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ABSTRACT

In this study, aerodynamic characterigtics of square prism in a uniform flow with respect to
various angles of attack wereinvestigated using LES turbulence modd . Asaresult, mean forces, drag
and lift, mean surface pressure, and mean flow patterns were in good agreement with the wind tunnd
tests. It was found that computational domain in the spanwise direction gave strong impacts on
fluctuations, drag, lift, and pressure, indicating that spanwise length should be long enough to evauate
quantitatively. Strouha number of predictions met wel with experiments induding capturing of the
peak. Findly, we proposed an estimation method of fluctuating aerodynamic forces with no spanwise
length dependency, and confirmed the vdidity of the gpproach using the numerical results.

1. INTRODUCTION

Itisimportant to know aerodynamic characteristics of flow around a rectangle section structure,
typicaly seenintal buildingsand bridges, inwind enginearing area. Flow induced vibrations sometimes
occurred at a bridges could cause serious damage to the dtructure. There are various types of
aerodynamic problems suchas gast, gdlopings, vortex-induced vibrations, and aeroacoustics, of which
aerodynamic forces are key to the evauations. Square prismis atipica shape of rectangle structures,
and congderable experimenta studies have been accomplished(e.g. Vickery 1966, Otsuki 1978,
Bearman 1982) inwhichit wasaddressed that aerodynamic forces, drag, lift, and momert, and surface
pressure dramatically change when a separated flow generated at front edge reattaches to the body.

Lately, many numerical studies have been reported, and successful to some extent. For example,
Tamura(1990) predicted mean drag forces and mean lift forces for various attack angles usng DNS,
and the predictions met very wel with wind tunnel test results, however, no discussion on fluctuations
was presented. Hirano et.d.(Hirano 2002) presented predictions of flow around 2:1 rectangular body
usng LES, resulting good agreement with wind tunnd test results on mean drag force, mean lift force,
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and Strouha number, however, fluctuaions, important when aeroacoustics is of interest, were not
included in the discussion. LES, cdculates large eddies directly while models small eddies, captures
unsteady and three dimensiond effect, inherent turbulence characterigtics, is a good candidate of the
prediction approaches on this topic. Many researches have performed and examined predictionsof 0
degreeangle of attack, however, very few have focused on angle variaions, nor discussed fluctuations.

In this paper, LES was used for the calculations of a square prism in auniform flow. Section 2
describes numerical model and boundary conditions used in the present cdculations. Section 3
presents mean aerodynamic forces, mean surface pressure, and flow patterns. Section 4 presents
fluctuating aerodynamics as wel as Strouhd number. Section 5 presents our proposed estimation
method of fluctuating aerodynamic forces that has no spanwise length dependency.

2. NUMERICAL MODEL AND BOUNDARY CONDITIONS
2.1 Governing equations

The governing equations employed in LES modd are obtained by filtering the time-dependent
Navier- Stokes equations as follows,
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Where, T; and p arefiltered mean velocity and filtered pressurerespectively. r isdengty, and t; is
subgrid-scale stress defined by

tijoruUj-rUin (3)

Thesubgrid- scae stresses resulting from the filtering operation are unknown, and modeled as follows;
= 1
tiy =-2mS; +§t kel @

Where m issubgrid-scaeturbulent viscosity, and S is the rate-of-strain tensor for the resolved scale
defined by
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2.2 Smagorinsky model
The subgrid-scale turbulent viscosty m is modded usng Smagorinsky model(Smagorinsky
1963). In the Smagorinsky modd, the eddy-viscosity ismodeled as

§| =r Ls 2§J gj (6)
Where Ls isthe mixing length for subgrid-scales, and defined as

m=rlL3
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L = min(kd , csv1’3) )

where k isthe von Karman congtant, 0.42, Cs isthe Smagorinsky congtant, d isthe distance to the
closest wdl, and V isthe volume of the computationd cdll. An order of 0.1 for Csiswiddy used in
which normaly explicit discritization schemes are used. Negative numerica diffuson is generated in
explicit discritization schemes whereas positive one is generated in implicit schemes employed in this
Sudy. Therefore, inthisstudy Cs =0.032 is used based on a study in which spectrum approach was
applied to aLES cdculation (Ma 2000).

