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Abstract: The turbulent flow over an isolated recess is characterized, as a con-

sequence of the increasing interest in the so-called dimples, to shed light on its

ability to impose a spanwise motion on the flow and reduce drag. The work is
Advisor: based on DNS simulations of a circular recess with a depth-to-diameter ratio of
Prof. Maurizio Quadrio 0.05 placed inside a channel. Turbulent simulations at Re,; = 180 have been carried
Coadvisors: out and compared to the laminar counterpart. The flow over the recess presents
Alessandro Chiarini a converging-diverging pattern and creates a spanwise motion, mainly driven by
Federica Gattere the pressure gradient, similar to the one observed with the spanwise forcing drag
reduction methods. The presence of the recess provides a variation of the skin
friction, with very similar values for the laminar and turbulent solutions in the
upstream half, but with different behavior in the downstream one: the difference
in the results seems to be tied to an increase in the Reynolds shear stress, that was
pictured using a variation of the FIK decomposition [6] which allowed to split the
skin friction into a laminar and turbulent part. Some hints on how to modify the
geometry of the recess to possibly achieve drag reduction are provided.
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1. Introduction

The interest in the flow configuration considered in the present work descends from the so-called dimples and
their debated ability to reduce aerodynamic drag. Dimples are small recesses imprinted on a surface, well
known for their use on bluff bodies, being able to affect the turbulent boundary layer and flow separation [5]
(for example their application on golf balls), as well as their capability to enhance the convective heat transfer
of a surface with a relatively small penalty on the pressure drop [3]. It is only in recent years, starting from
the works of Alekseev et al. 1998 [1] and Lienhart et al. 2008 [12] that there is an increasing interest in the
investigation of the drag proprieties of dimples imprinted on a flat surface and their application to produce
drag reduction. The drag control has always been a topic of great discussion and interest for the economic
implications it entails: a reduction in drag of even 1% would represent a substantial gain for many engineering
fields, from aviation to automotive [25]. For a flat wall the total drag is represented by the skin friction, which
represents the most essential manifestation of the dissipative nature of turbulence. For this reason, several
methods are available to reduce the friction drag below the level typically required for a smooth wall. They
can be categorized into two main groups: active, which requires extra energy, and passive, where the results
depend only on the geometry of the wall. The former produces larger savings, but the requirement for added
energy causes an increase in complexity and costs, making the passive methods a more practical solution. One



of the most famous examples of the latter is represented by riblets [7] which consist of streamwise-aligned
microgrooves. Although their efficiency in reducing drag has been largely discussed, they present non-negligible
maintainability issues [24], as mechanical problems caused by the increase in weight due to their application,
thus making them difficult to utilize in practice. Concerning the active drag reduction, one of the most studied
categories is represented by the spanwise forcing methods (like the oscillating walls technique [10, 18] and the
traveling waves [19]). They are based on the idea of generating a spanwise oscillation in the flow, enhancing the
near-wall stability to reduce the viscous drag. In this work we aim at investigating, starting from the study of
an isolated recess, whether dimples may induce a similar spanwise motion of the near wall-flow as suggested by
some authors [30, 33|, thereby overcoming the downside (external energy needed) of the active drag reduction
methods and passively reduce drag.

The effect of the dimples on the flow strongly depends on their geometry, in particular on the depth (d) to
diameter (D) ratio [11]. Dimples used for the enhancement of heat transfer normally have a depth-to-diameter
ratio of 0.2-0.5, to generate vortical structures that greatly influence the Nusselt number [3, 26|. For drag
reduction, instead, shallow dimples with a d/D ratio of 0.1 or less are studied. Beyond the hypothesis behind
the working mechanism of the dimples over the past few years several studies, both numerical and experimental,
were performed over surfaces using recesses with different shapes and geometries, to find a configuration that
could lead to a drag reduction, providing however contradictory results. Some studies have reported a drag
reduction [28, 33, 34]) while others have found a drag increase [12, 20, 31]). Two main mechanisms are proposed
to reduce drag: for higher d/D (around 0.1) a phenomenon called tornado-like vortex is presented, while for
lower ratios the flow exhibits a convergent-divergent pattern, generating a velocity in the spanwise direction
and leading to the idea presented before that the dimples can be used to create a passive spanwise forcing. The
difficulty in obtaining coherent results is clearly highlighted by the two experiments of Van Nesselrooij. In 2016
[33] they found a drag reduction while in 2022, with the same geometry but a better experimental apparatus
[32], a drag increase was observed [29]. According to Gattere et al. 2022 [8] one of the causes behind this
discrepancy in the results is the lack of replicability for the various experiments and the correct definition of the
equivalent volume over a dimpled wall. When comparing, in a channel flow, the drag properties between the flat
wall and the one covered in dimples, the reference height of the latter must be adjusted, leading to the choice
of the correct Reynolds number, to perform the correct comparison between the two cases. This correction has
to be applied also to the bulk velocity and, if the simulations are carried out using a DNS (Direct Numerical
Simulation), to the volume force applied to the flow [8].

