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ABSTRACT

The wake of a normal thin flat plate of aspect ratio
3.2 was studied using Direct Numerical Simulations at a
Reynolds number of 1200 for comparison to the wake of
a two-dimensional (2D) plate. Secondary spanwise insta-
bilities, which were responsible for the three distinct flow
regimes in the wake of 2D plates, were suppressed by the
presence of the shear layers formed at the shorter edges in
the three-dimensional (3D) case. There was a unique vor-
tex “peeling” mechanism that detached the vortices in the
shear layers on the shorter sides. The peeling mechanism
accelerated the shedding process and increased the shed-
ding frequency to 0.317 from 0.154 for 2D plates. It is also
associated with increased wake entrainment and a reduction
in the mean recirculation length by 40% to 1.6A4. Moreover,
the peeling mechanism lead to formation of interlocked vor-
tex loops outside the base region, whose expansion down-
stream resulted in separation of two counter-rotating vortex
structures with respect to the wake centreline. The maxi-
mum turbulent kinetic energy along the wake centreline for
the 3D case was lower by 76% than in the 2D flow.

INTRODUCTION

The wake of an infinite span (2D) thin flat plate has
been investigated using Direct Numerical Simulations (Naj-
jar, 1994; Najjar & Balachandar, 1998; Narasimhamurthy &
Andersson, 2009; Hemmati et al., 2015a) and Large Eddy
Simulations (Joshi, 1994; Hemmati et al., 2015b), and ex-
perimentally (Fage & Johansen, 1927; Kiya & Matsumura,
1988; Wu et al., 2005). These studies revealed a unique
low frequency flow pattern in the wake (Najjar & Balachan-
dar, 1998; Wu et al., 2005; Hemmati et al., 2015a). Najjar
& Balachandar (1998) and Wu et al. (2005) described two
flow regimes, H and L, which were identified by changes
in the lift fluctuations and other wake characteristics. Hem-
mati et al. (2015a), however, characterized these patterns
as three distinct flow regimes, High, Moderate and Low In-
tensity Shedding, based on fluctuations in the instantaneous
forces, size of the recirculation region, vortex interactions,
etc. According to Hemmati et al. (2015a), regular Karman
shedding, regime M, was interrupted by a secondary span-
wise instability that was identified by a periodic spanwise
pressure distribution (Hemmati e al., 2014). During the
low intensity shedding, shear layer roll-up was delayed, the
recirculation region was elongated, and the pressure drop
was reduced across the plate, which lead to lower drag.
This was followed by a period of intensified entrainment,
during which the roll-up moved closer to the plate, result-

ing in large lift variations. The proximity of the base vor-
tex to the plate decrease the magnitude of the base pressure
and the drag. These regimes featured unique wake struc-
tures and vortex interactions identified by vortex disloca-
tion, detachment of streamwise ribs and absence of span-
wise rollers. Dislocation of vortices during Regime L lead
to disappearance of spanwise rollers at ~ 3h downstream
the plate. Thus, streamwise ribs were stretched and subse-
quently detached from their counterpart rollers, which elon-
gated the base region and slowed down the shedding pro-
cess. Finally, regular shedding was re-established in a short
reorganizing period, Regime M.

There are very few studies of the wake topology of
a finite aspect ratio (3D) thin flat plate. Numerical stud-
ies of the behind a thin flat plate have proven difficult us-
ing RANS, Detached Eddy and Large Eddy Simulations
(Breuer et al., 2003; Hemmati et al., 2015a). Experimen-
tally, it is difficult to avoid flow interference in experiments
on 3D plates. Aly & Bitsuamlak (2013) provide a rare ex-
perimental study. However, there has not been any attempts
to identify the unique flow features associated with addi-
tional shear layers, vortex interactions and wake dynamics
for a 3D plate. Similar studies have been completed for the
wake of circular (Roshko, 1961; Bearman, 1968; Okamoto
& Sunabashiri, 1992; Williamson, 1996) and rectangular
(Lyn et al., 1995; Bailey et al., 2002; Wang et al., 2006,
2009; Bourgeois et al., 2011; Hosseini et al., 2013) cylin-
ders. The downwash effects by the vortices formed on the
cylinder free end modified the wake topology from that of
an infinite span cylinder (Okamoto & Sunabashiri, 1992;
Zdravkovich & Bearman, 1998; Sumner et al., 2004; Wang
et al., 2006, 2009; Bourgeois et al., 2011; Hosseini et al.,
2013).

