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Numerical Simulation of the Flow Field around
aVertical Flat Plate of Infinite Extent

Marco Raciti Castelli, Paolo Cioppa and Ernesto Benini

Abstract—This paper presents a CFD analysis of the flow field
around a thin flat plate of infinite span inclined at 90° to a fluid
stream of infinite extent. Numerical predictions have been compared
to experimental measurements, in order to assess the potential of the
finite volume code of determining the aerodynamic forces acting on a
bluff body invested by a fluid stream of infinite extent.

Several turbulence models and spatia node distributions have
been tested. Flow field characteristics in the neighborhood of the flat
plate have been investigated, alowing the development of a
preliminary procedure to be used as guidance in selecting the
appropriate grid configuration and the corresponding turbulence
model for the prediction of the flow field over a two-dimensiona
vertical flat plate.
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|. INTRODUCTION AND BACKGROUND

LOW of afluid past bluff bodies and particularly of two-

dimensional bluff bodies have been extensively studied
because of their relevance to drag on vehicles and flow over
ship hulls and submarines. Such flows provide rich and
interesting flow dynamics of considerable engineering
relevance. Bluff bodies such as plates, discs, circular and
rectangular cylinders and V-shaped prisms are used in
combustors to enhance scalar mixing and provide a flame-
stabilizing region [1]. Investigations on some classical
configurations have been done both experimentaly and
numericaly in order to try to understand the fundamental
aspects of wakes and flow-induced vibration. The most
significant parameter to characterize this kind of flow
separation is the Reynolds number.

The flow past a flat plate with different inclination angles
(o) is characterized by fixed separation points at the edges of
the plate, while in some regions the flow status is very
sensitive to the Reynolds number and angle of attack.

Incoming flow normal to the plate is the most studied.
Unlike flow past a norma plate, the case with a tilting plate
has a different vortex shedding mechanism from the leading
edge compared to themore complex shedding from the
trailing edge. If attention is focused on thetilting angle, itis
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surprising to see that ailmost al the inclined plate flow cases
are either studied by experiments or by potential flow theory
(2] [3].

The earliest work concerned with vortex shedding from a
sharp-edged plate was that of [4], dealing with the plate at 18
different angles of incidence. It is worth observing that this
geometry was not truly rectangular.

Jackson (1987) [5] simulated the periodic behavior in two-
dimensional laminar flow past various shapes of bodies,
including flat plates aligned over a range of angles to the
direction of flow: amost al inclined plates at significant high
Reynolds numbers were investigated experimentally.

[6] measured Strouha numbers for a family of rectangular
cylinders with side ratios ranging from 0.04 to 1.0 and with
angles of attack from 0° to 90°.

Lam (1996) [7] investigated the flow past an inclined flat
plate a 0=15° using phased-averaged LDA measurements.
The results showed that the train of trailing edge vortices has
higher vortex strength than the train of leading edge vortices.

Flat plates with sharp leading and trailing edges were also
investigated (1996) [8].

[9] [10] simulated the flow over an inclined plate at a=18°
and the computationa results showed clearly that the wake is
strongly dominated by the trailing edge vortices. It was aso
reported that there is no regular shedding motion of rotating
vortices directly at the leading edge. Instead, behind the
leading edge, a Kelvin-Helmholtz instability is detected in the
free shear layer. These shear layer vortices develop into a
large recirculation region attached to the leeward side of the
plate.

[11] studied the transition route from steady to chaotic state
for flow past an inclined flat plate and the results reveded a
trangition process via the sequentia occurrence of the period-
doubling bifurcations and the various incommensurate
bifurcations.

Until now, wind tunnel tests, involving considerable time
and financia resources, have been the only way to fully
characterize the flow field around a structure, in order to
assess its aerodynamics: in fact, due to the complexity of this
subject, al the research and design work undertaken in this
field has traditionally concentrated on the use of full-scale and
wind tunnel analysis. As observed by [12], this has involved
the use of expensive wind tunnel and data recording facilities
and has reguired significant time and effort to obtain the
desired results. However, during the 1970's 1980’ sthere was a
great deal of interest among the engineering community into a
relatively new technique known as Computational Fluid
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Dynamics (CFD). The advances made in high speeitalig b
computer technology had enabled the solution ofw flo '
problems, which were described mathematically bget of
coupled nonlinear partial differential equationsdathe .t
appropriate boundary conditions, in a relativelgrsispace of J
time and for a low financial cost. Initially the nd
engineering community largely ignored this techeiglue to
the need for powerful computers and the errors anlye
modeling techniques. Nonetheless, the rapidlyrfgliosts of
computer hardware and further advances in techgaloghe
late 1980’'s and early 1990’s enabled CFD to beiegpb the
complex field of wind engineering.