2.3 Boundary conditions

Shear stresses are pecified for the surfaces of the square prism. When awal-adjacent cdl isin
the laminar sublayer, the wall shear dtress is obtained from the laminar siress-dtreain relaionship as
follows

T _ruy
© m (8)

If the mesh is too coarse to resolve the laminar sublayer, it is assumed that the centroid of the
wadl-adjacent cdl fals within the logarithmic region of the boundary layer, and the law-of-the-wal is
employed.

g 1 & uyo
=—I|nE =
ut k g m g (9)

Where U is filtered velocity thet is tangentid to the wadll, u, isfriction vdodity, k is von Karman
congtant, and congtant E is 9.8. Inlet boundary is specified as a uniform flow, and outflow is specified
for the outlet boundary, and the rest of calculationdomain boundaries are specified as symmetry.

2.4 Numericd method

Finitevolume method and unstructured collocated mesh approach is used in the calculations. In
the governing equation, second order centra difference schemeisused for the convective and viscosity
term discritization Second order implicit scheme is used for the unsteady term. SIMPLE(Patanker
1980) method, a semi-implicit approach, is used for solving the discritized equations. The discritized
equations are expressed as the followed form.

adfp :é anfm +h (10)
nb
Where a,,a,, denote respectively undteady term, convective term, and diffuson term of the
conservation equations. nb, neighboring point, is denoted each cdl points of the adjacent cdls.
FLUENT(Huent Inc. 2003) was used for the solver.

2.5 Modeling conditions

Each edge length of the square prism is 1 cm. Length of calculation domain, square section as
shown in Figure 2, is 60D as shown in Figure 2. Uniform weocity, U, at inlet boundary conditionis
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15 m/s. Figure 3 shows the grid mesh in the vicinity of the square prism and of a corner of the square
prism. As shown in Figure 3, mesh density is higher for the corner and total 62 meshes are distributed
onanedge. The corners of the square prism wererounded such that the radius of curvatureis 1/100 of
the square edge length that isthe same asthat of Tamura(1990). 1/10D was used for each mesh Szein
the spanwise direction. Main parameters used in the calculations are presented in Table 1. Tota twelve
caseswere performed with respedct toangles of attack, 0, 2, 6, 8, 12, 13, 14, 16, 20, 30, and 45°, for
1D spanwise length model, and tota four calculations were performed with respet to angles of attack,
0, 14, 20, and 45°, for the 6D spanwiselength modédl. In addition, for angle of attack 20°, further cases
inwhich spanwise length are 2D, 3D, and 4D were performed for proposed estimation of fluctuating
aerodynamic forces mentioned later.

11T T T TV 4 Tablel.Main ameters
e el
Reynolds num. UD /n 10*
Non-dimensional time 0.04
3 tu/D
HH 3 ] : Spanwise length L 1D 6D
uE : Curvature at the corner [DA100] D100
Nagp® : 60D
— r
) ] Mesh number in span- 10 a0
H wisedirection N
—Y Number of the mesh 175,000 1080000
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(a) Mesh near the square prism (b) Meshin the vicinity of edge corner

Fgure 3. Mesh in the vicinity of the square prism and its corner
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2.6 Definition of coefficients of agrodynamic forces

a Pressure coefficient
Mean pressure coefficient, C,,; , and fluctuating pressure coefficient, C,;, at i th cell of asquare
prism surface are respectively defined asfollows,

Co =P ¢, =(Cy-Coy (11)

Where, p.« isthe reference pressure a mid point in span direction of the lowest corner of the inlet
boundary. t is shear stress, A is surface area of the prism, r is reference dengty, U is reference
veocity used inflow veocity. Mean pressure coefficient is derived that taking average of
nor-dimensond time, tU / D, from 200 to 600 then taking average those data in spanwise direction.
The same manner was taken for mean drag and lift averaging operations.

b. Drag and lift coefficients

Figure 4 shows the definition of angle of attack and responded aerodynamic forces directions.
Asshown in thefigure, 0° of angle of attack is defined that front surface of the square prism is normal
to the wind direction, positive vaue for anti- clockwise direction.

