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ABSTRACT

The effect of wake structures on pressure fluctuations
on the leeward face of a normal flat plate of zero thickness
is examined using direct numerical simulations (DNS) at
Re =1200. There was a lag in the abrupt change of pressure
inside the shear layer, which coincided with the increas-
ing surface pressure fluctuation on the plate leeward surface
during the vortex shedding. The lag increased closer to the
plate compared to the wake. The well-known Q—criterion
was used for identifying the vortices since Q is also the
source term in the Poisson equation for the surface pres-
sure, whose variations changed drastically in response to
alternating nature of the vortex shedding. This process gen-
erated regions of spin (rotational) and splat (strain) contri-
butions to the Poisson equation for the pressure, which led
to pressure peaks and troughs. The former was aligned with
the chordwise location of vortex detachment. The stream-
wise movement of vortices prior to their detachment, and
their subsequent impingement on the plate coincided with
maximum drag. The pressure fluctuations were small at in-
stances of minimum drag, which was attributed to smaller
vortex structures.

INTRODUCTION

The relationship between the velocity and vorticity
fields and pressure fluctuations in pipe flows and turbulent
boundary layers have been investigated numerically and ex-
perimentally in some detail, (Thomas & Bull, 1983; Johans-
son et al., 1987; Ghaemi & Scarano, 2013; Luhar et al.,
2014). However, there are no comprehensive investigations
of the vortex structures in bluff body wake flows and their
relationship with the surface pressure fluctuations of the
body. Fage & Johansen (1927) reported the surface pres-
sures on the leeward face of two-dimensional (2D) beveled
flat plates along with hotwire measurements at various lo-
cations in the wake. However, such measurements provided
only far-field correlation with shed structures and they were
not suitable to relate events in the formation region. In the
following 90 years little additional experimental data has
been obtained, in part because simultaneous and spatially
correlated pressure-vorticity measurements still pose im-
portant challenges. In contrast, computational studies (e.g.,
DNS) provide pressure and velocity filed results simultane-
ously. This allows for a direct comparison between pressure
fluctuations and wake structures.
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The wake of 2D normal flat plates has three distinct
vortex shedding regimes identified by changes in fluctu-
ations of lift and drag, the recirculation length, and the
organization of wake structures (Hemmati et al., 2016a).
These regimes were identified as H for high-intensity, L
for low-intensity, and M for medium-intensity vortex shed-
ding regimes. Initially, regimes H and L were identified
by Najjar & Balachandar (1998) using DNS as high and
low drag periods of vortex shedding. Experimental results
of Wu et al. (2005) identified regime H as S for short for-
mation length and L for long formation length. However,
the description of regimes L by these studies differed sig-
nificantly. The most recent DNS study of Hemmati ez al.
(2016a) described regime H as intervals of high-amplitude
and highly correlated periodic fluctuations characterized by
large drag, large-amplitude lift fluctuations and a short re-
circulation length with coherently organized ribs connect-
ing organized spanwise rollers. Regime L was character-
ized by low drag, small-amplitude and weakly periodic lift
fluctuations and an elongated base recirculation region. The
wake structure exhibited disorganized ribs with highly dis-
torted or missing rollers. Regime M was identified as the
most common vortex shedding regime in the wake, char-
acterized by periodically spaced rollers but highly disorga-
nized rib structures, whose global flow variables (e.g., fluc-
tuating lift, recirculation length and drag) lied between H
and L. These were most comparable to the mean field.

Hemmati (2016) found that the pressure fluctuations
on the windward side of the plate were very small com-
pared to the leeward side. It was identified that there are
differences in the leeward pressure fluctuations during the
three distinct vortex shedding regimes. The pressure fluctu-
ations were magnified in regime H as the vortex formation
length shrank in comparison to the mean. Moreover, the
spanwise separation of vortex ribs during regime H coin-
cided with the spanwise wavelength of surface pressure dis-
tribution. In contrast, the pressure distribution was uniform
during regime L. This hints at a relationship between vortex
formation and surface pressure fluctuations. For example,
in comparing the pressure fluctuations for 2D and finite as-
pect ratio (3D) normal flat plate, Hemmati er al. (2016b)
could relate changes of the surface pressure distribution to
the suppression of vortex shedding regimes for 3D plates.
However, the relationship between changes in the surface
pressure fluctuations and different shedding regimes or ex-



treme events and the formation process remains unknown.

