DL to the CL. At all the y–z planes pre-
sented in Fig. 3, the strong intensity of Kci is observed in the near-wall
zone around the diverging region. This results from the strong down-
wash around the DL, which strikes the upstream facing side of the rib-
let valley and the fluid is defected upward and away from the DL. The
phenomenon has also been observed in the incompressible flow via
experiment8 and numerical simulation.16

As the boundary layer develops over the ribbed surface in the
streamwise direction, both the intensity of the swirling and the extent
of the rolling motion tend to increase, and the large-scale rolling mode
appears to dominate the vortical structures. Furthermore, as the flow
moves downstream, the center of the circulating motion gradually
moves away from the wall and toward the middle point between the
converging and diverging lines. For example, at x=d¼�11:5 [Fig. 3(a)],
the rolling mode is confined near the ribbed wall within y=d< 0:1, and
the center of the rolling mode lies at approximately y=d¼ 0:04. In
contrast, at x=d¼�6 [Fig. 3(d)], the rolling motion is extended to
more than 40% of the boundary layer thickness, and a non-negligible
intensity of the swirling is obtained up to y=d¼ 0:3.

Figure 4 presents contours of the time-averaged signed swirling
strength and in-plane velocity vectors in the cross-stream plane at
x=d ¼ �10 and x=d ¼ �6 for the riblet case with K=d ¼ 1:65.
In each cross-stream plane, there exists a pair of co-rotating vortical

FIG. 3. Contours of the time-averaged signed swirling strength superimposed with the in-plane velocity vectors on the y–z planes at (a) x=d ¼ �11:5, (b) x=d ¼ �10, (c)
x=d ¼ �8, and (d) x=d ¼ �6 for the riblet case with K=d ¼ 1:1. The solid dot symbol indicates the center of the rolling motion. The streamwise averaging within one riblet
spacing is performed using Eq. (1).
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structures over a half wavelength: one is located near the DL, and the
other is closer to the CL. When the strong downwash strikes the riblet
surface near the DL, the fluid is deflected upward and away from the
DL, which is manifested by the inclined upward pointing in-plane
velocity vectors near the DL over the riblet surface (Fig. 4). Under the
combined influence of this local upward motion and the strong
downwelling, a small local rolling mode is formed above the riblet
grooves and very close to the DL. The other rolling mode on the right
is caused by the global spanwise flow motion directing from the DL to
the CL and the upwelling near the CL. Figure 5 shows the spatial
development of the secondary flow for the riblet case with

K=d ¼ 1:65. Comparing Figs. 2(a) and 5, one can see that while for
the riblet case with K=d ¼ 1:1 the two separated regions with high
swirling intensity tend to merge into one region as the flow travels
downstream [Fig. 2(a)], they are not merged into one structure over
the riblet section for K=d ¼ 1:65 (Fig. 5), which is consistent with the
observation of the swirling intensity in the y–z planes shown in Fig. 4.

To aid the quantitative comparison of the intensity of the second-
ary flow induced by C–D riblets, the spanwise-averaged intensity Cz

and y–z plane-averaged value Cyz within the boundary layer are intro-
duced as below:

Czðx; yÞ ¼ 1
0:5K

ðz¼0:5K

z¼0
bKcics

d
U1

dz; CyzðxÞ ¼ 1
d

ðy¼d

y¼0
Cz dy:

(2)

Figures 6(a) and 6(b) show the vertical distribution of Cz at a
number of streamwise locations for the riblet cases. For the baseline
case, Cz is zero and, hence, is not shown for brevity. One can see at

FIG. 4. Contours of the time-averaged signed swirling strength superimposed with
the in-plane velocity vectors on the y–z planes at (a) x=d ¼ �10 and (b)
x=d ¼ �6 for the riblet case with K=d ¼ 1:65. The solid dot symbol indicates the
center of the rolling motion.

FIG. 5. Iso-surfaces of the time-averaged signed swirling strength with
Kcid=U1 ¼ 0:06 and Kcid=U1 ¼ �0:06 along the streamwise direction in a
boundary layer flow over C–D riblets in 3D view, drawing the spatial development
of secondary flow for the riblet case with K=d ¼ 1:65.

