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Abstract

To understand the permeability effects on turbulent rib-roughened porous

channel flows, particle image velocimetry measurements are performed at

the bulk Reynolds number of 5000 – 20000. Solid impermeable and porous

ribs are considered for the rib-roughness whose geometry is categorised in the

k-type roughness whose pitch/rib-height is 10. Three isotropic porous media

with nearly the same porosity: 0.8, and different permeabilities (0.004, 0.020,

0.033 mm2) are applied. It is observed that the recirculation between the ribs

becomes weak and the recirculation vortex submerges into the porous wall

as the wall permeability and Reynolds number increase for both solid and

porous rib cases while the recirculation vanishes in high permeable cases.

These phenomena result in the characteristic difference in the turbulence

quantities. By fitting the mean velocity profiles to the log-law form, the

permeability effects of both rib and bottom wall on the log-law parameters

and the equivalent sand-grain roughness are discussed. It is concluded that

the zero-plane displacement increases while the von Kármán constant and
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the equivalent sand-grain roughness decrease as the wall and rib permeability

increases.

Keywords: Porous walled channel, Rib-roughened wall, k-type roughness,

PIV measurement

List of Symbols

cD drag coefficient

CF Forchheimer coefficient

d0 zero-plane displacement

h roughness scale

H clear channel height

k rod (rib) height

ks equivalent sand grain roughness height

K permeability

Qm (m = 1− 4); quadrant of the Reynolds shear stress

Reb bulk Reynolds number: UbH/ν

Reτ friction Reynolds number of the rough surface: uR
τ ym/ν

u, v velocity components in the x, y directions

uR
τ friction velocity by the total drag

u∗ friction velocity for log-law

Ub bulk mean velocity

w rib spacing

x streamwise coordinate
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XF front location of a separation bubble

XR reattachment length

y vertical coordinate

ŷ wall coordinate

y0 zero shear stress location

ym maximum mean velocity location

z spanwise coordinate

∆U+ roughness function

κ von Kármán constant

λ centre to centre rib interval

ν kinematic viscosity

ρ fluid density

τR total drag

τd form drag

τw viscous drag

φ porosity

ϕ Reynolds averaged value of ϕ

ϕ′ fluctuation of ϕ: ϕ− ϕ

[ϕ] superficial plane-averaged value of ϕ

[ϕ]f fluid phase plane-averaged value of ϕ

ϕ̃ dispersion of ϕ: ϕ− [ϕ]

ϕ+ normalized ϕ by the friction velocity
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1. Introduction

From the engineering viewpoint, walls are not always hydraulically smooth

but have roughness and/or permeability. Since such wall roughness and per-

meability significantly change turbulence characteristics and hence engineer-

ing device performance, many studies have been carried out to understand

the flow physics over such wall surfaces. As summarized in review articles

by Raupach et al. (1991); Jiménez (2004); Piomelli (2018), there have been

a huge number of experimental and numerical studies dedicating to rough

wall turbulence. Among them, early experimental studies (e.g. Nikuradse,

1933; Colebrook and White, 1937; Colebrook, 1939; Moody, 1944) found the

correlations between the roughness height and the wall friction or the mean

velocity profile. In rough wall turbulent boundary layers, the semi loga-

rithmic portion of the mean velocity profiles shift downward depending on

the equivalent sand grain roughness height ks (Nikuradse, 1933) forming an

empirical formula:

U+ = κ−1 ln
ŷ

ks
+ 8.5, (1)

for fully rough wall flows. Here, U+, κ and ŷ are the streamwise mean

velocity normalized based on the friction velocity, the von Kármán constant

and the wall normal distance, respectively. As Jiménez (2004) noted, it is

necessary to determine the origin for ŷ for rough walls and a shift (zero-plane

displacement) from some reference location is usually determined empirically.

Equation (1) can be rewritten as

U+ = κ−1 ln ŷ+ + 5.1−∆U+, (2)
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where ∆U+ is the so-called roughness function and written as

∆U+ = κ−1 ln k+
s − 3.4. (3)

After extensive measurements of rib-roughened turbulent boundary layer

flows, Perry et al. (1969) categorized the roughness into two types: k- and

d-types, which are distinguished by the ratio of the roughness height and

interval. The letters “k-” and “d-” respectively correspond to the rough-

ness height and the boundary layer thickness which are characteristic length

scales determining the roughness function and the friction factor. For the

regularly spaced rib-roughness, it was reported that the demarcating ratio of

the rib-interval to the rib-height was λ/k = 4 (Tani, 1987). In the turbulent

flows over the k-type roughness at λ/k > 4, there are recirculation vortices

that reattach ahead of the next roughness elements, hence exposing them

to outflows (Cui et al., 2003; Leonardi et al., 2003; Ashrafian et al., 2004).

Also, it is known that the roughness function becomes maximum when λ/k

= 8 (Flack and Schultz, 2014). On the other hand in the d-type roughness

at λ/k < 4, the roughness function becomes independent of the roughness

height (rod-height) k. Over such d-type roughness, there are stable recircula-

tion vortices that isolate the outer flow from the roughness (Cui et al., 2003;

Leonardi et al., 2003, 2004). These different phenomena affect turbulence

characteristics over the roughness.

As for turbulence over permeable porous walls, many experimental studies

(e.g. Lovera and Kennedy, 1969; Ruff and Gelhar, 1972; Ho and Gelhar,

1973; Zagni and Smith, 1976; Zippe and Graf, 1983; Kong and Schetz, 1982;

Shimizu et al., 1990; Pokrajac and Manes, 2009; Manes et al., 2009; Detert

et al., 2010; Suga et al., 2010; Suga, 2016; Manes et al., 2011) revealed the
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fact that the permeability enhances momentum exchange across the surfaces

and modifies the near-wall turbulent flow structure. Since the permeability

relaxes the near-wall damping effects on vortex motions, turbulence is allowed

to maintain its strength even on the surface (Suga et al., 2010, 2011). The

direct numerical simulation (DNS) studies of Breugem et al. (2006); Kuwata

and Suga (2016) and the particle image velocimetry (PIV) experiments of

Suga et al. (2010, 2017) for turbulent channel flows over isotropic porous

media suggested that there were correlations between the inner turbulence

characteristics and the permeability Reynolds number which is based on the

friction velocity up
τ on the porous wall, the wall permeability K and the fluid

kinematic viscosity ν. In particular, for the semi logarithmic portion of the

mean velocity profiles

U+ = κ−1 ln
ŷ + d0

h
, (4)

the parameters: κ, the zero-plane displacement d0 and the roughness scale

h, could be characterized by the permeability Reynolds number (Suga et al.,

2010; Manes et al., 2011; Suga et al., 2017). Although equation (4) is essen-

tially the same as equation (1), such a formula is usually applied to the flows

over porous media and canopies (Best, 1935; Nikora et al., 2002; Nepf and

Ghisalberti, 2008). Breugem et al. (2006); Suga et al. (2017, 2018) also con-

firmed that the turbulent streaks were destroyed over highly permeable walls

due to the downwash motions into the wall induced by the Kelvin-Helmholtz

(K-H) instability. This K-H instability is generated by the inflection of the

mean velocity profile underneath the porous surface (Jiménez et al., 2001).