The time-averaged surface pressure distributions on the
faces of rectangular and triangular cylinders were measured
by Yen & Yang (2011) and Csiba & Martinuzzi (2008), re-
spectively. The former identified three distinct flow modes
near the cylinder side faces at angles of attack ranging from
0° to 45°. The mean pressure distribution on the wind-
ward face of the cylinder was significantly affected by the
increasing angle of attack. The changing flow field also af-
fected the pressure distribution along the side faces of the
cylinder. Bartoli & Ricciardelli (2010) performed a study
of surface pressure fluctuations on the leeward and side
faces of a wall-mounted rectangular cylinder to evaluate the
quasi-steady loads on skyscrapers and buildings. On aver-
age, the positive pressure fluctuations on one face coincided
with a similar behavior on the other face, which implies
that the “pressure fluctuations derive from the flow fluctu-
ations”. The time required for the propagation of velocity
fluctuations into the pressure field on the leeward face of the
cylinder scaled with the wake width rather than the cylinder
diameter. These studies hint at the possibility of relating
large-scale structures in the wake of bluff bodies to the sur-
face pressure fluctuations.

In this paper, changes on the surface pressure fluctua-
tions are examined during different periods of vortex shed-
ding in the wake of an infinitely-span (2D) normal flat plate
at Re = 1200 using DNS. These periods (or instances) cor-
respond to different events in the wake (i.e., vortex detach-
ment, stretching and interactions). The chordwise distribu-
tions of surface pressure on the plate leeward face are eval-
uated along with contours of the vorticity fields and Pois-
son equation source terms on the central-chordwise plane
to identify any potential relationship between vorticity field
and surface pressure fluctuations. A description of the nu-
merical simulations is presented and followed by the results
and a brief discussion.

PROBLEM DESCRIPTION

The 3D incompresible Navier-Stokes (Eq. 1) and the
continuity (Eq. 2) equations,
du; du; 1dp %u;
— +uj =——=— (1
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were solved using DNS, where u is the velocity tensor, ¢ is
time, p is fluid density, v is fluid kinematic viscosity, and x
is the spatial coordinate identifier. The flow Reynolds num-
ber was Re = Uph/v = 1200, where Uj is the freestream
velocity and 4 is the plate chord. This Re is large enough
to avoid the Re—effects identified by Hemmati (2016). A
second-order backward Euler and central difference meth-
ods were used for temporal and spatial discirtization of the
problem. A combination of temporal discritization and an
iterative strongly implicit procedure were used to solve the
Poisson equation.

The computational domain (Figure 1) extended from
—5h to +20h in the streamwise direction, from —8h to
+8h in the chordwise direction, and from —mh to +7mh in
the spanwsie direction. The inlet boundary was constant
streamwise velocity (u = Up) and the outflow boundary
was assigned the Neumann outflow condition (d¢/dx; =0
for any ¢). The spanwise boundaries were assigned the
translational periodic boundary condition and the chord-
wise boundaries were set as the freestream condition. A

9D-5

< 27Th > 25h
2 Freestream
=]
S -
= 2 -
S E E
£
£
vy vt zZ
16h [T Flow (5 S
X =2
4 g
=)
2
k=]
]
3
~ «— 5h—>
Freestream

Figure 1: Computational domain (not to scale).

non-homogeneous grid distribution with 11.3 x 107 hexa-
hedral elements was considered with the combination of
385 x 303 x 96 in the x—, y—, and z—directions, respec-
tively. The mesh density reduced away from the plate edges
toward the outer boundaries with the maximum expansion
factor remaining below 1.03. The plate thickness was that
of the smallest grid, which constitutes a plate with no thick-
ness. The timestep of 0.0003U/h assured that the maxi-
mum Courant number remained below 0.6 and the timestep-
to-Kolmogorov-time-scale (Ar/7y) below 0.05. The con-
vergence criterion per timestep was the maximum momen-
tum component residual of 1076, More details of the nu-
merical characterizations may be found in Hemmati (2016).

RESULTS

The vortex shedding frequency corresponded to a
Strouhal number of St = f;h/Uy = 0.158, where f; is the
shedding frequency. The mean drag coefficient was 2.13,
which was mainly driven by the pressure forces. There ex-
isted a strong vortex shedding process captured by the large
ratio of chordwise to streamwise Reynolds stresses, plots of
which are not shown due to brevity.

