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Numerical Simulation of the Flow Field around
a 30° Inclined Flat Plate

M. Raciti Castelli, P. Cioppa and E. Benini

Abstract—This paper presents a CFD analysis of the flowrzaou
a 30° inclined flat plate of infinite span. Numetipredictions have
been compared to experimental measurements, im trdessess the
potential of the finite volume code of determinitige aerodynamic
forces acting on a flat plate invested by a fluice@m of infinite
extent.

Several turbulence models and spatial node distoibsl have
been tested and flow field characteristics in thiyimborhood of the
flat plate have been numerically investigated, wilhg the
development of a preliminary procedure to be useduddance in
selecting the appropriate grid configuration and torresponding
turbulence model for the prediction of the flowldieover a two-
dimensional inclined plate.
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|. INTRODUCTION

HE flow field around bluff bodies has been exteabiv

studied, due to its relevance to drag on vehideig hulls
and submarines. Such flows provide rich and intergdluid
dynamics of considerable engineering relevanceff Blodies
such as plates, discs, circular and rectangulamdsis and V-

shaped prisms are used in combustors to enhandar sc

mixing and to provide a flame-stabilizing regiorj.[They are
also adopted in air diverters, enabling hovercfafts to
determine both vertical and horizontal thrusts[@] Several
investigations on some classical configurations ehdeen
done, both experimentally and numerically, in order
understand the fundamental aspects of wakes aweiritbuced
vibration.One of the earliest works about vortegdding from
a sharp-edged plate was performed by Fage and skxingd],
who analyzed the flow field around a flat plate & different
angles of incidence. Jackson [5] simulated the opégi
behavior of a two-dimensional laminar flow past ivas
shaped bodies, including flat plates aligned ovearge of
angles of attack with respect to the incoming Bteam.
Knisely [6] performed Strouhal number measuremeuits
several rectangular cylinders with side ratios naggfrom
0.04 to 1.0 and with angles of attack ranging f@fno 90°.
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Lam [7] investigated the flow past an inclined ffdate at
a=15°, using phased-averaged LDA measurements.

The flow field around flat plates, characterized dharp
leading and trailing edges, was also investigaieBreuer and
Jovicic [8].

Breuer et al. [9] simulated the flow over an 18tlimed
plate, showing how the trailing edge vortices alde ato
dominate the wake features.

Zhang et al. [10] studied the transition route fret@ady to
chaotic state for a flow around an inclined flatpl

The present investigation focuses on the numesnalysis
of the flow around a 30° inclined flat plate ofiimfe span. A
full campaign of CFD simulations was performedpnder to
investigate the effect of different spatial gridsokitions and
turbulence models on the capability of the numéricale of
reproducing the experiments of Fage and JohanderT e
normal force coefficient was numerically determinad well
as the velocity distributions over both the leadiage and the
trailing edge of the plate, allowing the developmef a
preliminary procedure to be used as a guidancefuture
Qumerical works.

Il. THE CASE STUDY

Fage and Johansen measurements [4] were performead o
flat, sharp-edged rectangular steel plate, whosein ma
dimensions are reported in Table I.

TABLE |
MAIN GEOMETRICAL FEATURES OF THE VERTICAL FLAT PLATEADOPTED BY
FAGE AND JOHANSEN (FROM: [4])

Denomination Value [m]
| 2.1336
b 0.1511
S 0.0045

The cross-section of the plate, normal to the sjgashown
in Fig.1. In order to avoid plate deflection, thierital surface
was flat and the rear one resulted slightly tapdrech the
centre, where the thickness reached 3% of the chahade,
towards the sharp edges. The forces on the platéned at

‘dimensional flow, from pressure measurements taketine

median section. The pressure distribution over frant
surface was measured at an unperturbed wind sde®sl. 26
m/s.
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Fig. 1 Cross section of the flat plate, normalht®e $pan

The values of the normal force coefficieqt Kefined as:

kn = Ry / (bpVo?) (1)
were estimated from the pressure coefficients atbegplate,
in formulas:

¢ = (p - R)pV? )

The measured values ofy kare given in Table Il (¥
column).

