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ABSTRACT

To predict turbulence near rough walls without deal-
ing with complicated roughness structures, a macroscopic
rough wall model based on the volume averaging theory
model is considered. The dispersive covariance and the drag
force term, both of which need modelling, arise in the plane
averaged momentum equation, however, the present model
only models the drag force term which plays an important
role inside the rough wall. Assuming that the drag force
term can be considered as summation of the viscous and
form drag force generated by each roughness element, it is
analytically modelled with the plane porosity and the plane
averaged hydraulic diameter. The direct and macroscopic
model simulations are carried out by the D3Q27 multiple-
relaxation time lattice Boltzmann method. It is found that
the present model successfully predicts the increase of skin
friction and the behaviour of the Reynolds stresses around
the rough wall. It is found that since the influence of the
dispersion on the momentum transport is marginal, the mo-
mentum transport around the rough wall can be reason-
ably reproduced by the macroscopic model. Furthermore,
although the macroscopic model cannot directly solve the
turbulence dissipation by the dispersive velocity fluctuation
which is significant inside the rough wall, the drag force can
reasonably compensate the unresolved dissipation.

BACKGROUND

In most geophysical and engineering flows, the under-
lying surface is usually rough. In the geophysical context,
flows over vegetated, urban canopies and natural river beds
can be classified to rough wall turbulence. Furthermore,
rough surfaces usually occur in engineering devices due to
imperfections in the production process, corrosions by ag-
ing, erosion or contamination. Those cause significant in-
crease of turbulent frictional drag. Therefore, a large num-
ber of experimental studies have explored effective rough-
ness parameters to predict the frictional drag. (e.g. Niku-
radsel1933; Moody1944; Flack et al., 2010) On the other
hand, even though many direct numerical simulation (DNS)
studies have been performed, fully resolving complicated
rough wall geometry requires huge computational demands.
One of the most effective approaches to reveal the under-
lying physics without huge computational demands is em-
ploying rough wall model (e.g., Orlendi et al., 2003; Scotti
2006; Bhanager 2008; Bussa and Sandham 2012). Busse
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and Sandham (2012) performed DNS of modelled rough
wall by adding an extra force term in the Navier-Stokes
equations. They reported that turbulent vortex structures
and turbulent statistics over modelled rough wall showed
similar trends to the previous experimental and numerical
results. Orlendi et al., (2003) carried out DNS allowing
the wall-normal velocity fluctuation at the wall and con-
cluded that wall-normal velocity fluctuation was the driv-
ing parameter which leads to a drag increase. However,
since their models were not based on the theoretical deriva-
tion and qualitatively evaluations were limited, their mod-
els did not reasonably mimic the rough wall. Hence, this
research attempts to model the rough wall based on the
volume averaging theory which has been usually applied
to the porous medium flows (Whitaker 1986; Breugem et
al., 2006; Kuwata and Suga 2016). Comparing the DNS
results of turbulence over directly resolved and modelled
rough walls, the validity of the rough wall model is inves-
tigated in detail. Furthermore, the underlying physics of
rough wall turbulence is also discussed.

Numerical scheme
The present DNS is performed by the D3Q27 multiple
relaxation time lattice Boltzmann method (MRT-LBM):
| £ (x+ &g Ott+3t)— | f(x1))
= —M~1S[ m(x,t))— | mFY(x.1))]
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where the notations such fi$is |f) = (fo, f1,---, fog)T, Ot
denotes the time step add, represents the discrete veloc-
ity. The matrixM is a 27x 27 matrix which linearly trans-
forms the distribution functions to the momefrs = M|f).

The collision matrixS is diagonal;
S=diag(0,0,0,0,s4,S5,5, 57,57, 57,510,510, S10. S13,
S13, 513, 516, S17, 18, 520, 520, 520, 523, 23, 523, 26) -
The relaxation parameters are

@

=154, s=57, s10=15, 513=1.83, s516= 1.4,
S17=1.61, s15=%0=198, s3=56=174. (3)

The relaxation parametess, s; are related to the kinematic
viscosityv,
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The equilibriummoments, transformation and collision ma-
trixes presently employed are as in Suga et al. (2015). The
termF is the external force term:

()
Fo =w, p{ 1+
a a Cg Cg

wherea is acceleratiomate,u denotes the velocity vector,

p is the fluid density and, is the weighting constant. The
sound speeds = 1/+/3c with c = A/t and A is the lat-

tice spacing. The accuracy of the present method was con-
firmed to be equivalent to the spectrum method by Suga et
al,, (2015).