The variation of lift and drag in Figures 2 and 3 were il-
lustrative of the three distinct vortex shedding regimes (H, L
and M) identified previously. The local extrema in drag cou-
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Figure 2: Instantaneous drag coefficient (C,) at Re = 1200.
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Figure 3: Instantaneous lift coefficient (C;) at Re = 1200.
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Figure 4: Instantaneous pressure coefficient (C p) at Re = 1200.

pled with significant changes in the amplitude of lift fluctu-
ations (identified as “D”, “E”, “F”, “G” and “J”) hinted at
major events in the development and detachment of vortices
and their interactions in the wake. These instances were
used to examine the relationship between wake events and
surface pressure variations on the plate, while the detailed
analysis were focused only on three instances that showed
opposite behaviors: “J” as a local maximum of drag during
regime H, “L1” as a local minimum drag during regime L,
and “M1” as an instance during regime M. Evaluation of
the wake at these instances allowed for identifying major
events that result in large force and pressure fluctuations.

A comparison of pressure fluctuations at different
streamwise locations (Figure 4) revealed that the upstream
station can lead or lag downstream events. The pressure
points Wake 1, 2, and 3 were in line with the top edge of the
plate. The results revealed that the pressure behavior is sim-
ilar at all three locations at local drag maxima (i.e., “E” and
“J”) with the largest abrupt change on pressure occurring
farthest away from the plate at Wake 3. Moreover, signifi-
cant changes on pressure fluctuations at “D”, “E”, “F” and
“G” lagged closest to the plate (Wake 1) compared to down-
stream locations (Wake 2 and 3). However, the pressure
behavior was reversed at “J”, at which the abrupt change
first appeared at Wake 1, then at Wake 2, and finally at
Wake 3. The time scale from tUy/h = 415 to 465 is en-
larged and shown on the top-left corner of Figure 4 to illus-
trate the difference between abrupt pressure change at “G”
and “J”. For the case of “G”, the changes were first seen
at tUy/h = 425 for Wake 3, then at 425.5 for Wake 2 and
Wake 1. Conversely, this behavior at “J” was first observed
at Wake 1, then at Wake 2, and finally at Wake 3. These im-
ply a correspondence between movement of vortices (loca-
tion of roll-up) and abrupt changes in pressure. Particularly,
there was a coincidence between abrupt pressure fluctua-
tions and stremwise stretching of the recirculation region.
As discussed by Hemmati et al. (2016a), shear layer roll-
up was moved away from the plate due to an extension of
the shear layer during regime L. This was reversed dur-
ing regime H with the vortices formed immediately behind
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the plate. Therefore, abrupt pressure changes may be at-
tributed to the upstream movement of newly formed vor-
tices during regime H. The coincidence of local maximum
drag (coupled with large lift oscillations) with the local min-
imum pressure at Wake 1 implied that minimum local pres-
sure was an indicative of the vortex center. This enables the
tracking of vortices using pressure signatures. This obser-
vation has been implemented in the Q criterion, which is
commonly used to identify votrtices. Hunt et al. (1988) and
Chong et al. (1990) defined Q = f%a,-u,a,ui. Moreover,
Jeong & Hussain (1995) noted that Q is also the source term
in the Poisson equation, —%Vzp = diu;dju;.

Using the DNS data, the source terms of Poisson equa-
tion are determined to examine the relationship between
pressure fluctuations and wake structures. According to
Bradshaw & Koh (1981), right hand side of the Poisson
equation can be expressed in terms of the square of the rate-
of-strain and vorticity:

v g 3)

p

where §% = S; jSji» and the rate-of-strain is defined as
Si j =
1 (9jui — uj). There is a simple physical interpretation
of the source terms of Poisson equation enabled by evalu-
ating the right hand side of Eq. (3). The rate-of-strain (8%
contribution is positive and it mostly occurs in areas near
saddle points in the streampline patterns. Bradshaw & Koh
(1981) attributed the S? contributions to the collision of ed-
dies, which leads to VZp < 0, and thus, the maximization
of pressure. However, the negative contribution of R? to
pressure generation implies a minimum p at these locations,
which is associated with eddy rotation. Following the ter-
minology of Bradshaw & Koh (1981), the former is labeled
“splat” and the latter “spin” contributions. The decompo-
sition of Poisson source terms to “splat” and “spin” contri-
butions enables a quantitative understanding of the genera-
tion of pressure fluctuations that in turn can provide insight
to the relationship of vortex dynamics and surface pressure
fluctuations.

