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ABSTRACT

Turbulent sink-flow boundary layers over smooth and
rough walls are studied using large-eddy and direct nu-
merical simulations. Various acceleration levels are ap-
plied, yielding a wide range of Reynolds number (Reg =
372 —2748). The effects of acceleration and roughness on
the flow are investigated. The results highlight that acceler-
ation and roughness have opposite effects, consistent with
previous investigations. Acceleration is found more impor-
tant than roughness on outer-region turbulence. In the near
wall, roughness causes spatial variations of the mean ve-
locity that are correlated with the geometry. The streaky
structure of the near-wall layer is significantly modified.

INTRODUCTION

Turbulent boundary layers subject to a favorable pres-
sure gradients (FPG) are found in many engineering appli-
cations, including airfoils, turbine blades or curved duct.
The acceleration can be characterized by the parameter K =
(v/U2)(dUw/dx) (U is the freestream velocity). When
the acceleration is sufficiently large, the flow may revert to
a laminar or quasi-laminar state. The accelerating bound-
ary layer that lends itself most to analysis and simulation
(although difficult to achieve experimentally) is the flow
in a two-dimensional convergent duct, known as sink flow,
for which a laminar solution exists and similarity analysis
can be applied in turbulent flow. The turbulent sink flow
has been studied numerically (Spalart, 1986; Esmaili & Pi-
omelli, 1993) and experimentally (Jones & Launder, 1972;
Chambers et al., 1983; Jones et al., 2001; McEligot & Eck-
elmann, 2006; Dixit & Ramesh, 2008, 2010); in this type of
flows, K and the Reynolds number remain constant, result-
ing in statistical similarity in the flow direction. Therefore,
a sink flow is substantially less expensive computationally,
compared to spatially developing accelerating flows. In
smooth-wall sink flows, the acceleration results in thick-
ening of the viscous sublayer, damping of fluctuations es-
pecially in the vertical component, lower bursting rate, and
larger near-wall coherent structures. Spalart (1986) showed
that turbulence cannot be sustained if K > Kepiy ~ 3 x 107°.

In realistic spatially developing boundary layers, of
course, the acceleration cannot act for infinite distances, and
complete relaminarization occurs rarely. However, the state
of the flow is still significantly altered by strong accelera-
tion, and even the mean velocity profile is modified.

Reviews of existing knowledge can be found in sev-

eral landmark articles (Narasimha & Sreenivasan, 1973;
Narasimha, 1985; Narasimha & Sreenivasan, 1979). Here
we summarize the major points only. Experimental investi-
gations of relaminarization due to flow acceleration started
in the early 1960s. Among the major findings of these stud-
ies was the fact that, at least in the outer region of the
boundary layer, dissipation remains smaller than produc-
tion. Narasimha & Sreenivasan (1973) conjectured that,
since the streamwise and wall-normal fluctuations do not
lose their correlation, relaminarization is due to pressure
forces dominating over nearly frozen Reynolds stresses.
Recent simulations of accelerating flows over smooth, flat
plates Piomelli e al. (2000); De Prisco et al. (2007) show
that, in the region of maximum acceleration, frozen turbu-
lence advected from upstream is still present, but it does not
adjust to the freestream acceleration.

Roughness plays an important role in many fields of
study. Systematic experimental studies of turbulent flow in
rough pipes were carried out by Nikuradse (1933) and Cole-
brook (1939). Since then, a substantial amount of work has
been done to understand the dynamics of turbulent flows
over rough-walls, both for engineering and atmospheric ap-
plications. Reviews by Raupach and co-workers (Raupach
& Thom, 1981; Raupach et al., 1991) and Finnigan (2000)
summarize the research on roughness in atmospheric appli-
cations, while those by Raupach ef al. (1991) and Jiménez
(2004) discuss engineering flows.

Investigations of the interaction between roughness
and pressure gradients have been carried out only recently.
Tachie et al. (2007) studied open channel flows with bar
roughness; the FPG resulted from converging side-walls.
From the study of a wide range of ;" they concluded that,
while in the hydraulically smooth regime the flow responses
were similar to those on a smooth wall, in the cases of fully
rough flows no apparent FPG effect was observed on drag
characteristics, the mean flow, and turbulent quantities. It is
worth noting that the streamwise domain under study might
be too limited for full FPG effects to take place, and that the
accelerating flows were strongly non-equilibrium.

