https://doi.org/10.1017/jfm.2025.4 Published online by Cambridge University Press

J. Fluid Mech. (2025), vol. 1006, A6, doi:10.1017/jfm.2025.4

e =

(B0 JQ T

7 e g?‘:-?
3 : ~‘:"C‘ v

Wall turbulence perturbed by a bump with
organized small-scale roughness: coherent
structure dynamics

Edgardo Garcia' , Fazle Hussain' , Jie Yao"*® and Eric Stout”’

1Department of Mechanical Engineering, Texas Tech University, Lubbock, TX 79409, USA

2 Advanced Research Institute of Multidisciplinary Sciences, Beijing Institute of Technology, Beijing
100081, PR China

3Naval Undersea Warfare Center, Newport, RI 02841, USA
Corresponding author: Edgardo Garcia, edgardo.garcia@ttu.edu

(Received 1 July 2024; revised 7 November 2024; accepted 16 December 2024)

Coherent structures over two distinct, organized wall perturbations — a transverse
sinusoidal bump with and without small-scale longitudinal grooves — are studied using
direct numerical simulations. Large-scale spanwise rollers (SRs) form via shear layer
rollup past the bump peak, enveloping a large separation bubble (SB) for both a smooth
wall (SW) and a grooved wall (GW). In a GW, small-scale alternatingly spinning jets
emanating from the crests’ corners merge with the shear layer, altering the SRs compared
with SRs in a SW. The underlying coherence of the highly turbulent SRs is educed via
phase-locked ensemble averaging. Coherent vorticity contours of SRs are ellipses tilted
downward, hence causing co-gradient Reynolds stress. The limited streamwise length
of SB precludes SR tumbling, unlike in a free shear layer. The coherent field reveals
minibubbles attached to the bump’s downstream wall with circulation opposite to that of
the SB — they are larger, stronger and more numerous in GW than in SW — reducing skin
friction. Compared with SW, the swirling jets in GW increase coherent production while
decreasing incoherent production. Additionally, the jets push the SRs to travel faster and
farther before reattachment. The SB experiences two different modes of oscillation due to
high-frequency advection of the shear layer SR and low-frequency breathing of the SB,
where the former dominates in GW and the latter in SW. Negative production is caused by
counter-rotating vortex dipoles inducing flow ejections (for both SW and GW) and single
vortices penetrating the grooves — both occurring in the region of flow acceleration.
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1. Introduction

The dynamics of turbulent flows is known to be dominated by ‘coherent structures’
(CSs), which control features such as energy and momentum transports, particularly drag,
heat and mass transfer and aeroacoustic noise generation (Hussain 1986; Jiménez 2018).
For example, Zaman & Hussain (1981) showed that controlled excitation in free shear
layers (plane mixing layer, and circular and plane jets) could suppress the formation
of the naturally occurring energetic large-scale CSs, leading to reduced turbulence; not
surprisingly, Hussain & Hasan (1985) subsequently showed a corresponding excitation-
induced notable noise reduction in free jets. In turbulent boundary layers (TBLS),
numerous studies have shown that skin friction can be notably decreased via active or
passive control of near-wall CSs (Choi, Moin & Kim 1994; Gatti & Quadrio 2016; Yao,
Chen & Hussain 2018; Duong, Corke & Thomas 2021). This clearly suggests promising
benefits of CS control in various technological applications. In fact, control of a turbulent
shear flow is possible only in the presence of CSs — no CS, no control (Hussain 1986).

1.1. Motivation

As CSs dominate many important flow statistics, it is reasonable to then expect certain
dynamics, such as drag, as driven by specific CS features. For complex flows, such as the
grooved wall with a spanwise bump (involving favourable and adverse pressure gradients
as well as roughness) studied by Hussain et al. (2024), heavily modify CSs and hence the
various features obtained in the mean flow. Hence, the underlying motivation of this paper
is to use CSs to address those features and to explore other phenomena that may arise via
CS studies.

1.2. Coherent structure eduction

While control of turbulent flows via the prevalent CS is now widely recognized, it
is important to realize that CS occurs randomly in space and time, as well as in
geometry, size, orientation, strength and states of evolution and mutual interaction
(including pairing, tearing and reconnection). These present formidable challenges to
objectively characterizing/quantifying CSs. The CSs are typically identified by flow
visualizations, conditional sampling techniques (Wallace, Eckelmann & Brodkey 1972;
Antonia 1981), proper orthogonal decomposition (Berkooz, Holmes & Lumley 1993) and
more sophisticated eduction methodologies such as the phase-locked ensemble average
(Reynolds & Hussain 1972). In the eduction process, selection of the threshold and
bandwidth in the various metrics of CS is indeed subjective depending on the researchers
insight and experience — intuitively optimized to yield results fairly insensitive to the values
of the criteria. Here, we will focus on the eduction techniques based on the vorticity field.
Hussain & Hayakawa (1987) used the vorticity for extracting the dominant large-scale CS
using multiple linear rakes of X-hot-wire arrays in a turbulent wake behind a circular
cylinder. Note that vorticity-based eduction methods are preferred due to the clearer
structures observed, as velocity (following the BiotSavart law) extends much further from
the structure’s centre, resulting in unclear boundaries. Jeong et al. (1997) later extended
it to extract three-dimensional (3-D) CSs from direct numerical simulations (DNSs) of a
turbulent channel flow. More recently, Hickey, Hussain & Wu (2013) performed a detailed
analysis of CSs in the far wake, elucidating the CS organizations and their evolution using
DNS.
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1.3. Coherent structure in turbulent boundary layers

Coherent structure in flat plate TBLs has been the subject of numerous experimental and
computational studies (Wark & Nagib 1991; Jeong et al. 1997; Nickels & Marusic 2001;
Schoppa & Hussain 2002; Adrian & Marusic 2012; Schlatter et al. 2014; Jiménez 2018).
The near-wall low-speed streaks (Kline et al. 1967) and the associated overlying quasi-
streamwise vortices (Robinson 1991) are recognized to be integral to sustaining turbulence
(Hamilton, Kim & Waleffe 1995; Panton 2001; Schoppa & Hussain 2002).