Mean drag coefficient, Co , and lift coefficient, Cy, and fluctuating drag coefficient, Co, and lift
coefficient, C., are defined as follows. Where, A is the ith cdl surface area of a square prism, A
denotesaproduct of D and L, spanwise length. b, isan angle between normal direction of a
prism surface on which theith cell is belonged and wind direction. In this study, contribution of shear
sress, lessthan 0.2 %, to the aerodynamic forces, wasignored to compare with experiments that were
derived from surface pressure.

Co=8Q C,A CosR /A, CL =3 CsA sn B /A 12
= N - ;i @
Co =\/a% (Co- Cpi)A cosB /AL, C. :\/ aCp-Ci)AsinZ/Ax
gi a 8i (%]
C.
CP{
ajx;::;/c”;x s
CPc

Figure 4. Definitions of aerodynamic forces and angle of attack
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3. MEAN AERODY NAMIC FORCES

Mean aerodynamic forces are key factors in gust and gdloping problems. How accuracy
predictions of those forcesisimportance. In this section, coefficients of mean aerodynamic forces with
respect to various angles of attack are predicted to see characteristics of mean aerodynamic forces.
Then mean surface pressure digtributions will be derived to find how that is associates with flow
patterns.

3.1 Cosfficients of mean aerodynamic forces

Figure 5 shows coefficient of mean drag forces and lift forces with respect to atack angles
ranging from 0° to 45°. As shown in the figure, in the angles of attack between 0° and 12°, drag
coefficient, Cp , moderately decreases with an increase ina , and takes minimum vaue a around
a = 13°. At a around 14°, Cp turns to increase and moderately increases with an increasse
ina greater than 30°. The present caculations were in good agreement with Otsuki(1978) and
|garashi(1984) whereas dightly underestimated at a =0° and dightly overestimated a a =20° and
45 ° compared to that of Nishimura(2000). The reason will be mentioned in detail in the later section
with which mean surface pressure of the square prismis associated.

Regarding coefficients of meen lift forces, C., for angles of attack between 0° and 12°, C.
linearly increaseswith anincreasein a . Angles of attack at around 14°, C. turnsto decreases with an
increasein a , and values are dmogt the same in angles of attack greater than 30°. The prediction
results well capture the phenomenon of acute change of mean lift force at around a = 14° that are
observed in experiments as wdl. Overal, predictions of coefficients of mean lift forces are in good
agreement with experiments. No sgnificant difference is observed in the results between spanwise
length 1D case and that of 6D case in both mean drag forces and mean lift forces. It can be said that
mean aerodynamic forces are quantitatively well predicted usng 1D of spanwise length, indicating that
dependency of spanwise length is amdl in mean aerodynamic forces.

3.0 1.5
Nishimurag& Taniike I B Nishimura& Taniike
--------- O:akfﬁillm i ========= Otsuki elf\
3 ik B b g i
L - L a O/ A
(=] L L - L o
O 2085 \ , Oosf 977 %
- [ I P 4 [
v &
0.04"
oL 0 5Ll bocn bona oo o Lo e
0 10 20 30 40 0 10 20 30 40
Angle of attack (deg.) Angle of attack (deg.)
(8) Mean drag forces (b) Mean lift forces

Figure 5. Coefficients of mean drag forces and lift forces
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3.2 Mean pressure coefficients

Characterigics of mean aerodynamic forces can be identified by observing mean pressure
distributions of the square prism surfaces since mean aerodynamic forces are derived from integration
of surface pressures.

