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ABSTRACT
Turbulent flows through a channel roughened with

circular-arc ribs of different pitch-to-height ratios (P/H = 3.0,
5.0 and 7.5) at a fixed Reynolds number of Reb = 5600 are
studied using direct numerical simulations (DNS). It is in-
teresting to observe that in contrast to the classical channel
flow with square bars, the flow separation point in a chan-
nel roughened with circular-arc ribs varies. The influences
of the pitch-to-height ratio on the flow separation, statistical
moments of the velocity field, budget balance of Reynolds
stresses and anisotropy of turbulence stresses are investigated.
The dynamics of coherent structures are studied by examin-
ing characteristics of the instantaneous velocity field, swirling
strength and spatial-temporal two-point auto-correlations. It
is also observed that the streamwise characteristic length of
hairpin structures becomes increasingly shortened as the pitch-
to-height ratio decreases.

INTRODUCTION
Turbulent boundary-layer flows over walls roughened by

transverse circular-arc ribs have important applications to en-
gineering problems, such as turbine blade cooling, heat ex-
changers and ship hull (Nagano et al. 2004). In this class of
flows, large separation region arises from the continuous arc
surfaces, and the position of the flow separation points is sen-
sitive to the pitch-to-height ratio associated with eddy motions
of different spatial and temporal scales. These features greatly
complicate the flow physics, making turbulence characteristics
considerably different from those of a classical 2-D rough-wall
boundary-layer flow over a surface with square bars.

In the current literature, extensive experimental and nu-
merical simulations are dedicated to investigations into the
physics of 2-D rough-wall boundary-layer flows. Krogstad et
al. (1992) studied the distributions of longitudinal turbulence
intensity and Reynolds shear stresses over a rough wall in both
inner and outer regions of a boundary layer. They showed that
ejection and sweep events near the rough surface are dominant
physical phenomena in terms of not only their intensity but
also their frequency of occurrence. Krogstad et al. (1993)
also conducted a wind-tunnel experiment to study the effects
of the k-type roughness on the coherent structures of a tur-
bulent boundary layer. They found that turbulence structures

were massively influenced by the roughness in the outer region,
which further led to a reduction in the streamwise characteris-
tic length scales of the flow. For the d-type roughness flow, it
is observed that most of the previous studies appearing in the
literature utilitzed transverse square or triangular-shaped ribs
(Coleman et al. 2007; Leonardi et al. 2007; MacDonald et
al. 2018). For the square or triangle ribs, the flow separa-
tion is typically triggered by the sharp edges of ribs. This is
in sharp contrast to the circular-arc ribs under current study,
whose geometry is contoured continuously. Hence, the flow
over circular-arc ribs exhibits a more complex separation be-
havior, which further affects the vortex dynamics and coherent
flow structures of the turbulent boundary layer.

In view of these interesting physical features, we aim
at performing a comprehensive high-fidelity DNS study of
circular-arc-rib roughened channel flows of different pitch-to-
height ratios. The results of the ribbed channel flows are com-
pared against those of a smooth channel flow. Our study focuses
on the effects of the pitch-to-height ratio on the position and
characteristics of flow separation, statistical moments of the
turbulent velocity field, budge balance of Reynolds stresses, as
well as flow anisotropy. Also, we aim to investigate the char-
acteristic scales and organization of coherent structures in the
separation regions in both spatial and temporal spaces.

TEST CASE AND NUMERICAL ALGORITHM
Figure 1 shows the schematic diagram of the computa-