&)

Macroscopic modelling of rough walls

To macroscopically solve flows inside rough walls, the
X —zplane averaging as illustrated in Figure 1 is applied to
the governing equations. The definition of the superficial
plane averaging of(x,y,z) is introduced as

(@(y)) = Ais /S P(xy,2)dS (6)

whereS and Ag are the surface of the— z plane and the
surface areas db, respectively. A variablep can be de-
composed into the contribution from the intrinsic averaged
value: (@) " and deviation from the intrinsic averaged value:
pas

o=(9)" +o, @)

where the relation exists between the superficial and intrin-

sic plane averaged values a&p) = ¢(¢)". The surface
porosity¢ is defined ag = As/As,. Here,Ag, denotes the
surface area of the fluid phase containedsinFollowing
Whitaker (1986), the plane averaged momentum equations
for incompressible flows can be derived as
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where/ represents thiength of the solid obstacle within an
averaging surface angk is its unit normal vector pointing
outward from the fluid to the solid phase. Since Breugem
et al., (2006) reported that the covariant te{rﬁﬂ,—)f was
negligibly small, the present model does not model it. The
term fj is the drag force terms consisting of the surface in-
tegration of the dispersive viscous stress and the dispersive
pressure.

When the surface porosity is nearly unity, the drag
force termf; in Eq.(8) can be assumed to be the arithmetical
averaged force generated by each solid obstacle of diameter
Dn:

whereN is thetotal number of obstacle in a certai- z
plane, u"is the relative velocity to the roughnesst ="
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U— Urough, hereurugn is the moving velocity of the rough-
ness. Considering the viscous and foam drag effects, the
drag coefficien€p(n) can be modelled as

C

Cp(n) = Rep(n)

+C, (10)

whereC; andC, are themodel constants. The Reynolds
number: Re, is defined as

Rep(n) = Dny/(Gk) (i) f/v.

Substituting Egs. (10) and (11) in Eq. (9), the drag force
can be written as

G N i Copont [roironf 1o
fi= v ag (@' + 5 0)'V(00' (00" 5 5 Dn (12)

(11)

Since thetotal number of obstacles and the diametedy,

can not easily defined in complicated rough walls, some al-

ternative parameters should be introduced. Accordingly, the

present model considers the mean hydraulic (equivalent) di-
N T[D%

ameteDy, defined as
4Sum 4 1
(N e 4 > N &

Dm

> >
(As—As)/ (niDn) :

LSUIT]

(13)

where Ssym and Lsym are the total area occupied by obsta-
clesSsymand the total wetted perimeter of cylindérgm
Assuming the the total area occupied by obstadles: As,

can be approximated as the product of the total number of
obstacles and the mean hydraulic diameter:

NgDrznzAszsf:<%fl)Asf, (14)

With the help of Egs.(14) and (13), the drag force term of
Eq.(12) is further written as

2C; (1- _ G (1- -
?1 (¢D;:) <ui>f +72 (¢D:)<ul>f
It shouldbe note that Eq.(16) is only valid when roughness
distribution is sparse enough to neglect the mutual depen-
dency of the drag force. When the roughness densely dis-
tributes namely =~ 0, we can deduce that the drag force
behaves as that in packed beds. Considering limiting be-
haviour in such regions nedgr — 0, the multiplier of the
surface porosity in a denominator of Eq.(16) is modified
following the empirical equation of Ergun (1952) as

2 (1-¢) .\t S (1-9)
V= 202, 4 T2 gbn,
The modelconstant; = 52.3 andC, = 1.2 are presently
used.

fi:V

(GG ", @a5)

fi =

@) /(@) )" @e)

Results and Discussions

To evaluate the presently developed macroscopic rough
wall model, this study performs DNS of turbulence over
modelled and directly resolved rough-walled open channel



Figure 1. Sketch of the cross section for the plane averag-
ing.

