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Abstract

We performed direct simulations of channel flow
subjected to rotation about a spanwise axis, comparing
smooth walls and cases with random roughness. The
destabilizing effect of roughness counteracts the stabi-
lizing effect of rotation, on the cyclonic side, maintain-
ing non-zero Reynolds shear stress at all rotation rates
considered. The wake fluctuations result in significant
dispersive stresses, which are attenuated by rotation
on the cyclonic side. They, however, do not contribute
significantly to the generation of turbulence. The in-
stantaneous fields and spectra highlight the presence
of elongated roll cells, which are not sensitive to the
roughness. The sweeps and ejections responsible for a
significant percentage of the Reynolds stress are due to
motion whose coherence, in the wall normal direction,
is increased, perhaps due to the roll cells.

1 Introduction

Wall-bounded flows subjected to rotation around
the spanwise axis occur in a number of applications,
the most common one being turbomachinery, such as
the Francis turbine used in hydroelectric power plants.
In a rotating frame of refence the Coriolis force,  x
V is added to the equations of motion. The Coriolis
term can stabilize or destabilize the flow, depending on
the value of the dimensionless rotation number (Ro =
—2Q1/S, where S is the mean shear), and on whether
Ro and S have the same or opposite signs (see Durbin
& Pettersson Reif (2001) for an extended discussion).

In a plane channel the mean shear has opposite
signs on the two sides. For positive Ro, then, the
lower wall (the pressure side) is subjected to anti-
cyclonic rotation (Ro and S have the same sign) and
the flow is de-stabilized (for moderate rotation rates),
while on the upper, suction, side the rotation is cy-
clonic and the flow is stabilized. Thus, rotating flows
of this type have been studied extensively. Johnston
et al. (1972) and Kristoffersen & Andersson (1993)
are among the first examples of(respectively) experi-
mental and numerical studies of this problem. Other
studies of this flow include the work by Tafti & Vanka
(1991); Lamballais et al. (1996); Nakabayashi & Ki-

toh (1996); Lamballais et al. (1998); Maciel et al.
(2003); Nakabayashi & Kitoh (2005); Grundestam
et al. (2008); Xia et al. (2016). Given the diffi-
culty of performing experiments of this type, most of
these studies are numerical, and are conducted at low
Reynolds number, Re, = u,;d/v ~ 180 (where u, is
the friction velocity and ¢ the channel half-height).

Among the results of these investigations are: (1)
a tendency to wards relaminarization on the cyclonic
side at high Rotation numbers; (2) the formation of
elongated longitudinal vortices and the enhancement
of turbulence on the anticylonic side; (3) the longitu-
dinal vortices may be responsible for strong (although
infrequent) ejections that contribute to the Reynolds
shear stress transport; (4) the mean velocity profile has
a linear region with slope 2Roy; in this layer the rms
velocity fluctuations are also linear.

While these studies have considered smooth walls,
in most flows of engineering interest the surfaces are
rough; the effect of roughness is opposite to that of
cyclonic rotation: notably, the Reynolds shear stress
is increased and the Reynolds stress anisotropy is de-
creased. It is important, to predict the flow in practical
application, to understand how these two opposite ef-
fects interact. Narasimhamurthy & Andersson (2015)
considered ribbed channels subjected to spanwise ro-
tation. The roughness was constituted by an array of
square ribs, 40 wall units wide and high (the rough-
ness height was one-tenth of the channel half-height),
with a pitch equal to 8 times the roughness height. The
nominal Reynolds number was Re, = 400. With this
pitch, the flow can reattach between ribs; this type of
rough surface is known as k-type (Perry & Joubert,
1969), and the roughness used is probably in the tran-
sitionally rough regime. They found that the effect of
rotation and roughness are, indeed, opposite on the cy-
clonic side. As in studies of the smooth-wall case, they
found that the modification of the Reynolds stresses
was also indirect, mainly occurring through the change
in the velocity gradient, but also due to the effect of the
Coriolis production.