This study investigates global flow quantities, i.e.
mean pressure, shedding frequency, Reynolds stresses, and
the instantaneous forces, as well as vorticity, to identify the
deviations from the wake of 2D plates and square cylinders.
Simulation setup and computational details are briefly dis-
cussed in section 2, which is followed by presentation of
results in section 3. Discussions on the result interpretation
and comparisons are also included in section 3. Conclusions
are listed in the final section.

PROBLEM DESCRIPTION

The flow behind a flat plate of aspect ratio 3.2 was stud-
ied using Direct Numerical Simulation (DNS) at Re = 1200.
A three-dimensional Cartesian co-ordinate system was used
with the origin at the plate centroid, the positive x—direction
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aligned with the streamwise flow. The normal, in the direc-
tion of the shortest side, and spanwise orientations corre-
sponded with y and z—axes, respectively. The infinitely thin
plate of height % (in the y—direction) and spanwise width
(chord) w, is shown in Figure 1 along with the computa-
tional domain. The aspect ratio AR was h/w = 3.2. The
shear layers that occur only in the 3D case will be labeled
the “spanwise” shear layers. The domain extended 25/ in
the x— direction and 16/ in the y— and z—directions. The
inlet was placed at 5h upstream the plate. A,B, C, and D
show the four flow monitoring points.

The computational set-up for this study was identical to
those of flow past infinite span normal flat plates by Hem-
mati et al. (2015a) and Hemmati et al. (2015b), which,
in turn, was designed on the basis of Rodi et al. (1997);
Najjar (1994); Joshi (1994); Najjar & Vanka (1995); Naj-
jar & Balachandar (1998) and Narasimhamurthy & Ander-
sson (2009). The simulations used 9.3 x 10° hexahedral
elements.
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Figure 1: Schematic of the computational domain and the bound-
ary conditions. Location of monitoring points are A:(3,1/2,0),
B:(3,1/2,1/2), C:(12,1/2,1/2) and D:(3,0,1/2).

RESULTS & DISCUSSION

Global quantities, such as shedding frequency (St =
fh/Up), mean pressure coefficients, mean drag and tur-
bulent kinetic energy (TKE) were used for comparing the
wake features. Resolved variables, i.e. profiles of velocity
components and Reynolds stresses, were also compared be-
tween the two wakes to identify changes in the flow topol-
ogy and vortex dynamics due to development of additional
shear layers on spanwise edges. Shear layer roll-up and vor-
tex detachment processes were identified using contour and
iso-surface plots of vorticity and A;.

Global flow quantities for the two wakes are presented
in Table 1. Vortex shedding intensified with a significant
increase in the Strouhal number, St = 0.317, compared to
the range of St (0.14 — 0.158) reported for the 2D plate
at different Re, 250 — 1.5 x 10° (Hemmati et al., 2015a;
Narasimhamurthy & Andersson, 2009; Wu et al., 2005; Na-
jjar & Balachandar, 1998; Najjar & Vanka, 1995; Leder,
1991; Kiya & Matsumura, 1988; Fage & Johansen, 1927).
Changes in the wake topology and shear layer roll-up pro-
cesses, which were influenced by presence of additional
shear layers, were responsible for the accelerated shedding.
The shorter shedding period of the 3D plate coincided with
a decrease on the mean drag by 50% in comparison to the
2D plate. Shear layer roll-up and the subsequent vortex de-
tachment was achieved within a shorter distance from the
plate, L,, = 1.6k, while the recirculation length for a 2D
plate was 2.7.

Typical traces of the instantaneous lift coefficient, Cj,
and drag, C;, exhibited more regular shedding behaviour
with the force variations being significantly smaller than
those of the 2D plate, Figure 2. The three distinct regimes

Table 1: Comparison of the global flow variables in the wake of
3D and 2D thin normal flat plates at Re = 1200.

