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Direct numerical simulations of porous-walled channel flows with computational do-
main size constraints were performed to clarify the role of spanwise rollers associated with
the Kelvin—Helmholtz instability on turbulent flows over a porous wall. The constraints
of the domain size, which effectively hindered the development of the spanwise roller
sustaining the near-wall turbulent motions, were imposed to isolate the effects of the near-
wall turbulent motions and spanwise rollers. For each domain case, we considered thick
and thin porous walls to isolate the effects of surface roughness and vertical permeability.
It is found that the surface roughness plays a principal role in the modification of near-wall
turbulent motions, including streaks and longitudinal vortices, whereas vertical permeabil-
ity is essential for the development of spanwise rollers with streamwise alternating low-
and high-speed regions. The spanwise roller contributes to an increase in the skin friction
coefficient at the porous wall, and considerably increases the turbulence intensities deep
inside the porous wall. The discussion in the logarithmic region based on the extended
Jackson model reveals that the von Kdrman constant is increased in the presence of the
spanwise rollers, which is considered to reflect an increase in the characteristic vortex size
owing to the spanwise rollers. The increase in the mixing length due to the role of the
spanwise roller can be reasonably predicted by the classical mixing-length model with an
increased von Kdrmén constant.

DOI: 10.1103/PhysRevFluids.7.084606

I. INTRODUCTION

A turbulent flow over permeable porous walls is a problem inherent to many engineering applica-
tions of interest because porous media have a large contact area per volume, enabling considerable
heat and mass transfer. Porous media have applications in numerous fields of engineering, such as
in gas diffusion layers in proton exchange membrane fuel cells, catalytic converters for automobile
exhaust systems, transpiration cooling systems, and heat exchangers. In addition, in the context
of the geophysical and environmental fields, the flows over vegetation and urban canopies and
natural river beds can also be categorized as porous wall turbulence. In studies on turbulent flows
around porous media, particular interest is focused on the effect of characteristics of porous media
on turbulent boundary layers over a porous wall because the modification of turbulence strongly
depends on characteristics of porous media.

One of the primary interests of turbulent boundary layers with porous walls is the penetration
effect of flows inside a porous wall. The enhanced momentum exchange across the porous wall inter-
face is not only due to turbulence enhancement by surface roughness but also due to the relaxation of
the wall-blocking effects. To quantify flow penetration inside a porous wall, the permeability tensor
is commonly used, which is defined in the convection theory for porous medium flow proposed
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by Darcy [1]. For isotropic porous media in which the diagonal components of the permeability
tensor are the same, numerical and experimental studies [2—6] reached the same conclusion that
the turbulence over a porous medium wall is enhanced with increasing wall permeability. The
experiments of turbulent flows over ceramic foams with different permeabilities by Suga et al. [3]
revealed that the parameters related to the logarithmic mean velocity profiles are closely associated
with the permeability Reynolds number, which is supported by other experimental studies [5]
and direct numerical simulation (DNS) studies [7,8]. For anisotropic porous media, Kuwata and
Suga [7] reported that the streamwise component of a permeability tensor plays a crucial role
in turbulence enhancement rather than the wall-normal component. Conversely, Gomez-de-Segura
et al. [9] and Rosti et al. [10] reported that turbulence reduction can be achieved for the streamwise
preferential permeable walls with an excessively low wall-normal permeability because such porous
walls induce slip velocity at the porous/fluid interface with a suppression of the turbulent eddy
penetration.

Another interesting characteristic of porous wall turbulence is the presence of spanwise rollers,
which has received much attention over the past decades [2,11-14]. Previous experimental studies
on the role of the spanwise roller in canopy turbulence in Refs. [11,12] showed that the flow over
vegetation canopies behaves as a plane-mixing layer rather than a boundary layer because of the
presence of the Kelvin—Helmholtz (K-H) type of instability originating at an inflectional point
of the streamwise mean velocity. This mixing layer hypothesis provides a reasonable explanation
for the many distinctive features of canopy turbulence, including turbulent transport, sweep and
ejection motions, and turbulent length scales. However, owing to a limitation of the available data
for experiments, a full appreciation of the characteristics of the spanwise roller is not possible. Thus,
DNS may be an alternative tool to shed light on the nature of the spanwise roller.

The DNSs with modeled porous walls in Refs. [2,15,16] confirm that turbulent flows over highly
permeable porous walls are dominated by relatively large-scale turbulent motions associated with
the spanwise rollers. The presence of the spanwise rollers has also been identified in DNSs with
resolved porous walls [6-8,17,18]. Kuwata and Suga [6,17] demonstrated that the turbulence near
the porous wall is characterized by streamwise alternating high- and low-speed regions modulated
by the spanwise rollers. This turbulent motion delivers energy to the porous wall through pressure
diffusion, thereby enhancing turbulence inside the porous wall [2,17,18]. Furthermore, the enhanced
redistribution process increases the wall-normal Reynolds stress over the porous wall, which, in turn,
strengthens the Reynolds shear stress [17].

Regarding the length scale of the spanwise roller, Refs. [7,8,19] reported that the characteristic
wavelength of the streamwise perturbation modulated by the spanwise rollers was approximately
three to five times as large as the boundary layer thickness. Although the characteristic length scale
depends on its determination procedure to a certain extent, other DNS studies [2,15,18] also showed
that the characteristic length was of the order of several boundary layer thicknesses. The similar
conclusion was drawn for the open channel flow over gravel beds [20,21]. For a canopy flow, which
behaves quite similar to the plane-mixing layer rather than the boundary layer, Raupach et al. [12]
reported that the wavelength of the spanwise roller can be scaled by the shear layer thickness,
which is analogous to the vorticity thickness for the plane-mixing layer. This shear length scale has
the same order of the boundary layer thickness for aquatic vegetation, whereas it is comparable to
the canopy height for a terrestrial canopy where the canopy turbulence is unconfined [12,22].