Because of their relevance to many flows in nature and technology, TBL studies
have been pursued extensively to address the effects of pressure gradients, as well as
roughness — both having significant effects on TBL behaviour. Of particular significance
to many industrial and aerodynamic flows is the ubiquitous phenomenon of flow separation
from a strong adverse pressure gradient, which itself has a vast literature. These two classes
(TBLs with separation and roughness) of flows are relevant to this study and are reviewed
briefly below.

1.4. Coherent structure in separated flows

A strong adverse pressure gradient (APG) in a TBL can lead to flow separation, often
followed by reattachment, forming a separation bubble (SB) (Simpson 1991). As the flow
approaches the separation point, it decelerates, and the streaks disappear. The dynamics
surrounding the separation point, particularly that of the vortices, warrants careful studies.
Interestingly, the near-wall region of the SB does not have streaks and wall-parallel
vortices, presumably due to the low speed of upstream-moving flow. Past the separation
point, the resulting planar shear layer rolls up into large-scale spanwise rollers (SRs) via
Kelvin—Helmholtz instability (Simpson 1989; Schatzman & Thomas 2017). These rollers
evolve as they advect downstream and even undergo pairing like those in a plane free
shear layer. They dominate the generation of coherent Reynolds shear stress and turbulence
production (Simpson 1991). Also, SRs are partially responsible for the movement of the
reattachment location and the global unsteadiness of the turbulent SB (Kiya & Sasaki
1985). The structures of the far upstream TBL predominantly affect the detachment
unsteadiness and upstream separation. Two distinct modes have been identified for the
movement of detachment and reattachment: a high-frequency mode linked with the SRs
(Na & Moin 1998) and a low-frequency ‘breathing’ motion (Wu, Meneveau & Mittal
2020).

1.5. Coherent structure over rough walls

The wall roughness naturally can also modify the near-wall flow dynamics (Jimenez 2004;
Leonardi et al. 2004; Orlandi, Leonardi & Antonia 2006). For example, Talapatra &
Katz (2012) showed that an array of identical pyramids induces horseshoe vortices
contrasting with the typical quasi-streamwise vortices. Similarly, longitudinal grooves
(akin to extensively studied riblets) can induce coherent secondary motions, altering the
near-wall flow dynamics (Goldstein & Tuan 1998; Hwang & Lee 2018; Castro et al. 2021).
Additionally, certain riblet shapes trigger a Kelvin—Helmholtz instability, exciting the
formation of large-scale SRs across multiple riblets at the crests heights (Endrikat et al.
2021; Garcia-Mayoral & Jiménez 2011).

Despite its importance in practical applications, the roughness effect on CSs in separated
flows has received limited attention. Wu & Piomelli (2018) and Song & Eaton (2002) found
that the roughness strongly influences turbulence intensities on top of the SB, as well as
the SB size. However, these flow modifications have not yet been explained in terms of
CSs.
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1.6. Negative production

The (time-averaged) production of turbulent kinetic energy typically is positive, meaning
a transfer of kinetic energy from the mean flow to turbulence to replenish energy lost to
dissipation in the thermal form, but it can also be negative, although seldomly, representing
an average transfer of energy from turbulence to the mean flow. Of course, the transfer of
turbulent kinetic energy to the mean flow can only occur locally but obviously not globally.
Even when occurring locally, such average counter-gradient transport is rare and needs
careful examination. Instances of negative production have been reported in the literature.
Here, we will mention only a few.

In turbulent channel flows with asymmetric boundary conditions or in turbulent wall
jets where the zero Reynolds shear stress does not coincide with the zero mean velocity
gradient, there can be regions of negative production (Hussain 1986). Some streamwise
inhomogeneous flows also show negative production, such as in the shear layers of separat-
ing and reattaching flows (Cimarelli et al. 2019; Elyasi & Ghaemi 2019) and in ducts with
varying cross-sectional area (Gence & Mathieu 1979) due to counter-gradient Reynolds
shear stress and stretching of fluid. Similarly, this negative production due to stretching of
fluid and counter-gradient Reynolds shear stress can happen in turbulent channel flows
in regions of favourable pressure gradient (FPG) over bump perturbations (Banchetti,
Luchini & Quadrio 2020; Selvatici, Quadrio & Chiarini 2023), discussed in detail in
Hussain et al. (2024) (hereinafter referred to as HGYS). These examples identified local
zones of negative production from statistical data without addressing the flow structure.
However, Zaman & Hussain (1980) explained via CS dynamics that negative production
regions can arise when vortex pairing with certain orientations favouring counter-gradient
Reynolds shear stress occurs successively at the same location (shown by them under
controlled excitation of a shear layer). In unexcited shear layers these negative production
configurations of CS occur randomly in space and time so that the average production
is positive everywhere. Negative production can happen even in the absence of pairing:
for example, if an elliptical SR’s orientation tilted downstream repeats successively at the
same physical location. As we will see, in our case, a particular CS dynamics sequence
repeats successively at the same location in space and time — thus yielding locally mean
negative production, although different from that in Zaman & Hussain (1980).

