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ABSTRACT

Large-eddy simulations (LES) are carried out to study
the combined effects of roughness and pressure gradient in
boundary layer flows, where the high acceleration facilitates
flow reversion to the quasi-laminar state. First, validations
of the immersed-boundary scheme and the LES resolution
are carried out on rough-wall open-channel flows. Then the
roughness model is applied to boundary layers subject to
strong acceleration, leading to relaminarization and retransi-
tion. The roughness (represented by the roughness Reynolds
number k) counteracts with the favourable pressure gradi-
ents (FPGs): while flow acceleration tends to stabilize the
flow by significantly damping turbulent motions in the ver-
tical and spanwise directions and produces one-dimensional
turbulence after the high-acceleration region, the roughness
elements increase the turbulent mixing in the wall layer, re-
ducing the stability of the low-speed streaks, and leading to
earlier retransition to turbulence.

INTRODUCTION

Turbulent boundary layers subject to a favourable pres-
sure gradient induced by freestream acceleration are found
in many engineering applications, including airfoils, turbine
blades or ducts. If the acceleration is sufficiently large, tur-
bulence production decreases, and the flow may revert to a
laminar or quasi-laminar state. The acceleration can be char-
acterized by the parameter
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In sink flows (in which the acceleration acts for an infinite dis-
tance) Spalart (1986) showed that turbulence cannot be sus-
tained if K > K,y ~ 3 x 107°. In realistic spatially devel-
oping boundary layers, of course, the acceleration cannot be
sustained for infinite distances, and complete relaminarization
occurs rarely. The state of the flow is still significantly altered
by strong acceleration, and even the mean velocity profile is
changed, affecting, for example, separation. Once the cause
of relaminarization is removed, the flow retransitions to tur-

bulence in a process that may depend critically on the residual
levels of turbulent fluctuations during the relaminarization.

Reviews of current knowledge can be found in several
articles by Narasimha and Sreenivasan (Narasimha & Sreeni-
vasan, 1973; Narasimha, 1985; Narasimha & Sreenivasan,
1979). Recent simulations of accelerating flows over smooth,
flat plates (Piomelli et al., 2000; De Prisco et al., 2007)
showed that the region of maximum acceleration is charac-
terized by significant reorganization of the wall layer, with
streaks that remain stable for very long distances. Frozen
turbulence advected from upstream is still present and, once
the acceleration ends, it triggers a bypass-like transition pro-
cess. The outer layer is also affected: the turbulent structures
become elongated and oriented in the streamwise direction
due to the stretching caused by the freestream acceleration,
and fewer outer-layer vortices survive, compared to a zero-
pressure-gradient boundary layer.

It is well-known that roughness may significantly affect
the characteristics of boundary layer flows (Raupach et al.,
1991; Jiménez, 2004) and promote transition to turbulence.
Roughness, moreover, may occur in many of the applica-
tions in which favourable pressure gradients are also impor-
tant (turbine blades, for instance). Therefore, a combined
study of roughness and favourable pressure gradients on tur-
bulent boundary layers may help the understanding of real-
world boundary-layer flows in engineering applications. Ex-
perimental studies of the effects of both favourable pressure
gradients and roughness were carried out by Cal et al. (2008,
2009); in these experiments the pressure gradients was below
the threshold relaminarization, and the flow was quasi self-
similar. They found competing effects of roughness and pres-
sure gradients on the mean velocity, Reynolds stresses, and
skin friction; these effects are reflected in the boundary layer
parameter 6*/8.

In this study, we consider an accelerating boundary layer,
with low Reynolds number at the inlet, subjected to a strong
acceleration, with K > K, for extended distances. We per-
form large-eddy simulations of the flow over both a smooth
wall, and roughened walls with two equivalent sand-grain
roughness heights k = 0.28; and 0.4, In the following we
present the problem formulation. We then discuss the numeri-
cal results, and finish with conclusions and recommendations



for future work.

PROBLEM FORMULATION
In LES, the filtered Navier-Stokes equations are solved.
In incompressible flow, they are:
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where Re = ;U ,/V is the Reynolds number based on the
freestream velocity and the displacement thickness at the in-
flow, P is the pressure divided by density, x; are the Cartesian
coordinates and u; are the components of the velocity vector.

The simulations are performed using a well-validated
staggered code, with second-order differences for all terms,
semi-implicit time advancement, and MPI parallelization
(Keating et al., 2004). The unresolved SGS stresses are
modeled using the Lagrangian Dynamic Eddy-Viscosity
model (Meneveau et al., 1996). We use periodic boundary
conditions in the spanwise direction and a convective condi-
tion (Orlanski, 1976) for the outflow. At the inflow, the re-
cycling/rescaling method by Lund et al. (1998) is used. At
the freestream we use the same setup used in previous stud-
ies of this flow (Piomelli et al., 2000; De Prisco et al., 2007,
Piomelli & Scalo, 2010): a profile of the streamwise time-
averaged velocity U (x) is assigned, and the mean freestream
wall-normal velocity component, Veo(x), is derived from mass
conservation. Homogeneous Neumann conditions are applied
to the fluctuating velocity components. The calculations are
carried out at a Reynolds number Re ~ 700.