Generally, the surface structures of porous media are not always flat. For

example, the surfaces of river beds and urban canopies, which are usually
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considered as porous media, should not be flat. Recent high performance

heat sinks apply porous materials for the finned structures. Furthermore,

the rib roughened cooling passages for turbine blades try to apply porous

materials to avoid hot spots behind the riblets and to reduce the pressure

drops (Panigrahi et al., 2008; Wang et al., 2010; Nuntadusit et al., 2012).

Accordingly, flows over permeable roughness should be discussed to under-

stand the engineering wall turbulence more deeply. However, to the best

of the authors’ knowledge, turbulent flows over permeable rough walls have

never been systematically discussed. Therefore, to understand the combined

effects of the structural roughness and the wall permeability, we perform pla-

nar PIV measurements of turbulent flows in a channel with a porous bottom

wall roughened by transverse square rods at the bulk Reynolds numbers of

Reb=5000–20000. The chosen roughness structure is the k-type roughness

with λ/k = 10 since this specific k-type roughness was studied in details by

many researchers such as Hanjalić and Launder (1972); Cui et al. (2003);

Leonardi et al. (2003); Ikeda and Durbin (2007). Note that when permeabil-

ity effects are included, the turbulence characteristics might not be neces-

sarily categorized in the k-type roughness. Three kinds of isotropic porous

media whose porosity is φ = 0.8 with different permeabilities are applied to

both the transverse rods and bottom walls. To make the effects of permeable

rods clearer, solid impermeable rods are also considered for the rib-roughened

porous walls.
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2. Experimental method

Fully developed turbulent channel flows over rib-roughened porous sur-

faces are considered in this study. Fig. 1 shows the experimental set-up

and the coordinate system in the test section. The flow facility consists of

a water tank, a conditioning tank with a nozzle and a flow channel for the

measurement whose geometry is shown in Fig. 1(a). Deaerated tap water is

pumped up from the water tank and led to the conditioning tank containing

a honeycomb-bundled section, where the water temperature is recorded by

a digital thermometer (FD-T1, KEYENCE). Then the flow is developed in

the 3.0 m long driving section and enters the 1.0 m long test section. The

water channel has a sectional area of 0.3 m (width)×0.06 m (height) and is

filled by the porous slabs up to the bottom half of the channel as shown in

Fig. 1(b). Since the height of the clear channel region is H = 0.03 m, the

aspect ratio of the cross section of the clear flow region is about 10 and two-

dimensionality of the flow field was confirmed in the range of ±2H from the

symmetry plane by our previous study (Suga et al., 2013) for rib-roughened

flows and hence the measurements are carried out in the symmetry plane of

the channel. The range of the measured bulk Reynolds number Reb = UbH/ν

is 5000 – 20000 which reach the lower operating range of turbine-blade cool-

ing channels (Han et al., 1985). Here, the bulk mean velocity Ub is obtained

by integrating the measured cross-sectional streamwise mean velocity distri-

bution over the porous wall.

On the porous wall, transverse square rods whose sectional area is 3× 3

mm2 are placed with a regular pitch at λ =30 mm (Fig.1(d)). Both acrylic

impermeable and porous rods, are applied to see the effects of the rod per-
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meability. For the porous rods, the same porous structure as that for the

bottom wall is applied to consider naturally roughed porous surfaces. Since

the height of the square rods is 3 mm, the maximum pore diameter for the

rods should be less than 3 mm. Correspondingly, the maximum mean pore

diameter Dp of the porous medium is 2.8 mm in porous medium #13 as

listed in Table 1. To see the effects of the different porous media, we choose

two other porous media #20 and #30 whose mean pore diameters are Dp =

1.7 and 0.9 mm which are approximately 2/3 and 1/3 of the rod height k

as shown in Table 1. They are foamed ceramics (Ceramic Foam, Bridge-

stone) having isotropic open-cell foam structures of nearly the same porosity

φ = 0.8. Table 1 also lists the permeability K and Forchheimer coefficient

CF . By measuring flow rates and pressure drops ∆P along the distance ∆x,

our previous study (Suga et al., 2010) obtained them through the classical

Darcy-Forchheimer equation:

−∆P

∆x
=

µUd

K
+

CF

K
ρU2

d , (5)

where µ, ρ and Ud are the fluid viscosity, density and the mean velocity,

respectively. Since the permeability of porous medium #13 is more than

eight times larger than that of porous medium #30 while their porosities are

nearly the same, we can see the effects of approximately one order different

permeabilities irrespective of the porosity. The measured flow cases in the

present study are summarised in Tables 2 and 3 with parameters which are

obtained by the analyses discussed in later sections. The solid rib flow case

over #xx porous wall is named case #xxs while the porous rib flow case

is named case #xxp. Case solid in Table 2 is the solid rib flow over the

impermeable smooth wall.

9



The applied planar PIV system consists of a Nd-Yag Laser (Dual Power

200-15, Litron) with 200 mJ per pulse at a wavelength of 532 nm and a

CCD camera (Flowsence 4M MkII, DANTEC DYNAMICS) operating at 30

fps (frames per second) with 85 mm f/1 : 8 lenses (AF Nikkor, Nikon) to

cover a section of 33(x)× 33(y) mm2 with 2048×2048 pixels2. For the mea-

surements, the laser beam is formed into a sheet of approximately 1.0 mm

thickness by several cylindrical lenses and illuminates the measuring domain

as illustrated in Fig. 1(c). The size of the interrogation windows, which

overlap 50% in each direction, is set to 32×32 pixels2. Accordingly, 127×127

vectors are produced for each image pair. In the present study, 5000 image

pairs, whose time intervals are 140 – 550 µs, are recorded with a sampling

rate of 4 – 5 Hz for each case. The average particle displacement was set

to be approximately 25 % of the interrogation window size (6 – 8 pixels).

