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Figure 1: Schematic of the numerical domain with rough-
ness strips at the walls.

Abstract

A spanwise heterogeneity of roughness is known to
lead to the formation of large-scale secondary motions.
In the present work the secondary motions are inves-
tigated based on the data sets extracted from direct
numerical simulations (DNS) of fully developed tur-
bulent open channel flow where spanwise-alternating
streamwise stripes of rough and smooth surfaces with
variation of the smooth surface elevation are intro-
duced. In order to study the character of the secondary
flow structures, the resultant flow fields are further
analysed by means of instantaneous flow topology and
by decomposition of the bulk mean velocity into its
contribution parts. It is found that the wall-normal po-
sition of the smooth stripes significantly alters the sec-
ondary motion topology and strength of the motions.
This alteration is also reflected in the fact that different
volume flow rates are realized for different elevation
heights of the smooth surface although the effective
friction Reynolds numbers is kept constant.

1 Introduction

Prandtl’s secondary flows of the second kind are
known to be generated for rough-wall turbulent bound-
ary layer flows with spanwise roughness heterogene-
ity. This fact is known since the pioneering work of
(Hinze, 1973) and a good summary of recent work in
this field is found in (Hwang & Lee, 2018). These sec-
ondary motions extend to the outer flow layer and sig-
nificantly alter the mean-velocity profile. Similar ob-
servations were made in direct numerical simulations
of turbulent channel flows with superhydrophobic sur-
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faces (SHS) where streamwise stripes of a slip surface
are introduced (Tiirk et al., 2014). In case of SHS the
presence of secondary motions results in a reduction
of the flow rate when a turbulent channel flow driven
by a constant pressure gradient (CPG) is considered.
In the present work we aim at investigating the influ-
ence of secondary motions on the flow rate for flows
over rough surfaces.

For rough-wall turbulent boundary layers opposite
rotational directions are found for ridge- and strip-
type roughness (Hwang & Lee, 2018) and in num-
ber of other investigations, see e.g. (Willingham
et al.,2014; Vanderwel & Ganapathisubramani, 2015),
while a complete rearrangement of the secondary flow
topology and reversal of the secondary motion direc-
tion are reported for SHS when the spanwise extend of
the structure is increased (Stroh et al., 2016).

The present contribution considers a detailed anal-
ysis of the secondary motions above a surface on
which stripes of roughness are inserted as indicated in
Figure 1. The space between roughness stripes is filled
by a smooth surface with variation in elevation h rela-
tive to the channel wall. In Figure 2 such transitioning
from a ridge type to a strip-type roughness is shown.

Topological evolution of the secondary flow and its
properties are examined for variation of the smooth
surface elevation, h, and compared to available liter-
ature results.

2 Procedure

A series of DNS has been carried out in a fully de-
veloped turbulent open channel flow in which the fric-
tion Reynolds number Re, = u,d(1 — heg) /v = 500
is kept constant. Here, §(1 — hegr) represents the net
channel height since h. is the average elevation of the
surface nondimensionalized with channel half-height
0. As common in rough wall literature (Chan-Braun
et al., 2011) the friction velocity is evaluated at this
position: wu,(y = Ohe). The code implementation
is based on the incompressible pseude-spectral solver
developed by Chevalier et al. (2007). The schematic of
the numerical domain is depicted in Figure 1. Periodic
boundary conditions are applied in streamwise and
spanwise directions, while the wall-normal extension
of the domain is bounded by no-slip boundary condi-
tions at the lower domain wall (y = 0) and symmetry
boundary condition (v = 0, Ju/dy = dw/dy = 0)
at the upper boundary (y = J). The domain size is
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Figure 2: Roughness profiles k(z) at a single location z for
different elevation of the smooth stipes h.