Cal et al. (2008, 2009) studied quasi-equilibrium
boundary-layer flows on a tilted plane with sand-grain
roughness and mild acceleration; the acceleration was ap-
plied for a considerable distance for both the fully rough
and transitionally rough flows. They observed a general in-
crease of friction coefficient Cy and decrease of Reynolds
number based on momentum thickness, Reg, as accelera-
tion was imposed on the rough wall. Competing effects
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of K and roughness were found on the mean flow, and in
the outer layer of the Reynolds stresses; however, instead
of damping fluctuations (as in the outer layer), acceleration
significantly intensified them close to the rough wall, an ef-
fect opposite to a smooth-wall flow. Again it is not clear
whether these effects were limited to the early stage of ac-
celeration, or whether they were due to the mild levels of
acceleration.

To answer some of the questions raised by recent ex-
perimental studies (in particular, to eliminate the effects of
spatial variation of the acceleation) in this paper we carry
out a parametric study of acceleretion parameter K and
roughness in the transitionally rough regime for a turbulent
sink-flow boundary layer. In the following, first we present
the model used, including the numerical scheme, the turbu-
lence parameterization and the modelling of the roughness.
We will then discuss the simulation results, stressing the ef-
fects of k, k™ and K. A summary of the conclusions will
end the paper.

PROBLEM FORMULATION

The motion of an incompressible flow of a newtonian
fluid is governed by the equations of conservation of mass
and momentum:

du;

o =0 (1)
duj  duju; _oP 1,
o T an - ox Re' W @

The equations have been made dimensionless using a ref-
erence velocity and length, U, and X (which will be spec-
ified later). xj, xp and x3 (or x, y and z) are, respectively,
the streamwise, wall-normal and spanwise directions, and
u; (or u, v and w) are the velocity components in those direc-
tions; P = p/p is the modified pressure, p the density and
Re = UsX /v the Reynolds number. In LES, Equations (1-
2) are solved for filtered quantities, and the divergence of
the sub-grid stress tensor, T;; = u;ut; — U;ii j, appears on the
right hand side of the momentum equation. In the present
study, 7;; is modeled using the Lagrangian-Averaged Eddy-
Viscosity model (Meneveau et al., 1996).

To calculate the sink flow we use the approach pro-
posed by Spalart (1986): the domain is transformed into
similarity coordinates (x,1,z), with n =yX,,/X. Here, X, is
a constant and X the distance from the sink. If the boundary-
layer thickness 0 is much smaller than X, since the turbulent
fluctuations vary on a length scale 0(8) < X, we can con-
sider a domain centered around a position X,,, assume that
the turbulence is spatially homogeneous, and include the
effect of the acceleration through growth terms that can be
obtained from the transformation of the equations into the
similarity coordinates, followed by a multiple-scale proce-
dure to simplify the equations. The effect of the acceleration
appears through growth terms G, and G,,, which are added
to the right-hand-side of u— and w—momentum equations:

{u)

Gu=—
u X,

N U2
((u)+2u)+70,

where (-) denotes an appropriate average, and u’ and w' are
fluctuations from the averages. With this transformation,

Figure 1. Visualization of sand-grain roughness R3 for
1/8 of the domain.

only two parameters are present: the acceleration parameter
K (which is also an inverse Reynolds number: K = V/UX)
and the roughness height, k = k/X,, where k = k; for the
sand-grain roughness used in this study. In the following,
for simplicity, 1} is replaced with y.

The simulations are performed using a well-validated
code that solves the governing equations (1-2) on a stag-
gered grid using second-order, central differences for all
terms, a second-order accurate semi-implicit time advance-
ment, and MPI parallelization (Keating et al., 2004). Pe-
riodic boundary conditions are used in the streamwise and
spanwise directions (since the flow is assumed to be homo-
geneous on the scale § < X). A free-slip boundary condi-
tion is imposed on the top boundary.