Case AR C; St L, Re
3D Plate 32 116 0317 1.6 1200
2D Plate (Hemmati et al., 2015a) - 213 0158 2.7 1200
Narasimhamurthy & Andersson (2009) - 231 0.168 1.96 750
Wu et al. (2005) - 0.18 1800
Najjar & Balachandar (1998) - 236 0161 235 250
Najjar & Vanka (1995) - 226 =0.143 255 1000
Leder (1991) - 0.14 25 2.8x10*
Kiya & Matsumura (1988) - 0.146 2.3x10*
Fage & Johansen (1927) - 2.13 1.5 x 10°

observed for the 2D plate, which were identified by changes
on the intensity of force variation, do not occur for the 3D
plate. The instantaneous behaviour was similar to Regime
M of a 2D plate, which was previously identified as the reg-
ular asymmetric shedding process (Hemmati ef al., 2015a).
Thus, the secondary spanwise instability in the wake of a
2D plate, which have been linked to the three flow regimes
(Hemmati et al., 2015a, 2014; Najjar & Balachandar, 1998),
have been suppressed by the finite spanwise extent of the
wake.

One indicator for the secondary spanwise instability
was found in the pressure behaviour on the rear surface
(Hemmati et al., 2014). Profiles of the pressure coefficients
on the z—direction of the 2D plate during Regime H, Fig-
ure 3, illustrate the significance of the secondary instability.
Following the magnification of flow irregularities in Regime
H, shedding cycles retained their regular pattern, Regime M.
Hemmati ef al. (2014) further showed that the secondary in-
stabilities initiated during Regime L with a large-wavelength
spanwise non-linearity in the pressure field. Figure 3 shows
that this non-linearity has evolved into a short-wavelength
pressure profile. Continuation of this process lead to full
suppression of the secondary instability and re-start of reg-
ular shedding in Regime M. However, pressure field became
uniform by bounding the spanwise extent of the shear lay-
ers, and thus the wake, using a 3D plate. Hemmati et al.
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Figure 2: Instantaneous drag (top) and lift (bottom) on 2D (Hem-
mati et al., 2015a) and 3D (AR = 3.2) normal thin flat plates at
Re = 1200.
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Figure 3: Spanwise distribution of instantaneous pressure coef-
ficients, Cp, on the leeward surface of a 2D normal thin flat plate
during Regime H (Hemmati et al., 2015a) at Re = 1200.

(2015a) argued that presence of the secondary instabilities
during the regular shedding cycles, i.e. asymmetric shed-
ding of Regime M, interrupts the regular roll-up and sub-
sequent vortex detachment. The absence of secondary in-
stabilities reduced the vortex generation and detachment
length, and subsequently resulted in major changes on the
wake topology and vortex dynamics. This lead to a lower
drag, compared to a 2D plate. The main re-orientation in the
wake, however, was achieved by introducing two additional
shear layers.

There are several important observations on the addi-
tional shear layers formed on the spanwise edges of the
plate. Only a single dominant shedding frequency was obvi-
ous in the spectra of the velocity and pressure at points A, B,
C and D. This indicates only one dominant shedding cycle
in the wake, despite the presence of two sets of shear layers.
In other words, the roll-up process for both layers occurred
at the same time. This implies that vortex detachment on
one edge fixes the entire shedding cycle, while the roll-up
of the spanwise vortices was interrupted by a “peel off”
process. The peeling process refers to pre-mature detach-
ment of vortices due to the flow induced by detachment of
larger spanwise vortices. Further elaboration on this process
are provided later in this section. Moreover, since the shed-

(b) 3D plate (AR =3.2)

Figure 4: Streamline plot of the wake central XY plane for [top]
2D (Hemmati et al., 2015a) and [bottom] 3D (AR = 3.2) normal
thin flat plates at Re = 1200.
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Figure 5: Profile of the mean streamwise velocity, %, and turbulent
kinetic energy, k, along the wake centreline for the flow past 2D
(Hemmati et al., 2015a) and 3D thin normal flat plates at Re =
1200.

ding frequency increased significantly from the 2D plate,
the added shear layers have assisted in the vortex shedding
process.

Accelerated vortex shedding may be associated with
intensified entrainment. Figure 4 shows the streamline plot
of the mean velocity field for the 2D and 3D plates. The
separating streamline on the 2D plate was 50° in the mean
field, which was higher than 30° for the 3D plate. This,
in combination with the shorter recirculation length, indi-
cated a greater entrainment angle at the stagnation point for
the 3D plate, 64°, relative to the 2D plate, 51°. Moreover,
the entrainment velocity, Vg, for the 3D plate was 0.96U,
which was significantly larger than ~ 0.66U for the 2D
plate. The entrainment velocity was approximated using or-
der of magnitude analysis on the entrainment velocity defi-
nition, Vg, by Durbin & Reif (2001):

T,
Vi = Undxdag — Vog ~ O(3Up) M
w

where T, is the wake thickness and 4, is the base vortex
length. Two-dimensional flow pattern and stronger entrain-
ment are also evident qualitatively by visual inspection of
vorticity contours, and quantitatively by looking at distribu-
tion of mean streamwise velocity and Reynolds stresses in
the wake.