(Ly x Ly x L,) = (8 x & x 46) and the resolu-
tionis (AzT x Ayt x Azt) = (5.2 x 0.1 x 5.2).
The wave-length, L, represents the size of the alter-
nating structure with a constant roughness fraction
® = w/L = 0.5, where w is rough stripe spanwise
extent. Based on literature results the wave-length
L/5 = 1 is considered, for which the formation of a
strong (2 — 3%U}) large-scale secondary motion with
pronounced generation of low- and high momentum
pathways (LMP & HMP) is expected.

The rough and elevated smooth surfaces are mod-
eled by introduction of an external volume force field
to the Navier-Stokes equations based on the method
proposed by (Goldstein et al., 1993). The method
is a variation of the direct forcing immersed bound-
ary method (IBM), which imposes zero velocity in the
solid region of the numerical domain utilizing a vol-
ume force given by:

Fi(z,y,2,t) = aui(z,y,2,t) for y < k(z,z2),

ey
where k(z, z) is the roughness elements height distri-
bution and « is a negative constant that determines the
relative strength of the applied force. For the rough-
ness stripes we consider a homogeneous roughness
distribution with mean surface elevation k /0 =0.041,
kmax/0 = 0.1, ks /0 = 0.025, skewness Sk = 0.134
and kurtosis K = 2.21 based on the rough areas
only. The rough surface is generated using the tech-
nique proposed by Forooghi et al. (2017). Figure 2
shows three considered elevations of the smooth sur-
face: h = 0, k and 2k. These three values might rep-
resent different roughness types (Bons et al., 2001):
roughness generated by deposition (h = 0, positively
skewed for the entire wall area), roughness generated
by simultaneous deposition and erosion (h = k, near
zero skewness) and roughness generated by pitting or
erosion (h = 2k, negatively skewed, carved” rough-
ness).

3 Results

Secondary Motion

Figure 3 presents the distribution of the mean ve-
locity and the topology of the secondary vortices. The
case with h = 0 presents a typical secondary motion
for a ridge-type roughness. A significant modifica-
tion of the secondary flow topology is evident when

h changes: while an upward motion corresponding to
LMP is observed over the rough stripe for h = 0, a
downward motion or HMP is present over the rough
stripes for h > 0. It has to be emphasized that the
occurring secondary motion shows different strength
- the maximum present velocity is V02 + @02 /Uy =
1.8%,1.2% and 2% for h = 0, k and 2k, respectively.
The secondary motion is accompanied by a significant
bulging of the streamwise mean velocity distribution,
which is visible through the red isolines in Figure 3
and is especially evident in the outer region for h = 0
and 2k. At the same time the spanwise variation of
/U in the near-wall region is rather weak for h = k
and 2k.

Instantaneous Flow Structure

In order to shed light on the nature of the secondary
flow generation mechanisms in present turbulent sim-
ulations we consider a streamwise vortex detection in
y-z-plane of instantaneous velocity fields. The algo-
rithm is based on identification of swirling strength
peaks followed by region growing routine for the esti-
mation of the vortex extent (Vanderwel & Tavoularis,
2011). 1200 2d-velocity planes from 300 temporally
uncorrelated 3d-velocity snapshots are utilized for the
detection of the instantaneous streamwise vortices for
each rough-wall simulation case.

Figure 4 demonstrates the spanwise PDF of the
detected vortex centers. It has to be emphasized
that the statistics contain only energetically signifi-
cant vortices with swirling strength \.; larger than
2%(Aei6/Uso)max- Comparison of the considered
cases reveals a similar total distribution of the detected
vortices (grey histogram). However, if we plot the
PDF of the vortices with positive (red) and negative
(blue) rotational direction a spatial separation can be
observed. The separation of the positively and nega-
tively rotating instantaneous vortices is especially evi-
dent for h = 2k with positively rotating vortices con-
centrated within z/6 < 0.5 and negatively rotating
vortices withing z/0 > 0.5. A separation of vortices
is also visible for 1 = 0 while there is no clear trend
for h = k. The observed separation for h = 0 and
h = 2k is in agreement with the structure of the sec-
ondary motion in figure 3 indicating that the observed
large-scale secondary motion can be considered as a
result of separation and clustering of smaller instanta-
neous vortices with the same rotational direction.