tional domain and coordinate system. Here, x, y and z denote
the streamwise, wall-normal and spanwise coordinates, and u,
v and w represent the corresponding velocity components, re-
spectively. The streamwise length is set to Lx = 6δ, where
δ is the half channel height. In spanwise direction, the do-
main length is set to Lz = 2πδ. The pitch and height of the
circular-arc ribs are P and H, respectively. For all three ribbed
channel flow cases considered, the radius of the arc is kept
constant, i.e. R = 0.2δ. Cases P1, P2 and P3 are compared
here to investigate the effects of the pitch-to-height ratio (for
P/H = 3.0, 5.0 and 7.5, respectively) with a common blockage
ratio of Br = H/2δ = 0.1. Due to the fixed domain size, cases
P1, P2 and P3 consist of 10, 6 and 4 periods, respectively. The
Reynolds number is fixed at Reb = 2δUb/ν = 5600 to keep
a constant mass flow rate, where Ub denotes the bulk mean
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Figure 1. Schematic diagram of the computational domain
and coordinate system. The origin of the absolute coordiante
system [x,y,z] is located at the inner bottom corner of the
windward face of the first rib, and the origin of the relative
streamwise coordinate x′ is located at the windward face of
each rib, which is defined to facilitate the analysis of a repeated
rib period.

streamwise velocity. In order to identify the rib effects, an
additional case of a smooth channel flow that follows Kim et
al. (1987) has been simulated for the purpose of comparison.
The flow field is fully developed and periodic boundary condi-
tions are applied to both streamwise and spanwise directions.
A no-slip boundary condition is imposed on all solid surfaces.

The DNS is performed using a spectral-element code so-
called “Semtex” contributed by Blackburn & Sherwin (2004).
This code is developed using C++ and FORTRAN program-
ming languages, and parallelized using message passing in-
terface (MPI) libraries. All physical quantities are expanded
into the spectral space using Fourier series in the spanwise (z)
direction, and 240 Fourier modes are used in each test case
with a grid resolution of 5.3 ≤ ∆+z ≤ 5.9 (measured in wall
unit based on uτS , the average friction velocity over the top
smooth wall). Quadrilateral spectral-elements are used for dis-
cretization in the streamwise and vertical directions. For each
element, a 4th-order Gauss-Lobatto-Legendre Lagrange poly-
nomial is used. Case P3 has the finest grid resolution with
Nx ×Ny ×Nz = 1200×161×240 nodes. The streamwise grid
resolutions varies for 2.6 ≤ ∆+x ≤ 4.4, and the maximum value
of ∆+y of the first grid off the walls is 0.20 in all tested cases.
To satisfy the demanding requirement of DNS on grid reso-
lutions, the ratio of the grid size over Kolmogorov scale η is
limited to 2.17 ≤ max(∆/η) ≤ 3.43, where ∆ = 3

√
∆x∆y∆z . A

second-order time-splitting schemewith three sub-steps is used
for time integration. Overall, the discrete solution to the gov-
erning equations based on the Semtex code is highly accurate
and the DNS results are of a spectral accuracy. The computer
code has been used by our group for conducting DNS studies
of rotating elliptical pipe flows (Rosas et al. 2021), and square
channel flows (Fang et al. 2017).

For each simulated ribbed flow case, 600 instantaneous
flow fields over 35 large-eddy turnover times (LETOTs, de-
fined as δ/uτR) were used for collecting statistics once the
flow becomes fully-developed and statistically stationary after
a precursor simulation. Here, uτR denotes the average friction
velocity over the bottom rib-roughened wall. The simulations
were conducted using theWestGrid (Western Canada Research
Grid) supercomputers, and approximately 4 TB data have been
generated for all three simulated cases. For each test case,
approximately 100,000 CPU hours were spent for solving the
velocity field and for collecting the flow statistics.

RESULTS AND DISCUSSIONS
Table 1 summarizes key flow parameters for three ribbed

flow cases. Here, two friction Reynolds numbers (ReτR =
δuτR/ν and ReτS = δuτS/ν) are defined based on the mean

Table 1. Geometry and flow parameters of the test cases

Test case Reb ReτR ReτS CpR C f R

P1 5600 288 208 0.0143 0.00539

P2 5600 369 222 0.0336 0.00181

P3 5600 406 227 0.0409 0.00177

(a)

(b)

(c)

Figure 2. Time-averaged streamlines with contours of non-
dimensionalmean streamwise velocity 〈u/Ub〉 for all test cases.
(a), (b) and (c) for cases P1, P2 and P3, respectively.

streamwise wall friction velocities of the roughened bottom
wall and smooth top wall, respectively. The method for
calculating the value of uτR follows the approach of Is-
mail et al. (2018) for a 2-D ribbed turbulent channel flow,
viz. u2

