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Abstract. In this work a wall-modeled LES is developed to solve the basic flow character over rough
wall on high Reynolds number without resolving the details of the roughness elements. The averaged
roughness shear stress can be combined with the smooth wall shear stress in the inner layer
wall-model. The instantaneous shear stress caused by the roughness elements are calculated by the
pressure projection and the elevation fields. The total shear stress is given back to the outer layer LES
mesh as a new boundary condition. The comparison between simulation and the experiment reveals
that the wall-modeled LES approach in this research is capable to predict the flow in rough wall
boundary layer without resolving the detailed roughness element geometries.

Introduction

It is well known that the computational cost of large eddy simulation (LES) on turbulent boundary
layer at high Reynolds numbers is enormous. The grid resolution will be extremely high when using
LES to resolve the inner layer motions. Therefore, the inner layer should be modeled while the outer
layer could be directly resolved by LES in high Reynolds number wall-bounded flows.

In the wall-modeling LES approach [1, 2], the wall-model grid which covers the inner boundary
layer is generated by extruding the wall surface mesh along the normal direction of the wall surface.
The total wall shear stress Ty on rough wall can be divided into two parts, the smooth wall shear stress
Tsw, the roughness shear stress Trw . If the skin shear stress which will be given back to LES in the
wall model can combine both the smooth wall shear stress and shear stress caused by roughness
element, the roughness element will not be resolved by either the LES grid or wall-modeling grid.

The unsteady shear stress which is considered as instantaneous shear stress T obtained by the
unsteady drag have great influence on the noise generation of rough wall. In light of this observation,
the roughness shear stress Trw can be divided into the averaged effect of roughness element Trw and
the instantaneous roughness shear stress Trw in the present work. The instantaneous shear stresses on
rough walls are obtained by projecting the unsteady pressure at the edge of the inner layer onto the
surface geometry of the roughness elements. This approach is schematically illustrated in Fig. 1.
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Figure 1 Rough wall model proposed in the present work

This novel rough wall model can solve rough wall boundary layer by three sets of mesh, the outer
layer LES mesh, inner layer wall-modeling mesh and a surface mesh on the wall. The instantaneous
wall shear stress caused by the roughness element can be calculated by the surface mesh on the wall
instead of modeling the detailed geometry of roughness element. The wall-modeling mesh is used to
estimate the smooth wall shear stress and return the total shear stress back to the outer layer LES mesh.
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Due to the wall-modeling mesh, the LES mesh could be coarse with the size of Ax*, Ay*and Az* in
stream-wise, wall-normal, and span-wise directions respectively, as large as 200 to 1200.

Wall-modeling LES Approach on rough wall

The inner layer wall model is a filtered equation [3]. Assuming equilibrium, the unresolved inner
layer is modeled by solving:

L. du ) _

where 1 is the wall-normal direction, which should usually be aligned with y direction for regular
geometries; Yj| is wall parallel velocity magnitude; v is the kinematic viscosity. The kinematic eddy
viscosity Viwm 1s obtained from the mixing-length model [4]:

T +
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where A'=17; k=0.41 is the von Karman constant. The wall parallel velocities from the
instantaneous LES solution at n=hy, are interpolated to the upper boundary of the wall-model mesh.
The wall-shear stress Ty, is determined from the wall gradient of the inner solution [3]:

Tew = pvH

SW dn n=0 (3)

Note that the inner layer equations can only calculate the smooth wall shear stress t,,. Because the
roughness elements are not resolved by the LES mesh, the averaged roughness shear stress T, is
involved through the relation with the smooth wall shear stress tsw. A proportion a is proposed as:

e="% (tsw + Trw) (4)

The parameter a can be determined from the experiments of previous research such as Blake [5]
and Varano [6]. After the wall-model getting the smooth wall shear stress 1y, the total averaged wall
shear stress can be obtained. The wall-model mesh required by solving the wall-model equation is
created using a simple extrusion of the wall surface by a thickness of hy,=0.16. According to the
recommendation of Kawai and Larsson [7], five and a half LES cells are placed within the
wall-model layer. The procedure to couple the LES with the wall-model is showed in Fig. 2.
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Figure 2 Couple of wall-model and LES

A third mesh besides the LES and wall-model mesh is set up to cover the roughness element,
which only have one layer mesh in wall normal direction and dense grid distribution on stream-wise
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and span-wise directions. On the roughness mesh, the roughness geometry is adequately represented
via an elevation field. Each roughness element can be covered in x and z directions by 3 grid points or
more. As a result, the CFD mesh does not resolve the detailed roughness element geometries at all.

