Observation and control of separation from bluff bodies

S. Takagi, N. Tokugawa, National Aerospace Laboratory, Chofu, Tokyo 182-8522
H. Yoshida, H. Abe, Mechanical Engineering Laboratory, Tukuba, Ibaraki 305-8564
T. Atobe, K. Yamamoto, National Aerogpace Laboratory, Chofu, Tokyo 182-8522

Pressure drag imposed on two-dimensiona bluff bodies was experimentaly sudied, focusing on
invedigation of the drag-reduction mechanism why D-shaped cross-sectiond mode has low drag
compared with a cdreular cylinder as a datum mode. For accomplishing this sudy, direct force
messurement, smoke visudization around the modd's and hot-wire and hot-film measurements were
conducted. Experimenta results show that drag of the D-shaped cylinder is gpproximatey 35% lower
then that of the datum in the range of Re=2x 10°-10° investigated. Comparison of visudized flows near
the circular and D-shgped modds aso shows a large difference. That is, eatlier separaion from the
circular cylinder surface induces strong reverse flow, which is rdaed to the formation of Karman
vortices, downstream of the separaion point, resulting in wide wake region downstream of the modd.
Hot-wire and hot-film measurements quantitatively assst the above observetion. It isinferred that since
the graight back plate of the D-shaped mode prevents the reverse flow, there is a possibility of more
effective plates for drag reduction. Based on this inference, various low-drag configurations are newly
proposed and evauated. Also, several methodsto detect separation are discussed.

1. Introduction

Boundary-layer sparation from airfail a high angle of attack is dangerous dueto decrease of lift and increese
of drag. At this Studion, prevention technique prior to separation or earlier resttachment technique even if
separation occurred, is practicdly required. Although flow separation from bluff bodies is unavoidable, a cross
section with low pressure dragisdso of practica importance. These issues are common regarding separation.

It iswell known that a D-shaped cylinder has lower drag coefficient than thet of acircular cylinder (Hoerner,
and Kambe). Even though there are theories due to Kirchhoff and Heisenberg, or a semi-empiricd theory by
Roshko, none of them is enough to explain its drag reduction mechanism.

Recently, Hashiguchi has numericaly smulated the flow around a D-shaped modd comparing to a circular
cylinder with a Reynolds number of 10* and showed time-dependent vortex structures around the models
Consaquently, in spite of no subsgtantid difference between basic vortex sructures and shedding frequendies it is
found that D-shaped cylinder has 20% low drag coefficient compared with thet of circular cylinder. It isinterpreted
asreasons of decreadng of pressure drag that dthough the pressure minimum in the wake immediatdy behind the
D-dhaped modd islower than that of the cylinder, its base pressureis higher. However, drag-reduction mechanism
itsdf ill remainselusive.

Thus, the present paper dedls with experimentd investigaions of hydromechanicd mechanism in drag
reduction. In addition to smoke visudization around the models, quantitative measurements were mede with the
use of aforce bdance sysem, hot-wire and multi-hot-film anemometers. Since the coupling between separated
free-shear layers and vortex mations has a strong effect on the base pressure, the flow near separated shear layers
was visudly examined by ahigh-speed camera. Basad on new knowledge obtained from thisinvestigation, further



low drag body shape is proposed and evauated. Also for active separation control in near future, severd methods
to detect separation are discussed.

2. Experimental arrangement

21 Wind tunnds

Two wind tunnels were usad for the present study. FHow around the modd was visudized in the Smoke Wind
Tunnd (SWT) a the Nationa Aerogpace Laboratory. The SWT is of indraft type, whose test section is
two-dimensona and 1m high, 0.1m wide and 1m long. The maximum speed in the test section is a uniform
veodity of 30mvs, which corresponds to Reynolds number 1x 10°, based on the uniform veoity, the fluid
viscosty and the characterigtic length of 50mm. The other wind tunnel called the Cdlibration Wind Tunnd (CWT)
a NAL conddsof return crcuits and has a0.65m high, 0.55m wide 1.5m long test section. Theflow speedin the
test section is varied from 5ms to 60mys, which covers Re=1.8x 10% to 2x 10°. Typica free-stream turbulence
levelsof SWT and CWT to the uniform velocity are 0.1% and 0.05%, respectively.