The recorded data are processed by Dynamic Studio 2015a (DANTEC DY-

NAMICS). When the ratio of the first and second correlation peaks in each

interrogation window is smaller than 1.3, it is removed from the process as

an error vector. Furthermore, the moving-average validation (Host-Madsen

and McCluskey, 1994) is applied with an acceptance factor of 0.1.

For the tracer particles, acrylic colloid particles are used. Their mean

diameter and specific gravity are 3.1 µm and 1.19, respectively. By the use

of image processing software, the average number of pixels for a particle image

captured by the CCD camera is counted to be about 3 – 4 pixels. According

to the discussions of Prasad et al. (1992), this indicates that the particle

images are well resolved in the present experiments, and the uncertainty in

the measured displacement is expected to be approximately less than 1/10
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of the diameter of the particle image. Normalizing this uncertainty by the

mean displacement length of particles indicates that the estimated error of

the instantaneous velocity is less than 4% of the maximum velocity in the

frame.

3. Results and discussions

3.1. Solid-rod roughened cases

3.1.1. Mean flow profiles

To see general ideas of the flow fields, Fig. 2 shows the streamlines for

the cases with solid rods (or ribs) such as cases solid, #30s, #20s and #13s

at Reb ≃ 5000 and 15000. They are produced by plotting contour lines of the

stream functions calculated with the measured mean velocity distributions.

As seen in Fig. 2(a-d), large recirculation bubbles behind the solid rib exist.

Due to the inevitable smoothing effect (which appears when there is a large

velocity difference within an interrogation window) of the PIV measurements

close to the walls, unreliable near-wall velocity data cannot be used. Hence,

extrapolation of the line indicating u = 0 to the wall is applied to estimate

the reattachment and the separation points. For case solid at Reb=5000,

the estimated reattachment length is XR ≃ 5.1k which is consistent with

the data in the literature. See Fig.1(d) for the illustrative definition of the

reattachment point XR. Indeed, Leonardi et al. (2003); Liu et al. (1966)

reported that their reattachment lengths are XR ≃ 4.8k and 5k for λ/k ≃ 8

and λ/k ≃ 8, 12, respectively. Leonardi et al. (2003) also reported that the

flow separates from 1.5k before the next rib. The corresponding position in

the present case solid is 1.8k which reasonably agrees with that of Leonardi
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et al. (2003). In case #30s, the recirculation region looks submerged to the

wall due to the wall permeability. The reattachment length in this case at

Reb = 5400 is XR ≃ 4.7k which is slightly shorter than the case solid. As

Reb increases, XR becomes shorter as XR ≃ 4.0k. As the wall permeability

increases, in case #20s and #13s as shown in Fig. 2(e, f, g, h), the recircu-

lation bubbles are expanded and submerged further resulting in vanishing of

the reattachment point. Table 2 lists XR for each case.

To examine the flow field more in details, Fig. 3 compares the mean ve-

locity distribution profiles of cases #solid, #30s, #20s and #13s at x/k =0.5,

2.5, 4.5, 6.5 and 8.5 for Reb ≃ 15000. As shown in Fig. 3(a), the stream-

wise mean velocity u at x/k = 0.5 for permeable wall cases become small

at y/H ≤ 0.3 compared with case solid. The same trend can be seen at

x/k = 2.5 over y/H = 0.1 although the reverse flow at y/H ≤ 0.1 becomes

weak as the wall permeability increases. This is because the low pressure re-

gion behind the rib is weakened by the entrainment of the fluid flow from the

porous layer and the recirculation vortex shrinks as seen in the flow pattern

in Fig. 2. This flow phenomenon is similar to the “by-passing” flow which

was observed in a rib-mounted porous walled channel flow by Suga et al.

(2013). (Due to the rib blockage, a part of the blocked fluids goes through

the porous wall under the rib and springs out from the wall behind the rib.

Suga et al. (2013) called such a phenomenon the by-passing flow.) They

reported the enhancement of the by-passing flow as the increase of the wall

permeability. Accordingly, the amount of the flow rate over the rib becomes

small as the wall permeability increases. As shown in Fig. 3(b), the absolute

magnitude of the wall-normal mean velocity v becomes small at y/H ≤ 0.6 as
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the wall permeability increases since the recirculation vortex becomes weak.

As observed in Fig. 2(f), due to the flow coming through the wall, near-wall

v at x/k = 4.5 in case #13s becomes clearly positive.

Fig. 4 shows the turbulence statistics of cases solid, #30s, #20s and

#13s at Reb ≃ 15000. The streamwise, wall-normal root mean square (rms)

velocities and Reynolds shear stress become smaller as the wall permeability

increases (case solid→ case #30s→ case #20s→ case #13s). This is because

the shear layer behind the rib becomes weaker due to the entrainment of the

by-passing fluids. At x/k = 8.5,the magnitude of the near-wall v′rms (Fig.

4(b)) becomes slightly larger in porous wall cases. Corresponding to this v′rms

profile, the near-wall shear stress at x/k = 8.5 also becomes larger depending

on the wall permeability. According to the DNS results of turbulent flows

in symmetric rib-roughened channel (Ashrafian et al., 2004), the effects of

the rib are limited to 5k. Moreover, Raupach et al. (1991) reported that

roughness has a profound influence on the turbulence structure in a layer

whose depth is 3k − 5k. As seen in Figs. 3 and 4, the turbulent intensities

seems to be affected by the roughness all over the flow region although the

mean velocity distribution looks consistent with their reports.

3.1.2. Quadrant analysis

To understand the local characteristics of turbulence close to the wall,

the Reynolds shear stress is decomposed into the quadrant events: Qm =

Σ(u′v′)m/ΣNm, where subscript m(= 1 − 4) and Nm correspond to each

quadrant event and its processed number. Fig.5 (a, b, c) shows the distribu-

tions of the quadrant events of cases solid, #30s and #13s at y/k ≃ 0.33 for

Reb ≃ 15000. It is seen that Q4 (sweeps) is generally the strongest followed
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by Q2 (ejections) between the ribs while Q1 and Q3 are significantly smaller

than those in all cases. Just behind the rib at 1 < x/k < 2.5, the growth

rate of each event of cases #30s and #13s is smaller than that of case solid.