1.7. Paper layout

In the following § 2, we first define the computational domain, describe the flow simulation
database, define the averaging procedures utilized, summarize key flow statistics features
from HGYS and delineate the objectives of the present paper. To further motivate the
discussion, sample visualizations of instantaneous flow structures are provided in §3.
Mean flow field measures to identify global features of the CS are in 8 4. The dynamically
relevant CS are analysed in §5 by a phase-average eduction technique. The effect of the
grooved wall (GW) on the dominant CS and how these change the unsteadiness of the
SB with respect to a smooth wall (SW) is discussed in § 6. Average negative productions
occurring in two regions, involving two distinct mechanisms, are explained through the
CS dynamics in § 7. Finally, 8 8 summarizes the key findings.

2. Methods and objectives

2.1. Flow simulation
We study a turbulent channel flow with simple small-scale organized roughness elements
(longitudinal grooves) in combination with a large-scale wall curvature perturbation
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Figure 1. Computational domain and boundary conditions. (a) Simulation domain with inflow and outflow
conditions (precomputation domain not shown; see HGYS); (b) bump profile parameter definitions; (c,d)
groove geometry description and parameter definitions. The Y vertical coordinate starts at the crest at every x,
and the y (global) coordinate starts at the bottom wall height away from the bump and is not a function of x.
(e) Visual reference for the averaging procedures: U is the average over all grid points in z (green dots) and

U over either red dots only or blue dots only is shown as a reference. Hence U is over 640 points while U
is over 16 points. Note also U is a function of y and z and U is a function of y only.

(a spanwise bump). The bump is large enough to generate flow separation yet sufficiently
small that it does not notably alter the external flow, while the small-scale organized
grooves have a notable effect on the dynamics of the separated flow. This flow
configuration was considered by HGYS, and is used here to report further results on our
earlier paper addressing the CSs responsible for the flow alterations cased by the bump
and grooves. More details are given in HGYS; here, we summarize some key parameters.

The Cartesian coordinate system is denoted by (x, Yy, z) or (X1, X2, X3) , where (X, X1)
is streamwise, (y, x2) wall-normal and (z, x3) spanwise; (U, V, W) or (U;) are the
corresponding instantaneous velocity components; and P is the pressure. All quantities
are non-dimensionalized using the bulk velocity, U, , half-height of the channel, H , and
kinematic viscosity, v ; dimensional quantities are starred. The friction Reynolds number
at the channel’s inlet is Rey =u,H /v 300 (u; = T,/p is the friction velocity
where Ty is the mean wall shear stress and p the density; details of the computation of
Ty are given in HGYS). As shown in figure 1(a,b), the bump starts at x = 3.5 (x* = 1050)
from the inlet, and its height is h = 0.15 (h* = 45). Here, the superscript + denotes non-
dimensionalization by u; and u/v at the inlet. For the GW case, square grooves with
depth k = 0.05 (k* = 15) and pitch ¢ =k +w =0.1 are considered (figure 1c,d). The
number of grid points is 1280 384 640 on a computational domain (Lx, Ly, L;) =
(12, 2, 1.6); equally space grid cells are used in the x and z directions while stretching is
employed in y. For this study, to have high resolution in time and maintain the database
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size manageable, we limit ourselves to saving the data only for the region containing the
bump and separated region (i.e. 3.5 x 9,y 0.45 and the whole span of the domain
0 z 1.6). Analyses are performed using 6500 velocity fields, with an interval of 0.004
eddy turnover times (H/uv).

2.2. Averaging operators and the triple decomposition

The notation of averaging operators in HGYS is repeated, and an additional operator is
defined here. In the case of SW, (+) is used, which denotes time and spanwise averaging
of all z points (covering the entire span; 20 points in each groove or crest, figure 1e). The
fluctuation of any quantity with respect to the average (+) is denoted by a lowercase letter;
for example, the streamwise velocity fluctuation in SWisu=U U. For GW, in addition
to (v), the « averaging procedure is used, which denotes time and spanwise average over
all grooves at the same relative positions (figure 1e); the corresponding fluctuating quantity
is denoted with a prime, i.e.u =U U . o

The fluctuating flow field in the Reynolds decomposition — either in U =U +u or
U= U +u - can be further decomposed into coherent and incoherent (random) parts.
The CS flow field is obtained by first computing an ensemble average of phase-aligned
realizations of structures with similar flow features (Jeong et al. 1997). Note that phase
refers to the occurrence of an instantaneous flow structure at a particular stage of its
evolution, and the phase is selected on the basis of each advecting CS vorticity pattern
and peak value. Note also that vorticity distribution, contour shape and peak values vary
from realization to realization. The ensemble average at a given phase of the structure is
defined as

[U(x,y,z,t)]zNIim % U,y,z,t+tn), (2.1)

m=1

where ty, denotes the random time of occurrence of successive structures of the selected
phase at a (X, Y, z) location, called a station (Hussain & Reynolds 1970). If the structures
pass the station at regular intervals, this definition reduces to a periodic phase average. The
triple decomposition (in GW) of the velocity is U = U +u+u , where the coherent
partisu=[U] U (i.e.the CS flow field) and u is the incoherent (random) part. For
simplicity and clarity in the following discussions, the quantities u and u are obtained
using U in SWand U in GW, and no new names are defined.