Figure 6 shows coefficient of mean pressures, G, At angle of attack at 0°, coefficients of
pressure are negative except thosein front face, and vaues are rdativey low with smal change,
indicating that flow pattern is in perfect separation type. As shown in Figure 6(a), predictions of
pressure coefficients in the rear surface is over estimated compared to those of experiments. This can
be the caused that predictions of drag coefficients underestimate those of Nishimura(2000) as
presented in the previous section. At angle of attack 14°, Figure 6(b), pressure recovery in the vicinity
of rear edge of the upper surfaceis observed since magnitude of negative pressure in the vicinity of the
rear edge was lower than that in the front edge. It is assumed that intermittent resttachment causes the
pressure recovery inthislocation. Coefficients of pressure at upper surface decreased with an increase
inangles of attack, and takes minimum at 14°, that isin good agreement with the experiments. On the
other hand, at angle of attack 20°, Figure 6(c), a peak caused by pressure recovery was observed at
near rear edge, indicates reattachment of shear layer. For angle of attack at 20° and 45°  rear surface

1.0

Vg
11X 2

[#] Nishimura& Taniike
peicsn | 13

0 ¢ 3

IIII|IIIIJIIII|IIIIIIII|IIITj

>
[+) Nishimura& Taniike 1oX b -
present(L=6D) / _PO” - 0.5

0277 3 ] r

. 0.0F

0.0
0>-0.5 E 107-0.5

-1.0

-1.5

200t TS FTETE P T T _2_0- i ]
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
x/B x/B
(a) a=0° (C) a =20°
1.0 l'Or||||||||| ||||||||||||||||||||||||||
& Nisimurag Tanike| 1 X, 2 : ! \1 2\
0.5 present (L/D=6) loﬁ;_: 0.5 E ‘Uaizls“3
0.0 0.0:
©L"-0.5 10°-0.5
-1.0 -1.0
-1.5 —1.5:
-2.0 3 I I -2.0 [P AT
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
x/B x/B
(b) a = 14° (d) a = 45°

Figure 6. Coefficients of surface pressures
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Figure 7. Mean pressure coefficients at the center of rear suface

pressure is underestimated compared to Nishimura(2000), that is caused by that mean drag
coefficientsare larger than those of their experiment data. Pressures of rear surface depend on behavior
of high shear layer in the vicinity of rear corner, and it is possible that extent of the curvature of the
corner hasimpact on the results of both experiments and predictions. Edge length used in the Igarashi
is 3 cm of which curvature is rddively large whereas curvatures of Nishimura(2000), 6cm, and
Otsuki(1978), 8cm, respectively arerdatively smdl. Impact on the coefficientsof mean pressure a the
mid rear surface, G, caused by curvatures of square prism corner can be seen in the experiments.

Figure 7 shows mean pressure coefficients at the center of rear surface, Gy, with respect to the
variaion of angles of atack. As shown in the figure, the results of predictions were in good agreement
with those of Igarashi in which curvature of the corner isrddively large.

3.3 How Pattern

Pressure digtribution of square prism has large impact on flow patterns. Figure 8 shows mean
sreamline of four representative attack angles. At angle of attack is @, the shear layer form perfect
separation flow in which no reattachment to the upper surface of the square prism was observed. Twin
large eddies are formed in the back of the square prism. At angle of attack is 14°, Figure 8(b),
separated flow at front edge intermittently resttaches at around rear edge. Resttachment areain time
average observed in the experiments iswell captured. A large singe eddy is formed in the back of the
square prism, caused maximum lift force. At angle of attack is 20°, Figure 8(c), separated shear layer
clearly reattaches a around rear edge, and separation bubble generated at front edge of the upper
surface became small compared to that at angle of attack is 14°. In addition, a Single eddy is forming
near thelower surface areaof the square prism. At angle of attack is 45°, Figure 8(d), streamline goes
along with the upper surface, and separated stably at rear edge corner. A twin eddiesareformed inthe
back of the body.