We used 1024 x 170 x 128 grid points (in streamwise,
vertical, and spanwise directions) to resolve a domain of di-
mensions 6008, x 208, x 205;. The grid is uniform in the
spanwise directions, and stretched in the vertical directions,
so that the first grid point is below y™ = 1. In the streamwise
direction, higher resolution is used in the regions with higher
wall shear stress. The grid is fine enough to resolve adequately
the roughness elements at the wall, which is verified by a grid
refinement study performed for the low-roughness case.

Roughness elements are laid on the bottom wall, and
the no-slip condition on the roughness surface is imposed by
an immersed-boundary method (IBM). We use the virtual-
sandpaper model proposed by Scotti (2006): the sand-grains
are represented by uniformly distributed but randomly ori-
ented ellipsoids of the same size (larger than the cell size)
and the same shape. Only one parameter, the equivalent sand-
roughness height k, is needed to describe the roughness ge-
ometry and distribution, with the semi-axes of the ellipsoids
set to k, 1.4k, and 2k, and a separation of 2k between centers
of neighboring ellipsoids in streamwise and spanwise direc-
tions. The roughness height k is chosen as 0.26, and 0.46,
for the low- and high-roughness cases, which results in rough-
ness Reynolds numbers within the transitionally rough regime
in all cases (Table 1). Scotti (2006) proposed the use of an
IBM based on the volume-of-fluid (VOF) approach: The frac-
tion of the volume of each cell occupied by the fluid, ¢, is
calculated in pre-processing, and a force is imposed on the
right-hand side of the momentum equation to reduce the ve-
locity proportionally to the solid volume fraction in each cell.

Table 1. Parameters for simulations of FPG boundary layer
flow over rough surfaces (Reg« ~ 700 at the inflow). The grid
is stretched in x-direction, and uniform in z-direction.

k/o; 0.2 0.4
High acceleration:
kt 7—-23 16—-61
Axt 20—40 20-—-066
Azt 6-17 6-24
Low acceleration:
kTt 7—10 15-23
Axt 20—26 20-—-30
Azt 6-77 6-8.6

Although the VOF method is only first-order accurate (Fad-
lun et al., 2000), we consider it sufficient for this application,
since the description of the boundary is only an approximation
of a real sandpaper.

RESULTS

Since the IBM method had only been used in direct nu-
merical simulations (DNS) of channel flow, we first verified
that the decreased resolution of the LES still allowed the
roughness effects to be simulated accurately. We performed
simulations of open channel flow using the same parameters
chosen by Scotti (2006), and obtained good agreement with
the DNS. Piomelli & Scalo (2010) had performed DNS and
LES of the accelerating boundary layer with the same param-
eters used here, and showed that the relaminarization process
is captured correctly by an LES with the spacings used here,
although the retransition occurs early, which is a common oc-
currence in under-resolved simulations (Ovchinnikov et al.,
2004).

As shown in Figure 1, K exceeds the critical value for re-
laminarization, K iy ~ 3 x 1079, for extended lengths: around
546, (approximately 50,, where J, is the boundary layer
thickness at the inflow) in the low-acceleration case, and over
1108, (approximately 105,) for the high-acceleration one.

On the smooth plate Cy decreases in the high-
acceleration region, indicating the occurrence of relaminariza-
tion; as the flow retransitions it increases again. The presence
of roughness increases Cy, especially in the non-equilibrium
region; comparison between the strong and weak acceleration
cases shows that this effect is enhanced by acceleration. For
the case with higher roughness, Cy never reduces below the
value in the equilibrium region, indicating more vigorous tur-
bulent transport throughout the acceleration region. The low-
roughness case has a behaviour similar to that of the smooth
plate, with significant decrease in the Cy (evidence of relam-
inarization) followed by earlier retransition (compared to the
smooth case). Also, note that the difference between the LES
and DNS, discussed by Piomelli & Scalo (2010), are confined
to x/ 0, > 320.
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Figure 1. Streamwise development of the acceleration pa-
rameter (top), and skin-friction coefficient (bottom). Green
lines indicate the locations where the mean velocity profiles
are compared in Figure 2.
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Figure 2. Mean velocity profiles in inner scaling for the
strong-acceleration case. Streamwise stations are shown by
green lines in Figure 1. DNS (Piomelli & Scalo, 2010);
---LES, smooth wall; =-- LES, k =0.25;; --- LES,
k=0.46;.

Figure 2 shows the mean velocity profiles, in wall units,
at the four locations highlighted in Figure 1. The results are
averaged both in the spanwise direction and in time (over an
interval of 12008, /U, time units). The virtual origin d is
calculated as the vertical position where the mean drag force

exerts on the surface, F', appears to act (Scotti, 2006):
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The average value of d/k is very close to 0.8, the same as
the value reported by Scotti (2006) for an open-channel flow
with this roughness model. This value is not noticeably in-
fluenced by the freestream acceleration, probably because it
is only determined by the distribution of drag force from the
bottom wall to the tip of the roughness elements, which is not
sensitive to flow acceleration.