In the present study we perform a simulation of ro-
tating channel flows over smooth and rough wall using
sandgrain roughness. The simulations are carried out



ut =yt .
ut =logy*/0.39 +5. ) ;

+ Hoyas and Himenez (2006), Re, = 950 '
— Ro, = 0.00
— Ro, = 0.42
— Ro, = 1.00

Figure 1: Mean velocity profiles in wall units. Lines:
smooth wall. Lines with symbols: rough wall.
Solid line: anti-cyclonic side; dashed: cyclonic
side. The profiles are shifted by twenty units for
clarity.

at Re; ~ 1,000, and the average roughness height is
kave = 0.046. That allows us to reach the fully rough
regime (at least on the anti-cyclonic side) while keep-
ing the blockage very low. Furthermore, while ribbed
channels are artificially generated, for instance to im-
prove the cooling of turbines, sandgrain roughness is
more representative of realistic surfaces encountered
in many engineering applications, such as the blades
of hydroelectric turbines.

2 Problem formulation

The equations of conservation of mass and mo-
mentum are solved:
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Q) is the channel rotation rate, oriented in the span-
wise direction. The forcing term f; is used to enforce
the no-slip boundary conditions inside the sandgrain
roughness, modelled using an Immersed Boundary
Method (IBM). The equations of motion are solved us-
ing second-order accurate (in time and space) deriva-
tives on a staggered mesh. The code is parallelized
using MPI, and has been widely validated in a variety
of turbulent flows over smooth and rough surfaces.
Periodic boundary conditions are used in x and z.
In the smooth-wall cases no-slip conditions are used
in y; in the rough-wall ones, the IBM used is based
on a Volume-of-Fluid technique (Scotti, 2006). De-
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Figure 2: Reynolds shear stress profiles. Lines: smooth
wall. Lines with symbols: rough wall. Solid line:
anti-cyclonic side; dashed: cyclonic side. The pro-
files are shifted by one unit for clarity.

tails of the numerical implementation of the IBM can
be found in the original paper, or in Yuan & Piomelli
(2014a).

We performed the direct numerical simulations at
Rep, = 19,000 (based on channel height and aver-
age velocity); in the absence of rotation, this cor-
responds to Re, ~ 1,000 (based on channel half-
height and friction velocity). The calculations were
performed in a domain with dimensions 12 x 2 x 3
(all lengths are normalized by the channel half-width
0) using 1536x192x384 grid points for the smooth
cases, and a domain with dimensions 12 x 2 x 6 and
1536 x530x768 points for the rough ones. The mass-
flow rate was kept constant, so that Re, = 19,000
for all cases but Re, varied between 1,000 and 550
for the smooth-wall cases, and between 1,500 and 780
for the rough-wall ones. The code and the grid res-
olution used were validated by comparison with the
DNS data of Hoyas & Jiménez (2006) for non-rotating
smooth-wall cases, and with the low-Reynolds number
calculations of Kristoffersen & Andersson (1993) for
the cases with rotation. The agreement with the refer-
ence data for first- and second-order statistics and for
the Reynolds stress budgets is very good. The rough-
ness height was 4% of the channel half-height, small
enough to avoid blockage effect, but sufficient to be in
the fully rough regime (k} ~ 100 — 150). Three rota-
tion rates were examined: Ro, = 2Q0/U, = 0, 0.42
and 1.0.

3 Results and discussion

Figure 1 shows the mean velocity profiles, in inner
units, for the six calculations. A logarithmic region is
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Figure 3: Root-mean-square velocity fluctuations. Lines: smooth wall. Lines with symbols: rough wall. The velocity profiles

are shifted by two units for clarity.

observed on the unstable side, whose shift (the rough-
ness function AUT) is consistent for all cases, and is
not strongly affected by the rotation rate. On the sta-
ble side no logarithmic layer is observed, either in the
rough-wall or in the smooth-wall cases.

The Reynolds shear stresses are shown in Figure 2.
Here, a prime denotes fluctuating quantities. A re-
markable difference can be observed at the highest ro-
tation rate: with a smooth wall, (u'v’) is negligible
on the stable side, where the flow anisotropy increases
as (u'u’) decreases less than (v'v’). When the wall is
rough, on the other hand, the flow is more disturbed
(as will be shown momentarily), resulting in a more
turbulent-like profile.

Figure 3 shows the rms fluctuations. On the cy-
clonic side, the stabilizing effect of the rotation is
significantly counterbalanced by the destabilization
caused by the roughness. While on the stable side
the rough-wall case is very different from the smooth-
wall one, on the unstable side Townsend’s similarity
hypothesis seems to be valid: the rms fluctuations are
independent of roughness, when scaled with the fric-
tion velocity, although u, is almost 50% higher in the
rough-wall case.