4. FLUCTATING AERODYNAMIC FORCE

Fromthe previous section, mean aerodynamic forces are well predicted using LES. In unsteady
aerodynamic force problems and vortex-induced vibration problems, fluctuations of

2193



(b) a =14° (d) a =45°

Figure 8. Mean streamline in change with angles of atack

aerodynamic forces are of importance. Higher accuracy of high frequency components as well as
fluctuations ones are required in a prediction of aeroacoustics problems. In this section, fluctuating
aerodynamic forces with varies of angles of attack are investigated.

4.1 Huctuating aerodynamic forces

Fgure 9 shows the results of predictions of fluctuating drag coefficients and fluctuating lift
coefficients. Asshownin thefigure, fluctuations are strongly depend on spanwise length. The results of
goanwise length using 6D is closer to the experiments compared to that usng 1D.

Regarding fluctuating drag forces, C,, , predictions are in good agreement with the experiments
of Nishimura(2000) except that & angle of attack O in which prediction is underestimated the
experiment.

Regarding fluctuating lift forces, C, , coefficients of fluctuating lift forces significantly degrease
with an incrase in angles of attack between 0° and 8°. Then a angle of atack 12° or greater, C,
moderately increases until 20° followed by dmogt flat for angles of attack greater than 20°. This
tendency meets the experiments, however, predictionsare overestimate the results of Nishimura(2000)
intherange of angles of attack larger than 20°. The reason of the overestimation is considered to be the
difference between the curvature of the edge corner of numerical model and experiment one.

4.2 Huctuating pressure coefficents
Huctuations of pressure coefficients of rear surface and lower surface have strongly affect

fluctuations of lift coefficients Thus & the beginning, those values are derived before discussing the
fluctuating pressure coefficients of the square prism.
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Figure 10 and Figure 11 respectively show fluctuating pressure coefficients at rear surface center,
C» » and those of lower surface center, C ., plotted with experiments. Asshown infigure, predictions
of C, met wel with Igarashi(1984) in dl anges atack whereas those are overestimated
Nishimura(2000) and Otsuki(1978) for angle of attack greater than 20°. Regarding C,. , Similar trend
is observed between predictions and experiments. The reason of the overestimation is considered to be
the difference between the curvature of the edge corner of numericd modd and experiment one.
High-shear layer tends to be ungtable in smdler curvature, which means smaler acute angle, and and
fluctuetions of pressure component of Strouha number become smdll.

Figure 12 presents fluctuation of pressure coefficients Row fluctuation data are
non-dimensiondized by dividing C .. to diminate the curvature effect mentioned above. At angle of
attack 0°, Figure 12(a), the results of predictions were in good agreement with the Nishimura(2000),
except rear edge of the upper and the lower surface area where part of the separated shear layer
reversaly flows and reattaches at the vicinity of reer edge.

1.5

Nishimura& Taniike
========= Otaukietal

(] present(L=1D)

®  present(L=6D)

Angle of attack (deg.) Angle of attack (deg.)

(a) Coefficient of fluctuating drag force (b) Coefficient of fluctuating lift force
Figure 9. Coefficients of fluctuating drag and lift force with angles of atack
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Figure 10. Coefficients of fluctuating pressureat Fgure 11. Codfficients of fluctuating pressure at
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Figure 12. Non-dimensondlized pressure didributions

4.3 Strouhd number

Strouha numbers with respect to each angles of attack are discussed in this section. Figure 13
shows Stround number, S, definedby 5§ f.D/U . Where {.isthe dominent

Nishimura& Taniike
Otsukiet al.
— — lgarashi
® present(L=6D)
©  present(L=1D)

Angle of attack (deg.)

FHgure 13. Strouhd number in various angles of attack
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frequency of the fluctuating lift force coefficient, D is the length of edge of the square prism, and U is
inflow velocity.