A more detailed view of the instantaneous vortex
occurance is provided in Figure 5. It shows the differ-
ence between the PDF of positively and negatively ro-
tating vortices for the same detection of instantaneous
vortices in y-z-plane. It is evident that the location of
vortex clusters with the same rotational direction co-
incides with the observed secondary flow depicted in
Figure 3 also for case h = k.

Impact on Total Shear and Bulk Mean Velocity
Utilizing a triple decomposition of the velocity
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Figure 3: Mean velocity profile and secondary motions at different elevation of the smooth stripes h. Black arrows indicate
time-averaged streamlines in y-z-plane, red solid lines mark the isolines for the streamwise mean velocity distribution.
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Figure 4: PDF of detected vortex centers.

field into mean part with dispersive () and random
(") fluctuations as proposed by Reynolds & Hussain
(1972):

ui(x,y, 2, t) = () (y) + @y, 2) + v (,,2,1),
@)
with time and streamwise averaging denoted by - and
spanwise averaging represented by (), the streamwise
momentum balance can be written as

1-y _Ld(a)+_<w+
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—_—— — I
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+
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(3)
where hegr is the reference plane position and 7o =
7 (hetr). The reference plane position hegr is determined
as the mean height of the entire roughness distribution,
k(x, z), including the elevated smooth wall regions.
F, represents the streamwise components of the IBM
forcing. Figure 6 shows the corresponding decompo-
sition of the total stress 7 into its contributions. As
expected, we observe a distinct peak for the forcing
term (IV) in the IBM region. The viscous stress (I)
clearly reflects the presence of the elevated surface. In
all three cases the random stresses (II) form the ma-
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jor contribution to 7. The additional contribution from
the dispersive fluctuations is evident for all three cases.
However, the contribution is relatively weak and does
not exceed 10% of the total stress locally. For h = 0
and k the contribution is present in the near-wall re-
gion (y < 0.3) only, while for the case with h = 2k the
dispersive part protrudes up to y = 0.6. Interestingly,
the distribution of the dispersive part remains positive
for h = 0, negative for h = k and changes sign for
h = 2k. Similar behaviour of the dispersive compo-
nent is shown by Tiirk e al. (2014) in a turbulent flow
over SHS where a switch in the rotational direction of
the secondary flow is observed.

Figure 7 shows the product of dispersive fluctua-
tions %% and random stress u/v”. Spanwise integra-
tion of these maps provides the dispersive contribution
and (random) turbulent contribution to the total stress
in Figure 6. It is evident that the shift of the smooth
wall position significantly changes the dispersive fluc-
tuations - while for » = 0 and & the local fluctua-
tion peaks are concentrated around the rough surface,
for the highest smooth stripe position h = 2k positive
peaks are evident in the outer flow. This translates into
the non-zero dispersive contribution up to y = 0.6 in
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Figure 5: Difference of PDF distribution between detected centers of clock- and counterclockwise rotating vortices.
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Figure 6: Total shear stress decomposition.



Figure 6.

In terms of the generated flow rate for the three
considered cases the corresponding bulk Reynolds
numbers are reported in table 1 in comparison to a
smooth channel at the same Re,. As expected, in
all rough wall cases Rey is reduced compared to the
smooth reference. The contributions to U," can be an-
alyzed in a similar manner as the contributions to 7.
Therefore, Eq. 3 is integrated twice. The resulting de-
composition of the bulk mean velocity is similar to the
one introduced by Marusic et al. (2007) or Benschop
& Breugem (2017), and is given by:

1 5
UF = 5(1—heff)/0 (@7" (y)dy

= Uy +U7 + U0 + U @)
UF represents the laminar contribution

1 Re
Lo~ e 5
Us (1 — herr)® 3 ©)

UE and UP are contributions related to turbulent
stress (u/v"’) and dispersive fluctuations (G0):

1 0 N
Ut?:m/() (1 —y) (Wv")dy, (6)

D _ 1 s
U, —m/o (I—y)(uv)dy. (D

The last term, UbF , represents the contribution of the
streamwise IBM forcing which can be understood as
shear and pressure force exerted by the rough surface
on the flow:

1 J _
szzm/o (1—y)(Fp)dy. (8)

We recall that for a smooth-wall channel flow only the
laminar contribution, U, bL , and the contribution from
the turbulent random fluctuations, U, f, are present, SO
U, = Ul + UE applies.