Consequently, looking at the literature related to dimples both the results on the drag performances and the
hypothesis behind their applications appear to be very confused, causing the lack of a solid foundation from
which to begin a study of a geometry that can, indeed, lead to a drag reduction. Therefore the purpose of this
work, which is based on a Direct Numerical Simulation (DNS), is to study in depth the influence of a circular
recess (Fig.1) on the turbulent flow, accurately characterizing the statistics within it, especially the spanwise
motion. This will allow us to gain some hints on the manipulation of the recess geometry to modify the flow
behavior and possibly achieve drag reduction when positioned into an array. The turbulent simulations will
be compared to the laminar counterpart, to understand whether the laminar flow alone provides significant
explanations of the phenomena and how these are affected by the turbulent properties.

This study follows, inevitably, all that strand of works on cavities widely debated in the past years, over which
the behaviour of the flow has been largely discussed. It is also true, however, that most of the efforts are
concentrated on rectangular and two-dimensional cavities or otherwise geometries in which there is a significant
separation. An example of recent studies on 3D circular cavities are the works of Scarano [22, 23|, where their
influence on the turbulent boundary layer and the possibility of achieving drag reduction by using it in a suitably
positioned array are studied. The recesses used in dimpled surfaces for drag reduction have at their base the
idea of a more delicate geometry, with a continuous depth variation from the flat wall to their deepest point,
which limits the separation within them, going only to change the direction of the mean flow: represents the
limiting case, in this sense, the tornado-like mechanism introduced before, which consist in the creation of a
vortex inside the recess, that however seems to the authors less likely applicable, while the utilization of dimples
to generate a spanwise motion appears to be a more promising way, also because, as observed in [8|, shallower
dimples usually provide better results in terms of drag reduction.

The present contribution is structured as follows. In section §2 the methodology and the numerical code used
to perform the simulations are discussed, while in section §3 the results are presented, with a focus on the
spanwise motion and the comparison between the properties of the turbulent flow and the laminar solutions.
Lastly, section §4 contains a discussion of the results, with some ideas on how to modify the geometry to change
the flow behavior.



Figure 1: Lateral section of the recess. Image from [32].

2. Methodology

2.1. Recess geometry

The simulations are carried out on an isolated recess, placed in the bottom wall of an inde nite channel with

a reference half-height between the two at walls of = 1. A circular recess is studied, being one of the most
popular and, at the same time, simple geometry used in dimples arrays; in particular, the same circular shape
used by [15] is adopted, which is also similar to the geometry used by [27, 28]. The lateral section of the recess
is made up of three circles, as shown in Fig.1, two of radiug (edge radius), which form the small rounded
edge, and oneR (bottom radius): the geometry can be visualized, in 3 dimensions, as the union of a spherical
indentation of radius R and a torus with inner dimension r. The purpose of the round edge, as reported by
Mitsudharmadi et al. 2009 [14], is to mitigate abrupt ow modi cations when the uid ows over the recess,
reducing the occurrence of separations. The other two main parameters used to describe the geometry are the
diameter D and the depth d. Relations between them exist [4] and can be expressed as
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where D, is the nominal diameter, being speci cally the diameter of the circle obtained in the intersection
between the sphere R) and the horizontal plane. The depth-to-diameter ratio of the present recess igl=D =
0:05, which is one of the most diused, with D =5 and d = 0:25, the same used by [15]. Following the
relations of Eq.1 and 2 the dimensions are reported in table 1.

R r D d
8:415 | 421 5 0:25

Table 1: Recess dimensions, from [15].