Following Mignot et al. (2009), we can introduce a
double-averaging approach to decompose a flow quan-
tity into its time and space average, denoted by (-), the
spatial variation of the time average, -, also known as
the wake field or the form-induced perturbation, and
the stochastic turbulent fluctuation, denoted by a dou-
ble prime:

O(z,y,2,t) = (0)(y) +0(2,y,2) +0"(z,y,2,1) 3)

(and 0’ = 0+ 0" ). The wake perturbations—such
as 0u;/Ox; and u]u//—play an important role in the
destabilization of the flow and in the redistribution of

energy between the normal Reynolds stresses (Yuan &
Piomelli, 2014b).

The w, v and p wake components in planes near
the walls are shown in Figure 4. In general, patterns
of the wake velocity fluctuations are similar near both
walls; rotation does not seem to play a major role in
determining the wake-field pattern. The main differ-
ence between the two sides is the appearance of large
regions of higher-magnitude, positive u on the stable
side, and lower magnitudes (and possibly shorter co-
herence length) for v and w (not shown) on the stable
side.

To quantify the magnitude of form-induced spa-
tial perturbations, the components of the dispersive
stress tensor are plotted in Figure 5. On both sides,
the total kinetic energy of the wake fields remain sig-
nificant, though weakened, with increasing Ro,. The
rotation attenuates the magnitudes of all components,
which is more significant on the stable side, especially
for the wall-normal, spanwise and shear components,
whose drops in magnitude are 60-70%; this may be
due to as yet unknown effects of rotation, or to the fact
that the flow develops towards the transitionally rough
regime. The roughness sublayer thickness—defined as
the near-wall region where the form-induced perturba-
tion is strong—appears insensitive to Ro,. The non-
negligible values of u above the roughness sublayer
for the zero- Roy, case are probably due to limitation in
simulation time covered by the available data.

More interesting is the behaviour of the wake pres-
sure P, also shown in Figure 4. The time-averaged
pressure distribution on the two sides are dramatically
different. Recall that 9P /Jz contributes to pressure
drag on the surface. On the unstable side, regions of
negative and positive P are both of small sizes and
appear frequently, leading to frequent pressure drag
generation. On the stable side, however, large patches
of negative P are present, with less frequent appear-
ance of positive P region (compared to the unstable
side); thus, the pressure drag generation occurs less
frequently, resulting in lower u,. An important ques-



Figure 4: Contours of u, v and p in planes 0.046 away from both walls, normalized by local u.. Bottom: unstable side; top:

stable side.
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Figure 5: Dispersive stresses inside the roughness sublayer,
normalized by local u,, on (a) unstable side and
(b) stable side. --- Rop, = 0.00; === Rop, =
0.42; Rop, = 1.00. Profiles are shifted
upwards by 0.5 units for clarity.

tion, presently under investigation, is whether these
patches are associated with large time-averaged recir-
culation regions due to the longitudinal roll cells char-
acteristic of this flow (that will be discussed momen-
tarily), which may shadow a large number of rough-
ness elements so that they do not contribute to pressure
drag.

Figure 6 shows an instantaneous picture of the
flow, for the intermediate rotation number. Following
Jeong & Hussain (1995), isosurfaces of A\ (the mid-
dle eigenvalue of the strain-rate tensor) are used to vi-
sualize the turbulent structures. They are normalized
by the value of u, on the corresponding side of the
channel. The quasi-laminarization on the cyclonic side
when the wall is smooth is highlighted by the areas in
which no turbulent activity is present. The rough-wall
case shows a more homogeneous distribution of tur-
bulent eddies. On the unstable side the structures tend
to become aligned, forming very long trains, proba-
bly due to the long roll cells, observed experimentally
(Johnston et al., 1972) and numerically (Kristoffersen
& Andersson, 1993).

To confirm this conjecture, we examined the pre-
multiplied velocity spectra (not shown). Our findings
agree with those of Brethouwer (2017): k,®,,, shows

the presence of energetic motions centred around (y —
d)/6 = 0.5, whose spanwise scale is the channel
height, and that span the entire length of the chan-
nel. The spanwise spectrum of w, k,®,,,,, shows two
peaks, one above and one below the peak in k,®,,,
which may reflect the fact that v is strong between the
rollers while w is dominant above and below them.
The spectra for rough and smooth walls are very simi-
lar, indicating that the effect of the roughness does not
propagate far enough from the wall to affect the roll
cells.