flows at the friction Reynolds number of 310. Figure 2 illus-
trates the computational geometry and the presently consid-
ered rough walls. The periodical boundary condition is ap-
plied to the steramwise and spanwise boundary faces with
a constant streamwise pressure difference. A slip bound-
ary is considered for the top boundary surface whilst the
modelled or resolved rough wall is considered for the bot-
tom wall. The presently employed rough walls consist of
randomly packed semi-spheres. The semi-sphere diameters
are given based on the Gaussian distribution and those semi-
spheres are randomly packed at the bottom wall. To evalu-
ate the model applicability, this study considers three rough
walls of different equivalent roughnesky. The mean di-
ameteru is kept to be constant/d = 0.20 whilst the stan-
dard deviatioro of the the Gaussian distribution is changed
(o/u =0.0,0.17,0.33). The equivalent roughness esti-
mated by the relation between the roughness function and
k3. proposed by Nikuradse (1933) at® = 21, 42 and 92.
The rough walls oki =21, 42 and 92 are referred to KS21,
KS42 and KS92, respectively. The PDF of surface height is
shown in Figure 3 and the statistical moments of surface
profiles are listed in Tablel. Note that the value with the
superscript “(J” indicates the value normalised by the fric-
tion velocity of the rough wall. From Fig. 3, it is indicated
the roughness elements bf ~ 30 mostly occupies the
rough wall in case KS21 whereas higher but sparser rough-
ness elements exist in cases KS42 and KS92. This tendency
is more remarkable in case KS92. The resolved wall simula-
tion faithfully treats those rough walls with an interpolated
bounce-back scheme which can impose the non-slip condi-
tion for curved boundaries whilst the model simulation ap-
plied volume averaged equation (Eq.(8)) with the drag force
model in Eqg.(16) to the rough wall region. Note that since
the present roughness is stationary, the relative veladity "
EqQ.(9) is the same as the fluid velocity The computational
domain size is 8(x) x d(y) x 36(z). Both in the resolved
and modelled rough wall simulations, the computational do-
main is decomposed into the finer and coarser resolution
domains by the imbalance-correction zonal grid refinement
method (Kuwata and Suga 2016) and the grid nhode numbers
of finer and coarse domains are 1200x 70(y) x 600(z)
and 600x) x 66(y)x 300(z), respectively. The resolution
of finer and coarse grid regions i56 and 313 wall units,
respectively. Note that the grid resolution and the compu-
tational domain size are carefully examined by comparing
the results with finer grid or larger domain simulation.
Figure 4 compares the instantaneous wall-normal vor-
ticity fluctuation at the rough wall interfage= ymax. Both
in the resolved and modelled simulation results, the stream-
wise elongated streaky structures can be observed in case
KS21 whilst, in cases KS42 and KS92, the streaky struc-
tures become less organized and lose their strength. Al-
though the vortex structure over the modelled wall is very
similar to that over the resolved in cases KS21 and KS42,
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Figure 2. Computational geometry of rough-walled open
channel flows.
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Figure 3. Probability density function of roughness
height.

it can be observed that the streaky structures in case KS92
over the resolved wall are more shredded than that over the
modelled wall. To discuss the intensity of the vorticity fluc-
tuations, Figure 5 compares tke- z planed averaged vor-
ticity fluctuations intensitiegy yms. It should be noticed that
the vorticityw = O x u inside the rough wall can be decom-
posed into the macro vorticitgp = O x (u)f and the micro
vorticity (plane-dispersive vorticity)] x @, however, since

the present rough wall model solves the macroscopic flows,
the micro-scale vorticity inside the rough wall is neglected.
Itis confirmed from Fig.5 that, although the pointed peak of
agf,ms can be seen at the rough wall interface in case KS21,
it loses strength in cases KS42 and KS92, which substan-
tiates the vanishing of streaks as observed in Fig.4. Inside
the rough Wall,ougfrmS rapidly decay in case KS21 whereas

it reaches local maximum in cases KS42 and KS92. How-
ever, the local maximum value o, in cases KS42 and
KS92 is far smaller than that in case KS21. Even though
the above tendency can be captured by the modelled rough
wall simulations,w’« is significantly underestimated in-
side the rough wall. This implies that the micro-scale vor-
ticity is substantial inside the rough wall.