FIG. 6. Vertical distribution of Cz at a number of streamwise locations for the riblet cases with (a) K=d ¼ 1:1 and (b) K=d ¼ 1:65. (c) Streamwise distribution of Cyz for the
two riblet cases.
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x=d ¼ �11:5, Cz is confined within y=d < 0:1, above which Cz is
negligible. For other positions, there exists two apparent peaks of Cz:
one is located inside riblet grooves, resulting from the strong downwel-
ling and the resultant upwelling nearby; the other is located at the sim-
ilar wall-normal position with the center of the rolling mode. As the
flow develops over the ribbed surface in the streamwise direction, the
latter peak of Cz appears to move away from the wall surface, and
the edge of the rotational region moves from y=d< 0:1 at x=d¼�11:5
to y=d< 0:3 at x=d¼�6.

Figure 6(c) shows the streamwise distribution of Cyz. It can be
seen that Cyz experiences a rapid increase at the beginning of the riblet
section and then appears to increase at a relatively slower speed along
the streamwise direction. Toward the end of the riblet section, the abil-
ity of C–D riblets in generating a spanwise flow directing from the DL
to the CL is compromised due to the shortening of the grooves, leading
to the decrease of Cyz. In comparison, the intensity of Cyz for the riblet
case withK=d ¼ 1:1 is larger than that withK=d ¼ 1:65.

B. Impact of the secondary flow on the mean flow
field

In Secs. III B-III F, the effect of the secondary flow induced by
C–D riblets on the flow field is analyzed in detail. Hereafter, the physi-
cal parameters discussed are symmetric with respect to the x–y plane
over the CL or DL. As such, results covering a half spanwise wave-
length are presented for brevity.

Figure 7 presents contours of the mean fluid density on three y–z
planes, i.e., x=d ¼ �10; x=d ¼ �8, and x=d ¼ �6. The results of the
baseline case are also provided for comparison. The upwelling around
the CL takes the low-density fluid away from the wall, while the down-
ward motion around the DL transports the high-density fluid toward
the wall, leading to a spanwise variation of the density. From our pre-
vious study,17 it was found that, in comparison with the baseline case,
the streamwise velocity near the DL is increased and the opposite phe-
nomenon occurs around the CL. In consequence, the near-wall fluid
momentum near the DL/CL is increased/decreased, respectively. As
the flow moves downstream over the riblet section, the secondary flow
motion strengthens and begins to expand in the vertical direction,

leading to stronger and larger spanwise variations of the fluid density
and streamwise velocity.17

C. Momentum flux decomposition

Momentum transfer plays an important role in the ability of the
flow in resisting adverse pressure gradient. In the compressible flow,
the total momentum flux can be decomposed into contributions from
the mean flow and turbulent fluctuations, i.e.,

�quv ¼ ��qhuihvi � �qhu00v00i; (3)

where the minus sign is added to ensure that the positive value denotes
the enhancement of the near-wall momentum, and the following
equation has been applied:

hui ¼ hui; qu00 ¼ qu � qhui ¼ qu � qðqu=�qÞ ¼ qu � qu ¼ 0:

(4)

For an arbitrary variable H, the spanwise-averaged variables are
denoted by the curly braces as

Hðx; y; zÞ ¼ fHgKðx; zÞ þ bHðx; y; zÞ;

fHgKðx; zÞ ¼
1
K

ðK
0
Hðx; y; zÞdy;

(5)

where f�gK represents the spanwise averaging within a spanwise wave-
length; �b denotes the dispersive component.24,25

The intensity of each term defined in Eq. (3) at x=d ¼ �6 is pre-
sented in Fig. 8. In comparison to the baseline case, the total momen-
tum flux for the C–D riblet cases is obviously larger in the near-wall
region at y=d < 0:4. This helps increase the near-wall streamwise
momentum, enabling it to mitigate the flow separation caused by the
shock-induced adverse pressure gradient. In the region above about
y=d ¼ 0:35, the sign of the momentum flux�quv changes from posi-
tive to negative, and the intensity for the riblet cases decreases at much
faster speed than that of the baseline case, owing to the significantly
increased vertical velocity caused by riblets.17 It is worth emphasizing
that in the region far away from the wall, the momentum flux is not as