CFD can nowadays be considered as a powerful design
whose integration into industrial development angdpction
life-cycles is continuously rising. As observed[By; this was
made possible because of two main factors:

Fig. 1 Cross section of the flat plate, normalhe $pan

The values of the normal force coefficienk, kwere
estimated from the pressure coefficients along flae, in
formulas:

(p — R)pV? (1)

The estimated values ofykare given in Table Il (¥
column) for all the measured angles of attack. @regy and
lift coefficients can be obtained directly from thermal force
coefficient by resolving respectively along the isharbed
» the increase in computer performance and netwoukind direction and its normal direction. In thissea being

facilities; a=90°, the drag and the normal coefficients are keqadike
« the progress made in general purpose CFD softwalfee forces, in formulas:

between modeling complexity and practicability writlthe

industrial environment.

Performing CFD calculations provide knowledge ahitwat
flow in all its details, such as velocities, pragsuemperature, Co = Rd(¥pbVy®) = 0.198 ©)
etc. Further, all types of useful graphical presgonhs, such as
flow lines, contour lines and iso-lines are readilailable.
This stage can be compared to having completed ral-wi
tunnel study or an elaborate full-scale measurercampaign

Fn= kn(bpVo?) = 45.85 N )

TABLE II
ESTIMATED VALUES OF K, FOR DIFFERENTPLATE INCLINATION ANGLES
(FROM: [4]). THE RED RECTANGLE EVIDENCES THE NUMERICAL DATA
ADOPTEDAS A REFERENCEFOR PRESENTCOMPUTATIONS

[14]. - e e
The present investigation was undertaken to nicalgr S ’

. . . . = Wind.tunns
provide information on flow past a vertical flalapt and also - | Ratio of wind. vltoa o : (Vo VR
to assess the CFD prediction potential by the coisma of @ | Wind tanel, | et | el b o (2 —aleVo')

. . . . ] v NeOTeIca.
the predicted results with the findings of Fage dotlansen X . . ) -
[4] for a flat plate at an angte= 90 °. @ ® _ © {_ ! )
|
0 [} 0 - | —
Il. THE CASE STUDY 0 S e 8 o0 o i -
Fage and Johansen experiments [4] were made oat,a fl | b §ﬁ5 Lo - | Z
- 1 It 14 0-425 170 2.50 —
sharp edged_rectangular steel plate, whose mairrdiions o 0428 o1m 550 i .
are reported in Table I. 30 0645 0280 2:30 —0-462 1.92
40 0-785 0335 2:35 ~01-544 208
Al 0500 0376 240 06156 2.23
G0 0-885 0-405 2-45 -0 Gk 233
TABLE | 0 J.-U-‘-l; 0 -12:‘: 2-.15' —0-680 2.36
MAIN GEOMETRICAL FEATURES OF THE VERTICAL FLAT PLATE G 0-435 9.45 0-688 2.38
ADOPTED BY FAGE AND JOHANSEN([4] | 90 1-065 | (1440 2:45 0630 2-38
Denomination Value [m] — —
I 2.1336
b 0.15113 Ill.  SPATIAL DOMAIN DISCRETIZATION
s 0.00453

The cross-section of the plate, normal to the sigashown
in Fig.1. To obtain the necessary rigidity, oneface (the
front) was flat, and the other was slightly tapefesm the
centre, where the thickness is 3% of the chordatds the
sharp edges.

The forces on the plate, inclined at various angteshe
wind were estimated, for two-dimensional flow,
observations of pressure taken around the mediioseThe
pressure distribution over the front surface wassunesd at a
wind speed of 15.25 m/s.

from* A

All the meshes which were adopted in the presemk\wad
common geometric features, except for the aressedio the
flat plate. Inlet and outlet boundary conditionsreveplaced
respectively 12 chords upwind and 25 chords dowdwiith
respect to the plate, allowing a full developmehthe wake.
The discretization of the computational domain imacro-
areas led to two distinct sub-grids:
rectangular outer zone, determining

calculation domain, with a circular opening centeom the

flat plate;

e A circular inner zone, containing the verticatfplate. It
has no physical significance: its aim is to allovpracise
dimensional control of the grid elements in theaag®se to

the overall
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the flat plate by adopting a first size functiorecgting from

the plate to the control circle itself and a secwmize _ _TABLE VI _
function operating from the control circle to thehale Main geometrical features the MOD4 grid
computational domain. Mesh name ___ MOD4
Uniform grid spacing on the flat plate 4
[mm]
Grow factor from the flat plate to the 11
control circle [-] )
Maximum grid spacing on the control 10
circle [mm]
Maximum grid spacing on the 100
computational domain [mm]
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Fig. 2 Boundary conditions of the computational dom

Table Il
MAIN GEOMETRICAL FEATURESTHE MoD1 GRID
Mesh name MOD1 0
Uniform grid spacing on the flat plate 1 . S
[mm] Fig. 3 Near-plate mesh, MOD1
Grow factor from the flat plate to the
control circle [-] 11 .