τR = Dp +Dν . Here, Dp and Dν are the mean pressure
and viscous drags on the rough wall, determined as

Dp =
1
ρLx

∫
∂ΩR

〈p〉dy , (1)

and

Dν =
ν

Lx

∫
∂ΩR

[(
∂〈u〉
∂y
+
∂〈v〉

∂x

)
dx−2

∂〈u〉
∂x

dy
]

, (2)

respectively. In these equations, subscript ‘∂ΩR’ denotes
the boundary of the rough bottom wall, and 〈·〉 denotes av-
eraging over time and over the spanwise direction. In ta-
ble 1, the pressure and viscous drag coefficients are defined
as CpR = Dp/(U2

b
/2) and Cf R = Dν/(U2

b
/2), respectively, for

the rough wall. From table 1, it is clear that as the pitch-to-
height ratio increases from 3.0 to 7.5, both values of ReτR and
ReτS increase monotonically, indicating an increase of friction
drags on both sides of the channel. As the pitch-to-height ratio
increases, it is interesting to observe that the trend of CpR and
Cf R is opposite of each other. Furthermore, the ratio of CpR

to Cf R increases monotonically, as a result of augmentation of
the recirculation bubble size behind the ribs.

The mean flow structures of the test cases are shown in
figure 2 using the contours of non-dimensional mean stream-
wise velocity 〈u〉/Ub and the time-averaged streamlines. The
significant mean flow vortices are marked with A, B and C,
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which represent the large recirculation bubbles behind the ribs
(A), the small secondary vortices located at the corners of the
windward and leeward sides of the ribs (B and C, respectively).
D and R indicate the detachment and reattachment points of the
mean flow, respectively. Accordingly, θD and θR denote the
angles corresponding to the positions of the detachment and
reattachment points of the mean flow on the circular-arc ribs.
The detachment (D) and reattachment (R) points are defined as
the positions where the local mean wall shear stress vanishes,
i.e. 〈τw〉 = 0. From figure 2, it is clear that with an increasing
value of P/H, the reattachment point moves upstream progres-
sively, while the detachment point is stable. As a result, the
distance between points D and R increases monotonically and
the flow accelerates near the rib crest as the pitch-to-height ra-
tio increases. This leads to a larger pressure difference between
the windward and leeward of a rib, which further increases the
form drag dramatically. The mean flow pattern of case P3 dis-
cussed here is typical of the k-type rough-wall flow. For cases
P1 and P2, the mean flow skims over the ribs, which is typical
of a d-type rough-wall flow.

To assess the effect of the pitch-to-height ratio on the
separation vortices, flow separation indicator introduced by
Simpson (1981) can be studied, which is defined as

γp = 〈H(u)〉 , (3)
where

H(u) =

{
1, if u > 0
0, otherwise

(4)

is the unit step function of the instantaneous streamwise ve-
locity u. The value of γp is calculated as the first grid off the
rough bottomwall, and the flow features separation if γp < 0.5.
Figure 3 shows the azimuthal and streamwise distribution of
γp on the bottom wall. In figure 3(a), the reattachment and
detachment points of the mean flow (R and D in figure 2, re-
spectively) are marked using ‘�’ and ‘×’, respectively, and the
incipient detachment (ID) points (where γp = 0.99) are marked
using ‘4’. The displacement thickness of the boundary layer
begins to increase rapidly after the ID point (Simpson 1989).
From figure 3(a), it is obvious that the values of γp for all cases
are all above 0.5 at the reattachment point, which is in sharp
contrast to that of the classical backward-facing step flow in
which γp is less than 0.5 at the reattachment point (Simpson
1989). The value of γp over 0.5 at the reattachment point
indicates the existence of a large-scale intermittent backward
flow around this position due to the flow impingement on the
rib. As the value of P/H increases, the value of γp at the
reattachment point deviates from 0.5 gradually, showing the
enhanced flow impingement onto the rib surface. With an
increasing value of P/H, the ID point and detachment point
of the mean flow both move upstream on the rib surface, and
the backward flow becomes much weaker associated with the
occurance of the lowest value of γp and the proportion of rib
surface of γp < 0.5. Consequently, as the value of P/H in-
creases, the angle between ID point and detachment point of
the mean flow increases monotonically, which is ∆θ = 9.49◦,
13.47◦ and 15.68◦ for cases P1, P2 and P3, respectively. It is
understood that with a wider rib spacing, the turbulent motions
becomes stronger and the separation events occur less inten-
sively on the rib surface. From figure 3(b), it is apparent that
there are two valleys in the profile of γp in case P3, corre-
sponding to vortices A and C in figure 2(c). The peak located
around x′/δ = 1.25 between the two valleys results from a reat-
tachment event. In cases P1 and P2, there is only one valley
between two ribs, which corresponds to the large recircula-
tion bubble. Compared to case P3, the secondary dettachment
vortex C changes to a small reattachment vortex in cases P1