2.3. Summary of the earlier part of this work (HGYS)

The flow statistics of a turbulent channel flow with a spanwise bump and longitudinal
grooves are extensively discussed in HGYS, and a summary of the important results are
shown in figure 2. On the upstream side of the SW bump, incipient (hot observed in the
mean statistics but noted in instantaneous visualizations) flow separation due to mean
streamline curvature was observed. The grooves transform the incipient separation into
a mean (steady in time) SB within the grooves. This effect of augmenting incipient into
a steady separation in regions of pressure gradients due to mean streamline curvature is
what generates the mean secondary SB (minibubble) inside the upstream-moving fluid
at the bottom of the GW SB. Similar to the SW’s incipient SB upstream of the bump,
an opposite circulation minibubble is also present in SW, but occurs only sporadically.
Through CS eduction, we show that these minibubbles are connected to the overall SR
dynamics, detailed in 85. The peak of turbulence intensity occurring in the shear layer
past the bump peak (region VII in figure 2a) decreases due to the presence of grooves.
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Figure 2. (a) Schematic denoting the regions of interest and important flow features as a summary of HGYS:
| — upstream separation; Il — incipient separation; Illab — negative production; IV — FPG; V — APG; VI -
spinning jets; VII — shear layer; VIII — SB; IX — minibubble. Isometric views of instantaneous streamlines over
the GW showing (b) flow channelling into grooves and (c) flow ejection (lines are blue below the crest and
red above). (d) Iso-surface of 7 coloured by the streamwise velocity, U, and a sketch depicting the observed
spinning jets and SR.

Inspection of the different contributions to turbulence production — shear stress production
and normal stresses production — found that the decrease was predominantly in the
normal stress productionterm, uu 9 U /dx, and not from the shear stress production,

uv d U /dy. In HGYS, it was speculated that the counter-rotating spinning jets
induced by the grooves extending into the shear layer and connecting with SRs (figure 2d)
are responsible for the decrease in turbulence production. A distinct effect of the grooves
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was to change the streamwise length of the downstream SB, increasing the reattachment
length by more than 20 %. Since the spinning jets interact with SRs, the modified evolution
of the rollers likely explains the extended mean reattachment, though no direct explanation
was provided. Another significant effect of grooves is to increase the form drag of the bump
by 25 % and decrease skin-friction drag by 5 % with respect to SW. Here, it is shown that
changes in skin friction can be linked with the effect of grooves on the generation of
minibubbles in the SB. Average negative production on the upstream side of the bump
was observed and found to result from the streamwise normal stress production. In GW,
an additional region of negative production was found inside the grooves also on the
upstream side of the bump, the source being counter-gradient Reynolds shear stress in the
shear production. By identifying nearby CSs, the role of CSs in these regions of negative
production can be examined and compared with the expectation that CSs dominate energy
production, even negative production.

2.4. Obijectives

Flow statistics of the rich phenomena in a turbulent channel with a wall perturbation
composed of a spanwise bump and longitudinal grooves were documented in HGYS,
but are insufficient to provide the necessary insights into the flow physics. Here, we
attempt to have a generalizable understanding of this flow, despite the specific geometry,
by addressing the key flow statistics results summarized in §2.3 via CS analysis. The
changes in the peak turbulence intensity of the shear layer due to grooves are addressed
first by acknowledging the SR as the dominant structure of this flow region. Coherent
structure analyses are employed to quantify changes due to grooves in strength, size and
evolutionary dynamics, such as conditional quadrant analysis, two-point correlations and
phase-locked ensemble averages. Emphasis is laid on the modification of SRs by the CS
— streamwise spinning jets — induced by the grooves and how the SB is subsequently
influenced. Finally, the negative production observed in HGYS is explained by judicious
inspection of instantaneous CS using the » criterion along with instantaneous vorticity
and turbulence production for both SW and GW.

3. Instantaneous flow structures

Visualization of the flow field is important for grasping some details of CS; even a
single realization sheds significant light. To better uncover the dominant vortical structures
behind the bump, we examine the spanwise vorticity (Q, =0V/dx 0dU/dy) and »
structures (Jeong & Hussain 1995) from the low-pass filtered velocity u|; using a Gaussian
spatial filter with width equal to 0.05 in figures 3 and 4 and 0.1 in figure 5; the width of
0.05 provides a slight smoothing to improve clarity and 0.1, approximately the thickness
of the shear layer at the location of peak turbulence intensity (x 5), helps to uncover
the SRs.

3.1. The Q; cross-section snapshots

The evolution of the most common flow features of the SW bump is shown through
a sequence of Q, colour maps in x—y sections at an arbitrary z in figure 3. Past the
bump peak, a shear layer emerges in some instances, extending significantly downstream
without any immediate rollup of Q; (figure 3a). Interestingly, subsequent snapshots show
that rollup happens simultaneously at different x locations (denoted by R in figure 3b) —
this is atypical of all shear layers where rollup occurs sequentially, not simultaneously.
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Figure 3. Smooth wall side-view sequence of instantaneous spanwise vorticity Q, from a low-pass filtered
field (filter width A = 0.05); the right column (i—n) with higher resolution in time from t = 1.8 to 3. The letter
markers highlight different flow features: (M) secondary recirculation bubble (minibubble), (R) shear layer
rollup, (P) vortex pairing, (D) vortex dipole and (T) vortex tearing. Further details of the flow between panels
(d) and (f) are shown in panels (i-n), excluding panels (d), (e) and (f). Note that panel () is not repeated in the
sequence (i) to (n).

Namely, the shear layer has characteristics of both a spatially developing shear layer
and an only time-evolving shear layer. The rollup of the shear layer simultaneously at
multiple x locations (although alike in a temporal mixing layer) is indeed rather striking
and interesting and may involved coupling with the dynamics of the SB. This deserves
careful study. Naturally, this flow features SRs pairing and tearing processes (P and T,
respectively, in figure 3i—n), with associated frequencies discussed later concerning the SB
unsteadiness. The shear layer vortices induce near-wall vortices of opposite sign due to the
no-slip condition; these two vortices then combine to form a vortex dipole (two antiparallel
vortices, henceforth called only dipole; D in figure 3i,j). The formation of dipoles is
characteristic of this flow but is only observable from the instantaneous realization as
it is a highly unsteady process and obviously hidden in the mean.
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X

Figure 4. Smooth wall top-view sequence of spanwise vorticity Q, from a low-pass filtered field with filter
size A=0.05at Y+ = 1. The dashed line denotes the z location for figure 3.