An immersed-boundary method is used to represent the
rough surfaces. We use the roughness model proposed by
Scotti (2006): a virtual sand-paper is constructed from ran-
domly oriented and distributed ellipsoids of the same shape
and size (with the three semi-axes equaling k, 1.5k, and
2k); this model was found to give kg ~ k in the transition-
ally rough regime. The volume fraction of each cell occu-
pied by the fluid (volume of fluid, or VOF) is calculated in
pre-processing, and the force (F; in the x; direction) exerted
by the roughness to the flow is imposed on the right-hand
side of the momentum equation to reduce the velocity by an
amount proportional to the solid volume in each cell. The
streamwise component of the force used to drive the veloc-
ity to zero within the immersed boundary can be integrated
to yield the drag force, f;(x,z). Note that f; includes both
the pressure and viscous drags. A typical surface is shown
in Figure 1.

A total of 12 simulations were run, identified by
KnRm, where n = 1,...,4 denotes varying acceleration pa-
rameters K, and m =0, ..., 3 different roughness heights. Ta-
ble 1 gives the values of K, k, and kT in all cases. kK values
within a 25% range are considered constant; thus, we will
consider cases K2R1, K3R2 and K4R3 as having approxi-
mately the same value of k. In all cases, § /k > 25, and k™
is in the transitionally rough regime; Reg ranges between
372 and 2853.

Due to the wide variation of the Reynolds number, LES
are used for the cases with milder accelerations (K1 and
K2), while direct simulations are used for cases K3 and K4.
The domain size in all cases is 0.2X, x 0.06X, x 0.04X,,
equivalent to approximately 96 x 36 x 26. The domain
sizes in x and z directions are similar to those used by
Spalart (1986), and the streamwise and spanwise two-point
correlations of the turbulent fluctuations, calculated at y =
0.59, fall below 0.1 at half the domain length or width. 768
grid points were used in x and 512 in z for cases K1, K2
and K3. For the K4 cases, 384 and 256 points only were
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Table 1. Values of roughness Reynolds number k™ and simulation parameters.
K1 K3 K4
K 0.45x107% 0.80x 107 1.50x107® 2.50x 1076
RO (smooth) 0 0 ) .
_ their contri
Rl (k=3.0x107%) 36.3 20.2 10.6 -
R2 (k=6.0 x 1074 - 45.9 234 13.4
R3 (k=9.5x10"%) - 41.6 23.8
used in x and z. The number of points in the wall-normal k. Therefore, the viscous length-scale
direction above the roughness elements was around 220 for
all cases; simulations with larger k required more points to 5, = (v/uz)/Xo = K(Us uz) (5)

resolve the roughness elements.

Uniform grids are used in x and z directions, while
stretching is applied in the y direction outside of the rough-
ness layer. In DNS, Axt and AzT are less than 10 and 3,
respectively, and the minimum Ay™ < 0.5 in the region be-
low the top of the roughness elements (y < 1.5k). In LES
AxT =17-30,Az" =6—9, and the Ay™ < 1 in the region
y < 1.5k. The stretching rate of the y grid is kept below 4%
in all cases. Note that even the LES is highly resolved, with
grid sizes only marginally worse than those of direct sim-
ulations in the literature. Between 20 to 100 million total
grid points were required. The roughness geometry is re-
solved by no less than 16 grid points in the (x,z) plane, and
by more than 30 grid points in the y direction.

In the following, the angle brackets (-) denote quan-
tities that are averaged in time and over the homogeneous
directions x and z. U;(y) is the time- and space-averaged ve-
locity whereas (-)x, and (-); denote only averaging over the
homogeneous direction or in time: U; = (i;); Uj(x,y,2) =
(ui); — U; is the deviation of the local time-averaged ve-
locity from the time-and space-averaged one. The turbu-
lent fluctuation u; are calculated by subtracting the time-
averaged velocity from the total one:

up = u; — (u;)y = uj — (Ui + ﬁz) . )

Averages are computed over T ~ 3008 /u; units after the
transient, a sample size sufficient to obtain converged statis-
tics.

RESULTS
Flow statistics

The Reynolds number based on momentum thickness
0, Reg = U /v, and the skin-friction coefficient, C =
27,/ onzo (where 7, is the wall stress) are shown in Fig-
ure 2. Good agreement is obtained with available exper-
imental (Jones & Launder, 1972; Dixit & Ramesh, 2010)
and numerical (Spalart, 1986) data for smooth walls. Reg
decreases with increasing K and increases with roughness
height, a phenomenon also observed by Cal et al. (2008).
Cy increases with K in the study by Cal et al. (2008), while
results obtained by Tachie et al. (2007) showed negligible
variation of Cy with K. In the current study an increase
of K while k is constant is found to decrease Cy. Rough-
ness increases C > a result observed in all studies. How-
ever, ur /U = (Cy/ 2)1/2 is only mildly affected by K and

is almost linearly proportional to K, and kT = k/8, ~ k/K,
can be viewed as a relative measure of the effects of rough-
ness and acceleration. Figures 2(b) and (d) show that Reg
is more affected by the acceleration effect, and Cr by the
roughness.