22Modds

Figure 1 shows the cross-sectiond shape of the models used with the flow going from left to right on the
D-shaped modd. The characteridtic length of the modd is identicaly 50mm and the spanwise length is 100mm
for SMT and 550mm for CWT. Each modd for force-bdance measurementsin CWT comprises a middle main
body with alength of 447mm and two dummy parts with dircular end plates, which sugtain two-dimensiondity of
flow around the modd. A gap of lessthan 1mm between the main and dummy partsis covered with athin Scotch
tape, which is cut by sharp knife in the middle of the gap, seemingly resulting in no gap. All modds were
horizontaly inddled a& CWT and SWT, except for ail-flow and infrared- temperature measurements to detect
flow separation from verticdly instdled modd, which alows opticd observetion from thesdewdl of CWT. Man
body of SWT moddsis made of wood, and modds used in CWT are made of brass for drag measurement and of
wood for infrared and oil-flow measurements. For further experiments, we prepared three modeds with different
cross sectionsfor SWT and amode (e) for force-balance measurement aso as shown in Figure 1.

2.3 Other equipments

Two identical sets of force-baance units (Nitta Modd UFS-3015A50) fixed on the rigid frame surrounding
the CWT tedt section were used. Though each unit alows sx-component messurement, drag force in the flow
direction was measured in the capecitance of 22.7kgN with 0.2% accuracy in full scale. Shedding frequency of
Karman vortex behind the modd was measured by means of a sngle hot-wire anemometer. A multi-hot-film
sensor aray digned 2.5mm apart was wrapped on the circular and D-shgped modds of SWT to sense flow
separation from instantaneous shear-gtress fluctuations, which are uncdibrated. A tiny microphone tip (Knowles
Modd EM-3368) senang datic pressure fluctugtions was indaled ingde the other identicd SWT circular modd
aso to detect flow separaion. The modd wes rotated to measure loca pressure fluctuaions dong the
circumferentid direction. To visudize the flow around modds, a high-gpeed camera (Photron) together with a
laser-light sheet was used in SWT and pictures were captured in frames of 4500 per second.

3. Discussion of results



3.1 General properties

Aerodynamic drag on 2-D circular and D-shaped bodies was directly messured in CWT. Figure 2 showsthe
results, documenting that the drag coefficients of the datum are found to lie in values of 1.2-1.3 as seen in open
literatures, while the D-shaped cylinder has gpproximeately 34% lower pressure drag than thet of the circular modd
in therange of Re=0.4x 10° to 2x 10°. The resit for the D-shaped cylinder is consistent with those obtained by
Umazume and Hayashi et d. as shown in the figure. The drag coefficient of D-shgped modd tends to be dightly
increased as Re number is decreased.

How visudization around 2-D bodies was made in SWT. Typicd images are compared in Fig. 3. Sincethe
wake behind the circular cylinder iswider than that of the D-shaped cylinder, the flow separation from the circular
modd occurs a earlier location compared with the D-shgped cylinder. It isaso found that the vortex sreet behind
the D-shaped cylinder is formed farther downstream. Thisis not contradiction with the fact thet the difference in
pressure drag a between the base and gagnation point is decreased when the vortices with low pressure are
formed farther downstream.

Figure 4 showsthe Strouhd number S of Karman vortex street in the wake behind the circular and D-shaped
modds. Shedding-vortex frequency of the D-shaped cylinder is approximatdy 27% higher, suggesting that the
D-shaped cross section has much lower pressure drag according to an empirical relation of § = 0.21C, ¥* or G
= 05% S “ proposed by Hoerner. Figure 5 depicts mean and fluctuating velocity profiles a the streamwise
location of X/D=4 for the origin at the base of the moddl a Re number 7.8x 10", Now that the velocity defect
behind the D-shaped modd is smdl and the overdl leved of veocity fluctugtion is low across the transverse
direction compared with the circular modd, the pressure drag imposed on the D-shaped body becomes obvioudy
smaller. Thisresult agrees with the aforementioned force-ba ance measurement and smoke visudization.