Figure 5. (a,c) Iso-surfaces of instantaneous spanwise vorticity w, and (b,d) iso-surfaces of 5 from a low-
pass filtered field with filter size A =0.1. (a,b) SW and (c,d) GW. The dashed line in both the upper and lower
figures indicates the underlying spanwise CS of interest.

3.2. Minibubble

Secondary recirculating regions — named ‘minibubbles’ in HGYS - attached to the
wall are found in figure 3 (point M) around x = 4.8, identified by having Q, >0. As
documented previously, the minibubble forms due to the streamline curvature of the near-
wall upstream-moving flow of the SB and is not apparent in the mean flow for SW
(note that the mechanism of minibubble formation is similar to that of the upstream
flow separation); hence, it is interesting to see the instantaneous realizations and show
its presence in SW. Furthermore, more than one minibubble can be observed at a time

1006 A6-10



https://doi.org/10.1017/jfm.2025.4 Published online by Cambridge University Press

Journal of Fluid Mechanics

(figure 3, points M), and in some instances, vorticity from a minibubble can be scooped
up by the SRs to form dipoles (figure 3g,h,n). Note that, while minibubbles can lead to
dipole formation, this formation does not require the presence of minibubbles. The motion
of a minibubble is due to the combined influences of the SB’s upstream flow near the
wall and downstream advection of the minibubble due to its image vortex. The resulting
advection is likely small, with no obvious direction of its motion.

Figure 4 shows the top views of Q; at Y* =1 (a constant height above the wall and
bump) to reveal the distribution of the minibubble in the z-direction. The minibubble
can extend in the whole z domain, but more often is fragmented in z, as seen through
the Q; >0 regions in figure 4(a,c). The grooves enhance coherence in the flow, always
having a minibubble occurring at the grooves. The minibubble’s coherence will be further
discussed later through a CS analysis via the phase average of the SRs.

The flow features illustrated in figures 3 and 4 for SW are also observed in GW, thus
examination of such snapshots is not repeated. Subsequent discussions will concentrate
on the impact of grooves on these flow features, specifically through the incorporation of
vortical structures that are directly associated with the grooves at the locations of flow
separation.

3.3. The Q; and 5 structures

To better understand the three-dimensionality of the flow structures, figure 5 shows
isometric views of Q, and  iso-surfaces. The prominent structures past the bump peak
are SRs (denoted by dashed lines in each panel of figure 5) with z contortions — similar
for both SW and GW. Such three-dimensionality emphasizes the need to carefully align
CSs in a phase-average analysis — performed later — as even a single continuous structure
varies significantly in z, such that different x—y planes of the same SR realization would
reveal different features of th evolving CS.

The grooves become important near the bump peak, as discussed in HGYS. In particular,
small-scale vortical structures with their axis aligned in the streamwise direction and
attached to the crest corners of the grooves are observed in GW extending from the
bump’s peak into the shear layer. Figure 6 shows a sequence of zoomed-in views of the »
structures (from the unfiltered field) behind the bump in the shear layer for SW and GW.
The streamwise structures in GW weaken due to cross-diffusion as the streamwise vortices
for a groove are counter-rotating, although some evidence of the streamwise structures
remains on the SRs further downstream, as seen in figure 6(f). Thus, the grooves actively
modify the SRs and the downstream flow dynamics. One objective of this study is to
explain how the grooves’ corner vortices affect the shear layer and SRs and, hence, flow
separation.

3.4. Conceptual elucidation of the flow

For ease of discussion, the sketch in figure 7 highlights the relevant flow structures and
dynamics we will analyse in detail. It shows the rollup of the shear layer, leading to the
formation of SRs and the streamwise vortices (swirling jets) attached to the crests’ corners.
The separated region is below the shear layer up to the reattachment point. In addition,
we accentuate the presence of vortex rods (the light blue structures in figure 7) at steep
angles in the separated region, which are inferred in the next section to be more prevalent
in GW, compared with SW, as well as flow structures that can be found within the SB
such as secondary SBs (minibubbles) and vortex dipoles. Quasi-streamwise vortices in the
region of accelerating flow upstream of the bump are found to be responsible for negative
production and are discussed in §7.
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Figure 6. Sequence from left to right of a zoomed-in view of a subset of »-structures coloured by
instantaneous streamwise velocity from an unfiltered velocity field: (a—c) SW; (d—f) GW. The dashed line in
both the upper and lower figures indicates the underlying spanwise CS of interest. Note that separation occurs
at x = 4.4 for both SW and GW. The SW reattachment is at x = 5.38, and GW reattachment isat x ~ 5.49.

Vortex rods
at steep angles

Spinning jets
/

Shear Iéyer

. 55 _

Minibubble ' Dipole

Figure 7. Schematic of the typical flow structure of the SB region with grooves. Conceptual elucidation of the
organized flow.