As the wall permeability increases, the growth rate tends to be smaller as

clearly seen in Fig.5 (a-c). This trend corresponds to the locations of the

recirculation bubbles shown in Fig.2. Since the recirculation bubble centre

shifts downstream as the wall permeability increases, turbulent shear behind

the rib tends to be weakened. In the region x/k > 9 shown in Fig.5 (a), the

magnitude of each event in case solid increases again to attain the second lo-

cal maximum/minimum while such a trend is not obvious in cases #30s and

#13s. It is known that there is another small recirculation in front of the rib

face in case solid (although it is not obvious in Fig.2), correspondingly larger

turbulent shear takes place there. However, with the wall permeability, a

part of the blocked fluid by the rib passes through the bottom wall under

the rib resulting in the relaxation of the velocity gradient and thus shear

generation.

Fig.5 (d) compares the profiles of Q4. It is clear that the location of the

upstream local minimum (negative peak) shifts downstream and the negative

peak profile tends to be flatter in the permeable wall cases. This indicates

that a relatively larger area of the wall surface is exposed to stronger sweep

events in the permeable wall cases. This is because the permeable surface

relaxes the wall blocking to the sweep motions and more sweep motions are

able to approach the wall surface.
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3.1.3. Plane averaged mean flow profiles

To see the effects of the Reynolds number, Figs. 6 and 7 compare the

streamwise averaged turbulence statistics of case solid at Reb = 5000−20600,

case #30s at Reb = 5400− 14100, case #20s at Reb = 4800− 21000 and case

#13s at Reb = 5000 − 20300. In those figures [·]f denotes a fluid phase

streamwise averaged value. Although the experiments are performed only in

the symmetry plane of the channel, the streamwise averaged values are called

“x−z plane averaged” values in this study hereafter since two-dimensionality

of the measured section in this flow facility was assured (Suga et al., 2013).

The streamwise and wall-normal velocity dispersions and the dispersion shear

stress: √
[˜̄u˜̄u]

f
=

√
1

λf

∫ λ

0

(
ū− [ū]f

)2
dxf , (6)

√
[˜̄v˜̄v]

f
=

√
1

λf

∫ λ

0

(
v̄ − [v̄]f

)2
dxf , (7)

[˜̄u˜̄v]
f
=

1

λf

∫ λ

0

(
ū− [ū]f

)(
v̄ − [v̄]f

)
dxf , (8)

are also plotted. Here, superscript “f” denotes fluid phase value and λf =∫ λ

0
dxf . As seen in Figs. 6 and 7, the profiles of the mean velocity look

almost the same regardless of the Reynolds numbers. However, the wall-

normal components of the turbulent intensity and the Reynolds shear stress

at Reb ≃ 5000 show slightly deviated values from those at the other Reb cases

while the other variables reasonably collapse to single profiles as in the mean

velocity. This corresponds to the size of recirculation bubble at Reb ≃ 5000

which is slightly larger than those of the higher Reb cases as shown in Fig.

2.
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For the discussion on the general effects of the wall permeability, Fig. 8

compares the plane averaged turbulence statistics of cases #solid, #30s and

#13s at Reb ≃ 15000. Although the flow pattern significantly changes de-

pending on the wall permeability as seen in Fig. 2, it is interesting that the

plane averaged mean velocities shown in Fig. 8(a) do not change so signifi-

cantly. This result suggests that the effect of the solid ribs is more influential

to the mean velocity distribution than the effect of the wall permeability.

However, as for the rms velocities (turbulent intensities) and Reynolds shear

stress in Fig. 8(b-d), it is obviously observed that they become lower as the

wall permeability increases. In particular, the streamwise turbulent inten-

sity becomes significantly smaller compared with the wall-normal component.

This implies that turbulence becomes less anisotropic due to the wall perme-

ability.

The velocity dispersions in Fig. 8(e, f) also become smaller as the wall

permeability increases while the dispersion stresses in Fig. 8(b) only show dif-

ference under the rib top at y/H ≤ 0.1. It is worth noting that although the

profiles of the streamwise dispersion

√
[˜̄u˜̄u]

f
and the wall-normal dispersion√

[˜̄v˜̄v]
f
at y/H ≥ 0.5 have almost the same magnitudes for all cases, they

change significantly near the rib.The magnitudes at y/H ≤ 0.3 of porous

cases become smaller as the wall permeability increases. The influence of

permeability on the velocity dispersion can be seen more clearly in the pro-

file of the wall-normal dispersion in Fig. 8(f). For cases solid and #30s, the

magnitudes become smaller towards the bottom wall while for case #13s the

profile at y/H ≤ 0.05 becomes large. This is because of the enhancement

of the by-passing flow and the flow into the porous wall in front of the rib
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depending on the permeability.

3.2. Porous-rod roughened cases

3.2.1. Streamlines

To see the rib permeability effects, Fig. 9 describes the streamlines of

cases #30p, #20p and #13p at Reb ≃ 5000, 15000. Compared with the solid

rib cases shown in Fig. 2, the upstream edge of the recirculation bubble

moves downstream due to the flow through the porous rib. Also, the size

of the recirculation bubble at Reb =15300 of case #30p in Fig. 9(b) looks

smaller than the plots at Reb =5000 in Fig. 9(a). This trend is the same as

that seen in the solid rib cases. As the Reynolds number increases it is seen

that the centre position of the recirculation bubble moves downstream and

downward. For the porous rib cases, the location at which the flow separation

occurs does not correspond to the downstream edge of the rib-top surface.

The flow separates a little downstream from the rib back-face and thus the

front of the separation bubble is XF = 2.0k for case #30p at Reb = 5000. See

Fig.1(d) for the illustrative definition of the front location of the separation

bubble XF . We estimate XF from the distribution of ū = 0 as we do for

XR. The flow reattachment length is XR = 5.6k. Correspondingly, the size

of the bubble XR−XF appearing over the surface is approximately 3.6k. As

listed in Table 3, (XR−XF ) becomes smaller as Reynolds number increases.