FIG. 7. Contours of the mean fluid density on the y–z planes at (a) and (b) x=d ¼ �10; (c) and (d) x=d ¼ �8; and (e) and (f) x=d ¼ �6 for (a), (c), and (e) the riblet case
with K=d ¼ 1:1 and (b), (d), and (f) the baseline case.
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important as that in the near-wall region since the corresponding
streamwise momentum has been very high to avoid flow separation.
From Fig. 8(b), one can see that��qhuihvi for the baseline case is neg-
ative, indicating that the mean component weakens the ability in sup-
pressing the flow separation. This is not surprising considering that
the development of the flat plate boundary layer produces a positive
vertical velocity. For the riblet cases, the induced secondary rolling
mode contributes to a positive momentum flux at y=d < 0:3 with its
intensity displaying the same trend as that of the secondary flow as K
varies. Figure 8(c) compares the momentum flux arising from the tur-
bulent fluctuations, and one can see that the riblet cases bring a much
stronger ��qhu00v00i than that of the baseline case, and again, larger
intensity of secondary rolling motion leads to stronger ��qhu00v00i.
This reason for the variation trend asK varies will be analyzed in detail
below.

Comparing the variation trend of the swirling strength Cyz in Fig.
6(c) and the intensity of the mean momentum flux in Fig. 8(b)
between the two riblet cases, the results imply a direct link between
Cyz and��qhuihvi. To explore the physical mechanism for this consis-
tent variation trend, the impact of the spanwise heterogeneity arising
from the large-scale secondary flow on the mean momentum flux is
analyzed here. Substituting Eq. (5) into Eq. (3) gives the expression for
the mean momentum flux as

�f�qhuihvig ¼ �f�qgfhuigfhvig � f�qgfchuichvig
� fb�q chuigfhvig � fb�q chvigfhuig � fb�q chuichvig; (6)

where the first component on the right-hand side denotes the contribu-
tion from the spanwise-averaged flow field; the second term results from
the disperse velocity;24,25 the last three terms are relevant to the spanwise
variation of the fluid density, resulting from the compressible effect with
a non-zero b�q which is, hence, absent in the incompressible flow.13,20

The contributions of each component defined in Eq. (6) at x=d
¼�6 are presented in Fig. 9. It can be seen that the high intensity of the
mean momentum flux at y=d< 0:4 results from the disperse velocity

[Fig. 9(b)] and the compression effect with spanwise heterogeneous
fluid density [Fig. 9(c)], which is a direct result of the downwelling/
upwelling around the DL/CL caused by the secondary flow. In conse-
quence, it is reasonable that Cyz and��qhuihvi show the same variation
trend as the wavelength varies. In comparison, the near-wall momen-

tum flux is dominated by the �f�qgfchuichvig. This term refers to the
dispersive stress and has been used to quantify the amount of the stress
resulting from the spanwise heterogeneity of the velocity field in the
incompressible flow.24,25

Figure 10 shows contours of the dispersive stress �f�qgchuichvi on
four y–z planes for the riblet case with K=d ¼ 1:1. The dispersive
stress for the baseline case is zero and, hence, is not presented here. It
can be clearly seen that as the flow develops over the riblet section, the

intensity of �f�qgchuichvi appears to increase, and so does the area
region with non-negligible dispersive stress. At x=d ¼ �11:5;

�f�qgchuichvi is only noticeable below y=d ¼ 0:12, while the region

with non-negligible�f�qgfchuichvig extends to 45%d at x=d ¼ �6.

The contours of the dispersive stress �f�qgchuichvi on three y–z
planes for the riblet case with K=d ¼ 1:65 are presented in Fig. 11, to
examine the influence of the riblet wavelength. One can see that as the
wavelength increases to K=d ¼ 1:65, the region with non-zero

�f�qgfchuichvig becomes more confined to the zone near the DL and
CL, leaving a vast region across the mid-span with negligible

�f�qgchuichvi. This is because the flow across the mid-span is mainly
parallel to the wall making little contribution to the momentum mix-
ing, as seen in Fig. 4. As a result, the enhancement of momentum mix-
ing resulting from the dispersive velocity for the riblet case at
K=d ¼ 1:1 is larger than that atK=d ¼ 1:65.