4. Mean flow field
4.1. Quadrant analysis

In turbulent flows, coherent motions significantly contribute to the generation of the
Reynolds shear stress (Lu & Willmarth 1973; Jeong et al. 1997; Schoppa & Hussain 2002),
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which is directly connected to the turbulent momentum transport and, consequently,
drag at the wall (Townsend 1976). The Reynolds shear stress can be divided into the
contributions of quadrant events in the plane of streamwise and wall-normal fluctuations:
Q1(u >0,v =>0) outward motions, Q2(u <0,v >0) ejections, Q3(u <0,v <0)
inward motions and Q4(u >0, v <0) sweeps (Wallace 2016). By understanding which
quadrant Reynolds stresses are dominant in the various regions of the flow, one can then
formulate the CS responsible.

Using the quadrant-splitting technique with the concept of the hyperbolic hole, the
contribution from each quadrant and hole region can be defined as

1 1 1. o
uv gi=— uvlgi; lgi= 1, |UV|>_H uu z2vv 2;(u,v) inQi,
N 0, otherwise,
(4.1)
1 1, Juv| Huu 2vv ?
uv p=o  uviy; lw= 7 . ’ 42
TN M M7 0, otherwise, (4.2)

where N is the number of realizations, H is the hole size and {_; uv i + UV H
(Lu & Willmarth 1973). The hole size is chosen to be H =3 such that strong events,
presumably associated with the large-scale and dynamically relevant CS, are captured.
Previous investigations in flow separation (Krogstad & Skare 1995; Schatzman & Thomas
2017) have shown that with H = 3, Q2 and Q4 events dominate, while Q1 and Q3 make
less than 1% fractional contribution to u v . This dominance also holds for the zero-
pressure-gradient TBL (without any separation) (Lu & Willmarth 1973); note that, for easy
reference, we also use H = 3 for the quadrant analysis. Moreover, Schatzman & Thomas
(2017) showed that H = 3 well captures the underlying shear instability and associated
strong quadrant motions due to the coherent spanwise vorticity of SRs. A sample snapshot
of uv in figure 8(j) shows that strong Q2 and Q4 events result from SRs. The claims
below are not significantly affected by altering the threshold H.

Consistent with that observed by Schatzman & Thomas (2017), we find that the peaks
of uv g2and uv g4 occur above and below, respectively, the inflection point
(0U/dy = 0) of the mean velocity (figure 8b,d,f,h) —with or without grooves. In agreement
with HGYS, the Reynolds shear stress from strong sweep (Q4) and ejection (Q2) events
decrease in magnitude in GW. Hence, if one considers Q2 and Q4 events a direct result of
the SRs, the rollers in GW are ‘weaker’ in generating Reynolds shear stress.

The effect of grooves is further detailed through the profiles of quadrant Reynolds shear
stress where  u v qq is significantly suppressed — much more than  uv o —near the
wall at the onset of the shear layer (figure 8i at x = 4.5). This suppression is attributed to
the fluid ejection promoted by grooves that inhibit the sweep motion. Specifically, a sweep
motion below the shear layer — with a v fluctuation — is countered by the fluid jetting
from grooves. Additionally, the profiles in figure 8(i) show a vertical shift of the inflection
point (shear layer) away from the wall in GW due to the fluid ejection introduced by
grooves at the onset of the shear layer, an aspect previously pointed out in HGYS. The
average height of the inflection point is y =0.143 for SW and y = 0.158 for GW with
minimal streamwise variation from x = 4.5 to 5.5. These results provide initial insights
into the effect of grooves on the SRs, showing that changes in the Reynolds shear stress
are due to modification of the SRs. Through the CS analysis later in 8 5, we further detail
the relation of the Reynolds shear stress uncovered with the quadrant-splitting technique
and the SRs.

1006 A6-13



https://doi.org/10.1017/jfm.2025.4 Published online by Cambridge University Press

E. Garcia, F. Hussain, J. Yao and E. Stout

(e)

Y027 UV Ol
L 7/,/-7 1:‘:—:“':-,,_.
35 4.0 45 5.0

(9)

uv
Q3
y 0.2 e =

3.5 4.0

0 00005
UVea UV Q24
(1)

0.2 -
Y o014

0

Figure 8. Colour maps of quadrant Reynolds shear stress in x—y section with H =3. Panels show (a—d)
SW, UV qi; (e-h) GW at the centre of grooves, UV . The dotted line denotes the inflection point of the
mean velocity profile. (i) Profiles of Q2 and Q4 Reynolds stresses at different streamwise locations for SW, GW
at the centre of crests (GW-C), and GW at the centre of groove troughs (GW-T); approximate locations of the
CS responsible for Reynolds stresses are shown as dashed circles with the direction of velocity corresponding
to the quadrant. For (e—-i), the dashed line indicates the crest height position. (j) Sample snapshot of Reynolds
shear stress events Q2 and Q4 superimposed with streamlines projected into the x—y plane.
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As a side note, we showed in HGYS that negative Reynolds shear stress occurs on the
upstream face of the bump. Figure 8(a,c) emphasizes that this is a consequence of the
increased Q1 events as the flow is accelerated by the bump, narrowing the channel area.
On the other hand, the Q3 events are negligible throughout the channel, for cases with or
without grooves (figure 8e,g).

4.2. Two-point correlations

A consistent swirling motion at a specific position may appear in space as regions of highly
correlated velocity fluctuations — providing statistical information about their geometrical
characteristics. In this section, we examine the statistical characteristics of CS based on
the two-point correlations of velocity and pressure fluctuations.

The generic two-point correlation is defined as

Xo+ X,Yo+ JZo+ z,t X0, Vo, Zo, t
rop(Xo, Yo, 20, X, Y, 2)= 9 (xo yf ¥, 2o ;)<P( 0, Yo, 20, t) ,
@O 2(Xo0,Y0,20) @@ 2(X,Y,2)

(4.3)
where coordinate (Xo, Yo, Zo) is the reference point and @ can be any independent variable
of the flow (i.e. velocity, pressure, etc.). Note that the two-point correlations are averaged in
the z-periodic direction over all grooves at the same relative positions, i.e. zg is a reference
point to the span groove’s wavelength (' ), and in SW, the two-point correlations are not
a function of zg.