%(8ju,'+8,'uj) and the rate-of-rotation as R;; =
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Figure 6: Contours of spanwise vorticity (®,) on the central xy—plane (at z = 0) before, at and after (a) “J”, (b) “L1” and (c) “M1”. The three
stages of vortex shedding are: #; — 207 (left), #; (center) and #; + 207 (right), where 7 = 0.017j.

The instantaneous pressure distribution on the plate
leeward face at “J”, “L1” and “M1” are presented in Fig-
ure 5, so that the correspondence of lift and drag extrema
on surface pressure variations can be evaluated. The wake
patterns were examined using contours of spanwise vortic-
ity (®;) and the Poisson equation source terms for pressure
(diu;jdju;) on the wake central xy—plane at z = 0 (Figures
6—7). Three stages of vortex shedding (¢t; — 207, #;, and
t; +207) are considered in Figures 6—7, where #; is the in-
stance of drag extrema and 7 is the timestep.

Vortex Ay started to form at t; — 207 and x = 0.4h
in Figure 6a based on the vortex center. A; experienced
a streamwise movement from x = 0.4h to 0.6h at t; and
x = 0.8h at t; —20t. The motion of A; coincided with
lagging of abrupt pressure changes in Wake 3 compared
to Wake 1 and 2 for “J” in Figure 4. Contours of Figure
6 illustrated the straining of A; in the streamwise direc-
tion and its stretching in the chordwise direction during the
shedding process. Moreover, the instances of abrupt pres-
sure changes, and instances of maximum pressure for that
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matter, coincided with the detachment of previously formed
vortex By. The surface pressure distribution along the plate
chord at #* — 207 in Figure 5 showed a local pressure maxi-
mum at the same chordwise location where A; was formed
at t; — 207 in Figure 6a. Moreover, this location aligned
with an area of spin contribution in Figure 7a, which shows
contours of Poisson source terms. Conversely, regions of
splat contribution around C; at ; — 207 was attributed to the
completed roll-up of C; and the streamwsie movement of
the vortex and its subsequent detachment at ;. The pressure
drop on lower edge of the plate at * — 207 in Figure 5 was
associated with this event. Furthermore, the detachment of
Bj att; in Figure 6a coincided with a large area of splat con-
tribution identified as S;. The migration of this area towards
the plate resulted in a negative pressure at y ~ 0.5 in Figure
5 at r*. The coincidence of the splat contribution with ar-
eas near saddle points in streamline patterns indicated the
collision of vortices, which compares well with the original
descriptions of Bradshaw & Koh (1981). It was also appar-
ent from Figure 6a that By was stretched in the streamwise
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Figure 7: Contours of Poisson source terms (d;ujdju;) on the central xy—plane (at z = 0) before, at and after (a) “J”, (b) “L1” and (c) “M1".
The three stages of vortex shedding are: #; — 207 (left), #; (center) and #; + 207 (right), where T = 0.017}.

direction prior to detachment, and Ay moved in the steram-
wise direction towards the plate resulting in its incident with
the plate at z;. The latter led to formation of areas with mix-
ture of splat and spin contributions in close vicinity of the
plate at #; 4207 in Figure 7a.

The vortex formation, interaction and dynamics was
significantly different between “L1” (Figure 6b) and “J”
(Figure 6a). In case of the former, shear layer extension
downstream the plate was Ry ~ 2.1h prior to the initial in-
dications of a vortex formation (i.e., A att;| in Figure 6b).
Moreover, there was evidence of a small separated region
of the shear layer from the plate top-edge at x = 0.5k dur-
ing the entire shedding process. This resembled a nascent
roll-up. The instance of minimum drag coincided with the
detachment of By at#;; in Figure 6¢, which is identified by
Sr1. Looking at Figure 7b, the regions of splat contribution
were significantly smaller than those of spin contribution
behind the plate. This coincided with significantly smaller
surface pressure fluctuations along the chord in Figure 5.