The behaviour of the mean streamwise velocity, #,
along the wake centreline in Figure 5 is typical of the wake
evolution, with more reverse flow in the recirculation zone
behind the 3D plate, 0.42Uy. The wake deficit reduced
much more rapidly for the 2D plate. ~ With less recircu-
lation and smaller mean velocity gradients, it is not surpris-
ing that the 3D wake has lower turbulence levels. As an
example, the centreline profile of the turbulence kinetic en-
ergy (k) in Figure 5 shows an order of magnitude reduction
from the 2D to 3D case. Figure 5 shows a small plateau
in k at x = 0.97h — 1.10h which coincides with the peeling
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Figure 6: Mean streamwise velocity profiles atx = 2h, 5h and 8h for the wake of a 2D (Hemmati et al., 2015a) and 3D (AR = 3.2) normal

thin flat plate at Re = 1200.

off process of the vortices forming on the spanwise edges.
After this point, k continued to increase until it reached its
maximum value at x = 1.684. Consequently, the wake in
proximity to the plate, x ~ h, appeared to have all charac-
teristics of a 2D shedding pattern: organized asymmetric
roll-up of shear layers, strong reverse flow, single set of
vortex-streets, etc. Visual inspection of vorticity contours
further confirmed this conclusion. However, the rapid de-
crease in k outside the recirculation zone coincided with
a major change to the flow topology. The mean stream-
wise velocity at different x, Figure 6, show a double min-
ima in the 2D case. Further, the mean streamwise veloc-
ity deficits in the near wake region, outside the base vor-
tex zone, were significantly smaller for the 3D plate. Fi-
nally, the normal Reynolds stresses, which are not shown
due to space limitations, are roughly equal in this region
whereas the y—direction normal stress is much larger than
the streamwise for 2D flow.

Vortex structures were identified using the A, criteria
for the time dependent flow behind 2D and 3D plates with
typical examples shown in Figure 7. A, is defined as the
second eigenvalue of the SySy; + Q€ tensor (Jeong &
Hussain, 1995), where S;; is the strain rate tensor and €;; is
the rotation rate tensor. These plots clearly show the peeling
off process of the smaller vortex structures formed by the
spanwise shear layers. Shedding of large scale structures
by the roll-up of chordwise shear layers induced stream-
wise flow away from the plate, which carried out, or peeled
off, the smaller pre-mature vorteces formed on the adjacent
plate edges. Thus, there was a single vortex system de-
tachment from the plate. Asymmetric peeling behind the
3D plate in Figure 7, formed two interlocked vortex-loops,
Stage 1, at only 5h downstream the plate and less than 1.5h
downstream the base region. First signs of the wake-split
also appeared at Stage I of the vortex loop formation in
Figure 7. Strong entrainment by the loops on both sides
of the wake lead to their expansion farther downstream.
These loops were responsible for the wake contraction in
the x, y—plane (plane of longer edges) and expansion in the
x,z—plane. Moreover, there were no major wake features in
the normal direction, which confirms previous observations.
These visualizations, bundled by vorticity contours on the
x,z—plane, also implied that there exists an inward entrain-
ment, from all directions, feeding the two vortex loops. This
is consistent with the flow topology hypothesized by Wang
et al. (2009) for the quasi-finite square cylinder, in which a
horizontal inward flow was induced by the counter-rotating
streamwise vortices behind the plate.