The DNS and experimental studies have reached a consensus that the spanwise rollers associated
with the K-H instability play a vital role in the turbulence and momentum transport across the
porous/fluid interface. However, the turbulent flows over porous walls include near-wall turbulent
vortices as well as relatively large-scale spanwise rollers, both of which are expected to be affected
by the surface roughness and wall permeability. This complexity makes it difficult to identify the
role of the spanwise rollers and the effects of the surface roughness and wall permeability. The goal
of this study is to identify the role of the spanwise rollers associated with K-H instability and clarify
how surface roughness and wall permeability alter turbulent flows over porous walls. Specifically,
this study focuses on the effects of the vertical permeability of an isotropic porous medium, which
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are related to the wall-blocking effects of near-wall turbulence [3]. To this end, a series of DNSs
of porous-walled channel flows with computational domain size constraints was performed for
thick and thin porous walls. A thin porous wall over an impermeable solid wall was used to
isolate the effects of the surface roughness and vertical permeability, as in Refs. [6,23,24]. For
the constraints of the domain size, we considered the streamwise- and spanwise-reduced domains
to artificially manipulate the spanwise rollers. The streamwise-reduced domain was designed such
that the spanwise rollers do not develop over a porous wall, whereas the spanwise-reduced domain
generates artificially enhanced spanwise rollers owing to an insufficient spanwise domain.

II. NUMERICAL METHOD

In this study, DNSs were performed using the lattice Boltzmann method (LBM) where the
time evolution of the particle density distribution functions was solved based on the gas kinetic
theory. The governing equation of the LBM is the lattice Boltzmann equation, which is proven to
recover the continuity and Navier-Stokes equations in second-order accuracy in space and time.
The nature of its low numerical dissipation and dispersion leads to success in the LBM-DNS of
canonical turbulent flows [25-27]. Notably, the separation of the local and nonlocal computations
offers a significant advantage over conventional computational fluid dynamic solvers in terms of the
efficiency of parallel computation [28-30]. Furthermore, LBM is particularly suitable for dealing
with a flow in a complicated geometry because of the considerable simplicity and high accuracy
of curved wall treatments. The above-mentioned advantages motivate us to perform LBM-DNS of
complex turbulent flow problems, such as flows over and/or inside porous media [6,31,32], flows
over rough walls [33-36], and particle-laden flows [37-39].

For three-dimensional flow simulations using the LBM, there are several possible choices for
discrete velocity models and collision operations. Following previous DNS studies by the author’s
group [6,7,35,40], we chose the D3Q27 multiple-relaxation-time lattice Boltzmann method (MRT-
LBM), in which the lattice Boltzmann equations are discretized into 27 discrete velocity components
and each moment is relaxed toward the equilibrium state with optimized relaxation factors (a
full description of the numerical method is provided in Ref. [26]). Note that the MRT-LBM was
rigorously validated through turbulent channel and pipe flows [26], and has been successfully
applied to turbulent flows over porous and rough walls [35,40—42]. Indeed, the present numerical
scheme produced results in excellent agreement with the experimental data for turbulent flows in a
porous medium [26], in a porous-walled channel [7], and in a square duct partially filled with a rod
array [42].

III. FLOW CONFIGURATION AND COMPUTATIONAL DETAILS
A. Flow geometry

The configuration of a porous-walled channel flow is presented in Fig. 1, where H and h are
the channel and porous wall heights, respectively. An impermeable solid wall was considered for
the top and bottom walls at y = H and y = —h, respectively, whereas the porous wall in —h <y <
0 was modeled as arrays of Kelvin cells (polyhedron with six square faces and eight hexagonal
faces [43]). The flow was periodic in the streamwise (x) and spanwise (z) directions. A streamwise
pressure difference was prescribed to drive the flow. For the baseline case, the computational domain
of L,(x) x (H+ h)(y) x L,(z) with L, = 6H and L, = 3H was considered, and the porous wall
thickness was given as # = H, which is sufficient to neglect the effect of the bottom wall [6,7]. Note
that the domain size of the baseline case is the same as or larger than those used in the previous
DNS studies [2,6-8,15,44]. Kuwata and Suga [7] reported that this domain size adequately captured
spanwise rollers due to K-H instability, and doubling the domain size in the x and z directions
yielded a negligible change in the turbulence statistics.

In this study, the effects of the spanwise rollers arising from K-H instability were examined by
controlling the spanwise rollers with the constraints of the computational domain and the porous

084606-3



YUSUKE KUWATA

FIG. 1. Configuration of a porous-walled channel flow.

wall thickness. As for the computational domain, we additionally considered the streamwise-
reduced domain by a factor of 6 (L, = H) and the spanwise-reduced domain by a factor of 3
(L, = H). Because the size of the reduced domains was sufficiently large to capture the minimal
flow unit of the near-wall turbulent vortices [45], the near-wall structures including streaks and
longitudinal vortices were sustained for the reduced domain. Nevertheless, as the domain size was
too small to properly accommodate the spanwise rollers, the spanwise rollers were not developed
for the streamwise-reduced domain but artificially enhanced for the spanwise-reduced domain,
which will be discussed in Sec. IV A. This enables us to discuss the isolated role of near-wall
turbulent vortices and the spanwise rollers. Following the studies in Refs. [6,23,24], two porous wall
thickness cases were considered for each case to isolate the effects of surface roughness and vertical
permeability: one was the case with iz = H, and the other was the case with 4~ = H/3. For the thin
porous wall cases, the vertical turbulent flow motion across the porous/fluid interface is attenuated
by the solid wall beneath the porous wall, resulting in a reduction in vertical permeability. Note,
however, that it is difficult to perfectly distinguish between the effects of surface roughness and
permeability. The effects of porous and rough walls are usually modeled as in a similar manner in the
framework of the spatially averaged Navier-Stokes equation [2,46,47]. Consequently, we considered
six simulation cases with different computational domain sizes and porous wall thickness, as shown
in Fig. 2. In the following, for the sake of brevity, cases were named according to AxBz-C, where
A = L,/H is the streamwise domain length, B = L,/H is the spanwise domain length, and C is
either “thin” (h = H/3) or “thick” (h = H), as shown in Fig. 2.

B. Porous medium

To mimic the porous foam, the porous wall was modeled as a regular structure with a so-called
Kelvin cell [43]. The Kelvin cell structure is commonly used for modeling porous media [48-52].
It was reported that the hydrodynamic characteristics of the Kelvin cell were similar to those of
a real porous foam [49,52]. Figure 3 depicts a single unit of the Kelvin cell used in this study. A
circular cylinder was considered for the ligament of the Kelvin cell structures, and the diameter of
the cylinder, D, was adjusted such that the porosity of the Kelvin cell becomes ¢ = 0.95, assuming
a high-porosity metal [53]. Here, the porosity ¢ is defined as the ratio of the fluid phase volume V;
occupied within the unit cell to the volume of the unit cell, V = L3, that is, ¢ = V;/V.The resulting
diameter is D = 0.0909L, where L is the size of the Kelvin cell. In the present coordinate system,

084606-4



ROLE OF SPANWISE ROLLERS BY KELVIN-HELMHOLTZ ...