3.2Control for dragreduction

The above experimenta investigations documented that a D-shaped cylinder has much better aerodynamic
performance in terms of drag than that of a cylindrica body. It was aso observed that there is the strong rletion
between separding free-shear layers and the formation of the vortex dreet. Roshko made the pressure
measurement aong the centerline of the wake behind a2-D flat plate set normd to the uniform-flow direction. His
important finding is the pressure minimum located at not the base of the plate but about twice of the plate width
downgream, where vortices are being formed. Visudized flow showed the unsteady wake immediatdy behind a
circular cylinder compaoses of stronger vortex motions accompanying large amplitude oscillation of separating
free-shear layers This ostillation at separation locations leads to srong reverse flow there. It isinferred in view of
this point that the straight back of the D-shaped modd plays a role of preventing or wesakening reverse flow,
resulting in alower pressure drag. Based on thisinference, saverd configurationswith additive plaies are prepared
dready as shown in Fig. 1. Prior to force measurements, § number was messured in SWT to roughly evauate
pressure drag. Theresultisshown in Fig. 6. Snce § number of the modd (e) isthe highest among al the models,
its drag coefficient was evauated as plotted in Fig. 2. It isthe modd (€) that hasthe lowest drag tested.

3.3 Detection of flow separation
Surface ail-flow technique is known to be the rdidde method to detect mean separation line. Qil-flow
patterns exposed in a condant flow of 15mysin CWT are compared in Fig. 7. The lines sagnated on the circular



and D-shgped models are located a 73.3° and 81.3° from the stagnation point, repectively, the former of which
shows good agreement with observation by Meier et d. used the same technique. The laminar separation isfound
to occur at earlier front part of the cylindrical body. Ensuingly, this results in formation of wider wake region.
Laminar separaion isaso known to accompany large pressure fluctuations.

Figure 8 shows that the pesk in unseady pressure digtribution coincdes with the location of the flow
separation. Thisis emphasized by the results of the wal shear dress messurements as shown in Fig. 9. What is
important is the separation location coinciding with neither the pesk location in unsteady shear-stress ditribution
nor the minimum location in the seady stressdidribution. The corresponding wall sheer dressin separation region
does not vanish for two reasons.  Frd, the hot-film sensor cannot distinguish between forward and reverse flow.
Second, the sengtivity of the film to shear-dtress fluctugtion is drestically reduced in stagnant regime, athough
incipient reverse flow isdiscernible in instantaneous waveforms at 75.6° .

4. Conclusons

The presaure drag of the dircular and D-shaped cylinder modds was evauaed by using various methods.
Consequently, it was confirmed that the drag of the D-shaped cylinder is goproximeatdy 34% smdler than that of
the dircular one in the range of Re =1.8x 10" to 2x 10°. A new cross-section shape with smaller pressure drag
compared to the D-shaped modd was discovered. Lagt, for active separation contral in near future, severd
methods to detect flow separation were compared.

References

Roshko, A. On the drag and shedding frequency of two-dimensiona bluff bodies, NACA TN 3169 (1954).
Hashiguchi, M. et d. On drag and vortex shedding of cylindricd bodies, Proc. Jpn. Soc. of Fluid Mechanics
(1999).

Hayashi, S. & d. An expeiment on drag and wake of two-dimensond bluff bodies Technical Report of
Department of Engineering of Kyushu University (1977).

Hoerner, H. Fluid-dynamic drag (Hoerner Huid Dynamics, Albuquerque, 1965)

Kambe, T. Recent findings from computationd fluid-dynamics: drag on cylinders, vortex sound and turbulence
detigtics, AIAA Paper 99-3704 (1999).

Meer, HU. & d. Experimentd dudy of two-and three-dimensond boundary layer separation. Ungteady
Turbulent Shear Flows, ed. Michel, Cousteix and Houdeville. Springer-Verlag, Berlin (1981).

Umazume, K.  Private communication (2000).

@ (0) © @

Fgure 1. Shape of bluff bodies.
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Hgure 2. Drag Coefficient Cp vs. Re.

Fgure 3. Visudized flow around circular and D-shaped cylinders.
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Fgure 5. Ditributions of mean and fluctuating velocities.
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Figure 6. St number of circular bodies with various plates on the leeward side.
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FHaure7. Surface ail flow.

> s o
© 0.04 'M
@
0.02 r-!
0 "‘.

-30 0 30 60 90 120 150 180

01°]

210

Figure 8. Intensity distribution of unsteady pressure fluctuations along the cylindrical body.
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Fgure 9.0utputs from hot-film sensor array.
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