In the retransition region the higher roughness results
in a more rapid establishment of the logarithmic region; for
the low-roughness case, on the other hand, the mean veloc-
ity profiles tend to collapse with the smooth-wall profiles in
the region with decreased Cy; also the onset of retransition
is similar for the smooth and low-roughness cases. Such a
difference in flow reversion behaviours reveals competing ef-
fects between roughness and freestream acceleration: while
the pressure gradient tends to relaminarize the flow, roughness
counteracts this trend; for large roughness height, this effect
will dominate the pressure gradient, and trigger earlier retran-
sitions or eliminate the relaminarization all together. When
the velocity profiles are plotted in outer scaling (not shown),
we observe that all the curves collapse in the outer region,
dominated by V.., which carries fluid from the irrotational re-
gion, resulting in a well-mixed outer layer with nearly zero
velocity gradient.

The Reynolds stresses normalized by the local
freestream velocity are shown in Figure 3 and 4 for the
smooth and high-roughness cases, respectively. In the inner
region, the vertical and spanwise components decrease
faster than the streamwise one. A significant difference
between rough and smooth cases is shown near the crest of
the roughness elements in the region with a strong pressure
gradient. Above the smooth wall, (v/v/)/U2 goes to zeros,
producing zero shear stress, despite the non-zero streamwise
Reynolds normal stress. Over the rough wall, on the other
hand, the wakes of the roughness elements result in non-zero
vertical fluctuations, and more significant Reynolds shear
stresses; as a result, production is not shut down and the
turbulence resumes its production cycles, leading to higher
turbulent kinetic energy close to the wall after the recovery.
In the low-roughness case (not shown here), the vertical
disturbance induced by the roughness is not strong enough to
trigger the recovery of production, and these locally active
regions are immersed in the viscous sublayer. As a result, the
flow behaves similarly to the smooth case.

To better understand the change in turbulent structures
as a result of flow acceleration, we compare the streamwise
component of the Reynolds stress anisotropy tensor
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in Figure 5. For the smooth case inside the boundary layer,
we observe a region with by > 0.6, which indicates the estab-
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Figure 3. Reynolds stresses for accelerating flow over a smooth wall for the strong-acceleration case. The white line shows the
boundary layer thickness, while black lines are mean-flow streamlines.
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Figure 4. Reynolds stresses for accelerating flow over a rough wall (k/8;=0.4) for the strong-acceleration case. The white line
shows the boundary layer thickness, while black lines are mean-flow streamlines.
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Figure 5. Streamwise Reynolds stress anisotropy by for the
strong-acceleration case. The white line shows the boundary
layer thickness, while black lines are mean-flow streamlines.
The white dashed line encloses the region where by; > 0.6.

lishment of quasi-1D turbulence; such region does not occur
in the rough case.

The quasi-1D turbulence is due to a reorganization of
the near-wall turbulence, which can be illustrated by instan-
taneous contours of the velocity fluctuations «’ in a plane near
the wall (Figure 6). When the wall is smooth we observe the
well-known establishment of very elongated streaks, a symp-
tom of the stabilization of the inner layer and the disruption
of the burst cycle. When high roughness is present, the elon-
gated streaky structures in the high-FPG region are disrupted
by local disturbance and are never completely established.
We also observe a smooth transition from the lower-Re tur-
bulence structure in the initial part of the boundary layer to
the smaller-scale turbulence in the high-Re region downstream
due to higher U...

The isosurfaces of the second invariant of the velocity
gradient tensor
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in Figure 7 show that the outer-layer structures are remarkably
similar; near the wall, however, in the two rough-wall cases
we observe a nearly uniform distribution of eddies in the re-
gion of roughness, generated by the wakes of the roughness
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Figure 6. Contours of streamwise velocity fluctuations in the plane y/8, = 0.03 for smooth-wall case (bottom) and y/k = 1.5 for
rough-wall case with k/5,; = 0.4 (top), with the stronger acceleration.

elements, and essentially locked to the roughness element.
These eddies increase mixing (as illustrated by the Reynolds
stress contours), and play a role in the break-up of the streaks.
However, when the roughness elements are small the distur-
bance they introduce does not penetrate far enough into the
flow to break up the elongated streak, leading to a behaviour
similar to the one on a smooth wall.

CONCLUSIONS

We have performed large-eddy simulations of the flow
over smooth and rough-wall boundary layers subjected to
favourable pressure gradients. Our results indicate that rough-
ness plays a significant role in near-wall flow mixing, desta-
bilizing the inner layer and reducing or eliminating relami-
narization, by stimulating wall-normal velocity fluctuations
close to the wall. Small-scale coherent structures are found
to be generated in the wake of the roughness elements. For
high k/8;, this prevents the flow from reorganizing under
high freestream acceleration. However the combined effect
of roughness and favourable pressure gradient depends on the
relative significance of the two. The flow behaviour resembles
a smooth-wall boundary layer in relaminarizing and retransi-
tioning if the roughness height k/§, is small, although still in
the transitionally-rough regime. Future works include studies
on various roughness shapes, and quantification of bursts and
streaks instability to further understand the competing mech-
anism between roughness and pressure gradient.
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