TABLE Il
MEASURED VALUES OF K FOR DIFFERENT PLATE INCLINATION ANGLESFROM:
[4]). THE RED RECTANGLE EVIDENCES THE REFERENCE DATA ADOED FOR
PRESENT COMPUTATIONS

e e L e R e R r
’W' 1
T - Wind.-tunnal
- | Ratio of wind- "“h"""l':‘f (Vy V2.
o? Wind tunnel, | i]x{;m!;j.}nif— tunnel by to | (Pn—ralpVe')
| VIR 1 hearetical k.
|
(A ‘ (B) (©) (D) (E)
T - |
0 0 J 0 — —
3 0165 | 0040 4-10 ‘ —
(i 0345 0075 400 — —
49 0445 0110 4:05 — [ —
i 0-170 2-50 —
0215 2.20 - | —
0280 230 —0-4062 1-92
0-335 2:35 —0 544 208
0370 2-40 —0-616 2.23
0-405 245 —0- 004 2.33
0425 2-45 —0-680 2-36
0435 245 -0 GBE .38
0440 2-45 — {690 2-38

Ill.  SPATIAL DOMAIN DISCRETIZATION

All the meshes adopted in the present work had aamm
geometric features, except for the areas closhadlat plate.
Inlet and outlet boundary conditions were placespeetively
12 chords upwind and 25 chords downwind with resfethe
plate, allowing a full development of the wake.

The discretization of the computational domain imtacro-
areas led to two distinct sub-grids:

e a rectangular outer zone, determining the overall
calculation domain, with a circular opening centeos
the flat plate;

 acircular inner zone, containing the verticat fblate.

The circular inner zone had no physical signifi@rits aim
was to allow a precise dimensional control of thid glements
in the area close to the flat plate by adoptingirst fsize
function, operating from the plate to the controtle itself,
and a second size function, operating from therobnircle to
the whole computational domain.

Interior

inlet O

Velocity Pressureg outlet

Fig. 2 Boundary conditions of the computational dom

TABLE Il
MAIN GEOMETRICAL FEATURES OFAMOD1 GRID
Denomination Value
Uniform grid spacing on the flat plate [m 1
Growth factor from the flat plate to the 11
control circle [-] ’
Maximum grid dimension inside the control 5
circle [mm]
Maximum grid spacing inside the
. . 100
computational domain [mm]
TABLE IV
MAIN GEOMETRICAL FEATURES OFMOD2 GRID
Denomination Value
Uniform grid spacing on the flat plate [mm] 15
Growth factor from the flat plate to the 11
control circle -] ’
Maximum grid dimension inside the control 5
circle [mm]
Maximum grid spacing inside the
. . 100
computational domain [mm]
TABLE V
MAIN GEOMETRICAL FEATURES OAMOD3 GRID
Denomination Value
Uniform grid spacing on the flat plate [m 2
Growth factor from the flat plate to the 11
control circle [-] ’
Maximum grid dimension inside the control 5
circle [mm]
Maximum grid spacing inside the
. : > 100
computational dmain [mm’
TABLE VI
MAIN GEOMETRICAL FEATURES OFMOD4 GRID
Denomination Value
Uniform grid spacing on the flat plate [m 4
Growth factor from the flat plate to the 11
control circle -] ’
Maximum grid dimension inside the control 10
circle [mm]
Maximum grid spacing inside the 100

computational domain [mm]
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the present work. Tables from IIl to VI show theimizatures
of the adopted grid architectures, which are atgwaduced in
Figs. from 3 to 6, while Fig. 7 displays a viewtbé grid of

the whole computational domain, showing also thatrob
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Fig. 3 Near-plate grid distribution, MOD1
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IV. TURBULENCEMODELS AND CONVERGENCECRITERIA
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The CFD software Ansys Fluent ® was adopted to
numerically determine the surface pressure digidhwon the

CrE,

its integration alotige upwind

vertical flat plate. Through
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a net foreetor was

obtained. Calculations were completed using théoviehg

turbulence models:

Two Symmetry boundary conditions were adopted for the .
two side walls. The circumference around the carcobening,
centered on the flat plate, was set asngerface, thus ensuring
the continuity of the flow field. Fig. 2 shows thmundary
conditions of the computational domain.An unstruetumesh
was chosen, in order to reduce engineering tingrepare the
CFD simulations and also in order to test the mtéeuh
capability of a very simple grid. Considering thfgatures of

and downwind faces of the flat plate,

Fig. 5 Near-plate grid distribution, MOD3

Sandard k-¢, using theStandard Wall Functions (SWF)

option;

Realizable k-¢, using theStandard Wall Functions (SWF)

option;

Realizable k-¢,

the Non-Equilibrium  Wall

using
Functions (NEWF) option;

NRG k-¢.
Calculations were run until small residuals werdgaoted

33 GHz clock
Threading, negilia

performed on a 2

flexibility and adaption capability, unstructuredesies are in (~10%. Each simulation,

fact very easy to obtain, also for complex georestriand frequency quad core CPU with Hyper
often represent the “first attempt” to get a quiekponse from total computational time of about 2 hours.

the CFD in engineering work.
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V.RESULTS ANDDISCUSSION

Fig. 8 represents a comparison between experingnta®® Summarized in Tables from Vil to X.
measured (from: [4]) and numerically predicted nalrforce TABLE X
COGﬁlClentS asa fUnCthﬂ Of bOth grld spaCIng amdblfllence RESULTING NORMAL FORCE COEFFICIENTS AND RELATIVE DEMTIONS WITH
models. As can be clearly seen, the best results registered RESPECT TO EXPERIMENTAL DATARNG K-[] SWF
for Realizable k-¢ turbulence model, adopting t8\F option,

and MOD?2 grid spacing Mesh denomination kn [-] Akn [%]
MOD1 0.648 0.42
0,9 MOD2 0.69¢ 8.4¢
MOD3 0.5€8 -11.9¢
0,8 MOD4 0.587 -9.0€
0.7 g--- . L . .
. The investigation of the flow field across the ined flat
0.6 plate continued through the exploration of the g#joprofiles
— 05 across the boundaries of the dead-air region, akrine
= normal to the edge and the undisturbed wind dbectt
= 04 ——Experimental . . .
’ several distances (reported in Table Xl) behind glae, as
03 ke Standard SWF represented in Fig. 9.
--k--k-¢ Realizable SWF
0.2 B k-¢ Realizable NEWF TABLE XI
0,1 -¢-K-eRNG SWF DISTANCE OF THE VERTICAL MEASUREMENT LINES FROM THEEADING AND
TRAILING EDGES OF THE FLAT PLATE
0,0 o
MOD1 MOD2 MOD3 MOD4 Denomination Xi [m] yib []
Fig. 8 Comparison between measured (from: [4]) runderically T.E. 0.070¢ 0.24 + (.38

L.E. -0.060- -0.24 +-0.3¢

predicted normal force coefficients

TABLE VIl
RESULTING NORMAL FORCE COEFFICIENTS AND RELATIVE DEMTIONS WITH
RESPECT TO EXPERIMENTAL DATASTANDARD K- € SWF

Mesh denomination kn [-] Akn [%0]
MOD1 0.691 7.16
MOD2 0.688 6.68 Vv
MOD3 0.70¢ 9.2¢ 9
MOD4 0.82¢ 28.0¢
TABLE Vil
RESULTING NORMAL FORCE COEFFICIENTS AND RELATIVE DEMTIONS WITH
RESPECT TO EXPERIMENTAL DATAREALIZABLE K - € SWF
Mesh denomination kn [-] Ak [%]
MOD1 0.657 0.9C Fig. 9 Vertical measurement lines close to theitepdnd trailing
MOD2 0.64¢ -0.1¢ edges of the flat plate
MOD3 0.592 -8.21
MOD4 0.707 9.66 ) )
The comparison between experimental measuremenmts an
TABLE IX numerical predictions is summarized by Figs. 10 AhdThe

RESULTING NORMAL FORCE COEFFICIENTS AND RELATIVE DEMTIONS WITH sudden increase of velocity across the dead-aindemy at
RESPECT TO EXPERIMENTAL DATAREALIZABLE K - € NEWF each edge of the plate is clearly visible. It cko de noticed

that the numerical code is able to correctly repoed this

Mesh denomination kn [-] Akn [%0] ) ;
phenomenon, as can be seen also from Fig. 12, spaive

MOD1 0.696 7.91 .