4.2.1. Velocity correlations
A comparison of the 3-D correlation structure (correlation iso-surface) obtained for the
velocity fluctuations for a flat SW, the SW and the GW bumps is provided in figure 9.
The ryy iso-surfaces for the flat SW with reference point yp = 0.12 (ygr = 36) (figure 9a)
apgear to be very elongated in the x-direction with a length of approximately x* =
10° — a result due to the near-wall streaks observed in the buffer layer (Jiménez 2013;
Sillero, Jiménez & Moser 2014). The ry, iso-surfaces for the SW bump — with the reference
point xg taken above the recirculation bubble where root-mean-square (r.m.s.) of pressure
fluctuations (prms) is maximum — are similarly streamwise elongated to that over the flat
SW, however, the length is 60 % of that of the flat SW (using r = +0.2). This is consistent
with the findings in HGYS that the streaks are suppressed above the recirculation bubble.
Different from the flat SW, the inclination angle of the positive lobe is negative in the xy
plane (figure 9d), which is expected as ry, depicts u -structures in the reattaching shear
layer behind the bump. Moreover, the negative ry, lobes are more pronounced and at the
same distance from the wall as that for positive ry, lobe — different from the case in the
flat wall which are at the wall — indicative of the ry, iso-surfaces describing structures
predominantly on the shear layer. For GW, r, iso-surfaces are no longer elongated in the
x-direction, consistent with the observation in HGYS that the flow becomes more isotropic
with grooves. The negative ry, lobes in GW (figure 9g) appear to be more rod-like than in
SW (figure 9d), with a steeper angle in the xy plane, which is linked with the more marked
presence of vortex rods at steep angles when analysed together with ry, (detailed below).
In GW, the ry, iso-surfaces appear to be disconnected from the bump peak highlighting
the disrupted shear layer by the presence of streamwise structures favouring v and w
velocity fluctuations.

The two-point correlations of cross-flow velocity fluctuations (ryy and ryy) for the flat
SW case (figure 9b,c) are associated with the quasi-streamwise vortices in the buffer
layer (Jiménez 2018). The effect of the bump modifies this interpretation significantly,
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Figure 9. Three-dimensional iso-surfaces of two-point correlations of the three velocity components for
(a—c) the flat SW, (d—f) SW bump and (g—i) GW bump. Panels show (a,d,g) ruu; (b.e,h) ryy; (c,f,i) ryw-.
Iso-surfaces are r = +0.8 (red), r = +0.4 (green), r = +0.2 (blue), r = 0.1 (magenta) and r = 0.2 (black).
The reference point for the flat wall is yp =0.12 (yo+ =36), for the bump cases are the point of peak
r.m.s. pressure fluctuations: SW at (Xo, yo) =(5.2,0.12) and GW (5.47,0.134) at the centre of troughs.
Quasi-streamwise vortices and SRs responsible for the correlated velocities are sketched in (b,c,e,g,h,i) for
reference.

particularly for ryy, (figure 9e). The negative ryy lobes appear upstream and downstream of
the positive correlation lobe instead of being located on the sides (in the z-direction) as in
the flat SW case. Clearly, the presence of SRs is responsible for the distribution of ryy as
they induce +v and v motions in the back and front as they move downstream above the
SB, causing ryy to change sign in the x-direction. Similar ry surfaces are observed for GW
(figure 9h); however, the ryy = 0.2 iso-surfaces are larger and overall more symmetric in
the x-direction, i.e. the negative lobes are of the same size and same distance with respect
Xo — perhaps because of a more matured SR as Xg is slightly further downstream. The ryw
iso-surfaces for the bump cases (with or without grooves, figure 9f,i) are similar to those
of the flat SW (figure 9¢); namely, the negative—positive—negative ry,, lobes are stacked in
the x—y plane. Not surprisingly, the ry iso-surfaces do not show any indication of SRs,
as SRs mostly induce u and v .

An interesting observation is that ry, and ryw in GW, if examined together, can be
interpreted to be the result of a vortex rod at a steep angle in the xy plane. For reference,
figure 10(a,b) shows the ry, and ryyw contours extracted on a plane that is 30 with
respect to the x direction for GW (figure 9g,i). The contours of ry, and ryw support
the presence of a vortex rod (indicated by the green-shaded circle), idealized in the sketch
in figure 10(c), which would produce such velocity correlations. Therefore, GW is perhaps
more notably populated by vortex rods at steep angles past the bump perturbation. Further
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Figure 10. Two-point correlation contours of (a) streamwise velocity fluctuations ry, and (b) spanwise velocity
fluctuations ry,y in the planar section denoted in figure 9(g,i) with 30 in the xy plane with the horizontal. Solid
lines indicate positive correlations, and dashed lines negative. (c) Sketch of a vortical structure that would
produce the present ryy and ryy, with blue and red corresponding to the contours in (a) and (b), respectively.
Note that the green circle in (a) and (b) corresponds to a slice through the CS in (c). (d,e) Instantaneous
realizations of j-structures for GW coloured by wy, with dashed lines indicating the » structures of
interest.

evidence to elaborate this speculation is provided in figure 10(d,e), where instantaneous
2-structures at high angles are found within the separated flow region.

