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ABSTRACT: Aerodynamic features of square prism with respect to various angles of attack
were investigated using Large Eddy Simulation (LES) turbulence model. The results met well
with experiment data in time average acrodynamic characteristics, drag force coefficients, lift
force coefficients, and surface pressure coefficients for all cases examined in this study. In con-
clusion, the numerical approach successfully predicts mean acrodynamic features of square
prism whereas further investigation is necessary for the prediction of fluctuating values.

I INTRODUCTION :

To know aerodynamic features around bluff bodies is important in wind engineering area such as
galloping problems often seen in electric power lines. From the past experiments" %, aerody-
namic characteristics around a rectangular cylinder depend on angle of attack to a flow. Particu-
larly, aerodynamic forces, drag, lift, and moment, and surface pressure dramatically change
when a separated flow at front edge reattaches to the side of body ""?. Many numerical studies
have been accomplished in this area, and successful to some extent. For example, Hirano etal.’
showed prediction of flow around 2:1 rectangular cylinder using LES turbulence model resulting
good agreement with experiments on mean drag force, mean lift force, and Strouhal number,
however, fluctuations, important when aeroacoustics is of interest, were not included in the dis-
cussion. LES, a turbulence model that calculates large eddies directly while models small eddies,
captures inherent turbulence properties of unsteady and three dimensional characteristics. LES
seems to be one of the suitable prediction approaches on this issue.

Regarding square prism, many researches have performed and examined fo_r 0 dcgrcc attack an-
gle case, however, few have focused on variations of attack angles and discussion on fluctua-
tions. For example, Tamura® predicted mean drag forces and mean lift forces for various attack
angles using DNS, and got good agreement with experimental data, but no discussion on fluctua-
tions was presented. Fluctuating forces are important for identifying and quamlfyn}g sound
source generated by bluff bodies, and for evaluating correlation of turbulence length’. Taylor
etal® have tried predicting fluctuations with respects to various attack angles using vortex
method, however, the results did not meet well with experiments.

In summary, few rescarches have been accomplished for predicting aerodynamic characteristics
of flow around square prism including fluctuations with respect to various angles of attack.

In this study, aerodynamic features of square prism in a uniform flow with respect to various an-
gles of attack were investigated by LES approach. The results were compared with experiments
and examined 1o cvaluate if this approach can be used for predictions such as the galloping and
acroacoustics problems.
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2 NUMERICAL MODEL

LES turbulent model, in which small eddies are modeled whereas large eddies are directly calcu-
lated, was used for the calculations. Advantage of LES is that the model captures turbulence
characteristics that are unsteady and three dimensional in nature.

2.1 Basic Equations
Basic equations, filtered incompressible Navier-Stokes equations in space, are shown below;
opii,
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Where, u;and p are filter averaging velocity and pressure respectively. o is fluid density,
and pu is fluid viscosity. t ; is sub-grid scale Reynolds stress defined by the following equa-
tion;

= M_pﬁfﬁj
Because sub-grid scale stress, derived by the filtered operation, is unknown, we use the follow-
ing eddy viscosity model to close the equations.

T = _2;“;3:,; + %r“é‘
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Where, u , is sub-grid turbulence viscosity, S, is rate of strain tensor for the resolved scale.

2.2 Smagorinsky Model
Smagorinsky model® is used for sub-grid scale turbulence viscosity 1, as follows;

5| 5= V25,5,

L, is the sub-grid scale mixing length, L, = min(xd,C, V")

Where, x is von Karman constant, x =0.42, d is the distance to the closest wall, ¥ is the vol-
ume of the computer cell. C, is Smagorinsky constant, in which 0.1 is widely used, however, in
this calculation, 0.032 was used that stems from previous study’.

4 =pll

2.3 Numerical Approach

Unstructured finite volume method using collocated grid was used for the calculation. Second order
central difference scheme for convective term and the second order difference scheme for unsteady
term were used to discretize the basic equations to convert algebraic equations. SIMPLE method was
used to solve the algebraic equations. FLUENT'Y, a CFD software, is used as the solver.