When the permeability increases for cases #20p and #13p, the recirculation

bubble disappears and flow separation and reattachment are no longer seen.
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3.2.2. Quadrant analysis

Fig.10 (a, b) shows the magnitude of each quadrant event for Reb ≃ 15000

at y/k ≃ 0.33 in cases #30p and #13p. Although the general tendency is

similar to that of solid rib cases (shown in Fig.5), it is clear that there are

events even just behind the rib and their magnitudes are larger in case #13p

(larger permeability case). Fig.10 (c) compares the profiles of Q4 in cases

#30p, #13p and #13s (solid rib). It can be seen that the magnitude behind

the rib increases for the porous rib cases depending on the permeability. This

clearly indicates that some vortex motions are not blocked on the porous rib

surface and shear generation maintains such a certain level. Although the

profiles at 3 < x/k < 6 are almost the same, the magnitudes for porous

rib cases become slightly smaller than that of case #13s (solid rib) at 6 <

x/k < 10. This indicates that the strength of the sweeps in the downstream

region is slightly relaxed by the porous rib effect. Due to the blockage effect

of the solid rib, more amount of the fluid tends to go through the bottom

wall resulting in such an enhanced sweep profile.

3.2.3. Plane averaged mean flow profiles

Fig. 11 shows the turbulence statistics of cases #30p, #20p and #13p at

Reb ≃ 5000−20000. The plane averaged mean velocities in Fig. 11(a-c) look

insensitive to Reb and this trend is similar to that seen in the solid rib cases

in Figs. 6 and 7. Also, the general trends of the other turbulence quantities

show similar tendencies to those seen in the solid rib cases. They are slightly

larger at Reb ≃ 5000 than those at Reb ≃ 10000 – 20000.

To see the effect of the rib permeability, Fig. 12 compares the turbulence

statistics of the solid and porous ribs: cases #13s and #13p. As shown
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in Fig. 12(a), the mean velocity below the rib top: y/H ≤ 0.1, obviously

becomes larger in the porous rib case due to the flow through the porous

rib. This results in the slightly lower peak profile at y/H ≃ 0.75. As for the

turbulent intensities in Fig. 12(c,d), generally the level becomes smaller in

case #13p compared with that in case #13s. This is because the strength of

the recirculation becomes weaker due to the flow through the porous rib. The

same tendency is also seen in the profiles of the Reynolds shear stress in Fig.

12(b). As for the velocity dispersion shown in Fig. 12(c, d), corresponding

to the change of the general flow profiles shown in Figs. 2 and 9, the wall-

normal velocity dispersion becomes small at y/H ≤ 0.4 in the porous rib

case. Under the rib top y/H ≤ 0.1, the profiles of the velocity dispersions

and the dispersion shear stress (Fig. 12(b)) of the porous rib case show a

smaller magnitude since the porous rib weakens the recirculation.

To discuss the combined effect of the wall and rib permeability, Fig. 13

compares the turbulence statistics of cases #30p, #20p and #13p. As shown

in Fig. 13(a), the mean velocity below the rib top at y/H ≤ 0.1 becomes

large as the wall permeability increases. This is because of the flows through

the porous ribs. As seen in Fig. 13(b-d), the turbulent intensities and the

Reynolds shear stress generally become smaller as the wall permeability in-

creases. This trend is opposite to that of the rib-less cases in which turbulence

becomes larger depending on the increase of the permeability (Suga et al.,

2010, 2017). This implies that turbulence generated by the rib solidity is

more influential than the permeability induced turbulence. As for the dis-

persion stress, as shown in Fig. 13(b) the difference between the cases looks

marginal. However, as shown in Fig. 13(e, f) the streamwise and wall-normal
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velocity dispersions generally become smaller as the permeability increases at

y/H > 0.1. Since the porous wall and ribs weaken the recirculation behind

the ribs, the mean velocity distributions are relaxed resulting in the smaller

velocity dispersions as the permeability increases.

3.3. Zero-shear stress and maximum mean velocity locations

In asymmetric rough wall channel flows, the zero-shear stress location

y0 = y|u′v′=0 does not coincide with the maximum mean velocity location

ym = y|[u]f=[u]fmax
, which was pointed out by Hanjalić and Launder (1972).

Their geometry for λ/k = 10 indicated y0/H ≃ 0.83 and ym/H ≃ 0.75 while

for the same geometry Ikeda and Durbin (2007) simulated as y0/H = 0.81

and ym/H = 0.76.

As shown in Fig.14(a), the present case solid shows y0/H = 0.8 − 0.82

which is close to the data cited above. The increasing trend depending on Reb

is consistent with the data of Hanjalić and Launder (1972). As for ym shown

in Fig.14(b), case solid shows ym/H ≃ 0.76 that is almost constant while

Hanjalić and Launder (1972) measured values increasing with Reb. When

the bottom wall has permeability, it is generally seen that both y0 and ym

tend to be smaller and they become further smaller with the porous rib while

y0 is always larger than ym. It is considered that the permeability of the wall

and the rib makes the roughness effect weakened and thus the flow becomes

less asymmetric. This indicates that the drag on the rough surface tends to

be smaller as the wall and rib permeability increases.
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3.4. Log-law fitting

To discuss near-wall (inner layer) turbulence, we normally apply the fric-

tion velocity as a representative velocity scale. However, it is not easy to

obtain it in rough and permeable wall flows. For the estimation of the fric-

tion velocity on a rough wall, the conventional way is fitting a mean velocity

profile to Eq.(1) with the von Kármán constant κ ≃ 0.42. By such log-law

fitting, both the friction velocity and the equivalent sand grain roughness

are estimated. Although there are several ways to determine the origin of

the wall-coordinate ŷ, we determine it at the rib top y = k. (However, the

location of the origin does not essentially affect the following discussion.)

For case solid, the semi-logarithmic profiles with fitting lines of Eq.(1) are

plotted in Fig. 15(a). Note that [ū]f+ = U+ in the log-law formulas and the

displacement of 0.9k which corresponds to the mean roughness height (0.1k)

is applied to the abscissa in Fig. 15(a). The obtained friction velocity and

equivalent sand grain roughness by this method are listed in Table 4 denoting

as uN
∗ and kN

s , respectively.

In the porous wall flows, it is known that the von Kármán constant varies

depending on the Reynolds number (Breugem et al., 2006; Manes et al., 2011;

Suga et al., 2010, 2017, 2018). In such a case, to fit the log-law line, Breugem

et al. (2006); Suga et al. (2010) described the detailed procedure to obtain

κ, d0 and h for Eq.(4). However, to follow their procedure, it is necessary to

pre-determine the friction velocity u∗. As Pokrajac et al. (2006) discussed,

it has been controversial to determine the friction velocity since there are

several candidates for the reference shear stress such as the bed shear stress,

the total fluid shear stress at the roughness crest, etc. Note that the total
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fluid shear stress is the sum of the plane averaged viscous, Reynolds and

dispersion shear stresses. Following Finnigan (2000); Poggi et al. (2004);

Jarvela (2005); Nakagawa et al. (1991); Pokrajac et al. (2006); Coceal et al.