Figure 3 shows the mean velocity profile in wall units
for calculations with increasing acceleration (Figure 3(a))
and roughness height (Figure 3(b)). In most cases (the
main exception being the high-acceleration, low-roughness
one, K4R2), we observe a logarithmic layer, which accel-
eration displaces upwards and roughness downwards. Non-
universal log-law constants have been used to describe equi-
librium sink flows with similar or lower levels of accel-
eration compared to the current study (Dixit & Ramesh,
2008, 2010), but in our calculations the von Karman con-
stant k (calculated by considering the plateau region of
ytdU™ /dy™) was found to be within the accepted range
(k =~ 0.4) except in case K4R2. In this case, k™ ~ 10, close
to the hydraulically smooth regime, and the pressure gra-
dient is strong, leading to a case close to reverse transi-
tion. On the smooth wall, Dixit & Ramesh (2008) observed
an 18% increase of k as K increased from 7.71 x 1077 to
2.9 x 107%; in the present calculation for the rough wall
R2, a sudden increase of x as K approaches K4 indicates
that flow reversion occurs only when the flow is nearly in
the hydraulically smooth regime; at this point, k takes the
smooth-wall value. For higher roughness heights k™, K is
insensitive to the strengthening of acceleration.

Since the slope of the logarithmic region is close to
the universal value, the velocity deficit could be quantified
using a generalized roughness function, AUT (Figure 4).
We observe that the sink-flow results collapse with those
from experimental studies on equilibrium pipe flows. The
roughness-induced momentum deficit is not strongly af-
fected by either acceleration or roughness; instead, it is af-
fected by the ratio between the strengths of the two, mea-
sured by k™. In non-equilibrium accelerating boundary lay-
ers, Tachie et al. (2007) found, based on the assumption
of a universal log-law, that AU is affected by roughness
height but not by acceleration. This does not necessarily
contradict the current results, since, in their study, k™ is not
significantly affected by K either. The current work serves
to clarify that both K and k play a role in determining the
mean velocity deficit in sink flows.

The Reynolds stresses are presented in Figure 5. For
low blockage-ratio (k/J), roughness does not affect the
Reynolds stresses (normalized by u2) in the outer layer of
a high-Reynolds-number ZPG boundary layer. Here, it is
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Figure 2. Effects of roughness and acceleration on (a), (b) the Reynolds number and (c), (d) the friction coefficient. Lines
connect cases with constant k/§ in (a) and (c), and connect cases with constant k™ in (b) and (d). Hollow symbols are data from
current study: [J smooth; A rough. Solid symbols are reference data: ¢ Dixit & Ramesh (2010); e Jones & Launder (1972);

V Spalart (1986).
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Figure 3. Mean velocity profiles in inner scaling. (a) Effect of K; (b) Effect of k. —— - Universal logarithmic law.
10 crease of uZ, while the increase of (v'v/) is faster than that
¢ 3 of u2. In these cases, k/§ are similar to those in the K2
8 ooV . cases, but the Reynolds numbers are much lower (Reg =
. 372 — 696). Case K4RO and K4R2 are in the reverse-
+ 6 a transitional state; the wall similarity hypothesis, based on
S] o° fully turbulent flows, is not expected to hold under such
4 4 conditions.
¢ From here on, focus is placed on the cases away from
2 . / the reverse-transitional state, which appear more commonly
0 ee * Y in realistic FPG boundary layers. In Figure 6, the Reynolds
10° 10" 102 stresses are compared for three cases: Cases K1R1 and

k+

Figure 4. Dependence of roughness function AU (case
K4R2 not shown) on k.

found that wall similarity applies to boundary layers sub-
jected to mild acceleration (in which the Reynolds number
is not significantly reduced), such as the K2 cases (Fig 5(b))
(with Reg = 1248 —2028 and k/6 < 0.03). On the other
hand, in the K4 cases (Fig 5(a)) the streamwise and wall-
normal Reynolds stresses do not collapse. Specifically, the
increase of (u'u/) due to roughness is less fast than the in-