Differences in the shear layer roll-up and vortex de-
tachment are responsible for the unique flow topology in the
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Figure 7: Isosurface plot of A, = 0.1 in the wake of a 2D (top)
and 3D (bottom) normal thin flat plate at Re = 1200. The scale is
the same in both parts of the figure.

wake of 3D plates. Simultaneous contour plots of vorticity
components on both planes are presented in Figure 8 for the
3D plate and in the x, z—plane for the 2D plate. One vortex
shedding cycle is presented in Figure 8. The roll-up desig-
nated A; in Figure 8(a) at 7y was interrupted by formation
of a negative vortex at its core, Cy in Figure 8(a—t;). The
opposite rotation of C, inside A, split the latter vortex at S,.
This phenomenon coincided with the detachment of A| in
Figure 8(b—1t;), which was formed at the other edge. The
broken A, vortex was carried out by the induced flow of A;.
This is the “peeling off” procedure for vortex A,. Moreover,
detachment of A| was induced by detachment of vortex C;
at point Sy in Figure 8(b). Another important feature of the
flow was the vortex dislocation for By at x =2.98% in Figure
8(b—t;). This phenomenon coincided with formation of the
Stage 1 vortex loop in Figure 7. Furthermore, contour plots
of Figure 8(a) confirmed the wake contraction on the plane
of dominant height, x, y—plane, whereas Figure 8(b) clearly



(c) Contour of Q. on the XY-Plane for a 2D plate

Figure 8: Contour plots of Q. (a, b) and Q, (c) at times 1, (left), 7| (center) and #, (right) in the wake of a 3D (AR = 3.2) and 2D normal thin

flat plate at Re = 1200.

showed a wake expansion due to vortex dislocations on the
x,z—plane. The asymmetric vortex shedding behind the 2D
plate in Figure 8(c) did not include these unique wake fea-
tures.

Wake structures identified in the vorticity contours,
Figure 8, were similar to those of a quasi-finite square
cylinder reported by Wang et al. (2006, 2009); Bour-
geois et al. (2011) and Hosseini et al. (2013) along the
cylinder centreline, z* = L/d — 1. However, small-scale
Kelvin—Helmholtz (K—H) vortices formed near the cylin-
der free end (Okamoto & Sunabashiri, 1992; Wang et al.,
2009), corresponding to y = h/4 and y = h/2 for the plate,
were not observed in the flow behind a 3D plate. Moreover,
it was shown that the wake of a quasi-finite square (Wang
et al., 2006, 2009; Bourgeois et al., 2011; Hosseini et al.,
2013) and circular (Zdravkovich & Bearman, 1998; Sum-
ner et al., 2004) cylinder expanded on the plane of cylin-
der cross-section, i.e. corresponding to the plane of shorter
edges in this study, while it contracts inward due to a down-
wash tip vortex. This behaviour was also observed in the
flow behind the 3D plate.

CONCLUSIONS

The wake of a finite aspect ratio (3D) thin flat plate
normal to uniform incoming flow was studied by Direct Nu-
merical Simulation and compared to the wake of an infinite
span (2D) normal thin flat plate. Aspect ratio of the 3D
plate was 3.2 and the Re was 1200. This study resulted in
the following conclusions:

1. Formation of inward vortex structures, due to the span-
wise shear layers, suppressed the secondary spanwise
instabilities observed in the wake of 2D plates. Thus,
distinct flow regimes identified in the wake of 2D
plates, Regimes H, L and M, were eliminated.

2. A single dominant shedding frequency was observed
in the wake, which indicated that the two shear lay-
ers were rolling up simultaneously at adjacent plate
edges. Profiles of mean velocity, Reynolds stresses
and turbulence kinetic energy confirmed that vortices
were peeled off the chordwise edges by the induced
flow resulting from the vortex detachment at the span-
wise edges. This mechanism significantly increased
the shedding frequency and reduced the recirculation
length.



3. Chordwise profiles of the mean streamwise velocity
at 2h, 5h and 8h downstream the plate deviated sig-
nificantly from those of the 2D plate. They exhibited
strong dependence on the spanwise position and at two
and five chords from the plate, all profiles had two min-
ima.

4. Inward vortex structures on the spanwise edges re-
duced the level of Reynolds stresses (not shown) and
the flow organization relative to the 2D plate. Weaken-
ing of the spanwise vortices, due to the peeling mecha-
nism, was responsible for the decrease in the Reynolds
stresses and the subsequent near equality of the normal
stress. Peeling off the pre-mature vortices at the span-
wise edges formed an interlocked vortex loop down-
stream the base region at x = 34. This vortex loop ex-
panded outwards with respect to the x,y—plane at x >
5h. Subsequently, the wake was split with two counter-
rotating vortices clearly deviating from the wake cen-
treline. This process was apparent by the double-peek
distribution of u. Following the split, wake contracted
in the spanwise direction and expanded simultaneously
in the chordwise direction.
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