2.2. Governing equations and numerical method

The computational domain consists of a channel divided into two streamwise-adjacent portions (Fig.2): the
upstream volume with planar walls, that runs a standard at channel simulation, is streamwise-periodic and
feeds the downstream one where in ow and out ow conditions are used. Namely, for the out ow velocity
Neumann conditions are applied, periodic ones are used everywhere for the spanwise direction and non-slip and
no penetration boundary conditions are used at the wall. Fig.2 shows the global reference axes, whose direction
(x,y,z) correspond, respectively, to the streamwise, spanwise, and wall-normal ones. The ow is governed by the
incompressible Navier Stokes equations (3) for velocityy = u v w (streamwise, spanwise, and wall-normal
component) and pressurep:
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The %eynolds number is de ned asRe = u = , where is the channel half-height, the uid viscosity and
u = w=is the friction velocity, expressed in terms of wall friction and density (which is considered unitary),

computed on the at wall. The simulations are performed using aCPG (Constant Pressure Gradient) approach
[17]), which consists in the utilization of a constant forcing term in the periodic channel.

Figure 2: Sketch of the computational domain. The streamwise-periodic upstream domain (blue)
provides an in ow condition for the downstream one (black). The recess is located on the lower wall
in the inlet-outlet part.

The equations are integrated in time using a DNS code, introduced by Luchini [13] and already used in di er-
ent works, based on second-order nite di erences on a staggered grid. The time advancement is performed
employing a fractional step with a fully explicit third-order Runge Kutta method. The presence of the domain

is dealt with using an immersed boundary method (IBM).

The code works in parallel and its parallelization is strictly connected to the domain characteristics (Fig.2).
The total number of points in x is equally divided by the number of processors N procy) assigned in this di-
rection, then some of these llproc,,) are given to the periodic part and all the others (Nprocy-Nprocy,) to
the inlet-outlet one. To optimize the number of processing elements used in the simulations (thus improving
the time-cost balance), a strong scaling performance was implemented on the code, i.e. with the dimension of
the problem settled up the number of processors was increased, computing for each case the amount of time
needed to perform a task. In particular the Speedup de ned as Speedup= t(1)=t(N,) was studied, wheret(1)

is the amount of time needed to perform a serial task, and(Np) is the amount of time to complete the same
unit of work with N, processing elements. It's important to observe that, due to the nature of our code, the
minimum number of processors that can be used i, one for the period half of the domain and the other for
the inlet-outlet part, making it impossible to perform a serial computation and forcing to compute the speedup
using this con guration as the slowest reference case, namely

t(2)
t(Np)
As Fig.3 shows the required time to computel0 iterations is almost halved up to 16 processors, meaning an
increase in performances 0100% which decreases td0% for 64. The number of processors adopted wad8,

in order to balance the e ciency with the actual time needed to complete the simulations, which is also the
maximum number of processing elements available in 1 node of the cluster used to complete the computations.

Speedup= 4)



Figure 3: Time performance analysis for the numerical code. The Speedup is computed using the time
required to perform 10 iterations with the grid adopted.

2.3. Grid and computational domain

The Reynolds number used to carry out the simulations isRe = 180, based on the at channel. The size
of the domain (Fig 2) is (LY + L©°;Ly;L,) = (28:68;125; 2:25) in the stream-wise, span-wise and wall-normal
directions respectively and is discretized with(N” + N,°; Ny;N;) = (864,606 308) points, where the superscript
"P" indicates the periodic channel while "io" the inlet-outlet part. The at walls are placed at z = 0:25 and

z = 2:25and the recess, located in the downstream-non periodic part, is carved inside the wall and reaches 0