- - - An unstructured mesh was chosen, in order to reduce
Maximum grid spacing on the control 5 X X . . K X
circle [mm] engineering time to prepare the C_F_D S|mulat|_on5 zain_ln
Maximum grid spacing on the 100 order to test the prediction capability of a veme grid.
computational domain [mm] Considering their features of flexibility and adapt

capability, unstructured meshes are in fact vesy ¢a obtain,
TABLE IV also for complex geometries, and often represeat“finst
MAIN GEOMETRICAL FEATURESTHE MOD2 GRID t i der t t ick f @D i
Mesh name VOD2 attempt” in order to get a quick response from in
Uniform grid spacing on the flat plate 15 engineering work. _ o _
[mm] : In order to test the numerical code sensitivity god
Grow factor from the flat plate to the 11 resolution, four different near-plate mesh werelyarel in the
controlcircle [] __ present work. Tables from Ill to VI shows the mfgatures of
Maximum grid spacing on the control 5 h h fi . hich | .
circle [mm] the adopted mesh configurations, which are alsmdewed in
Maximum grid spacing on the 100 Figs. 3 to 6. While Fig. 7 displays a view of therputational
computational domain [mm] domain grid, showing also the control circle.

Two symmetry boundary condition were used for the two

side walls. The circumference around the circulpering
centered on the flat plate was set asngarface, thus ensuring

the continuity of the flow field.
Fig. 2 shows the boundary conditions of the comjrial

domain.

TABLE V
MAIN GEOMETRICAL FEATURESTHE MOD3 GRID

Mesh name MOD3
Uniform grid spacing on the flat plate 2
[mm]
Grow factor from the flat plate to the 11
control circle [-] ’
Maximum grid spacing on the control 5
circle [mm]
Maximum grid spacing on the

. ) 100
computational domain [mm]

R RRIE

Fig. 4 Near-plate mesh, MOD2
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Fig. 7Computational domain mesh, MO
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Fig. 13Absolute pathline across the vertical flat plate

The comparison between experimental measuremeiat
numerical predictions is shown in Figs. 10, 11 48d Thes¢
curves show very clearly the rapid increase of cigjoacross
the deadhir boundary at each edge of the e. It can also be
noticed that the numerical code is not fully aldereproduce
the sudden increase in flow velocity: on the cawytra smoott
velocity increase is registered, as can be notimedrig. 13,
showing the numerically determined absolpath lines across
the vertical flat plate. Further work should be eoim order tc
investigate the capability of LEDES based numerical
simulations to correctly reproduce the sudden \Blc
increase across the deaid-boundary regio

VI. CONCLUSIONSAND FUTURE WORK

In this paper &FD analysis of the flow field around a tt
flat plate of infinite spaninclined at 90° to a fluid stream
infinite extent was presente

Numerical predictionswere compared to experimental
measurements, in order to assess totential of the finite
volume code of determining the aerodynamic foragim@g on
a bluff body invested by a fluid stree

Several turbulence models and spatial ndistributions
were tested. Standardskturbulence model proved to be 1
best option a$ar as the prediction of the aerodynamic (is
concern, whileit was observed that the influence of ¢
spacing on the numerical results is completelyigégé. The
numerical code prediction capabilities proved to dpgite
good being the experimen drag coefficient underestimated
of the 7.4% on the contrary,and the numerical code
capabilities to predict theapid increase of velocity across
deadair boundary at each edge of the plate resultete
poor, being numericalelocity increases mucsmoother than
the experimental ones. Further work is required in orie
investigate the capability of LEDES based numerical
simulations.
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NOMENCLATURE

b [m] plate chord

Co [] drag coefficient

Fn [N] normal force

[ [m] plate length in the span-wise direction

kn[-] normal force coefficient = (normal force
per unit length)ibV,?

p [Pa] pressure at any point of the field

po[Pa] pressure in the undisturbed air

s [m] plate thickness

V [m/s] average velocity at any point in thddie

Vo [M/s] velocity of the undisturbed aitatéve to the
plate

X [m] distance of the measurementdifrem the
plate edge (i=1,2,3)

y [m] vertical distance from plate edge

y/b [-] normalized vertical distance from platige

a[°] plate angle of incidence

u [Pa-s] air dynamic viscosity

p [kg/m] unperturbed air density (assumed 1.225)
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