(a) 6x3z-thick (b) 6x3z-thin

(c) 6x1z-thick

FIG. 2. Flow geometry of the DNSs: (a) case 6x3z-thick, (b) case 6x3z-thin, (c) case 6x1z-thick, (d) case
6x1z-thin, (e) case 1x3z-thick, and (f) case 1x3z-thin.

as shown in Fig. 3, the diagonal components of the permeability tensor of the Kelvin cell are the
same, K = K1 = K» = K33, and the off-diagonal components K;; = 0 (i # j) are zero.

A preliminary simulation of the fully developed porous medium flows yielded the permeability
of K/L* = 1.7 x 1072, The size of the single unit of the Kelvin cell was set to L = H/3 as shown in
Fig. 1. Hence, the thick porous wall was composed of three Kelvin cell layers as shown in Figs. 2(a),
2(c), and 2(e), whereas a single Kelvin cell layer was used for the thin porous wall as shown in
Figs. 2(b), 2(d), and 2(f). The total number of Kelvin cells for the baseline case of 6x3z-thick
results in 18(x) x 3(y) x 9(z). The single unit of the Kelvin cell was resolved by 110 grid points
along each direction, and the cross section of the circular ligament was resolved by approximately
10 x 10 grids.

C. Flow conditions and computational details

We conducted simulations using a fixed streamwise pressure difference so that the friction
Reynolds number based on the average friction velocity #, and channel height H was Re, = 630
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FIG. 3. A single unit of the Kelvin cell structure.

(the definition of u, is presented in Sec. IIIE). In terms of the computational grid, the LBM
is generally discretized with the equal spacing regular grid, which requires prohibitively high
computing resources for handling the entire computational domain with a sufficiently fine grid
resolution. To resolve this problem, we applied the local grid refinement technique proposed by
Kuwata and Suga [54] as in previous DNSs [6-8,35,41]. We allocated a doubly refined grid around
the porous wall of —h <y < 0.14H to properly resolve the geometry of the porous wall and
fine-scale eddy motions above the porous wall. Note that the grid interface position of y = 0.14H
corresponds to approximately 100 porous wall units off from the porous wall, where the porous wall
unit is defined as v/u? with u? being the friction velocity at the porous wall (see Sec. IILE for the
definition of u?).

The grid resolution near the porous wall was determined such that the grid spacing was ap-
proximately 2 porous wall units, as in the previous lattice Boltzmann DNS studies by Kuwata
and Suga [6]. The resulting total number of grid points for the baseline case (6x3z-thick) is
approximately 8 x 108. The grid resolution is comparable to that in the geometry-resolved porous
or rough wall turbulence DNSs with the same numerical scheme [6,7,35,40,42,55]. Hence, the
grid resolution is expected to be sufficiently fine to resolve fine-scale eddies and complicated wall
geometries. Nevertheless, to establish grid independence, we conducted a grid sensitivity study. A
comparison between the results with the resolutions of 1.8 and 2.4 porous wall units confirmed that
relative differences in the local mean velocity and streamwise turbulence intensity profiles were at
most 0.7% and 3.7%, respectively. The difference in the skin friction coefficient was found to be
approximately 0.5%.

D. Averaging procedure

Unlike DNSs with volume-averaged governing equations with the prescribed drag force model
[2,9,10,56], we exactly resolved the geometry of the porous wall, resulting in spatially inhomoge-
neous turbulence statistics in the x-z plane near the porous wall. To statistically discuss flows from
a macroscopic viewpoint, we introduce spatial averaging. For spatial averaging, it is common to
employ volume averaging [44,57]. However, for the thin porous wall cases, there is no sufficient
scale separation between the porous wall thickness /& and the size of the volume of averaging
(representative elementally volume), L, that is, 2 = L. This makes it impossible to obtain profiles
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of volume-averaged values inside the porous wall. Therefore, in this study, we alternatively discuss
the variable averaged over the x-z plane as follows [6]:

)00 = / B0r vz dxdz, (9 0u) = —— / $@r.y.2.0dxdz, (1)
A Sy S Ay Jy Jz

where x; and z; denote the positions of the fluid phase, and (¢) and (¢) represent the superficial

and intrinsic (fluid phase) averaged values, respectively. Intrinsic averaging is the averaging over

the x-z plane occupied by the fluid phase. The plane porosity is ¢(y) = Af(y)/A, where A = L, L. is

the x-z plane area, and A((y) is the fluid phase area containing a certain x-z plane. The dispersion

from the intrinsic averaged value is denoted by ¢ = ¢ — (¢)”.

In addition, as the variable also fluctuates in time, we consider Reynolds averaging. The
Reynolds-averaged value of a variable ¢ is denoted as ¢, and ¢’ denotes the fluctuation from the
Reynolds-averaged value: ¢’ = ¢ — ¢. For Reynolds averaging, statistical variables are assembled
over a period of 6007 (where T = H /U, is the convection time), after the flow has reached a fully
developed state. Note that the bulk mean velocity U, is defined as U, = Q./H, where Q. is the flow
rate in the clear flow region of y > 0.

E. Flow characteristic parameters

For the present flow configuration, in which the flow is bounded by a porous and solid wall, the
friction velocity is not unique. For the top solid wall, we can directly compute the wall shear stress
at the wall, 7;, and the friction velocity at the solid wall is simply given as u] = ,/t3 /p. For the
wall shear stress at a porous wall, following Refs. [6,8,47], we computed the average wall shear
stress at the porous wall from the streamwise momentum balance between the pressure drop AP
and the averaged wall shear stress 7}, = p(u? )2 as follows:

LL.(t? + ) = HL.AP. 2
This yields
» AP s
Ty = H L — Ty 3)

‘X

In this study, we performed simulations with a constant streamwise pressure difference; i.e., the
averaged wall shear stress 7, = (ti) + t2)/2 is fixed as

_HAP
T2 L

Tw

“4)

The wall shear stress at the porous wall, 7/, defined in Eq. (3) corresponds to the total shear stress
at the porous/fluid interface. This definition is consistent with those used in the canopy flow [13,58]
and porous-walled channel flow [2,3,6]. In what follows, the superscripts “()?*” and “()™ stand for
the value nondimensionalized with uf and u., respectively.