D. Impact of the secondary flow on the turbulent
fluctuations

Contours of the turbulence kinetic energy �qhki and Reynolds
shear stress �qh�u00v00i on three y–z planes, i.e., x=d ¼ �10; x=d ¼ �8,

FIG. 8. Profiles of the spanwise-averaged (a) momentum flux and its components resulting from (b) the mean flow field and (c) turbulent fluctuations at x=d ¼ �6, defined in
Eq. (3).
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FIG. 10. Contours of the dispersive stress �f�qgchuichvi on y–z planes at (a) x=d ¼ �11:5, (b) x=d ¼ �10, (c) x=d ¼ �8, and (d) x=d ¼ �6 for the riblet case with
K=d ¼ 1:1.

FIG. 11. Contours of the dispersive stress �f�qgchuichvi on y–z planes at (a) x=d ¼ �10, (b) x=d ¼ �8, and (c) x=d ¼ �6 for the riblet case with K=d ¼ 1:65.

FIG. 9. Profiles of the spanwise-averaged mean momentum flux at x=d ¼ �6 resulting from (a) spanwise-averaged flow field, (b) disperse velocity, and (c) compression
effect with the spanwise heterogeneous fluid density, defined in Eq. (6).
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and x=d ¼ �6 are presented in Figs. 12 and 13 for the riblet case with
K=d ¼ 1:1. The results of the baseline case are also given for a refer-
ence. On the y–z plane, the area over the converging region has the
highest intensity of �qhki and �qh�u00v00i, and such an area extends to a
higher position as the flow moves downstream. This can be attributed
to the increased upward motion of turbulence-rich fluid.24

To aid the quantitative comparison, Figs. 14(a) and 14(b) present
profiles of the spanwise-averaged �qhki and �qh�u00v00i at several
streamwise positions for the riblet case with K=d ¼ 1:1. In compari-
son with the baseline case, both �qhki and �qh�u00v00i reveal an appar-
ent increase at all the streamwise positions. As the flow moves
downstream, the intensity of �qhki and �qh�u00v00i for the baseline case
shows little variation, and their intensity for the riblet case is signifi-
cantly increased with their peak moving gradually away from the wall,
resulting from the increased upwelling around the CL.

Figure 15 displays the contours of �qhki and �qh�u00v00i on the
y–z plane at x=d ¼ �6 for the riblet case with K=d ¼ 1:65.
Compared to the results at K=d ¼ 1:1, the impact of the upwelling on
�qhki and �qh�u00v00i becomes more confined to CL. In consequence,
the spanwise-averaged intensity of �qhki and �qh�u00v00i for the riblet

case with K=d ¼ 1:1 is larger than that at K=d ¼ 1:65 [Figs. 14(c)
and 8(c)]. In addition, there exists an additional local peak of both
�qhki and �qh�u00v00i for the riblet case with K=d ¼ 1:65 near
z=K ¼ 0:2, which should be attributed to the local upwelling nearby
(Fig. 4).

E. Impact of C–D riblets on the flow separation

Figure 16 shows contours of the separation height y0, namely, the
wall-normal distance between the iso-line with �u ¼ 0 and the wall sur-
face. The white lines represent the line with the mean skin friction
coefficient Cf ¼ 0, referring to the separation or reattachment lines.
One can see that for all cases, the maximum y0 occurs around the
compression corner x=d ¼ 0. In comparison with the baseline case,
the separation height downstream of the DL for the riblet cases is sig-
nificantly decreased, while y0 downstream of the CL has an apparent
increase, especially for the riblet case with K=d ¼ 1:65. In conse-
quence, the area of the spanwise-averaged separation zone for the rib-
let cases with K=d ¼ 1:1 and K=d ¼ 1:65 is decreased by 56% and
38%, respectively. The length of the separation zone can be quantified

FIG. 12. Contours of the turbulence kinetic energy, �qhki, on the y–z planes at (a) and (b) x=d ¼ �10; (c) and (d) x=d ¼ �8; and (e) and (f) x=d ¼ �6 for (a), (c), and (e)
the riblet case with K=d ¼ 1:1 and (b), (d), and (f) the baseline case.