in its lowest point, which corresponds to the center of the indentation where the origin of the axis is located
(Fig.2). The upstream-periodic part extends betweenx = 145andx = 6:5 (LY = 8) and has a streamwise
spatial resolution of N’ = 180 discretization points, while in the wall-normal direction, out of N, = 308, only
158 points are actually in the ow, since the Cartesian grid extends betweenz = 0 and z = 2:25 but below
z = 0:25 all the points are inside the solid wall. The downstream portion of the computational domain starts
at x = 6:5with a length of L = 20:86 and NJ° = 684 points non-evenly distributed. Here the center of the
recess is placed at a distance = 6:5 from the inlet, to avoid its in uence and allow the ow to completely
expand after the end of the indentation. In the spanwise direction it is located at the center of the channel, at
y =0 (at y = 6:25 from the side of the domain), resulting in a distance ofy = 7:5 between the lateral side of
two recesses (accounting the y-periodicity) equivalent to three radii. This is done to avoid problems caused by
the lateral periodicity of the channel, keeping the recess isolated and eliminating the risk of mutual interaction.
The streamwise resolution is constant x* =8 in the upstream part but increases as the recess is approached,
reaching up to x* = 3:5, to improve the re nement over it. The subscript + indicates that the dimensions
are written in the viscous scales, i.e. divided by = =u , based onu on the at channel. In the spanwise
direction the Ny = 606 points are non-evenly distributed, with the re nement that varies from y* =5 on
the atwallto y* =3 on the recess. The wall-normal spacing is neither constant iz nor symmetrical with
respect to the centreline, since the recess is present on the lower wall. A constantz* = 0:3is adopted from the
bottom of the recess to the at wall, then z* gradually increases until, at the centerline, the maximum value
of z" =4 is reached. The spacing then decreases again in the upper half of the channel, to reaclz* =0:8
at the upper wall. The resolution in spanwise and wall-normal direction is the same used for both the periodic
and inlet-outlet domains, to avoid interpolation. The grid size on the recess is similar to the one suggested in
[29] and adopted in [15], in order to catch all the phenomena within it. Overall, on the at surface, the largest
streamwise spacing is around eight times the local Kolmogorov length, while is everywhere under5 for the
spanwise direction and under for the wall normal one. Near the recess the resolution is even higher, with the
spanwise grid size undei3 and the streamwise one below8:5 , while the wall-normal is again lower than

The simulations were performed using aCFL (Courant Friedrichs Lewy) number of 1.5, for a time in viscous
unit of over 10000.

The results presented will be scaled oru and  unless otherwise indicated. The dimensions expressed in
viscous units will be marked by the "+" symbol, following the notation used until now. The ones without it are
expressed in external units, speci cally made dimensionless by the reference channel half-height The spatial
dimensions inx and y will be presented scaled by the dimple diameter D.



Throughout the thesis, we will employ the Reynolds decomposition, i.e.u = U + u', where U is the time-

averaged velocity eld and u' is the uctuating velocity eld. The same convention holds for the pressure eld.

We will use the over-bar to indicate a time-averaged value, in particular we will indicate the mean values with
capital letters superscript with the bar.

2.4. Laminar simulations

To understand the behavior of the ow inside the recess and the in uence of turbulent properties a laminar
simgjation at the same Rey of the turbulent case (2800 was performed, with Re, = Up = , where U, =
1= U(z)dzis the bulk velocity, is the channel half height and is the viscosity. Being the Reynolds number
su ciently low, it was possible to use this same value for both simulations, keeping the ow laminar if not
perturbed. The grid used for the laminar case was composed ¢N; + N/°; Ny;N;) = (492,300 191) points,
and a shorter domain with dimensions(L? + LiXO;Ly; L,) = (20:2;125;2:25), where LY = 4, was used. The
simulations required quite high resolutions, although laminar, in order to have the immerse boundary provide
a good re nement of the geometry and to avoid errors while computing the recirculation zone after the recess
leading edge, observed in the turbulent ow and consequently expected also in the laminar case. Computing
the laminar simulations was, however, faster than the turbulent ones, performing the same tasks with the same
number of processors in one-third of the time. The simulations used the same CPG approach adopted in the
turbulent case, thus also these results will be presented scaled by the relative friction velocity in order to have
the skin friction reference value ofl over the at wall.

3. Results

3.1. Turbulent and laminar mean ow

Figure 4: Streamlines over the recess for the mean ow eld of the turbulent case. The ow direction is

from the bottom left to the upper right corner. The streamlines are colored using the spanwise velocity
and the recess contour is highlighted by the black circle. The black arrow indicates the separation while
the blue and red ones point, respectively, the convergent and divergent motion.

In this section the mean ow for the turbulent and laminar cases will be characterized, comparing the two

di erent solutions for the present geometry.

Fig.4 shows the streamlines over the recess, colored using the mean spanwise velocity of the turbulent simula-
tions. They are plotted from a series of seeding vertical lines placed inside the recess, evenly spaced in spanwise
direction, and one horizontal extended betweery=D = 0:75and y=D =0:75at z* =9 (from the at wall).

The mean pro le shows a convergent-divergent behavior, indicated, respectively, by the blue and the red arrows.
The recirculating zone, visible in the rst half of the recess and pointed by the black arrow, corresponds to the
one found in [15] and predicted in [11]: decreasingl=D the separation weakened and eventually disappears,
while increasing it the reattachment point would move downstream till the end of the recess and the ow pattern



change, from di user-confuser to tornado-like vortexes (as introduced in Y1).