MOD2 0.664 597 absolute pathlines across the analyzed flat plate.

MOD3 0.59(¢ -8.5C

MOD4 0.69( 7.04

The resulting normal force coefficients and thewidtions
with respect to the experimental data, in formulas:

AkN = [(kN,numericaI_ I4\1,experimentQ/kN,experimentrgl']-00 (3)
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V/V, [-]

Fig. 10 Comparison between experimentally meas(irech: [4])
and numerically predicted normalized velocitieasrthe leading

V/Vo [-]

Fig. 11 Comparison between experimentally meas(irech: [4])
and numerically predicted normalized velocitiesasrthe trailing
edge of the flat plate

1.99e401
. 1.89e+01
1.79e+01
1.69e+01
1.59e+01
1.49e401
1.39e+01
1.29e+01
1.20e401
1.10e+01
9.96e+00
8.966+00
7.97e+00
6.97e+00
5.98400
4.98e+00

3.98e+00
2.99¢+00
1.99e+00
9.96e-01

0.00e+00

Fig. 12 Visualization of the sudden increase obalie velocity
across the dead-air boundaries at each edge ofdliveed plate
(evidenced by the blue circles) through the plathefabsolute

International Journal of Mechanical, Industrial and Aerospace Sciences

1,6

1,4
1,2 =2
1,0 /

0,8
0,6
/ —e—Experimental
0,4 :
} —+—Numerical
0,2 |
0,0 T T T i
0,20 0,25 0,30 0,35 0,40
y/b[]

edge of the flat plate
Trailing Edge

L V,wnf\’\‘.‘mum
1,0 I
0,8

0,6 /
’\ —e—Experimental
0,4 //

0,2 }/

0,0 T T T 1
0,20 0,25 0,30 0,35 0,40

y/b[-]

1,6

1,4

——Numerical

pathlines, colored by particle velocity [m/s]

ISSN: 2517-9950
Vol:6, No:3, 2012

VI. CONCLUSIONS ANDFUTURE WORK

A CFD analysis of the flow field around a thin fiaate of
infinite span, inclined at 30° to a fluid streamimfinite extent,
was presented. Numerical predictions were compared
experimental measurements, in order to assessoteatjal of
the finite volume code of determining the aerodyitaforces
acting on a bluff body invested by a fluid stream.

Several turbulence models and spatial node disiibs
were testedRealizable k-¢ turbulence model, adopting the
SWF option, proved to be the best choice. The numieciode
prediction capabilities proved to be good, beinge th
experimental normal force coefficient underestirdaté the
0.15% (for the chosen set-up of spatial grid disttion and
turbulence model).

The numerical code capabilities to predict thedapcrease
of velocity across the dead-air boundaries at eafde of the
flat plate resulted quite good, being numericalymputed
velocities very similar to experimental measurersent

NOMENCLATURE

b [m] flat plate chord

G [-] pressure coefficient

Fn [N] normal force per unit length of the plate

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

kn [-] normal force coefficient

Kn,experimental-] ~ Measured normal force coefficient

K, numericai[-] computed normal force coefficient

p [Pa] static pressure

po [Pa] static pressure of the unperturbed fiezam

s [m] plate thickness

V [m/s] air velocity

Vo [M/S] unperturbed air velocity

X [m] distance of the measurement lines from the
leading and trailing edges of the plate
(i=1,2,3)

y [m] vertical distance from the edge of the flat
plate

y/b [-] normalized vertical distance from the edide
the flat plate

Aky [%] deviation of the numerically predicted

normal force coefficient with respect to the
experimental data

u [Pa-s] air dynamic viscosity (assumed 1.788 10
p [kg/m?] unperturbed air density (assumed 1.225).
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