Vortex Ay in Figure 6¢ at ty;; — 207 is an example
of the regularly forming vortices at x &~ 1.5k during regime
M. Although the shear layer did not experience a similar
extension to “L17, it did not roll-up immediately behind the
plate as it did for “J”. The formation of Ay, initiated the
detachment and stretching of Cpyy at tyy prior to its full-
detachment at 7371 + 207 in Figure 6¢. The distribution of
spin and splat contributions for “M1” (Figure 7c) were more
comparable to that of “L1”. Particularly, the wake at “M1”
was dominated by a disorganized mixture of spin and splat
contribution at 7377 — 207 in Figure 7c. By f371 + 207, the
wake was re-organized with Ay starting to detach and Dy
to form. Consequently, changes on pressure oscillations in
Figure 5 were small during “M1” as they were during “L1”.
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Discussion

The coincidence of surface pressure distributions at
“L1” and “M1” for the three stages of vortex shedding in
Figure 5 showed that there was no effect of the formation
of vortices away from the plate. The significantly smaller
regions of splat contributions immediately behind the plate
at “L1” and “M1” was associated with this behavior of sur-
face pressure. Cp, distributions at “J” (corresponding to local
maximum drag during regime H) illustrated the alternating
nature of vortex shedding. The rise and fall of surface pres-
sure on the plate leeward faces was associated with the splat
and spin contributions, as initially suggested by Bradshaw
& Koh (1981). However, detailed examination of contours
in Figure 7 showed contradictory observations on the im-
plications of streamwise distance of splat and spin contri-
butions (areas closer to the plate versus those farther from
the plate) on surface pressure. In fact, the solution to the
Poisson equation,

P(x):_%-_/v

includes the green-function with the reverse proportional-
ity to the distance from minimum pressure point. This en-
ables determining the pressure at any point in the flow (x').
However, the sectional slices shown in this paper identifies
the regions of spin and splat, which contribute to the sur-
face pressure distributions. Three-dimensional wake anal-
ysis coupled with surface pressure contours may provide
better insight to how distance and strength of these regions
influence the surface pressure fluctuations.

Contours of Figures 6a and 7a illustrated that vortices
are negatively strained (compressed) in the streamwise di-
rection and stretched in the chordwise direction at “J” (Ay
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for example) in close vicinity of the plate. Furthermore,
the chordwise momentum increases at y = 0 implied by the
chordwise Reynolds stress distribution reported by Hem-
mati et al. (2016a), and dv'2/dy > 0 during regime H (high
drag) indicated the streamwise movement of vortices in the
upstream direction behind the plate at “J”. This was also im-
plied by the lag of abrupt pressure changes in the shear layer
at regions closer to the plate (Figure 4). This is referred to
as the “vortex deflection”, which is shown in the schematic
diagram of Figure 8.
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Figure 8: Schematic of the streamwise movement of the shear
layer roll-up leading to instantaneous drag maxima.

Examination of the wake at “J”, “L1” and “M1” pro-
vided sufficient evidence that there exists a relationship be-
tween surface pressure variations and wake dynamics dur-
ing periods of extreme wake behavior. Small pressure os-
cillations during minimum drag (i.e., “L1”) coincided with
a large distance between the plate and vortex formation re-
gion. Moreover, detachment of spanwise vortex rollers and
other major wake events during period of high drag (i.e.,
“J”) related to significant changes to surface pressure fluc-
tuations.

CONCLUSIONS

The wake structures and their influence on the plate
surface pressure was evaluated using Direct Numerical Sim-
ulation (DNS) of the wake of a normal thin flat plate at
Re = 1200. Contours on the central-chordwise plane and
pressure distributions on the plate leeward surface were
studied to identify the vortex motion, formation and break-
down.

There were evidences of vortex movement towards the
plate leading to impingement of the vortex on the plate
leeward surface during period of maximum drag. It was
referred to as the “vortex deflection”. These deflections
were isolated and coincided with abrupt changes in pres-
sure, and subsequently drag, which quickly disappeared
with the wake reorganization leading to regular vortex shed-
ding. Thus, local pressure maxima indicated a vortex im-
pingement on the plate leeward face.

Large changes to the surface pressure fluctuations
along the plate chord on the leeward face coincided with
the vortex roller detachments and the presence of rotational
fluid of opposite sign inside an existing vortex. The
rate-of-strain (collision of eddies - splat) and vorticity
(rotation of eddies - spin) contributions to the generation
of pressure fluctuations enabled the physical interpretation
of surface pressure variations and wake events by changes
of surface pressure fluctuations. The shear layer extended
during period of low drag leading to reduced surface
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pressure fluctuations on the plate due to the formation of a
region of pressure build up behind the plate.
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