As seen in Fig. 1, assume the pressure distribution around the roughness element is p(X, z), and the
roughness elevation field is h(x,z). A finite element dA is taken from the surface of the roughness
element, then the normal direction of the area is:

B (21,2 [y 1+ 2, with [aa] = |2 +1+ Ly

(6)
The force on infinite decimal element dA is
dF = —p(x,z) -dA = —p(x,2) - [_a_’ ,— ] =p(x,z) - %, —1,%] 7
The projection in x and z directions are
= dFy = p(x,2) - 58, 7, = dF, = p(x.2) - - )

which is the instantaneous roughness shear stress Trw to be obtained. The total wall shear stress will
then be got and given back to the LES mesh as a new boundary condition.

Numerical Test for Rough wall model

The experimental measurement of Varano [6] on rough wall plate in free-stream flow of 27m/s will
be tested to evaluate the effective of the proposed method. The roughness elements are all made of 2
mm diameter hemispheres in a straight spacing in 11 mm as seen in Fig. 3. The roughness ratio
a = 0.135 i5 determined from the experimental data.

The numerical test for the LES grid is 220mm, 6=60mm and 110mm in the stream-wise (x),
wall-normal (y) and span-wise (z) directions, where 6 is the boundary layer thickness in the
experiment of Varano [6]. The Reynolds number based on Y= and & is 1x10°. In viscous wall unit, the
grids have 4x™ = 4z ~ 180, byt varying 4% with the first layer from the wall 4¥7 * 80, Hence, the grid
spacing is coarser than in traditional wall-resolved LES. The wall-modeling mesh which is used to
calculate the smooth wall shear stress has the same grid as LES in x and z directions, but
¥ = by ¥ 0.18 and 100 points are distributed to resolve the velocity parallel to the wall and the wall
shear stress. The roughness mesh only has one layer in y direction but 4 times of points in x and z
directions to cover the roughness elements as shown in Fig. 3.
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Figure 3 Roughness geometry and grids on single roughness element in XZ plane
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It should be noted that the numerical test is carried out on a half channel, the slip wall boundary
condition is used on the upper boundary and cyclic flow conditions are chosen for the stream-wise
and span-wise boundaries. The time step is Se-5s which makes the Courant number close to 0.5. The
time unit is 0.008s with the free-stream velocity 27m/s. A preliminary computation is performed
during Is (125 time units) on the pure LES grid to get a reasonable mean flow around the wall.
Wall-modeling LES computations are then integrated during 250 time units to wash out the initial
transients, and the averages are collected over another 125 time units. The computation costs about
400 core-hours.

Results and discussion

The computed mean velocity and the normalized profile are shown in Fig. 4 and Fig. 5. In order to
demonstrate the flow character of rough wall, the smooth wall results in the same flow condition are
also shown with dotted lines. The wall-modeled LES approach has high accuracy on smooth wall
flow prediction. Due to the effect of roughness elements, the mean velocity profile is produced a shift,
which is caused by the drag on roughness element. This effect is also observed in the wall-modeled
LES predictions. Although the roughness elements are not resolved through the wall-modeling or
LES mesh, by artificially adding the averaged roughness shear stress into the total shear stress and
giving it back to LES mesh, the out layer LES are capable to reflect the rough wall flow character. In
light of this, the deviation in the LES region is smaller than in the wall-modeling region, as the inner
layer does not have real roughness elements at all.
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Figure 4 Mean velocity profile Figure 5 Normalized mean velocity profile

The shift also appears in the normalized mean velocity profile in Fig. 5, which is determined by
both the mean velocity profile and the difference of friction velocity “x. As discussed previously, the
LES region agrees with the experiment data better than the wall-modeling region for the rough wall
case, which means that the basic idea of wall-modeling LES approach on rough wall is promising. It
should be noted that the friction velocity used in the experiment is obtained by the fitting methods
which are highly dependent on the assumed value such as von Karman constant k. Besides, the
smooth wall von Karman constant is not appropriate for the rough walls. Therefore, the uncertainty
associated with friction could be an important reason for deviation.

The Reynolds stresses are the reflection of turbulence fluctuation. As the most representative
components, the stream-wise normal stress u’u’ and Reynolds shear stress u’v’ are shown in Fig. 6
and Fig. 7. According to the experiments, all the Reynolds stresses are normalized by inner scales, ",

and ' /ux, As explained in the last section, only the outer layer LES results are compared with the
experiments. The simulation results at lower y" region does not agree well with the experiments,
however, most LES region shows the same trend with acceptable deviation.
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Figure 6 Normalized stream-wise normal stress Figure 7 Normalized Reynolds shear stress

Summary

A novel boundary layer simulation is proposed, which is based on the wall-modeled LES approach.
For the rough wall flow, the overall wall shear stress T can be broken into the averaged smooth wall
shear stress T=w, the averaged roughness shear stress Trw and the instantaneous roughness shear stress
Trw. After getting the total rough wall shear stresses, the wall-model will give it back to the LES mesh
in the outer boundary layer as an updated boundary condition. The simulation on rough wall agrees
with the experiment well and the wall-modeled LES approach in this research can predict the flow in
rough wall boundary layer without resolving the detailed roughness element geometries.
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