A difference in the wall conditions for the top and bottom walls resulted in an asymmetry of the
mean velocity profile in the clear flow region of 0 < y < H. This leads to different boundary layer
thicknesses for the porous and top wall sides. The boundary layer thickness for the porous wall side
is defined as the distance from the porous/fluid interface to the location where the total shear stress
becomes zero as in Ref. [2]. Given that the total shear stress profiles are linear in terms of y, the
boundary layer thicknesses for the porous §, wall side is given as follows:

P
§ = ™ (5)

p P
o + Tw
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TABLE 1. Flow characteristics of the simulation. The skin friction coefficient at the porous wall, Cf =
©2/(0.50U2), that at the solid wall, C b =1,/0.5 pU2), the ratio of the wall shear stress at the porous wall to
that at the solid wall, t2/z], the streamwise length in wall units, L’*, and the spanwise length in wall units,
LP*, are included.

Case C{(x107%) CH(x1072) /TS Lyt Lr+
1x3z-thin (streamwise reduced) 2.7 0.99 2.7 760 2279
6x1z-thin (spanwise reduced) 2.7 0.98 2.7 4562 760
6x3z-thin (full) 33 1.05 3.1 4646 2323
1x3z-thick (streamwise reduced) 2.7 0.99 2.7 760 2279
6x1z-thick (spanwise reduced) 5.1 1.16 4.4 4819 803
6x3z-thick (full) 4.7 1.24 3.8 4760 2380

IV. RESULTS AND DISCUSSIONS
A. Global flow characteristics

Before discussing profiles of the turbulence statistics, we first discuss the flow characteristic
parameters and the inner-scaled domain size in Table I, where the skin friction coefficient at the
porous wall is C; = r£/(0.5pUb2), that at the solid wall is C‘; = r,f)/(O.S,osz), the ratio of the wall
shear stress at the porous wall to that at the solid wall is t;,/7:, the streamwise length in wall units
is L™, and the spanwise length in wall units is L?*. For all cases, the wall shear stress at the porous
wall is several times as large as that at the solid wall (z}/t] = 2.7-4.4), which is considered to
be due to the role of surface roughness as well as wall permeability. Note that the permeability
Reynolds number is approximately Regx = u?/K /v ~ 33, and this value is much higher than the
threshold value of 3.0 [3], suggesting that the wall permeability under consideration is sufficiently
large to affect turbulence over a porous wall. Regarding the computational size for the reduced-
domain cases, the inner-scaled spanwise and streamwise lengths are L’ = 760, 803 (cases 6x1z)
and LT = 760 (cases 1x3z), respectively. This is sufficiently large to capture the minimal flow unit
[45]; the minimal spanwise extent that can capture a single set of wall structures is approximately
100 wall units, whereas the minimal streamwise period is within the range of approximately 250-
350 wall units. Still, the reduced domain sizes are too small to properly reproduce the turbulence in
the logarithmic region [59-62].

For the thin porous wall cases, C? for the reduced-domain cases (1x3z and 6x1z) are similar and
are 24% lower than that for the full-domain case (6x3z). The lower skin friction coefficient value
for the reduced-domain cases can also be found for C*%, and this is owing to the insufficiency of
the domain size in the logarithmic region. Indeed, Jiménez and Moin [45] and MacDonald et al.
[61] reported that insufficient domain size results in an unphysical increase in the inner-scaled mean
velocity in the wake region, leading to a decrease in the skin friction coefficient.

For the thick porous wall cases, the thickening of the porous wall has little effect on Cﬁ for the

streamwise-reduced domain cases (1x3z), whereas it considerably increases CJ’} for the spanwise-

reduced domain (6x1z) and full-domain (6x3z) cases. Specifically, C? is increased by 93% for cases
6x1z and 43% for cases 6x3z. Interestingly, thickening of the porous wall also increases C} for the
spanwise-reduced (6x1z) and full-domain (6x3z) cases. A possible explanation for the increase in C J’f
is the role of the spanwise rollers associated with K-H instability, and an increase in C¥ indicates that
the influence of spanwise rollers extends beyond the boundary layer over the porous wall, as reported
by Kuwata and Suga [8]. There are several necessary conditions for the development of the spanwise
rollers, such as an inflectional point of the mean velocity profiles [12,15], a sufficient depth of porous
walls [6], and a sufficient domain size to accommodate the spanwise rollers. For case 1x3z-thick, the
streamwise length of L, /8, >~ 1.4 does not satisfy the requirement for the domain size because this
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FIG. 4. Snapshots of the streamwise velocity fluctuations normalized by u? in the x-z plane at y** ~ 10.

is much shorter than the characteristic wavelength of the spanwise roller A,/5, = 3-5.5 [7,8,19].
Therefore, it is conjectured that the spanwise rollers can develop only for cases 6x3z-thick and
6x1z-thick, which may be the primary reason for the considerable increases in Cy for these cases.
However, care should be taken when discussing the requirement for the domain size to accommodate
the spanwise rollers because the reduced domains do not yield a physically correct value for §,. We
will discuss the presence of the spanwise roller in the following section.

B. Flow structures

To obtain a physical understanding of the modification of C?, we now discuss the flow struc-
tures around thin and thick porous walls. Figure 4 presents snapshots of the streamwise velocity
fluctuations normalized by u? above the porous wall at y?* ~ 10. For the streamwise-reduced
cases 1x3z, no distinct difference in the turbulence structures between the thin and thick porous
wall cases is observed. In contrast, for the spanwise-reduced cases of 6x1z, a clear difference is
detectable between the thin and thick porous wall cases. For the thick porous wall case (6x1z-thick),
the streamwise elongated wall structure is absent, and the turbulence structure is organized into
streamwise alternating low- and high-speed regions. This streamwise perturbation is responsible
for the spanwise rollers associated with the K-H instability [2,6,13—15]. For the full-domain cases
of 6x3z-thick, we cannot observe such a distinct streamwise perturbation. However, the turbulence
structure for case 6x3z-thick is characterized by the relatively larger high- and low-speed regions
which have a connection in the spanwise direction rather than in the streamwise direction. This
turbulence structure is similar to that observed in DNSs on porous wall turbulence [2,6,8]. Hence,
the turbulence structure for case 6x3z-thick may be a signature of the spanwise rollers by the K-H
instability.