FIG. 13. Contours of the Reynolds shear stress, �qh�u00v00i, on the y–z plane at (a) and (b) x=d ¼ �10; (c) and (d) x=d ¼ �8; and (e) and (f) x=d ¼ �6 for (a), (c), and
(e) the riblet case with K=d ¼ 1:1 and (b), (d), and (f) the baseline case.
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as the streamwise distance between the separation line and the reat-
tachment line. From Fig. 16, one can see that, compared to the baseline
case, the length of the separation zone downstream of the DL is short-
ened with an earlier reattachment, whereas the length downstream of
the CL remains almost unchanged.

To illustrate the impact of C–D riblets on the flow separation
quantitatively, the streamwise velocity profiles in the compression cor-
ner at different spanwise positions are presented in Fig. 17. For both
riblet cases, there exists an apparent spanwise variation of �u up to
y=d ¼ 1:4, especially for the riblet case with the larger wavelength.
With a closer examination in the near wall region, �u for the riblet cases
is generally larger than that of the baseline case, especially at y=d< 0:2
where the reversed flow occurs.

Figure 18 reveals the main contributions of the momentum flux
defined in Eqs. (3) and (6) at x=d ¼ �3:5, the position slightly

upstream of the separation line. As expected, the intensity of each
component for the riblet case with K=d ¼ 1:1 is higher, especially in
the near-wall region. It has been reported that the net reduction of the
separation area results from the large-scale rolling mode produced by
C–D riblets that enhances the momentum mixing.17 Consequently, it
is reasonable that the riblet case with K=d ¼ 1:1 performs better in
suppressing the flow separation.

F. Impact of C–D riblets on the wall pressure
in the interaction region

In this section, the impact of C–D riblets on unsteady characteris-
tics of the wall pressure is examined, whereas only the baseline case
and the riblet case with K=d ¼ 1:1 are included since the flow charac-
teristics between the two riblet cases are quite similar.

FIG. 14. Profile of the spanwise-averaged (a) and (c) �qhki and (b) �qh�u00v00i (a) and (b) at several streamwise positions for the baseline and riblet case with K=d ¼ 1:1; (c)
for riblet cases with different wavelength at x=d ¼ �6.

FIG. 15. Contours of (a) �qhki and (b) �qh�u00v00i on the y–z plane at x=d ¼ �6 for the riblet case with K=d ¼ 1:65.
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To study the unsteady motion of the shock wave, the intermit-
tency factor, f, introduced by Dolling and Murphy26 is used, which
denotes the fraction time during which the wall pressure is above a
threshold value, i.e.,

f ¼ timeðpw > ð�pw;0 þ 3rð�pw;0ÞÞÞ
Total time

; (7)

where pw represents the instantaneous wall pressure; �pw;0 and rð�pw;0Þ
represent the mean wall pressure and the corresponding standard
deviation measured at the reference streamwise position x=d ¼ �12
in the upstream undisturbed turbulent boundary layer. Figure 19
presents the streamwise distribution of f in the interaction zone for
the riblet case over the DL/CL and that in the baseline case. The inter-
mittency curves have the similar shape as those of Dolling and
Murphy26 and Tong et al.27 In comparison with the baseline case, the
profile shifts downstream toward the corner region for the riblet case.
The variation trend is consistent with the finding reported by Tong
et al.,27 who found that the reduction of the separation area resulting

from the decrease of the turning angle of the ramp contributes to the
downstream movement of the intermittency curve. The streamwise
length scale of the shock motion is calculated based on the streamwise
length from f ¼ 0:04 to f ¼ 0:99. For the baseline case, the stream-
wise length is 0:98d, while the corresponding values over the DL and
CL are 0:87d and 1:17d, respectively.

The unsteady motion of the shock is characterized by a wide
range of frequencies. To further illustrate the unsteadiness in the inter-
action region, contour of the weighted power spectral density
(WPSD ¼ f � PSDðf Þ= Ð PSDðf Þdf , where PSD is the power spectral
density of wall pressure) of the wall pressure is presented in Fig. 20, as
a function of the dimensionless frequency Std ¼ f d=U1 and the
streamwise coordinate. For the baseline case, the most energetic fre-
quency upstream of the interaction region is located around Std ¼ 1:0,
which is a typical feature of the turbulent boundary layer.21 As the
flow approaches the beginning of the separation zone, the peak fre-
quency shifts to lower frequencies associated with the shock motion,
and then, it recovers back to Std ¼ 0:5 in the downstream flow.