Figure 6 shows the superficial plane averaged stream-
wise mean velocity profiles. The DNS result of a smooth
wall turbulent channel flow at Re= 300 by? is also plot-
ted for comparison. Because of the significant rise of wall
friction, downward shift of the streamwise mean velocity
profiles can be seen in all cases. isincreases, the down-
ward shift, which is referred as the roughness function, be-
comes more remarkable. It is confirmed that the increase
of the roughness function is well captured by the modelled
wall simulation and the agreement of the profiles with the



Table 1. Characteristics parameters of rough walls.

Case ht hths Sk Kk hmax/ 0

KS21 223 795 -1.70 211 0.104

KS42 25.7 101 -0.73 415 0.185

KS92 300 145 021 915 0.285
oL@ 0l

 Ee
Case KS21 (Resolved) CaseKS21 (Modelled)

Figure4. Instantaneous wall-normal vorticity fluctuation
at the rough wall interface.

resolved wall simulation results is almost perfect.

Figure 7 compares the superficial plane averaged
Reynolds normal stresses. Applying the volume averag-
ing to the Reynolds stress, the volume averaged Reynolds
stresst‘ ) canbe decomposed into the macro-scale
Reynolds stress.Ra,- = ¢{u i) ( ’J-)
(subfilter-scale) Reynolds stresg; = ¢<Tﬁ’j)f. However,
since the present model solves macroscopic flows and the
micro-scale turbulence cannot be reproduced, the compar-
ison is made betweelﬁ%‘ by the resolved wall simulations
andRjj by the modelled wall simulations. In Fig. 7, as

and the micro-scale
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Figure 6. Intrinsic plane averaged streamwise mean ve-
locity profiles.

rough walls ofkd” < 90 and the macroscopic model can rea-
sonably predict those flows.

To discuss the momentum transport near the rough
wall, x-z plane averaged momentum equations are dis-
cussed. Applying the integration of the momentum equa-

ki increases, the Reynolds stresses are more damped by tion from 0 toy/6 the momentum equation becomes

the wall roughness. The damping effect of the streamwise
component is more remarkable than the other components.
Askd increases, the location of the maximum of the stream-
wise component goes away from the wall and the maximum
value becomes decrease. Itis interesting to note that all pro-
files including the results over the smooth wall overlap at
y/d > 0.3. This implies that the presence of the wall rough-
ness does not affect the turbulence in the outer-layer, which
substantiates the outer-layer similarity proposedbyAl-
though the micro-scale turbulence cannot be reproduced by
the modelled wall simulation, the overall agreement of the
Reynolds stress profiles with those by the resolved wall sim-
ulation is reasonable. However, inside the rough wall of
case KS92, the model simulation slightly underpredicts the
wall-normal and spanwise components. These results sug-
gest that although the micro-scale turbulence is slightly pro-
duced inside the rough wall, the contribution to the momen-
tum transport is not significant in the presently considered
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wherethe superscript)* denote the normalised distance by
the boundary layer thicknes&. The terms VS, DC, RS,

IC and DF represent the viscous stress, plane dispersive co-
variance, Reynolds shea r stress, inhomogeneous correction
and drag force terms, respectively. Figure 8 shows the bud-
get terms of . In Fig.8(a), the viscous stress (VS) becomes
significant near the rough wall interface in case KS21 and
inflection point is located at the interface. In contrast, the
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Figure 7. Intrinsic plane averaged Reynolds normal
stresses; (a) streamwise component, (b) wall-normal com-
ponent, (c) spanwise component.

VS profiles in cases KS42 and KS92 as shown in Fig.8(b)
and (c) show peak inside the rough wall and the maximum
value is smaller than that in case KS21. Inside the rough
wall, the Reynolds stress (RS) decays to zero whilst the
drag force (DF) and inhomogeneous correction (IC) terms
substantially contribute. AkJ increases, the contribution

of VS and IC inside the rough wall considerably decreases
whilst the drag force contribution increases. In case K92
as shown in Fig.8(c), the DF gradually works inside rough
wall and the damping of the RS is also gradual. It is found
that the plane dispersive covariant (DC) term is negligibly
small in cases KS21 and KS42 whereas its contribution be-
comes meaningful in case KS92 ngéd = 0.15. Through

the comparison the results between resolved and modelled
simulations, even though the macroscopic model drops the
DC, the reasonable agreement with the budget terms of the
resolved simulation can be seen. However, inside the rough
wall in case KS92, it is found that the RS contribution is
underpredicted whilst the DF contribution is overpredicted.
To discuss the turbulent transport, the transport equation of
the macro-scale turbulent kinetic energy= Rek/2 and the
volume averaged turbulent kinetic enerdy* = Ri} /2 are
considered for the modelled and resolved wall simulations,
respectively. The transport equationkafan be derived as
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Figure 8. Budget terms in the plane averaged momentum
equations; (a) case KS21, (b) case KS42, (c) case KS92;
symbols: direct simulation, lines: model simulation.