The spanwise roller structure associated with the streamwise perturbation by K-H instability can
also be identified from snapshots of the pressure fluctuations along with the fluctuating velocity
vectors for the full-domain cases in Fig. 5 where the velocity and pressure fluctuations are averaged
over the spanwise direction. Here, spanwise averaging is taken in order to diminish the fine-scale
turbulent motions, highlighting the fluctuations associated with the streamwise perturbations modu-
lated by the spanwise rollers [19]. Apparently, for thick porous wall cases of 6x3z-thick in Fig. 5(a),
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FIG. 5. Snapshots of the pressure fluctuations along with the fluctuating velocity vectors for (a) case 6x3z-
thick and (b) case 6x3z-thin. Here, [p'], in the figure indicates spanwise-averaged pressure fluctuations, and
spanwise averaging is also considered for the fluctuating velocity vectors.

the high- and low-pressure regions alternatively appear with the spanwise rollers. The flows are
dominated by intensified downwash and upwash flows accompanied by the spanwise rollers, which
may affect flows proximate to the top solid wall as well as the flows deep inside the porous wall.
As shown in Table I, the thickening of the porous wall modifies the skin friction coefficient at the
solid wall; i.e., C} for case 6x1z-thick is 18% larger than that for case 6x1z-thin. This agrees with
the findings in Ref. [8] that the influence of the spanwise rollers by K-H instability was not confined
near the porous wall but extends beyond the boundary layer over the porous wall. In contrast, for the
thin porous wall cases as shown in Fig. 5(b), no such spanwise rollers are visible, and the pressure
fluctuations are much weaker in comparison with the thick porous wall case. These observations
confirm that the spanwise rollers develop only for the thick porous wall cases.

To quantitatively discuss the flow structure over the porous walls, Fig. 6 presents two-
dimensional premultiplied spectra of streamwise velocity fluctuations over the porous walls at
yP*T ~ 10. It is evident from Fig. 6(a) that for the streamwise-reduced domain (1x3z) cases, the
porous wall thickness has little effect on the energy spectra. Considering that the spanwise roller
is absent for these cases, we can conclude that the near-wall turbulent motions related to the
streaks and longitudinal vortices are predominantly altered by surface roughness rather than vertical
permeability. Conversely, for the other cases of 6x1z and 6x3z in Figs. 6(b) and 6(c), the energy
spectra for the thick porous wall case is quite different from that for the thin porous wall case.
For the thick porous wall cases, the energy spectra for the longer wavelength region become
more energetic. The maximum peak location for the energy spectra for the full domain (6x3z)
is (A}, 2}) = (2390, 2400), and this streamwise wavelength corresponds to /8, = 3.8. This is
within the range of the characteristic wavelength of the K-H instability of A,/8, = 3-5.5 [7,8,19],
demonstrating the presence of the spanwise rollers for case 6x3z-thick. In addition, this implies that
the characteristic of the spanwise roller is similar to that observed for turbulence over other types of
porous media despite the fact that the size of the texture is considerably large and even comparable
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FIG. 6. Comparison of the one-dimensional streamwise premultiplied energy spectra of streamwise veloc-
ity fluctuations at y?* ~ 10 for (a) case 1x3z, (b) case 6x1z, and (c) case 6x3z. The contour line denotes the
results for the thick porous wall cases. The shaded contour denotes the thin porous wall cases. The open and
solid symbols indicate the maximum peak location of the spectra for the thin and thick porous wall cases.

to the channel height, i.e., L = H/3. For the spanwise-reduced domain case of 6x1z-thick, the
streamwise wavelength for the maximum wavelength is A,/5, = 2.5, which is slightly below the
lower band of the proposed range for the spanwise rollers, A,/6, = 3-5.5. This deviation may be
attributed to the insufficient spanwise domain length for case 6x1z-thick. The periodic boundary
conditions with the insufficient spanwise separation artificially increase the interaction of the
spanwise rollers. The spectral analysis reveals that the spanwise rollers do not develop over thin
porous walls, even for the spanwise-reduced domain case, demonstrating that sufficient vertical
permeability, i.e., relaxation of wall blocking, is one of the necessary conditions for the development
of spanwise rollers.

In summary, for the presently simulated cases, it was confirmed that the spanwise rollers develop
only for cases 6x3z-thick and 6x1z-thick. In the following discussion, we will see how the spanwise
rollers influence the turbulence statistics.

C. Standard turbulence statistics

Figure 7 shows profiles of the x-z plane-averaged streamwise mean velocity (#) normalized by
the average friction velocity u,. For comparison, the DNS data for a smooth wall at Re, = 590
from Vreman and Kuerten [63] are included. Note that this Re; value is comparable to the friction
Reynolds number for a porous wall side for the present cases: Re? = u?§,/v = 550-630. The
figure shows that for all cases, the profile of ()™ is lower than that of the smooth wall result and
exhibits a strong asymmetry owing to the increased wall shear stress at a porous wall. In Fig. 7(a),

(a) (b) (c)
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FIG. 7. Profiles of the streamwise mean velocity (u)": (a) streamwise-reduced domain cases (1x3z),
(b) spanwise-reduced domain cases (6x1z), and (c) full-domain cases (6x3z). The DNS result for the smooth
wall from Vreman and Kuerten [63] is included.
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FIG. 8. Profiles of the Reynolds stresses around the porous wall: (a) streamwise component for thin porous
wall cases, (b) wall-normal component for thin porous wall cases, (c) off-diagonal component for thin porous
wall cases, (d) streamwise component for thick porous wall cases, (e) wall-normal component for thick porous
wall cases, and (f) off-diagonal component for thick porous wall cases. The values are normalized by the
friction velocity at the porous wall, u”.

for the streamwise-reduced domain cases (1x3z) where the spanwise roller is absent, the profiles for
the thick and thin porous wall cases collapse perfectly, and the mean velocity profile is unaffected
by the porous wall thickness. By contrast, for the spanwise-reduced cases (6x1z) in Fig. 7(b) and
the full-domain cases (6x3z) in Fig. 7(c), the dependence of the porous wall thickness on (@)% is
clearly visible. For both cases, the profile over the thick porous wall is lower than those over the
thin porous wall, resulting from an increased skin friction coefficient at the porous wall, as observed
earlier in Table 1. Given that the spanwise rollers develop only for cases 6x1z-thick and 6x3z-thick,
this modification is due to the role of the spanwise rollers.