(2007), this study defines u∗ from the total fluid shear stress at the roughness

crest (rib top location: y = k). We estimate it by extrapolating the profile of

the sum of the Reynolds and dispersion shear stresses to the rib top location

since measuring the viscous shear stress accurately in the vicinity of the solid

surfaces is difficult.

For case solid, as listed in Table 4 the estimated u∗ by the above men-

tioned way is a little smaller than uN
∗ . With those u∗, log-law fitting to

Eq.(4) is performed. Fig. 15(b) shows the mean velocity distributions for

cases solid, #30s and #13s at Reb ≃ 15000. For case solid, irrespective of

Reb the displacement d0 from the fitting to Eq.(4) becomes d0 ≃ 0.9k which

corresponds to the mean roughness height mentioned above. In Fig. 15(b),

it is seen that the slope of the logarithmic region becomes steeper as the

wall permeability increases. This is consistent with the turbulent flows over

rib-less porous walls (Suga et al., 2010, 2017). Moreover, it is found that d0

and the roughness scale h become larger as the wall permeability increases

as shown in Table 2.

Fig. 16 shows the fitted logarithmic profiles for cases solid, #30s, #30p,

#20s, #20p, #13s and #13p at Reb ≃5000 – 20000. The obtained three

parameters κ, d0 and h are listed in Tables 2 and 3. Fig. 17 indicates their

distributions against Reτ which is defined as Reτ = uR
τ δ/ν where δ = ym

and uR
τ =

√
τR/ρ. See Appendix for the estimation process of the total

drag τR on the rough wall. As seen in Fig. 17(a), for case solid, κ is al-

22



most constant as κ ≃ 0.41 while it becomes smaller as the wall permeability

increases for the solid and porous rib cases. For cases #30s and #30p, κ

becomes slightly smaller as Reτ increases while it tends to be constant in

higher permeability cases. As for the zero plane displacement d0 shown in

Fig. 17(b), d+0 of case solid almost perfectly accords with 0.9k which corre-

sponds to the mean roughness hight as mentioned above. As the permeability

and Reynolds number increase, d+0 tends to be larger. This indicates that

turbulent vortices penetrate across the porous interface more deeply as the

permeability and Reynolds number increase. Furthermore, it is interesting

that the deviation of the levels in the solid rib cases #30s – #13s is smaller

than that in the porous rib cases #30p – #13p. This indicates that the rib

permeability is significantly influential to the displacement. The distribution

of the roughness scale h+ shown in Fig. 17(c) also shows the general trend

that h+ becomes large as Reτ and the permeability increase. It is seen that

the deviations of the h+ profiles in the solid and porous rib cases look similar.

The characteristics of the roughness scale are further discussed in terms of

the equivalent sand grain roughness in the next section.

3.5. Equivalent sand grain roughness and roughness function

When the displacement is introduced to Eq.(1) (or we replace ŷ with

ŷ + d0 in Eq.(1)) and compared with Eq.(4), we can obtain the equivalent

sand grain roughness k+
s as

ln k+
s = lnh+ + 8.5κ. (9)

Then, the roughness function ∆U+ is obtainable by Eq.(3). The obtained

k+
s values are compared in Fig. 18(a). The red line indicates kN+

s by Eq.(1)
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listed in Table 4. It is clear that the present k+
s profile of case solid do not

agree with the red line. However, the blue chain line which corresponds to

the values for case solid obtained with uR
τ instead of u∗ well accords with

the red line. This confirms that the traditional scheme corresponds to the

present scheme when the total drag on the bottom surface (bed shear stress)

is applied instead of the shear stress at the roughness crest. For all cases, it

is seen that the profiles of k+
s become large almost linearly as the Reynolds

number increases.

Fig. 18(b) compares the roughness function ∆U+ against k+
s . The red line

indicates the Nikuradse-type roughness function for uniform sand roughness

by Schlichting (1979). Obviously, plots of case solid well collapse to the red

line while plots of porous cases are significantly higher than the line and

become larger as the permeability increases.

For comparison of the total drag, the drag coefficient defined as cD ≡

2τR/(ρU2
b ) are plotted in Fig. 19. As for the general tendency, cD becomes

small as the permeability increases for both the solid and porous rib cases.

This results from the weakening of the recirculation bubbles behind the ribs

due to the permeability. Although cD decreases almost linearly in case solid

as the Reynolds number increases, the decreasing rates in porous cases look

saturated at Reb > 10000.

4. Concluding remarks

Particle image velocimetry measurements are performed for the turbulent

k-type rib-roughened porous channel flows at the bulk Reynolds number

of Reb =5000 – 20000. Solid impermeable and porous rods are considered
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for the rib-roughness whose pitch/rib-height is λ/k = 10. Three kinds of

isotropic porous media with nearly the same porosity: φ = 0.8, and different

permeabilities (K =0.004, 0.020, 0.033 mm2) are applied. The concluding

remarks from the present study are:

(1) The recirculation bubble appearing between the ribs becomes small

submerging into the porous wall and eventually vanishes as the wall perme-

ability increases for both solid and porous rib cases. This trend is further

enhanced in the porous rib cases and characterises the turbulence quantities.

(2) It is confirmed that the zero-shear stress location does not coincide

with the maximum mean velocity location in all cases. When the bottom wall

has permeability, it is generally seen that both locations tend to be smaller

and they become further smaller with the porous rib while the zero-shear

stress location is always larger than the maximum mean velocity location.

This indicates that the drag on the rough surface tends to be smaller as the

wall and rib permeability increases.

(3) The generalised scheme to fit mean velocity profiles to the log-law

form is discussed. When the friction velocity based on the shear stress at the

roughness crest is applied, the obtained equivalent sand grain roughness does

not agree with that by the traditional Nikuradse method for the solid-rib-

roughed solid-wall flows. However, when the bed shear stress is applied, they

agree well. This confirms that the shear stress obtained by the traditional

fitting method corresponds to the bed shear stress.