Table 1 lists the respective contribution to the bulk
mean velocity in comparison to the reference smooth-
wall channel flow. Due to the fact that the simulations
are carried out with the same effective Re, but with
different net channel heights the large positive laminar
contribution, UbL, varies between the cases. This con-
tribution represents the bulk mean velocity of a smooth
wall laminar flow with the given channel height and
driven by the pressure gradient that corresponds to the
prescribed Re.

As itis typically found in turbulent flows, this lam-
inar contribution is opposed by a large negative con-
tribution from the turbulent stress, UbR. Interestingly,
the contribution is less pronounced for the rough cases
in comparison to the smooth one. Rather small con-
tributions arise from the dispersive contribution UL
Ulf’ is directly related to the presence of the secondary

motion, which translates into a spatial variation of
and v. It can be seen that case h = 0, where the
largest UbD is found, exhibits the smallest value for
UR. This supports the previously mentioned obser-
vation that the secondary motions appear to consist of
reorganized vortical structures. Once those structures
contribute towards UL, the total value of UZ is re-
duced. For h = 0 and 2k the contribution of Ulf) is
negative while it is positive in case h = k. This dif-
ference in sign can be understood by carefully look-
ing at the nature of the secondary motion in figure 7.
In cases h = 0 and 2k we mostly find upward mo-
tions in regions in which the mean streamwise veloc-
ity also bulges upwards. This indicates that relatively
slow streamwise motion is transported upwards and
thus suggests a negative correlation between « and v.
In the near-wall region of h = k one can identify re-
gions in which upward motion and downward bulges
in the mean streamwise velocity profiles co-exist (see
left and right corner of the figure around y/0 = 0.1).
Those regions correspond to a positive correlation be-
tween 7 and ¥ and thus also a positive value for UP.
Finally, the negative contributions of U/" directly re-
flect the fact that an increased area of the channel is
exposed to IBM forcing which by definition opposes
the flow rate.

4 Conclusions & Outlook

A DNS of spanwise-alternating rough-smooth sur-
face with variation of smooth stripe elevation is con-
ducted. For the current work the elevation of smooth
stripe is fixed to & = 0, k and 2k. It is found that the
topology of the secondary motion significantly differs
depending on h. A switch of rotational direction can
be observed between h = 0 and h = 2k. The analysis
of instantaneous vortex distributions reveals that the
resulting secondary motions appears to originate from
the redistribution of counter- and counterclockwise ro-
tating instantaneous vortices. The decomposition of
the resulting bulk velocity into its contributions sug-
gests that secondary motions can positively influence
the mean streamwise velocity. It remains to be inves-
tigated whether such a trend could be strengthened.
However, as a first step is required to understand the
generation mechanism of the secondary flows more
thoroughly. We therefore plan to extend present work
with analysis of the mean momentum budget as well
as streamwise vorticity transport equation.
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Figure 7: Product of dispersive fluctuations #v and random fluctuations w//v’’.

Table 1: Composition of the bulk mean velocity for the reference case and three considered roughness distributions.

case Re, Re, U, UF vt uP  ur
smooth 500.1 18100 181 166.6 -1485 0.0 0.0

h=0 4997 11512 115 1781 -1362 -6.6 -23.9
h=Fk 499.6 11948 120 189.0 -1469 1.2 -31.5
h=2k 499.7 12108 12.1 198.6 -1443 -44 -37.8
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