P/H

(a) profiles ofγp along the rib sur-
face

p

P1

P2

P3

P/H

(b) profiles ofγp within the cavity
between two ribs

Figure 3. Distribution of the mean flow separation indicator
γp on the bottom wall. ‘�’, ‘×’ and ‘4’ in panel (a) denote
the reattachment, detachment point of the mean flow and the
incipient detachment point, respectively. The vertical red, blue
and black dashed lines in panel (b) demarcate the windward
corner of cases P1, P2 and P3, respectively.

〈
〉 S. C.

P1

P2

P3

above the rib

(a) profiles of 〈u〉 at the leeward
of ribs (x′/δ = 0.4)

〈
〉

above the rib

(b) profiles of 〈u〉 midway be-
tween ribs

Figure 4. Vertical profiles of non-dimensionalized mean
streamwise velocity at the leeward of ribs and the midspan
between two adjacent ribs. S. C. denotes the smooth channel
test case.

and P2 (or, as the value of P/H decreases from 7.5 to 5.0 and
3.0). It is obvious that an increase of the pitch-to-height ratio
enhances instantaneous reattachment events between the ribs
remarkably.

Figure 4 shows the profiles of mean streamwise velocity
at the leeward corner of ribs (x′/δ = 0.4) and at the midspan
between two adjacent ribs (x′/δ = 0.5, 0.7 and 0.95 for cases
P1, P2 and P3, respectively). It is observed that the peak of 〈u〉
move towards the top wall of the channel as the value of P/H
increases, although the density of the roughness elements de-
creases simultaneously. Figure 5 shows the spatial distribution
and profile of TKE. From figures 5(a) and (b), it is apparent
that TKE is generated intensively in the shear layer and trans-
ported downstream. A wake region is observed after the flow
in the shear layer impinges onto the downstream rib and rushes
upward to the channel center. Owing to the presence of the
shear layer and wake region, the profiles of TKE at the leeward
corner exhibits a dual-peak pattern, as is evident in figure 5(c).
The roughness elements enhance the TKE level dramatically
in a monotonic manner as the value of P/H increases. Further-
more, the TKE level is significantly lower under the rib height
compared with the smooth channel scenario.

The study of rib effect on the turbulence energy transfer
can be refined by examining the transport equation of Reynolds
stresses, which is expressed as

Hi j = Pi j +Πi j − εi j +Di j , (5)
where Hi j , Pi j , Πi j , εi j and Di j represent the convection,
production, pressure-strain, viscous dissipation, and diffusion
terms, respectively, defined as
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(a) TKE contours of case P1 (b) TKE contours of case P3

S. C.

P1

P2

P3

P/H

above the rib

(c) profiles of TKE at the leeward
of ribs

P/H

above the rib

(d) profiles of TKE at the midspan
between two adjacent ribs

Figure 5. Contours and profiles of TKE at the leeward of
ribs (x′/δ = 0.4) and the midspan between two adjacent ribs
(x′/δ = 0.5, 0.7 and 0.95 for cases P1, P2 and P3, respectively).
The vertical blue dashed lines demarcate the rib crest. S. C.
denotes the smooth channel test case.