(4) By fitting the mean velocity profiles to the log-law form, it is con-

firmed that the zero-plane displacement increases while the von Kármán

constant and the equivalent sand-grain roughness decrease as the wall and
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rib permeability increases.

(5) The drag over the rib-roughed wall becomes small as the permeability

increases for both the solid and porous rib cases because the weakening of the

recirculation bubbles behind the ribs. Although the drag coefficient decreases

as the Reynolds number increases, the decreasing rates in the porous cases

tend to be saturated at Reb > 10000.
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Appendix: Estimation of the total drag (bed shear stress)

By the double (time and volume) averaging, the force balance of the

rough-wall channel flow may be written as

−H
d ⟨p̄⟩
dx

= τR + τ t, (10)

where ⟨p̄⟩, τR and τ t are the double averaged pressure, the total drag on

the rough wall (bed shear stress) and the top-wall viscous drag, respectively.

Here, the volume averaging is applied to the entire domain spanning between

x = x0 and xb shown in Fig. 1 (d). When the pressure drop is known, we

can easily estimate the total drag by Eq.(10). Otherwise, we have to find

another way to estimate the total drag. This is the case in this study.

For the k-type roughness schematically shown in Fig. 1 (b)(d), τR is the

sum of the averaged viscous drag τw, form drag τd and viscous drag by the
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flow through the porous rib τp. They are defined as

τw =
1

λdz

∫
C+R

(
µ
∂u

∂y
− ρu′v′ − ρūv̄

)
j · ds, (11)

τd =
1

λdz

∫
R

(
−p̄+ µ

∂u

∂x

)
i · dss, (12)

τp =
−1

λdz

∫
R

∂

∂y

(
µ
∂ū

∂y
− ρu′v′ − ρūv̄

)
dvf , (13)

where i and j are the unit vectors of the streamwise and wall-normal direc-

tion, respectively. The surface vector s represents a surface of the regions

C and R described in Fig. 1(d). The superscripts “s” and “f” denote

the solid and fluid phases, respectively. Note that although ρu′v′ = 0 and

ρūū = 0 on solid non-slip walls, it is not the case for porous surfaces and

thus Eq.(11) maintains them. For the fully developed flow condition, since∫
R

∂p̄
∂x
dv +

∫
C

∂p̄
∂x
dv = kλdz d⟨p̄⟩

dx
, Eq.(12) can be rewritten as

τd =
1

λdz

(
−
∫
R

∂p̄∗

∂x
dvs
)

=
1

λdz

(
−
∫
R

∂p̄∗

∂x
dv +

∫
R

∂p̄∗

∂x
dvf
)
,

=
1

λdz

(∫
C

∂p̄∗

∂x
dv +

∫
R

∂p̄∗

∂x
dvf
)
− k

d ⟨p̄⟩
dx

, (14)

where p̄∗ is defined as

p̄∗ = p̄− µ∂ū/∂x+ ρu′u′ + ρūū. (15)

To obtain the relationship among the drag terms, following Leonardi et al.

(2003) the Reynolds averaged Navier-Stokes equation for the streamwise ve-

locity is integrated over the fluid phase of the volume C bounded by consec-

utive roughness elements as

ρ

∫
C

(
∂u uj

∂xj

+
∂u′u′

j

∂xj

)
dv =

∫
C

(
−∂p̄

∂x
+ µ

∂2u

∂x2
j

)
dv, (16)
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which can be rewritten as

1

dz

∫
C

∂p̄∗

∂x
dv =

∫ xb

xa

(
µ
∂ū

∂y
− ρu′v′ − ρūv̄

)
yb

dx

−
∫ xb

xa

(
µ
∂ū

∂y
− ρu′v′ − ρūv̄

)
ya

dx, (17)

where ya, yb, etc. are shown in Fig. 1(d). The integration of the Reynolds

averaged Navier-Stokes equation for the streamwise velocity over the fluid

phase of the volume R is

ρ

∫
R

(
∂u uj

∂xj

+
∂u′u′

j

∂xj

)
dvf =

∫
R

(
−∂p̄

∂x
+ µ

∂2u

∂x2
j

)
dvf , (18)

which can be rewritten as∫
R

∂p̄∗

∂x
dvf =

∫
R

∂

∂y

(
µ
∂ū

∂y
− ρu′v′ − ρūv̄

)
dvf︸ ︷︷ ︸

−τpλdz

. (19)

Note that when the rib material is impermeable, obviously
∫
R

∂p̄∗

∂x
dvf = 0.

For τw, Eq.(11) can be rewritten as

τw =
1

λ

[∫ xa

x0

(
µ
∂u

∂y
− ρu′v′ − ρūv̄

)
yb

dx+

∫ xb

xa

(
µ
∂u

∂y
− ρu′v′ − ρūv̄

)
ya

dx

]
.

(20)

Consequently, using Eqs.(14), (17), (19) and (20), the total drag τR is

τR = τd + τw + τp =
1

λ

∫ xb

x0

(
µ
∂u

∂y
− ρu′v′ − ρūv̄

)
yb

dx− k
d ⟨p̄⟩
dx

,

= µ
∂[ū]

∂y

∣∣∣∣
yb

− ρ
[
u′v′
]
yb
− ρ [˜̄u˜̄v]yb − k

d ⟨p̄⟩
dx

. (21)

where 1
λ

∫ xb

x0
ϕdx is the superficial plane averaging and 1

λ

∫ xb

x0
ϕdx = [ϕ]. Note

that the plane averaging to ρūv̄ produces [ρūv̄] = ρ[ū][v̄] + ρ[˜̄u˜̄v]. The plane
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averaged wall-normal velocity [v̄] is zero and hence only the dispersion shear

stress ρ[˜̄u˜̄v] remains. With Eq.(10), τR is finally expressed as

τR =
1

H − k

{
H

(
µ
∂[ū]

∂y

∣∣∣∣
yb

− ρ
[
u′v′
]
yb
− ρ [˜̄u˜̄v]yb

)
+ kτ t

}
. (22)

Since at y = yb, the superficial averaged values are equivalent to the fluid

phase averaged values: [·] = [·]f , we can apply the measured fluid phase plane

averaged values to Eq.(22) to obtain the total drag τR. However, Eq.(22)

can be rewritten as

τR + τ t

H
=

(
µ∂[ū]

∂y

∣∣∣
yb
− ρ

[
u′v′
]
yb
− ρ [˜̄u˜̄v]yb

)
+ τ t

H − k
. (23)

which suggests that we can obtain τR by simply extrapolating the profile

of the sum of the Reynolds and dispersion shear stresses to the location at

y = 0.
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Table 1: Characteristics of the porous media; φ, Dp, K, CF and Dp/k are porosity, mean

pore diameter, permeability, Forchheimer coefficient and the ratio of mean pore diameter

to roughness height k, respectively.