3 MODELING CONDITIONS AND BOUNDARY CONDITIONS

3.1 Model Parameters and Boundary Conditions

Figure 1 shows calculation domain and mesh used for the model. The length of each prism edge.
D, is 1cm. Span length L is 1cm. Width and the length of the calculation domain are both 60 cm
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In-flow velocity U is 15 m/s. The wall shear stress is obtained from the laminar stress-strain rela-
tionship as shown bellow;

_6on

pu.y :
H b

S =

Outflow boundary condition was -

used at outlet boundary. Symme- ﬂm gl
try condition was used for both '
sides and top/bottom walls. 62
meshes were used for the square
prism edge, and equally distrib-
uted 10 meshes were used in
span wise direction. Smaller
meshes were generated at each
edge corner to avoid singularity
of the solutions. Total number of Table 1. Model Parameters

Figure 1. Calculation domain and mesh around square
prism (at angle of attack a=14°)

cell is 175,000. Table 1 shows Reynolds Number 10
model parameters used for the  Smagorinsky Coefficient Cs  0.032
calculation, Twelve cases, attack Non dimensional time 0.03 D/u
les, 0°, 2°. 6°. 8° 10; 12 ° No. of cells in span length 10
angles, U, 2%, 6°, 8° s ’ Total cell number 17500 x 10

13°, 14°, 16°, 20°, 30°, and 45°
were chosen for the calculations.

3.2 Definition of Coefficient of Surface Pressure and Non-dimensional Aerodynamic

Surface pressure coefficient is defined as follows;

_ PP , T
o= . C,'=y(C,-Cpn)
—pU s
2
Where, Py is the reference pressure located at lower edge inflow boundary with mid location in
spanwise direction. p, 1.225kg/m? | is reference density. Reference velocity, U, is 15m/s
that is the same as inflow velocity. Mean surface pressure coefficient,C;, is derived by taking
average of non-dimensional time over 100 to 300, then the values were taken average in span-
wise direction. Time averaging procedure is the same for drag and lift force coefficients, Cy and

C,, presented later.

Mean drag coefficient and lift coefficients (Cy, C), and fluctuation drag cocfficient and lift force
coefficient (Cy°, Cy’) are defined as follows:

Cr=X.CoAcosp/d, C,=3 C, A sin /A

5
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Where, A; is area at ith cell of a square prism surface. A equals DL. j3;is an angle between flow
direction and normal direction to the surface that include ith cell.
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4 RESULTS

Mean and fluctuating drag and lift coefficients were calculated from the results of the simula-
tions. Then we show the streamlines of the flow and surface pressure coefficients. Finally,
those prediction results were compared to the experiments" 2.

4.1 Mean and fluctuation of Aerodynamic forces

Fgure 2 shows mean drag coefficients Cy. As shown in Figure 2, angle of attack between 0=0° and
a=12°, Cy4 is moderately reduced whereas the curve becomes flat between a=12° and a=14°, followed by
lincarly increase of the value in the range between a=14° and 0=30. C, is moderately increase where a is
greater than 30°. The predictions of C4 meet very well with experiment data except at a=0° where predic-
tion is a little bit underestimated compared to experiment. Figure 3 shows mean lift coefficients C,. As
shown in the Figure 3, at angle of attack between a=0° and a=14°, C,increases linearly as angle of attack
increases. At around a=14°, C, deceases moderately until a=30°, followed by flat between until a=45°,
Overall, very good agreement is observed between the predictions and experiment data,
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Figure 4 Fluctuation drag coefficients Figure 5 Fluctuation lift coefficients

Figure 4 shows fluctuation drag coefficients C4’. Cy’ curve is flat between a=0° and a=8°, fol-
g 2

lowed by maderate reducing trend until o reaches to a=12°. The prediction results have good
agreement with experiment in terms in qualitative point of view, however, in quantative point of
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view, predictions are overestimated to some extent. C," increases where a is greater than 13°,
and becomes flat where a is greater than 20°. However, no such increase at around a=14° is ob-
served in the experiment data. Increase at around 13° in the predictions is clearly overestimated.
Figure 5 shows fluctuation lift coefficients Ci’. As shown in Figure 5, where angle of attack is
between o=0° and ¢=8°, C;"is reduced steeply as angle of attack increased, followed by moder-
ate decrease where a is greater than 12°. Cy” increases at angle greater than 14°, followed by flat
where a is greater than 20°. According to the experiment, no such steep increase is observed
where angle is greater than 14°, and predictions arc clearly overestimated.