FIG. 16. Contours of the separation height y0 for the riblet cases with (a) K=d ¼ 1:1, (b) K=d ¼ 1:65, and (c) the baseline case.

FIG. 17. Profiles of the streamwise velocity at x=d ¼ 0 for the riblet cases with (a) K=d ¼ 1:1 and (b) K=d ¼ 1:65 at different spanwise positions. The result for the baseline
case is also included for comparison.
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This behavior agrees well with the previous study by Priebe and
Mart�ın21 and Grilli et al.28 The phenomenon for the riblet case is quite
similar except that there exist some streamwise variations scaled with
the riblet’s spacing upstream of the flow separation, resulting from the
riblets. Near the separation point at x=d ¼ �3:0, the energetic low-
frequency for the baseline case is around Std ¼ 0:004, which is quite
similar with the results by Grilli et al.28 where Std ¼ 0:0039. In com-
parison, the energetic low-frequency for the riblet case is around
Std ¼ 0:008. It has been reported that the energetic low-frequency
scales with the separation length,21 and the decrease of the separation
length contributes to the increase of the low frequency f. In compari-
son with the baseline case, the flow separation length and area for the
riblet case is significantly decreased (Fig. 16), and in consequence, Std
corresponding to the energetic low-frequency is expected to increase.
Comparing the low-frequency energy around Std ¼ 0:008 between
the DL and CL, one can see that the value over the CL is much smaller,

resulting from the decreased local Mach number17 that helps decrease
the intensity of the local separation shock.18

IV. CONCLUSION

In this paper, the influence of the secondary rolling motion
induced by C–D riblets in a supersonic turbulent boundary layer over
a 24� compression ramp at Mach number 2.9 is studied via DNS. Two
riblet cases with the wavelength K being 1.1d and 1.65d are conducted
to examine the impact of the riblet wavelength. Since the secondary
flows play a dominant role in the flow control, its spatial development
in the supersonic turbulent boundary layer and its effect on the flow
field momentum transfer, turbulent fluctuations, flow separation, and
unsteady shock motion are analyzed in detail. Major findings are sum-
marized as follows.

• As the boundary layer develops over the riblet section in the
streamwise direction, the size and intensity of the secondary roll-
ing motion increase at a fast speed first and then appear to
increase slowly.

• For the riblet case with K=d ¼ 1:1, a single rolling mode is
observed within a half wavelength in the spanwise-wall-normal
plane, while at K=d ¼ 1:65, a pair of co-rotating vortical struc-
tures is obtained. In comparison, the intensity of the secondary
flow for the riblet case with K=d ¼ 1:1 is stronger.

• Both riblets cases contribute to a spanwise variation of the fluid
density, turbulent fluctuations, and the momentum flux. Also, as
the flow develops over the riblet section, the magnitude of the
spanwise variation tends to increase.

• The total momentum flux is decomposed into contributions
from the mean flux and turbulent fluctuations, both of which are
increased by C–D riblets. Furthermore, the contribution of the
mean momentum flux arising from the dispersive stress and
compressible effect caused by C–D riblets increases the near-wall
momentum mixing, and the increment is larger at K=d ¼ 1:1
than that at K=d ¼ 1:65.

FIG. 18. Profiles of the spanwise-averaged mean momentum flux resulting from (a) the disperse velocity, (b) compressible effect with spanwise heterogeneous fluid density,
and (c) Reynolds shear stress defined in Eqs. (3) and (6) at x=d ¼ �3:5.

FIG. 19. Streamwise distribution of the intermittency factor f in the SWBLI region
for the baseline case and the riblet case with K=d ¼ 1:1 over the DL/CL. The
dash line denotes the vertical position of f ¼ 0:04 and f ¼ 0:99.
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• The two riblet cases with different kinds of vortical structures are
found to ease the flow separation. In comparison with the baseline
case, the area of the separation zone for the riblet cases with K=d
¼ 1:1 and K=d ¼ 1:65 is decreased by 56% and 38%, respectively.

• For all cases, a low-frequency motion near the foot of the shock
is observed, with a characteristic frequency that is three orders of
magnitude lower than the typical frequency of the flat plat turbu-
lent boundary layer. Compared to the baseline case, the fre-
quency of the low-frequency motion for the riblet case with
K=d ¼ 1:1 is two times higher due to the reduction of the separa-
tion area and length.
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