K3R1 show the effects of K increase only, while cases
K3R1 and K3R3 show the effects of k increase only. K1R1
and K3R3 have k* =~ 40 while K3R1 corresponds to a lower
k* 22 10. Similar to the effects on smooth-wall flows, an in-
crease of K increases («'u) in the near-wall region, in qual-
itative agreement with the transitionally-rough-flow obser-
vation by Cal ef al. (2008). In that study, however, (v'v') in-
creased with acceleration for y < 0.48¢5 and did not notice-
ably vary farther away from the wall; similar near-wall in-
tensification of (v/v') was also observed in non-equilibrium
FPG boundary layers (Yuan, 2011). The current results,
however, show a clear (v'v') decrease throughout the bound-
ary layer. This difference might indicate that, compared to
(u'w'y, (V'v') is more sensitive to the stage of flow develop-
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Figure 5. Roughness effects on the streamwise and vertical normal components of the Reynolds stress tensor, normalized by
uz, in cases with (a) K4 and (b) K2 . Only the outer parts (y > 3k) of the rough-wall profiles are shown.

x 107

Figure 6. Effects of K and k on (a,d) the streamwise, (b,f) vertical, and (c,g) spanwise normal Reynolds stresses, demonstrated

by cases KIR1 ( ), K3R1 (=--), and K3R3 (
Reynolds stresses are normalized by U2.

ment in an accelerating flow over roughness. On the other
hand, the roughness height clearly increases both Reynolds
stress components throughout the boundary layer, a result
supported by Cal ez al. (2008). The effects of K and k are
similar in magnitude in the outer layer (y > 3k), while in the
wall region ((y —d)* < 60),' similarity exists for Reynolds
stress profiles in cases with the same k™.

The Reynolds stress anisotropy tensor b;; is defined as

(wiuj)  &;j
) 3 ©

bij:

In one-dimensional turbulence, the relevant component of
the normal anisotropy components, by (N0 summation on
Greek indices), is 2/3, while the other normal components
are equal to —1/3. Anisotropies for the same three rough

I'The zero-plane displacement d, is defined as the vertical loca-
tion where the drag of the roughness element appears to act (i.e.,
the centroid of the local drag profile). With the current sand-grain
model, d/k ~ 0.8, insensitive to the value of K.

). Both inner scaling (a-c) and outer scaling (d-g) are used. The

cases are shown in Figure 7. It can be seen that the outer-
layer anisotropy is determined by K, consistent with the
wall similarity valid for these cases. In the wall region, on
the other hand the anisotropy shows a k*-based similarity
similar to that for the Reynolds stresses shown in Figure 6.

Turbulence structure

In the current rough and smooth cases, sweep (Quad-
rant 2 — Q2) and ejection (Quadrant 4 — Q4) events each
contribute between 75% and 88% of the total Reynolds
shear stress. The vertical distributions of the quadrant con-
tributions are compared in Figure 8 for smooth and rough
cases. The smooth-wall profiles resemble those in non-
accelerating flows (Kim et al., 1987): sweeps and ejections
are more significant in the outer and near-wall regions, re-
spectively; their contributions are equal at y* ~ 10 — 15.
The main effect of K is to increase the Q2 contribution
and to decrease that of Q4 for (y —d)* > 20. Less dif-
ference in the near- wall region is observed. In rough-wall
sink flows, near the wall, Q2 contributions from the rough
cases are 30% higher than on a smooth wall. A compar-
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Figure 7. Streamwise and wall-normal components of the anisotropy tensor for rough cases K1R1, K3R1, and K3R3 plotted

in (a) inner and (b) outer scaling.
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) and Q4 (---) events. (a) Smooth wall: () KI1R0, vV K3R0, A K4R0;

(b) rough wall: 00 K1R1, x K3R1, < K3R3. Vertical locations vary from (y—d)* =15to (y—d)/5 = 0.4.

ison of cases K3R1 and K3R3 show that an increase of k
tends to restore the profiles towards the KI1R1 case by de-
creasing Q2 and promoting Q4 contributions in the region
15 < (y—d)™ £50. The role of roughness in intensifying
ejections close to the wall and sweeps in the outer layer was
also observed in experiments (Grass, 1971; Krogstad et al.,
1992). For y/8 > 0.4 K plays a stronger role than rough-
ness.