Hi j = 〈uk〉
∂〈u′iu

′
j〉

∂xk
, (6)

Pi j = −〈u′iu
′
k〉
∂〈u′j〉

∂xk
− 〈u′ju

′
k〉
∂〈u′i〉

∂xk
, (7)

Πi j =
1
ρ

〈
p′

(
∂u′i
∂xj
+
∂u′j
∂xi

)〉
, (8)

εi j = 2ν

〈
∂u′i
∂xk

∂u′j
∂xk

〉
, (9)

Di j =−
∂〈u′iu

′
ju
′
k
〉

∂xk
−

1
ρ

(
∂〈p′u′i〉

∂xj
+
∂〈p′u′j〉

∂xi

)
+ ν

∂2〈u′iu
′
j〉

∂xk∂xk
,

(10)

respectively. Figure 6 shows the vertical profiles of the budget
terms of 〈u′u′〉 at the leeward corner of ribs (x′/δ = 0.4), non-
dimensionalized byU3

b
/δ. Compared with the smooth channel

flow, the magnitude of all the budget terms is greatly enlarged
on the rough-wall side, as is evident in figures 6(b)-(d). A
distinct difference in the bugdet terms between the smooth and
roughened channels is that at the leeward corner of ribs, all
the budget terms decay to zero at the wall as a result of the
low turbulent fluctuation level in that region. In the shear layer
sightly above the rib crest, the production term P11 enhances
dramatically and becomes the dominant source of 〈u′u′〉. To
balance the high level of prodution, the dissipation term ε11,
diffusion term D11 and pressure-strain term Π11 reach their
minima as the sink terms in the same region. Furthermore, an
M-shaped pattern of the convection term H11 is observed near
the rib crest, indicating that the turbulence energy generated
by the shear layer near the rib crest is spread both ways in the
vertical direction and in the downstream region of the rib. The
convection term H11 reaches its negative minimum value in
the wake region (for 0.3 < y/δ < 0.4) above the rib, where the
budget is balanced by P11 as the source term, and Π11, and ε11
and D11 as the sink terms. By comparing figures 6(b)-(d) with

H
22

P
22

22

­
22

D
22

(a) smooth channel (b) case P1

(c) case P2 (d) case P3

Figure 6. Budget balance of 〈u′u′〉 at the leeward corner of
ribs (x′/δ=0.4). All of the terms are non-dimensionalized by
U3
b
/δ. The vertical blue dashed line demarcates the rib crest.

figure 6(a), it is evident that the budget balance near the smooth
top wall of the ribbed flow cases is similar to that of the smooth
channel flow. From figures 6(b)-(d), it is obvious that all budget
terms enhance monotonically as the value of P/H increases.
The magnitude of the diffusion term D11 is comparable to that
of ε11 near the rib crest for the d-type roughness flow (or cases
P1 and P2), but is greatly enhanced and becomes the dominant
sink term in case P3 (at the highest P/H value tested).

To facilitate a deep understanding of the rib effects on flow
anisotropy, the anisotropy invariant maps (AIM) introduced by
Lumley & Newman (1977) are studied. AIMs provides an
effective description of the local flow topologies associated
with the Reynolds stress anisotropy tensor, defined as

bi j =
〈u′iu

′
j〉

〈u′
k

u′
k
〉
−

1
3
δi j . (11)

The Reynolds stress anisotropy tensor has three invariants as a
second order tensor, one zero (i.e., I = bii = 0) and two non-
trial invariants (i.e., II = bi jbji and III = bi jbjkbki). There are
three distinct characteristic states of turbulence associated with
the so-called Lumley triangle: the axisymmetric turbulence
state where one of the eigenvalue of the Reynolds stress tensor
is either larger (III > 0) or smaller (III < 0) than the other two
which are precisely equal inmagnitude, and the two-component
turbulence state in which one eigenvalue of the Reynolds stress
tensor vanishes more rapidly than the other two.