In Figure 7 we show the conditionally averaged
Reynolds shear stress. The occurrence of sweeps (fluid
moving towards the wall) and ejections (fluid mov-
ing away from the wall) was used as the criterion for
the averages. Events were detected by requiring that
[v'| > vims at (y — d)/6 = 0.03 (a point at the
lower edge of the logarithmic layer). At the upper
wall the frame of reference was rotated so that v’ > 0
always corresponds to an ejection. We then accumu-
lated statistics along y lines, at all the point where the
condition was met, and also averaged in time. Both
sweeps and ejections (as defined here) occurred at 10
to 15% of the points considered, but are associated
with a Reynolds stress that is two or three times larger
than the global average.

The conditioned statistics should differ from the
global ones for a wall-normal distance equal to the
correlation length of the coherent events causing the
sweep or ejection. Figure 7 shows that, with no ro-
tation, the wall-normal extent of the coherent mo-
tions that generate the sweeps and ejections is approx-
imately L, = 0.1 (corresponding to 100-150 wall
units), consistent with the expected size of the quasi
streamwise vortices that are known to be responsible
for these motions (Robinson, 1991). When rotation is
applied, however, the size of these coherent motions
extends much farther from the wall. This may be an-
other effect of the advection due to the large roll cells.

When rotation is applied, sweeps become predom-
inant on the stable side, ejections on the unstable one.
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Figure 6: Isosurfaces of A2 = —50 (normalized by the local u, ), coloured by distance from the wall, for Ro = 0.42. Top row:
Smooth wall; bottom row: rough wall. Left column: Stable side; right column: unstable side.

Roughness intensifies the sweeps, consistent with pre-
vious findings that roughness leads to head-down hair-
pins that generates Q4 motions(v’ > 0, v/ < 0)
upstream of a roughness element (Talapatra & Katz,
2012). Thus, the difference between the stress due to
the sweeps and that caused by the ejections is reduced.
Roughness also causes the peak of the sweep contri-
bution to move closer to the wall.

It has been observed that the form-induced per-
turbations can play an important role in modulat-
ing turbulence response to mean distortions in non-
canonical wall-bounded flows, such as oscillatory
channel flows (Ghodke & Apte, 2016) and spatially
accelerating boundary layers (Yuan & Piomelli, 2015).
For the present rotating channels, the wall-normal
Reynolds stress budgets of the smooth and rough cases
with Ro, = 1.0 are compared in Figure 8. Despite sig-
nificant wake kinetic energy in the roughness sublayer
on both sides (Figure 5), the wake-production (Mignot
et al., 2009), P, = (v"u}0v/0x;), remains small,
essentially zero on the stable side; this is probably as-
sociated with the reduction of (90) on this side. The
fact that on the stable side pressure work balances the
sum of dissipation and the rotation term indicates that,
for the present rotating channel flows, the cause of the
destabilized turbulence on the stable side when rough-
ness is present is not the wake perturbation, but the
redistribution of turbulent Kinetic energy to v”-energy
through three-dimensional P” gradients generated by
the roughness blockage.

4 Conclusions

We have performed direct numerical simulations

of turbulent channel flows subjected to spanwise ro-
tation, comparing smooth and rough surfaces. The
Reynolds number, for the non-rotating case, is fairly
high, Re, = 950. This allows the fully rough
regime to be achieved, while keeping blockage effects
small (the roughness height is 4% of the channel half-
height).

The destabilizing role played by the roughness is
particularly evident on the stable, cyclonic, side of the
channel. Significantly more energy is present in the
v’ and w’ fluctuations, decreasing the flow anisotropy;
this is similar to the non-rotating case. At the highest
rotation rate examined, Ro, = 1.00, roughness plays a
very significant role: when the wall is smooth the shear
stress (u/v’) vanishes, while it remains significant on
the rough wall.

Rotation attenuates the dispersive stresses on the
stable side; although they remain significant, their ef-
fect on the Reynolds stress budgets is limited, indicat-
ing that they are not the primary source of destabiliza-
tion due to roughness, as they are in other flows.
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