Roughness induces mean-flow heterogeneity near the
wall, as shown in Figure 9 by the contours of U and V
(the difference between time-averaged velocity and time-
and plane-averaged one) from Case K3R3 at y = d. The
velocities are normalized by the value U at this elevation.
Two main motions can be identified: the mean sweeping
motion, highlighted by the correlation between long streaks
of positive U and negative V, and the nearly vertical ejec-
tions, shown by locally high magnitudes of positive V. The

sweeping motions may correspond to the mean-flow “chan-
neling phenomenon” observed on pyramid roughness by
Hong et al. (2011). Such sweeps may be the upper part of
the mean-flow re-circulation formed downstream of a rela-
tively tall roughness element, similar to the case of a k-type
bar roughness; the lower part of the recirculating flow, op-
posite to the direction of U, results in regions of positive f;
as the flow impinges on smaller roughness elements. Such
mean flow heterogeneity is found mainly within the region
y < 2k, to some degree coinciding with the roughness sub-
layer thickness reported in the literature.

The mean-flow heterogeneity has a strong effect on co-
herent turbulent structures. In Figure 10 the contour lines
of instantaneous negative u’ are superposed on the V con-
tours in the vertical plane and the U contours in the hori-
zontal plane. The Figure shows the association of mean-
flow ejections with the lift-up and breakup of low-speed
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Figure 9. Contours of (a) U and (b) V at y = d in case K3R3, normalized by U at this elevation. Contour lines show VOF

value of 0.5 (i.e., borders of roughness elements).

Figure 10. Contours of U (horizontal plane) at y = d, and 1 (vertical plane) with contour lines of instantaneous ' (contour
levels from —4.5u; to —1.5u¢) in case K3R3; iso-surfaces show roughness elements.

streaks, and with turbulent production. As a result, the
streaks on the plane y = d become much shorter compared
to the ones above a smooth wall, and are likely to termi-
nate upstream of a relatively tall roughness element. The
case with lower k™ (e.g., case K3R1) does not produce the
downward mean-flow streaks; instead, streaks are oriented
mainly in the streamwise direction, except for weak verti-
cal undulations, similar to structures on a d-type roughness.
In this case, much weaker re-circulations are formed be-
hind the the higher elements, and streaks are only weakly
affected.

CONCLUSIONS

Large-eddy and direct numerical simulations are car-
ried out for equilibrium sink flows over smooth and rough
walls. Random, sand-grain-like roughness was used. The
acceleration parameter, K, and the normalized roughness
height, k, are parameters quantifying, respectively, the ac-
celeration and roughness effects. In the transitionally rough
regime covered by the present simulations, the roughness
Reynolds number k* = ku;/Vv can be used as an indicator
of the relative strength of these two effects.

Acceleration is found to decrease Reg and Cy, while

roughness increases both. When k™t is kept constant, Reg
and Cy are found to be dominantly affected by K and k,
respectively. Opposite effects of K and k on the stream-
wise mean flow are also observed for current equilibrium
FPG flows. A logarithmic region exist for most cases, and
its slope is approximately the same as in zero-pressure-
gradient boundary layers for all K and k levels; only in
a case in the reverse-transitional state the standard log-
arithmic layer is not observed. For the fully turbulent
cases, the roughness function is found to depend on k™
only, and agrees with experimental data obtained from non-
accelerating flows with the same type of roughness.

Acceleration has the effect of decreasing the magni-
tude of the wall-normal Reynolds stress, while roughness
increases both the streamwise and wall-normal components.
The increase of (V') in the lower part of the boundary layer
with K observed by Cal ef al. (2008) may be a phenomenon
limited to the early stages of FPG flowsw. When the stresses
are normalized by the friction velocity, wall similarity is
found to apply to the fully turbulent cases only; in these
cases, the effects of K and k on (u'u’) and (') are com-
parable, and the wall-region profiles collapse for a constant
kt.
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Close to the wall (y < 2k), roughness generates mean-
flow structures that take different patterns depending on the
value of k™. The mean flow heterogeneity affects the lift-up
and breakup of low-speed streaks.
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