The reason that the predictions of Cy’ and C;" are overestimated is considered that spanwise
length, L=1D, is too short to resolve breaking interaction of turbulence eddies that could reduce
fluctuation of aerodynamic forces. Hayashi et.al."" reported that spanwise length affected fluctua-
tion of arerodynamic forces, where C; was reduced to 1.39-0.96 when longer spanwise length
were used, from L=2D to L=4D - 8D. In Figure 4 and 5, symbol of smeared plot at a=45° shows
the case in L=6D. As presented in the Figure 5, significant improvement is observed particularly
for fluctuation drag coefficient.

4.2 Mean Flow Pattern

Figure 6 shows time average streamline for a=0°, 8°, 14°, 20°, 30°, and 45°. As shown in Figure
6, at 0=0°, flow separates at front edge, and no reattachment to the side face is observed. There
are two large eddies behind the square prism. At a=8° flow scparation forms eddies at both upper
and lower faces. Eddies at lower face is larger than that of upper face eddies. There are non-symmetry ed-
dies behind the square prism. Upper eddy is larger than lower eddy. At a=14°, one large eddy is
formed behind square prism. At a=20°, in average, reattachment is presented at upper side face.
Separation bubble is observed at front face edge. There are again two eddies formed behind the
square prism. At a=30°, separation bubble becomes small, and shear layer always reattaches
along with upper side face, then flow is separated at back edge. At a=45°, flow separates at side
face near back edge corner. No separation at front edge is observed, and flow goes along with
upper face. A couple of eddies are observed behind the square prism.

a=14° o =45°

Figurc 6 Time average streamlincs at each angle of attack
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4.3 Pressure Coefficient Distributions

Figure 7 shows mean surface pressure coefficients of both predictions and experiments for a=0°,
8°, 14°, 20°, 30°, and 45°. At a=0° between a=14°, overall pressure coefficients at upper side
face reduce as angle of attack increases, and minimized at a=14°. At @=20° a peak is observed
that is caused by pressure recovery at upper side rear edge where reattachment of shear layer is
supposed to be occurred. At a=30°, peak value at upper face becomes maximum, and reattach-
ment occurs all the time. Negative pressure area where separation bubble exists is getting small.
At a=45°, separation at front edge disappears and pressure at back face becomes small. As pre-
sented in the Figure 7, mean surface pressure coefficients meet very well with experiment data in
all cases though small discrepancy is observed at a=0° that is consistent with the result that Cyis
underestimated as shown in Figure 2.
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Figure 7 Mean surface pressure coefficients C,
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Figure 8 shows fluctuation of surface pressure coefficients, C,, of both predictions and experi-
ments. As shown in Figure 8, at upper side face, fluctuation reduces as angle of attack increases.
At a=0°, predictions relatively meet well with experiment compared to those at other angle of at-
tack. At a=8°, prediction is clearly over estimated compared to the experiment data though good
agreement is observed in terms of qualitative point of view. At a=14°, C, in the vicinity of back
face close to upper side face increases whereas that of experiment reduces. The C, value is also
overestimated. At 0=20°, peak is observed at upper side face where reattachment is supposed to
be occurred. Prediction of surface pressure at back face is overestimated. This is considered to be
the reason that Cy and C; are overestimated compared to those of experiment data. Similarly,
predictions of C4 and C; are overestimated at a=30° and 45°.
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Figure 8 Fluctuations of surface pressure coefficients ¢,
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5. CONCLUSIONS
Aerodynamic properties of square prism with respect to various angles of attack were predicted

using LES turbulence model. The following is the summary of the study;

1) Regarding mean aerodynamics forces, C4 and C), the predictions met very well with the ex-
periment except at a=20° where small discrepancy is observed Cy.

2) Regarding fluctuation aerodynamics forces, Cq and Cy’, the predictions met well with the ex-
periment data where a=0° to 12° , however, for angle of attack a is greater than 20°, predic- |
tions were overestimated compared to experiment data though good agreements were ob-|
served qualitatively.

3) Significant improvement were observed by taking longer spanwise length, L/D=6 at a=45°
that indicates that L=1D is too short to resolve turbulence eddies breaking interactions.

4) Regarding mean surface pressure, the prediction met very well with the experiment data
though small difference is observed at a=0°,

5) Regarding fluctuation pressure coefficient, C;, the results met well at a=0°, however, predic-
tions of C, at back face were larger than that of experiment data, which caused overestima-

tion OfCJ and Cy.

This numerical approach successfully predicts mean aerodynamic properties of square prism. In !
conclusion, this prediction approach can be applied to problems where mean aerodynamic prop- |
erties are of importance such as galloping problem. On the other hand, further investigation is

necessary for prediction of fluctuation properties.
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