Fig.5a shows the pro les of turbulent mean streamwise ow as a function of the vertical coordinate near the
wall, betweenz* =0 and z* = 100 in the symmetry plane x z at y=D = 0. Moving down to the rst half

of the recess the slope ofJ(z) decreases, following the curvature of the wall. Atx=D = 0:2 the negative
value of U indicates the separation, which is highlighted in Fig.7a, that reaches its maximum dimension in
the centerline and extends between 0:3<x=D <  0:05. According to [15] the separation increases the total
drag of the dimple, ruining the streamwise alignment of the mean ow provided, instead, by one with a gentler
wall slope in the upstream half. On the downstream side the slope obJ(z*) increases, becoming very steep
at x=D = 0:4 where the concavity of the wall changes, at the transition between the bottom radius R) to
the rounded edge ). Moving in the spanwise direction along they z plane at x=D = 0 (Fig.5b) from the
edge of the recess to the center, the slope &f(z*) decreases gradually, from the reference at value to the one
computed at the center, showing that the in uence of the indentation increases quite regularly along the lateral
span. This highlights also that the e ect of the recess in the spanwise direction on the streamwise component
is perceived only inside its radius, since the streamwise mean ow lapping the lateral edge ignores its presence.
In the streamwise direction, instead, its in uence onU is perceived up tox=D = 0:8 (Fig.5a) where the velocity
pro les eventually collapse into the reference at ones.

(@ (b)

Figure 5: U(z) vertical pro les plotted at di erent streamwise and spanwise positions. (a) Planex z
aty=D =0. (b) Planey z at x=D = 0. The vertical black lines indicate the local wall height.

In Figure 6 U is plotted at z = 0:0055 (z* = 1 for the turbulent case) from the at wall for the turbulent
(6a) and laminar (6b) solutions, allowing a direct comparison between the two cases. In the turbulent one
the streamwise velocity grows while moving downstream along the recess, reaching the maximum value near
the trailing edge, following the increment of dU=dZ" observed in Fig.5. The trend is similar for the laminar
solutions, although the values involved are lower. Fig.7 pictures, in thex z plane at y=D = 0, the separation
that occurs at the leading edge of the recess that, for the two cases, is limited within it. In the turbulent
(Fig.7a), as was already observed in Fig.5a and 4, the separation is located only in the upstream half, with the
reattachment point located slightly before x=D = 0, while in the laminar case (Fig.7b) it covers almost all the
indentation, extending betweenx=D 0:35 and 0:3.
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Figure 6: U inthe x vy plane at z = 0:0055from the at wall for the turbulent (a) and laminar case
(b). The recess contour is indicated by the white circle.
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Figure 7: Highlights of the separation for the turbulent (a) and laminar case (b).

Figure 8a reports for the turbulent case the mean wall-normal ow as a function of the vertical coordinate in
the x zplaneaty=D =0 for 1<z* < 200 Starting from the leading edge the negativeW (z*) growth while
moving to the center, where it changes in sign becoming positive in the downstream half, where higher values
than the ones in the upstream part are reached. The maximum value oV at x=D = 0:4 is, for example, almost
twice the one atx=D = 0:4. This is visible also in Fig.9a, which shows the plot ofW in the x vy plane at

z = 0:4, where it can be observed, moreover, that in the streamwise direction the behavior is not symmetrical.
This is caused by the convection of the ow and will be seen in most of the phenomena over the recess. It is even
clearer in the laminar simulations (Fig.9b) where the asymmetry inx is greater andW is mainly negative over
the recess. The values are lower than in turbulent case, but again the ones on the downstream side are higher
than the correspondent in the upstream half. Looking in the spanwise direction, Fig.8b shows that the intensity
of W increases quite regularly from the edge (where is almost zero) to the center: this, together with Fig.9a,
highlights that the in uence of the recess on the wall-normal velocity is limited, in the spanwise direction, inside
its radius, while it extends up to x=D = 0:8 in the streamwise one. In the laminar case, the recess appears to
have a greater in uence on the outside ow, creating a distinct area of negative and positiveV before and after
its centerline and being perceived, in the streamwise direction, tillx=D = 1. Nevertheless, as Fig.8a shows the
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