4.2.2. Pressure correlations
As vortices are expected to have low-pressure regions within their core (Jeong & Hussain
1995), the correlation of the (fluctuating) pressure field (p ) can also be used as an
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Figure 11. Three-dimensional iso-surfaces of two-point correlations for pressure fluctuations. (a) The flat
SW, (b) the SW bump and (c) the GW bump. The reference point for the flat wall is yp =0.12 (ya' = 36),
for the bump cases are the point of peak r.m.s. pressure fluctuations: SW at (xo, yo) = (5.2, 0.12) and GW
(5.47, 0.134) at the centre of troughs. (d) Profiles of rpp as a function of streamwise increment  x at yo for
SW and GW.

indication of the CS spatial distribution. For the flat SW, the r, surfaces (figure 11a) are
approximately circular in the x—z plane and extend significantly in the y-direction (Kim
1989). The bump perturbation causes significant modifications in rp, (figure 11b), with
the overall distribution resembling ryy (figure 9¢). The rp, iso-surfaces capture the low
pressure of SRs even when they are contorted in z by showing a larger extent of rpp in z.
Outside the vortex, the correlation of the random velocity fluctuations of the turbulent SR
will be weaker than that of pressure. Hence, pressure footprint of a SR will have higher
spanwise correlation than of wall-normal velocity. The iso-surfaces of r, for the GW case
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extend more in the z-direction than those for the SW case — suggesting that the SRs are
more coherent along that direction. More quantitative information of the effect of grooves
on the SRs can be obtained by looking at the streamwise profile of rp, (figure 11d). The
distance between local maxima, which represents the spacing between consecutive SRs,
increases for the GW case. This suggests that the rollup frequency of the SRs decreases —
an observation confirmed in § 6 via spectral analysis.

5. Coherent structure analysis

We focus here on the effect of grooves on the dynamics of the most prevalent CS (i.e.
the SRs) generated by the bump perturbation. Particular attention will be given to the
alteration of the flow dynamics promoted by flow ejection, as well as the associated
corner vortices on the SRs and their evolution for GW. The following analysis employs
the vorticity-based eduction method developed by Hussain (1986).

5.1. Phase-locked ensemble averaging of CS

The eduction of the CS is both sophisticated and elaborate. The interest here is to educe the
dominant spanwise CS present in the shear layer, as visualized in Muller & Gyr (2020) and
conceptually described in Muller & Gyr (1986). For this purpose, a visual inspection of
the instantaneous structures in an x—y plane is performed using the instantaneous spanwise
vorticity (Q;) and  ». For example, figure 12(a,b) shows the Q; and  » colour maps
obtained from an arbitrary time and z position for SW. Note that, at this particular instant,
w; resembles pairing as described in Hussain & Zaman (1980); however, the > shows a
single peak in the centre.

To characterize the dominant spanwise structures, a local time-dependent circulation
parameter is computed as

y= Q,dA, (5.1)

over a squared region across the shear layer; figure 12(c) shows the evolution of y for the
red square box in figure 12(a,b). Note that the side length of the box in figure 12(b) is 0.1,
which, as mentioned earlier, is approximately the thickness of the mean shear layer. For
any selected x location, there is smearing of the educed structure in y if we do not bound
in the y direction due to jitter between successive passing structures as well as random
spanwise waviness of the SRs. Hence, both x and y locations of the point of eduction
(squared box) must be precisely selected a priori; therefore, only a small fraction of the
total structures will be used for eduction. The phase average considers only strong events
where y has a local negative peak below one standard deviation past the mean y (denoted
by the shaded region below the dash line in figure 12c). The snapshot in figure 12(a,b),
which corresponds to the time marked by the filled red circle in figure 12(c), exemplifies
that the negative peaks of y correspond to SRs. The criterion for choosing instantaneous
realizations based on the time series of y is used for the first estimate ensemble average
(zeroth ensemble) with the following two additional conditions: (i) a local peak of >0
must exist in the red square of figure 12(b); and (ii) the vorticity vector at the peak of
2 must be within a cone of 30 along the z direction. These criteria resulted in only
600 structures being considered for eduction sifted out of millions of structures; this
necessarily requires a very long simulation.
Following Hussain & Hayakawa (1987) the ensemble average is obtained by phase
aligning the structures through a time shift to increase the cross-correlation of Q; in the
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Figure 12. Colour maps of instantaneous (a) spanwise vorticity, w;, and (b) vortex identification criterion,

2, in‘an xy section at an arbitrary spanwise position. (c) Time series of a local circulation, y, computed for
the red square in (a,b); the colour maps in (a) and (b) correspond to the time highlighted by the red filled circle
in (c). The solid line denotes the mean value of y, the dashed line denotes the standard deviation of y and the
grey shaded region corresponds to the values of y considered.

squared region chosen. A realization is discarded if the correlation coefficient with the
ensemble average is lower than a specified value Ry, defined as
R L " R
t=5y R (5.2)
i=1

Here, R; is the correlation value for the ith realization, and N is the total number of
realizations being considered for the new ensemble average. The process is iterated
by replacing the zeroth ensemble with the latest ensemble until no more realizations
are removed from the considered ensemble. The phase-average procedure is performed
at different stations with coordinates corresponding to the centre of the square box at
(x,y)={(4.7,0.16), (4.85, 0.16), (5, 0.16), (5.2, 0.12), (5.47, 0.13)}. The coordinates
are arbitrarily chosen: the first three stations centred at the shear layer, and the second-last
and last stations at the peak of prms for SW and GW, respectively. For both SW and GW,
the final phase averages are obtained using 250 structures at each station.

5.2. Coherent structure measures

5.2.1. Educed vortical structures
The phase averaging procedure to educe SRs in the shear layer was performed at five
different phases of the evolution of the SRs (we call them stations), moving downstream
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