Porous Med. φ Dp(mm) K(mm2) CF (mm) Dp/k

#30 0.78 0.9 0.004 0.009 0.30

#20 0.82 1.7 0.020 0.024 0.57

#13 0.81 2.8 0.033 0.018 0.93
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Table 4: Roughness parameters for solid impermeable case by the classical method; ∆U+,

kN+
s and uN

τ are obtained by Eqs. (1) and (3).

Case Reb ∆U+ kN+
s uN

∗ /u∗

solid 5000 12.7 880 1.10

10000 14.9 1540 1.07

14900 15.1 2180 1.08

20600 14.9 2970 1.02
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Figure 1: Experimental set-up: (a) schematic view of the flow facility, (b) cross-sectional

view of the test section, (c) schematic view of the test section, (d) schematic view of the

rib roughness and definitions of geometrical parameters: XF and XR correspond to the

location of ū = 0 nearest upstream and downstream rib, respectively.
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Figure 2: Streamlines of solid-rib roughened cases: (a, b) case solid at Reb ≃ 5000, 14900,

(c, d) case #30s at Reb = 5400, 14100, (e, f) case #20s at Reb = 4800, 15200, (g, h) case
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Figure 6: Plane averaged mean turbulence statistics of cases solid at Reb = 5000− 20600

and #30s at Reb = 5000− 14100: (a, b) mean velocity, (c, d) streamwise rms velocity and

velocity dispersion, (e, f) wall-normal rms velocity and velocity dispersion, (g, h) Reynolds

shear stress and dispersion shear stress.
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Figure 7: Plane averaged mean turbulence statistics of cases #20s at Reb ≃ 4800− 21000

and #13s at Reb = 5000− 20300: (a, b) mean velocity, (c, d) streamwise rms velocity and

velocity dispersion, (e, f) wall-normal rms velocity and velocity dispersion, (g, h) Reynolds

shear stress and dispersion shear stress.
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Figure 8: Plane averaged mean turbulence statistics of cases solid, #30s and #13s at

Reb ≃ 15000: (a) mean velocity, (b) Reynolds shear stress and dispersion stress, (c)

streamwise rms velocity, (d) wall-normal rms velocity, (e) streamwise velocity dispersion,

(f) wall-normal velocity dispersion.
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Figure 9: Streamlines of porous-rib roughened cases: (a, b) case #30p at Reb =

5000, 15300, (c, d) case #20p at Reb = 5400, 14900, (e, f) case #13p at Reb = 4900, 14900

.
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Figure 10: Decomposed Reynolds shear stress at y/k ≃ 0.33, Reb ≃ 15000: (a) case #30p,

(b) case #13p, (c) comparison of Q4 of cases #13s, #13p and #30p.
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Figure 11: Plane averaged mean turbulence statistics of cases #30p at Reb = 5000−20400,

#20p at Reb = 5400 − 19900 and #13p at Reb = 4900 − 19900: (a, b, c) mean velocity,

(d, e, f) streamwise rms velocity and velocity dispersion, (g, h, i) wall-normal rms velocity

and velocity dispersion, (j, k, l) Reynolds shear stress and dispersion shear stress.

50



0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

 #13s

 #13p

 

 

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.1

0.2

0.3

  #13s

  #13p

 

 

0.0 0.2 0.4 0.6 0.8 1.0

0.00

0.01

0.02

  #13s

  #13p

 

 

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.1

0.2

0.3

  #13s

  #13p

 

 

�/� �/�

(c)

(a)

(d)

(b)

�

�

/
�

�

�/� �/�

�
�

�

�

�

�

/
�

�

�

���
�̅�

�

/
�

�

�

�̅

�

���

�

���

���

�

���

�

���

�

��

�

�̅

�

��

�

�

�

�

�

�

�

�

/
�

�

���
���

�

�

/
�

�

�

�

�

�

�

/
�

�

�̅�
�̅�

�

�

/
�

�

Figure 12: Plane averaged mean turbulent statistics of cases #13p and #13s at Reb ≃

15000: (a) mean velocity, (b) Reynolds and dispersion shear stresses, (c) streamwise rms

velocity and velocity dispersion, (d) wall-normal rms velocity and velocity dispersion.
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Figure 13: Plane averaged mean turbulent statistics of cases#30p, #20p and #13p at

Reb ≃ 15000: (a) mean velocity, (b) Reynolds and dispersion shear stresses, (c) streamwise

rms velocity, (d) wall-normal rms velocity, (e) streamwise velocity dispersion, (f) wall-

normal velocity dispersion.
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Figure 14: Variation of the zero-shear stress point and the maximum mean velocity loca-

tion: (a) zero-shear stress point y0, (b) maximum mean velocity location ym. H-L and I-D

corresponds to Hanjalić and Launder (1972) and Ikeda and Durbin (2007), respectively.
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Figure 15: Mean velocity distribution in semi-logarithmic chart: (a) case solid fitted to

Eq.(1), (b) comparison of the profiles fitted to Eq.(4) for cases solid #30s and #13s. Red

lines are fitting lines.
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Figure 16: Mean velocity distributions in semi-logarithmic chart: (a) case solid, (b) case

#30s, (c) case #30p, (d) case #20s, (e) case #20p, (f) case #13s, (g) case #13p. Red

lines are fitting lines of Eq.(4).
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Figure 17: Distributions of log-law parameters against the friction Reynolds number Reτ ;:

(a) von Kármán constant, (b) zero-plane displacement, (c) roughness scale. In (b) the red

chain line corresponds to the mean roughness height: 0.9k.
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Figure 18: Distributions of roughness parameters: (a) equivalent sand grain roughness

k+s , (b) roughness function ∆U+. The blue chain line in (a) corresponds to the values for

case solid obtained with the bed shear stress. Red lines in (a) and (b) correspond to the

profiles of kN+
s and ∆U+ for uniform sand roughness by Schlichting (1979), respectively.
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Figure 19: Variation of drag coefficient against the bulk Reynolds number.
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