To gain more insight into the effects of the domain size and porous wall thickness on turbulence,
we focus on the Reynolds stress near the porous wall. Figure 8 shows profiles of the Reynolds stress
components, which are normalized by the friction velocity at the porous wall #?. For comparison,
the DNS data for a smooth wall at Re; = 590 from Vreman and Kuerten [63] are included. For
the thin porous walls in Figs. 8(a)-8(c), the first notable observation is that the profiles near the
thin porous walls are insensitive to the domain size. Interestingly, this observation may be similar
to that reported by DNS studies of the minimum channel for rough-wall turbulent flows [61,64,65],
which demonstrated that the hydraulic behavior near a rough surface predominantly depends on the
roughness geometry and is not significantly affected by the width of the spanwise domain length as
far as the spanwise domain is sufficiently large to fully immerse the representative single roughness
element. Furthermore, the absence of the maximum peak value of the streamwise component in
Fig. 8(a) maintaining the strength of the wall-normal component in Fig. 8(b) can also be found for
the rough wall turbulent boundary layer [35,66—70]. These observations suggest that the thin porous
wall under consideration is likely to behave as a rough wall.

For thick porous walls, as shown in Figs. 8(d)-8(f), the modification of the Reynolds stress
appears qualitatively similar to that of the thin porous wall cases. However, the distinct disparity
between the thin porous wall cases is that the domain size for the thick porous wall cases has a
substantial influence on the Reynolds stress. Inside the porous wall (y < 0), the Reynolds normal
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stresses in Figs. 8(d) and 8(e) are the largest for the spanwise-reduced domain case (6x1z), followed
by the full-domain case (6x3z), and the smallest for the streamwise-reduced domain case (1x3z).
Over the porous wall (y > 0) for cases 6x1z-thick and 6x3z-thick, the increase in the wall-normal
component while decreasing the streamwise component is more prominent than the results for case
1x3z-thick. The increase in the wall-normal component around the porous wall is most likely a
result of the spanwise rollers. Kuwata and Suga [17] reported that the spanwise rollers enhanced
the pressure-velocity correlation terms, namely, the redistribution and pressure diffusion terms. The
enhanced redistribution term over the porous wall increases the wall-normal Reynolds stress while
decreasing the streamwise component, and the enhanced pressure diffusion term inside the porous
wall transfers the energy over the porous wall toward deep inside the porous wall. Indeed, the
increase in the wall-normal component is the most notable for case 6x1z-thick where the strong
spanwise rollers are artificially induced by the periodic conditions with an insufficient separation as
observed in Fig. 4.

Although the Reynolds normal stresses are sustained in Figs. 8(d) and 8(e), the Reynolds shear
stress in Fig. 8(f) rapidly decays to zero in the first Kelvin cell layer of —1 < y/L < 0. This is
because of the absence of the mean shear deep inside the porous wall. Note that, although a
direct comparison is not shown here, the profiles for cases 1x3z-thick and 1x3z-thin are almost
indistinguishable. That is, in the absence of the spanwise roller, an increase in wall thickness (i.e.,
increase in the vertical permeability) has no major influence on the near-wall turbulence.

D. Logarithmic mean velocity profiles

Although the previous section concentrates on the flow characteristics around and inside the
porous wall, this section discusses the effects of the spanwise rollers on the flows in the logarithmic
region. To this end, we introduce a modified logarithmic law, which is commonly used to character-
ize a streamwise mean velocity profile over a rough and/or porous wall:

@ = 11n<y +d), ©)

K h,

where k, d, and h, are the von Kdrman constant, zero-plane displacement, and equivalent roughness
height, respectively. It is established that the introduction of parameters d and 4, yields a reasonably
good representation of the mean velocity profile over a rough and/or porous wall. However, there
are several possible choices for methods to determine the parameters. Specifically, concerning the
value for «, the universal value of ¥k >~ 0.4 has been widely used in the field of vegetation canopies
[71-74]. In contrast, Refs. [2,3,6,18,23] recommended a considerably lower value to better fit the
logarithmic law profile, which was determined based on the diagnostic function y:
d(u)*
dy*t -

In this procedure, the zero-plane displacement d is first determined such that the diagnostic function
y plateaus in the logarithmic region [2]. Once d is determined, « is given as the inverse of the plateau
value. Then, the equivalent roughness height 4, can finally be obtained by fitting Eq. (6) for the mean
velocity profile. Manes et al. [23] and Suga et al. [3,19] reported that the parameters 4, and d were
closely related to the characteristic length scale of the porous media such as the square root of the
permeability. However, there is no universally accepted correlation function that estimates the full
sets of these parameters for various porous media.

Another well-known approach to obtain the value of d is using the Jackson model [75]. In this
approach, d is assumed to be the level at which the height-averaged drag force acts. Although this
approach has been validated in turbulent flows over porous and rough walls [2,76,77], this approach
was originally developed for the zero-pressure-gradient turbulent boundary layer. Hence, care
should be taken when using this for flows subjected to a constant pressure difference. Otherwise, the
momentum supply due to the pressure gradient in the porous wall affects the position of the center of

y=0+d)" (7)
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FIG. 9. Diagnostic function y with the two definitions of the zero-plane displacements for (a) case 6x3z-
thick and (b) case 6x3z-thin. Also shown is the DNS result for the smooth wall case at Re;, = 590 from Vreman
and Kuerten [63].