whereD!, DE, DY, fo, R, & andF are the turbulent diffu-
sion, pressure diffusion, viscous diffusion, inhomogeneous
correction, production, dissipation and drag force terms for
the macro-scale turbulent kinetic energy, respectively.

The transport equation &f* can be derived as
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whereD},, Df,, D/x, Dz, R and g are the turbulent
diffusion, pressure diffusion, viscous diffusion, dispersion
transport, production and dissipation terms for the volume
averaged turbulent kinetic energy, respectively. Figure 9
presents the production, dissipation, turbulent diffusion,
pressure diffusion and viscous diffusion terms. Note that
since the contribution of the ternt and D;Z are con-
firmed to be negligibly small, they are not plotted in Fig.
9. In case KS21 shown in Fig.9 (a), the production become
maximum over the rough wall and rapidly decay to zero
inside the rough wall ay/d = 0.75. Although the mod-
elled simulation does not take account of the micro-scale
turbulence (dispersion fluctuation), the production, turbu-
lent, pressure and viscous diffusion terms in the modelled
simulation agree well with those in the resolved simulation
whilst the dissipatiore in the modelled simulation is far
smaller thane®. This implies that the micro-scale turbu-



lence hardlycontributes to the turbulence generation and
diffusion processes inside the rough wall, however, it plays
a significantly important role in the turbulent dissipation.
However, interestingly, it is found that sum of the dissipa-
tion € and the drag forcéy by the modelled simulation
agrees well withe®. The role ofR in turbulence trans-
port was discussed by Kuwata and Suga (2016) and they
stated that, in the volume and Reynolds averaged system,
the drag force term in Eq.(18) played an role of the en-
ergy transfer from the macro-scale turbulence to the micro-
scale turbulence. The present resulfpfs £” — £ implies

that micro-scale turbulence production is mostly due to the
energy transfer from the macro-scale turbulence and the
micro-scale turbulence reaches the local equilibrium state:
Fc ~ * — g. This also implies that the turbulent dissipa-
tion by the micro-scale turbulence can be reasonably mod-
elled byF. In Figure 9 (a) (b) and (c), ag' increases, all
budget terms decrease inside the rough wall, however, the
levels of the production and dissipation termy A = 0.3

in all cases remains unchanged. Furthermore, the turbu-
lent production reaches maximum over the rough wall in
case KS21, the location of the maximum shifts inside the
rough wall in cases KS42 and KS92. Although the above
tendency is well captured by the modelled simulation, in-
side the rough wall in case KS92 gfd < 0.15, Pk and

& by the modelled simulation are smaller thgh and e?,
respectively. This indicates that the influence of the dis-
persion cannot be negligible inside the rough wall in case
KS92, however, the influence of the dispersion is limited
inside the rough wall.

1 Conclusion

To predict turbulence over rough walls without resolv-
ing complicated wall roughness, macroscopic rough wall
model is developed. Assuming that the drag force term,
which arises through the plane averaging of the Navier-

Stokes equation, can be considered as summation of the
viscous and form drag force generated by each roughness

element, it is analytically modelled with the surface poros-
ity and the hydraulic diameter. The direct and macro-
scopic model simulations for turbulence over irregularly
distributed semi-spheres at the friction Reynolds number of
310 are carried out by the D3Q27 multiple-relaxation time
lattice Boltzmann method. Itis found that the present model
successfully predicts the increase of skin friction and the
behaviour of the Reynolds stress profiles around the rough
wall is well predicted. Furthermore, it is found that since
the influence of the dispersion on the momentum trans-
port is marginal, the momentum transport around the rough

wall can be reasonably reproduced even by the macroscopic

model. Although the macroscopic model cannot directly
solve the turbulence dissipation by the dispersive velocity
fluctuation which is significant inside the rough wall, the

drag force can reasonably compensate that unresolved dis-

sipation. Townsend (1980)
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