As shown in figure, the present caculaions quditatively met wel with experiments including
capturing the acute change at around 13°. All predictionswerein the range of experiments deta. It was
reported that frequency of vortex shedding a a perfect separation type flow is associated with
interference between separation shear layer and wake(lgarashi 1984). In this study, frequencies of
vortex shedding are well predicted in both perfect separation type flow and reattachment type flow.
According to theresults, it can be said that LES, unsteady 3 dimensiona mode, is able to quantitatively
predicts vortex shedding generated from a square prism.

5. A PROPOSAL OF ESTIMATION METHOD OF AERODY NAMIC FRORCES

Aerodynamic forces, fluctuations in particular, depend on length in spanwise direction as
mentioned above. Inthis study, we propose amethod for estimating coefficients of aerodynamic forces
that do not depend on spanwise length of the square prism. Then we verify the method.

Figure 14 shows coefficients of fluctuations of aerodynamic forces with respect to each span
length. By inspection, errors of the predictions decrease monotony asthelengthis getting longer. Here,
we estimate aerodynamic forces, F , free from spanwise length using the following eguation.

F=f,+e, (14)

Where, g isalengthfactor sothat L =gD ,f,, istheresult of the caculation, g, is predicted errors.
Suppose that if a predicted error monotony decreases, prediction error can be gpproximate as an
exponentia function

e, =be ™ (15)

Where, ¢ is a decay factor, b is a proportiona coefficient. Based on the above, coefficients of
aerodynamic forces that do not depends on spanwise length is estimated as,

F=f, +be® (16)
Where, g isan arbitrary positive integer other than zero, and the following equation is derived.
F=fy+be®=fy,+be @ =f ,, +be @2 (17)

The proportiond coefficient, b , and the decay factor, ¢, can be derived from Eq.(17) as
follows,

b:fg+1'fgecg (18)
1-e°

C:ln fg+1-fg (19)
fg+2' fg+1

Smilar gpproach is seen in Richardson interpolation method (Richardson 1910) in which
discretizationerrorr of partid differential equations are estimated. In this study, we used power function
rather than exponentia function Richardson interpolation method employed since the
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Figure 14. Coefficients of fluctuating aerodynamic forces and
estimated errorswith varying panwise length

longer the spanwiselength the smaller the corrdlation factor of turbulence exponentidly (Wooton 1971).
To validate the proposed method, estimated coefficients of fluctuating aerodynamic forces are derived
using spanwise length 2D, 3D, and 4D. The results are shown in Figure 14(a).

As seen in figure, coefficients of fluctuating aerodynamic forces are getting closer to the
asymptotes as longer the spanwise length. Figure 14(b) shows estimated error with varying spanwise
length. Estimated error is getting smaller as spanwise length is getting longer. At spanwise length 20D,
edtimated errors of fluctuating aerodynamic forces become dmogt zero. As indicated above, it is
possibleto estimate aerodynamic forces using predictions of spanwiselength 2D, 3D, and 4D, resulting
aposshility of saving computationa cogts, sndler calculations time and memory.

6. CONCLUSIONS

Aerodynamic characterigtics of square prism in a uniform flow with repect to various angles of
attack are invesigated usng LES turbulence model compared with experiments. As a result the
following finings were derived.

1) Regading coefficients of mean aerodynamic forces, Cp and C., and coefficients of mean
pressure distributions,G, , predictions were in good agreement with experiment in any angles of
attack.

2) Regarding coffidientsof fluctuations, C;and C,, it was found that predictions heavily depended
on domain length in spanwise direction. Coefficients of fluctuating aerodynamic forces are within
the range of experiments dispersons. Predictions of coefficients of pressure distributions met well
with experiments except the case of angle of attack 14 at which intermittent resttachment is
observed in the experiments.

3) Regading strouha numbers, acute change with respect to angles of attack was well captured, and
the predictions are in good agreement with the experiments.

4) We proposed an estimation method of spanwise length free aerodynamic forces based on shorter
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gpanwise length square prismsprediction results by changing the spanwise length systematicdly. In
the vdiations, spanwise length 4D is found to be enough for the esimation of fluctuating
aerodynamic forces whereas, normally, 20D spanwise length is required.
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