the drag [78]. In this study, the extended Jackson model proposed by Breugem et al. [2] is used for
pressure-driven turbulent flow, and to assess the validity of the sets of logarithmic law parameters
obtained by the two approaches, namely, the fitting method and extended Jackson model.
Following the extended Jackson model proposed by Breugem et al. [2] the zero-plane displace-
ment is computed using the drag force f; in spatial and Reynolds (double) averaged momentum
equations for incompressible flow, which is expressed in the present flow system [79,80]:

po(p) 9 [dm) 3 -
O=——— My /ay/
> ox ”ay PR 8y(<uv>+<uv))
v ol 1 - dg 8 (m)
—(-= —dl+ — de ) —v— , 8
(A/L""axk +pA/L”)‘” ) "By oy ®)
fx 8x

where L represents the obstacle perimeter within an averaging x-z plane, £ represents the obstacle
perimeter in the x-z plane, and n; is its unit normal vector pointing outward from the fluid to the
solid phase. The Reynolds- and plane-averaging operators produce two second moments, namely,
the plane-averaged Reynolds shear stress (u/v’) and plane-dispersive covariance (i v). The other
terms arising inside the porous wall are the drag force term f, and the additional viscous term g,
which is related to the wall-normal gradient of plane porosity. From the expression for f in Eq. (8),
the drag force represents the mean pressure and viscous forces offered by the porous media. In the
extended Jackson model [2], zero-plane displacement is defined as the level at which the mean drag
minus the mean pressure gradient acts as follows:

0
"d

s = 20 ©)

f_h fxmdy

where f]" excludes the drag force due to the pressure-driven mean flow inside the porous wall,
" P <—>f

£ =fx—(—9L : (10)

p 0x

Figure 9 compares profiles of the diagnostic functions with ds; and d,,,; for the full-domain cases
of 6x3z-thick and 6x3z-thin. Here, dj, is the zero-plane displacement determined by the fitting
procedure proposed by Breugem et al. [2]. In addition, the DNS result for the smooth wall case at
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FIG. 10. Inner-scaled mean velocity profiles with the logarithmic scaling of (y + dg )" and (y + )"
for (a) case 6x3z-thick and (b) case 6x3z-thin. The logarithmic law profiles based on dg, and d,,; are also shown
for comparison. The DNS result for the smooth wall case at Re, = 590 from Vreman and Kuerten [63] is also
plotted.

Re; = 590 [63] is shown for comparison. The results for the reduced domain cases of 6x1z and 1x3z
are not shown here because the logarithmic mean velocity profiles cannot be properly represented
by the reduced domain cases. For the thick porous wall case in Fig. 9(a), y with d,; is lower than
that for the smooth wall case. Conversely, for the thin porous wall case in Fig. 9(b), y with d;
agrees well with the smooth wall result in the region of 150 < y”* < 350. This demonstrates that
the mean velocity profile with d,,; for the thin porous wall case exhibits similarity to the smooth wall
result in the logarithmic region. In other words, the thin porous wall has little effect on the flow in
the logarithmic region. This may substantiate the outer layer similarity proposed by Townsend [81],
who stated that the flows outside the roughness sublayer are independent of the surface condition,
which was supported by many experimental studies [66,68,82]. However, it should be noted that
the similarity hypothesis does not hold completely for the present flow because this hypothesis is
satisfied only for a high Reynolds number flow over a sufficiently small roughness [83]. When we
use d,,y, the value of « for the thin porous wall case is almost the same as that for the smooth
wall value (k = 0.41), while a somewhat larger value for x = 0.49 may be expected for the thick
porous wall case. The increase in « for the thick porous wall cases may reflect the presence of the
spanwise rollers as observed in Fig. 5, where we observe that the velocity fluctuations induced by
the spanwise rollers dominate the core region.

On the other hand, when we focus on the profiles of y with dy, the profiles of y for thick
and thin porous wall cases reach a plateau around 100 < y”* < 200 with a considerably larger dg,
value compared with d,,,;. The resultant « values are 0.28 and 0.24 for the thick and thin porous wall
cases, respectively, both of which are considerably lower than the standard value for the smooth wall
case. This is consistent with the findings in Refs. [2,3,6,23]. The fitting approach is highly suited
for discussing the experimental data because this approach does not require any flow information
inside the porous wall that cannot be accessed by the experiments. However, considering the fact
that the Reynolds number under consideration is not sufficiently high, the plateau value of y may
be just an outcome of overfitting to the logarithmic law. Indeed, Jiménez and Moser [84] and
Lee and Moser [85] found that even for DNS data around Re, = 2000, the diagnostic function
did not reach a plateau and the mean velocity profiles did not exhibit a distinct logarithmic
region.

The resulting inner-scaled mean velocity profiles with the logarithmic scaling of (y + dg)”* and
(y + dyy)Pt are shown in Fig. 10 along with the corresponding logarithmic law profiles of Eq. (6).
For comparison, the DNS result for a smooth wall at Re, = 590 is included. As expected in Fig. 9,
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FIG. 11. Comparison of the mixing-length with the classical mixing-length model of ¢,, = k(y + d) for
(a) case 6x3z-thick and (b) case 6x3z-thin. The DNS result for the smooth wall case at Re, = 590 from Vreman
and Kuerten [63] is also plotted.

the mean velocity profile with d, perfectly follows the logarithmic law profile with a considerably
steeper slope in comparison with the smooth wall case. Concerning the profiles with d,,;, although
the agreement is not perfect, the profile over the thin porous wall can be reasonably approximated
by the logarithmic law profile with x = 0.41, whereas a somewhat larger value of k = 0.49 offers
a good approximation for the velocity profile over the thick porous wall. The larger value of «
for the thick porous wall case is physically interpreted as the result of the spanwise rollers. It has
been well established that the vortex size is directly related to Prandtl’s classical mixing length,
which scales with the distance from the wall with the proportional constant of «. In the context of
the turbulence over the thick porous wall, the turbulent flow is dominated by the spanwise rollers
associated with the K-H instability as observed in Figs. 4 and 5; the characteristic vortex size for the
thick porous wall appears to be larger than that for the thin porous wall, as observed in Figs. 4 and
5. The increase in the vortex size by the spanwise rollers means an increase in the mixing length,
implying an increase in the proportional constant of the mixing length « from the standard value of
0.41.