Figure 7 compares the AIMs of the Reynolds stress
anisotropy tensor at the leeward corner of the ribs (x′/δ = 0.4)
for the test cases. The AIMs in the top half of the channel for
all cases are directly compared in figure 7(a). From figure 7(a),
it is evident that the turbulence states of cases P1, P2 and P3 in
the top half of the channel show a similar trend like the smooth
channel flow, in the sense that a two-component turbulence
state approaches the one-component turbulence state (II = 2/3
and III = 2/9) close to the wall, and becomes an axisymmetric
turbulence state with a large eigenvalue in the log-law region
owing to the rapid increase of 〈u′u′〉 in vertical direction. By
comparing figures 7(b)-(d) with 8(a), it is seen that the shapes
of AIMs in the bottom half of the channel are totally differ-
ent due to the complex flow characteristics in the separation
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channel for case P1
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(c) AIM in bottom half of the
channel for case P2
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(d) AIM in bottom half of the
channel for case P3

Figure 7. Anisotropy invariant map based on II = bi jbji and
III = bi jbjkbki of the Reynolds stress anisotropy tensor at the
leeward corner of the ribs (x′/δ=0.4) for the test cases. The
dashed red line represents two-component turbulence state (de-
fined as II = 2/9+2III), while the dash-dotted black line indi-
cate axisymmetric turbulence state (defined as II= 6(III/6)2/3).

region. At the leeward corner of a rib, the turbulence state
near the ribbed bottom wall (for 0.0 < y/δ < 0.1) resembles a
two-component turbulence state. In consequence of the inter-
action between secondary vortex B at the leeward corner and
the recirculation bubble A (shown in figure 2), the flow with
lowmomentum beneath the ribs is stronglymixed with the flow
with higher momentum in the recirculation bubble, causing the
flow to move towards an isotropic state near y/δ = 0.15. From
figures 7(b)-(d), the flow evolves rapidly towards the axisym-
metric turbulence state with a large eigenvalue in the shear
layer (around y/δ = 0.2) due to the large magnitude of 〈u′u′〉
which is the dominant component of TKE, and then returns
to a quasi isotropic state around y/δ = 0.3 under the influence
from the mixing of the shear layer flow with the bulk flow. It
is understood that the flow mixing can effectively reduce the
degree of flow anisotropy in the separation flow. By compar-
ing figures 7(b)-(d), it is observed that with an increasing value
of P/H, the flow anisotropy within and above the shear layer
(above y/δ = 0.2) is weakened, as a result of the enhanced in-
teraction between the flow within the cavities between ribs and
the outer bulk mean flow above them.

Figure 8 shows the iso-surface of the swirling strength λci
colored by the non-dimensionalized instantaneous streamwise
velocity. The presence of hairpin structures are evident. In
the figure, the heads of hairpin vortices with high momentum
are intentionally connected with black dashed lines. Clearly,
the intensity of turbulence motions becomes increasingly en-
hanced as the pitch-to-height ratio increases. The black dashed
lines can be treated as the boundaries of the uniform momen-
tum zones following Adrian et al. (2000). The quasi-periodic
streamwise spacing between these dashed lines shows the size
of the hairpin packets. The successive ejection and sweep

(a)

(b)

(c)

Figure 8. Iso-surface of swirling strength λci , colored with
non-dimensional instantaneous streamwise velocityu/Ub , with
background contours of instantaneous vertical velocity v/Ub .
(a), (b) and (c) for cases P1, P2 and P3, respectively.

events compose a burst event, which contributes greatly to the
magnitude of Reynolds stresses. From figure 8, it is observed
that with an increasing value of P/H, the hairpin packets are
less likely to be broken up by the ribs, and more hairpins are
conserved in a single packet, which increases the strength of
uniform coherent motions and burst events, and further in-
creases the level of Reynolds stresses.

The spatial-temporal features of coherent motions can be
studied using the streamwise spatial-temporal two-point auto-
correlations, defined as

Rts
uu(xr ,yr ,ξ,τ)

=
〈u′(xr ,yr ,tr )u′(xr + ξ,yr ,tr + τ)〉√
〈u′2(xr ,yr ,tre f )〉〈u′2(xr + ξ,yr ,tr + τ)〉

, (12)

where subscript ‘r’ denotes the reference point. Figure 9
demonstrates the contours of Rts

uu on the ξ-η phase plane.
The reference points correspond to the peaks of TKE at the
leeward corner of a rib (i.e., [x′/δ,y/δ] = [0.4,0.24], [0.4,
0.25] and [0.4, 0.24] for cases P1, P2 and P3 in panels (a),
(c) and (e), respectively) and the midpoint between two ribs
(i.e., [x′/δ,y/δ] = [0.5,0.24], [0.7, 0.23] and [0.95, 0.20] for
cases P1, P2 and P3 in panels (b), (d) and (f), respectively).
From figures 9(a) (c) and (e), it is clear that as the value of
P/H increases, the isopleths become increasingly asymmetric
about the origin as a result of the intensive interaction between
the strong wake in the outer-layer from the previous rib period
and the shear layer induced by the present rib. By comparing
figures 9(a), (c) and (e) with (b), (d) and (f), it is evident that the
size of the isopleths at the rib midspan is smaller than that at the
leeward corner, showing a smaller spatial and temporal scales
due to an increased turbulence level. As the value of P/H
increases, the shape of the correlation structures becomes in-
creasingly shortened and flattened. The streamwise convection
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(a) (b)

(c) (d)

(e) (f)

Figure 9. Contours of temporal and spatial two-point corre-
lation coefficient Rts

uu at the position corresponding to the peak
value of TKE at the rib leeward and the rib midspan. (a), (c)
and (e): leeward of ribs (x′/δ = 0.4) for cases P1, P2 and P3;
(b), (d) and (f): midspan between two adjacent ribs (x′/δ = 0.5,
0.7 and 0.95) for cases P1, P2 and P3, respectively.

velocity 〈u〉c of the coherent structures can be calculated by the
slope of the isopleths, which is marked using a red solid line in
figure 9. It is interesting to see that the value of 〈u〉c decreases
with an increasing value of P/H at both locations, though the
TKE level is significantly enhanced. From figure 9, it is also
observed that as the value of P/H increases, the characteristc
spatial scale of coherent structures decreases remarkably while
the characteristic time scale remains almost unchanged.

CONCLUSIONS
DNS of turbulence flows through a channel roughened

with circular-arc ribs has been performed to investigate the
pitch-to-height ratio (P/H) effect on the physics of flow separa-
tion, statistics of turbulent velocity field, and the characteristic
scales of coherent structures. With a wider pitch between ribs,
the reattachment point of the mean flow moves upstream pro-
gressively, while the detachment point remains stable, leading
to an increase of the form drag on the rough-wall side. The
angle between the incipient detachment point and the detach-
ment point of the mean flow increases monotonically with an
increasing value of P/H, indicating that the separation events
become less intensive on the rib surface with an increased tur-
bulence activities. It is also observed that an increase in the
pitch-to-height ratio enhances the instantaneous reattachment
events between two adjacent ribs remarkably.

Owing to the shear layer and wake region triggered by
the ribs, the profiles of TKE at the leeward corner exhibits a
dual-peak pattern. The presence of the rib elements enhances
the magnitudes of TKE and budget terms of Reynolds stresses
dramatically. The production term P11 increases significantly
in the shear layer near the rib crest, which further augments

〈u′u′〉 dramatically near the rib-roughened wall. In the vicinity
of the rib crest, 〈u′u′〉 is dominated by P11 as the source term,
and by D11, Π11 and ε11 as the sink terms. It is observed
that the diffusion term D11 is greatly enhanced in the k-type
roughness flow (case P3) with an increasing value of P/H. The
AIMs of the Reynolds stress anisotropy tensor reveals that the
mixing of the rib induced vortices and the bulk flow results in a
remarkable reduction in the flow anisotropy. Furthermore, the
flow over the rib crest tends to become isotropic as the value of
P/H increases.

It is observed that as the pitch-to-height ratio P/H in-
creases, the intensity of the turbulence motions enhances, and
according to the distribution of the spatial-temporal two-point
correlation Rts

uu , the characteristic scale of coherent structures
becomes increasingly shortened in the streamwise direction.
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