The earlier results show that the von Karman constant strongly depends on the zero-plane
displacement; d by the fitting approach yields considerably lower « values than the standard value of
k = 0.41, whereas that by the extended Jackson model yields the same or a slightly higher value for
k. For a physical understanding of the modification of «, I further discuss the von Kdrman constant
in terms of the mixing length defined as

0, = —(u/v’)/%. (11)

Figure 11 shows a comparison of £, with the classical mixing-length model (MLM) for a rough wall
boundary layer where £, is proportional to the distance from the rough surface with the zero-plane
displacement ¢,, = k(v + d) [58,86]. The growth of ¢,, with respect to y is faster for the porous wall
cases than that for the smooth wall case, and ¢, for the thick porous wall case in Fig. 11(a) is much
larger than that for the thin porous wall case in Fig. 11(b). Both the MLMs with dg; and d,,; can
reproduce the rapid growth of £,, near the porous wall. However, the MLM with dj, significantly
overpredicts £,,, whereas the accuracy of the MLM with d,,; is better and comparable to that of
the smooth wall case. Regarding the MLM with d,,;, the rapid growth in £,, near the thin porous
wall [Fig. 11(b)], which is due to the nonzero turbulent eddy viscosity at the porous/fluid interface,
is reasonably represented by the nonzero value of d,;, and a further increase in ¢,, near the thick
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FIG. 12. Comparison of the one-dimensional premultiplied streamwise energy spectra in the middle of the
boundary layer at (y + d,;)/8, = 0.5. The DNS result for the smooth wall case at Re; = 590 from Vreman
and Kuerten [63] is also plotted.

porous wall [Fig. 11(a)] is represented not only by the nonzero value of d,,; but also by the increased
proportional constant of x. Reasonably good agreement of £,, with the increased « near the thick
porous wall in Fig. 11(a) supports the earlier explanation that the spanwise rollers increase the
characteristic vortex size, i.e., the mixing length, leading to an increase in x. Note that the simulated
Reynolds number is not sufficiently high to discuss the logarithmic velocity profile. However, the
above results suggest that the logarithmic law parameters based on the extended Jackson model
may be valid in the sense that the set of the logarithmic law parameters provides a reasonable
representation of the increase in the mixing length owing to the role of the spanwise rollers.

Finally, to better understand how the spanwise rollers affect the turbulence in the logarithmic
region, Fig. 12 presents a comparison of the energy spectrum at (y + d,.;)/6, = 0.5 for full-domain
cases of 6x3z. Note that I consider the scaling of (y + d,,s)/3,, because the outer layer similarity in
the context of rough wall turbulence is usually discussed based on profiles with the virtual origin
[87-90]. For comparison, the DNS result at Re, = 590 by Vreman and Kuerten [63] is included.
In Fig. 12, the energy spectrum for the thin porous wall case generally agrees with that for the
smooth wall case, suggesting that the effect of the thin porous wall is generally confined to the
near-wall region. This observation is similar to what has been reported for rough wall turbulence,
which is referred to as the outer layer similarity [81]. However, note that as the present rough wall
occupies a relatively larger fraction of the boundary layer, the similarity in the logarithmic region
does not completely hold [83], which may be the reason for the slight discrepancy with the smooth
wall result. Conversely, for the thick porous wall case, the energy spectrum gains strength in the
long-wavelength region of 1./, > 3, and the profile deviates largely from that for smooth wall
case. This clearly indicates that the breakdown of the similarity in the logarithmic region as shown
in Fig. 9 is due to the role of the relatively large-scale structures associated with the spanwise rollers
caused by the K-H instability.

In summary, the turbulence over the thin porous wall is similar to the rough wall turbulence in the
sense that the turbulence statistics are insensitive to the computational domain size (see Sec. IV C),
and the similarity in the logarithmic region is preserved. Thus, the turbulence over the thin porous
wall is categorized as rough wall turbulence rather than porous wall turbulence. This suggests that
near-wall turbulent motions, including streaks and longitudinal vortices, are predominantly altered
by the surface roughness in the absence of the spanwise rollers, whereas the vertical permeability
indirectly affects the near-wall turbulent motions through the spanwise rollers associated with the
K-H instability.
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V. CONCLUSIONS

The influence of spanwise rollers associated with K-H instability on a turbulent flow over a
porous wall was systematically studied using DNSs of porous-walled channel flows with con-
straints in the size of the computational domain. In addition to the full computational domain, the
streamwise-reduced and spanwise-reduced domains were considered, both of which were designed
such that they were large enough to sustain the near-wall turbulence including the streaks and
longitudinal vortices but too small to properly capture spanwise rollers by the K-H instability. For
each domain case, we considered thick and thin porous walls for the bottom wall to discuss the
effect of vertical permeability.

Near-wall turbulent motions, including streaks and longitudinal vortices, are found to be insen-
sitive to vertical permeability. This suggests that the modification of these motions is principally
due to the surface roughness of the porous wall. The vertical permeability is found to allow the
development of spanwise rollers with streamwise alternating low- and high-speed regions. The
spanwise rollers contribute to the enhancement of the turbulence inside a porous wall, leading to
an increase in the skin friction coefficient at the porous wall. To discuss the mean flow away from
a porous wall, we discuss the logarithmic mean velocity with two commonly used definitions of
zero-plane displacement. The fitting approach, in which the zero-plane displacement is obtained by
fitting the mean velocity profile to the logarithmic law, yields a considerably smaller von Karman
constant, irrespective of the presence of spanwise rollers. By contrast, the discussion based on the
modified Jackson model, which is an extended version of the Jackson model for pressure-driven
turbulent boundary layers, leads to completely different conclusions. For a thin porous wall in which
spanwise rollers do not develop, the von Kdrmén constant is the same as that for a smooth wall. The
similarity in the logarithmic region can also be found in the energy spectra. This is one of the
manifestations of rough wall turbulence. Hence, a thin porous wall is considered to behave as a
rough wall rather than a porous wall. For the thick porous wall case, the von Kdrman constant is
increased by 20%. This is considered to reflect an increase in the characteristic vortex size owing to
the spanwise rollers. Indeed, the mixing length is substantially larger than that for smooth wall
turbulence, and this can be reasonably predicted using the classical mixing-length model with
an increased von Karman constant. The discussion based on the modified Jackson model offers
physical understanding in the sense that the obtained von Kdrmén constant reasonably reflects the
modification of the characteristic vortex size owing to the spanwise roller.

A series of constrained DNSs reveals the role of spanwise rollers by the K-H instability in a
porous wall turbulence. However, owing to limited computational resources, the present DNSs only
consider one type of isotropic porous medium at a single Reynolds number. It is important to discuss
a sufficiently high Reynolds number flow in which the logarithmic scaling of the mean velocity is
possible, as well as the effects of the porous medium characteristics on the spanwise roller. This is
beyond the scope of this paper, however, and will be the focus of a future study.
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