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ABSTRACT

The flow around two circular cylinders form-
ing a cross in contact with each other, set normal
to the uniform stream, was investigated experimen-
tally from the measurements of surface pressure
distributions and the frequency of the vortex

shedding from the two cylinders at a Reynolds num

ber of 4x10°. The local drag coefficient of each
cylinder was estimated from the surface distribu-
tion on the circumference

Since there was a the bleed flov near the
contact point, the primary separation line, the
contour map of the surface pressure and the local
drag coefficient in the region of about y/d={
and z/d=4 was considerably different from the
other region, respectively. The vortex shedding
frequency of the four cylinder parts away from
the contact point was almost equal to that in a
single cylinder, but the phase of these shedding
vortices was not correlated with each other,

NOTATION
d: Circular cylinder diameter
6 : Circumference degree of circular cylinder
Uo: Free stream velocity
Po: Free stream static pressure
P: Surface pressure of circular cylinder
Cp: Surface pressure coefficient
Cp=(P-Po)/( pUo?*/2)
Cd: Local pressure drag coefficient
Cd=(1/2) J ¢*Cp cos@d @
Rd: Experimental Revnolds number, Rd=Ucd/ v
Cd,: Pressure drag coefficient of single cylinder
INTRODUCTTON
The flow interference in the cross region of
two effectively long circular cylinders which
overlap perpendicular to cach other represents

the most hasic type of flow through members of
lattice siructures such as off shore siructures
screens and turbulent grids forming a interwoven
wire, and new type of heat exchangers.
Zdravkovich(1983) measured the pressure dis
tribution and the flow pattern on the surface of
two circular cylinders forming a cross, and re
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fered to the spanwise variation of the local pres-
sure drag coefficients and the surface flow pat-
tern in detail. But, the flow field around the
cross region seems to be under the influence of
both the small aspect ratio and the high blockage
ratio. Recently, the turbulent intensity and the
vorticity distributions 1in the near wake behind
the two cylinders forming a cross for various cyl-
inder spacings and the surface pressure distribu-
tion at the center of one were measured with
large aspect and low blockage ratios (Fox & Toy
1988a, b, Fox, 1991). They suggest the presence of
streamwise vortices in the near wake and vortex
formation in a gap of the two cylinders. But the
spanwise variation of the surface flow was hardly
mentioned.

The aims of this paper are to clarify in de-
tail the surface flow pattern on two circular cyl-
inders over a wide spanwise range, to find the re-
lationship between surface tlow and the spanwise
variation of the local drag coefficient. Further-
nore, the phase relation between the vortices shed
from the four cylinder parts away from the con-
tact point is examined

EXPERTMENTAL APPARATUS

The wind tunnel used in this experiment has
a working cross section of about 400mm square. The
aspect ratio of two circular cylinders forming a
criss-cross in the center of the working cross
section is 76, since the two cylinders have a di-
ameter of d-hmm, except in the flow visvalization,
and the four end disks were positioned 10mm away
from the tunnel walls. The experimental Reynolds
number was kept to 4x10* for the measurements of
surface pressure and wake velocity. The pressure
distribution on the cylinder surface was measured
by a tapping hole with (. 3mm in diameter. The fluc-
tvating velocily in the wake was measured by an 1-
type hot wire anemometer system, the energy spec-
trum and the correlation of fluctuating velocity
were processed by the a digital correlator.

The flow pattern on the cylinder surface was
observed by the o1l-film method. In this method. a
stainless steel with a thickness of 30um was
coated with black paint and was wound up into the
iwo 32mm diameter cylinders which were set in the
uniforn flow of Uo=10m/s.



To observe the vortex shedding pattern from
the two cylinders, an open channel type water tun-
nel with a working cross section of about 400mm
square and 10mm diameter circular cylinders with
many (. 3mm diameter holes for dye injection in
the positions of @=180° were employed.

RESULTS AND DISCUSSIONS

Pressure distribution on cylinder surface

Fig. 2(a). (b) show the distribution of the
surface pressure Cp on the circumference in each
spanwise position of the upstream cylinder and
the downstream cylinder respectively. The surface
pressure distributions on the rear side of the up
stream cylinder and on the front side of the down-
stream cylinder in the vicinity of the cross re-
gion are very different from the rest. On the oth
er hand, the surface pressure does not vary great
ly in the frontal range of about & <60° in the
upstream cylinder. Since there 1is a high speed
fluid flow towards the vicinity of the contact
point by the necklace vortex, which is formed in
the upstream region of the downstream cylinder,
the surface pressure coefficient distribution on
the symmetry plane of y/d=0 in the upstream cylin-
der has a peak value at about @=170°

Fig. 3(a). (b), (c) show the oil-film pattern
on the surface of the stainless sheet which has
been wound off and spread, the flow direction
sketch and the contour map of the surface pres-
sure on the upstream circular cylinder, respec-
tively. It is known from Fig 3(a) that the primary
separation line has a tendency to go back. except
the center region of the span, as y/d decreases
In the region A of about -0.5=y/d=0.5 as shown
in Fig 3(b), a necklace vortex with a small cross
section 1s formed downstream of the arch-shaped
separation line. The necklace vortex separates
from the cylinder surface in about y/d=0.5 and @
=150°, and issues behind the upstream cylinder. The
fluid flow in the region B bevond the necklace

vortex separates from the cylinder surface on the
line between about (y/d, 8)=(0, 180°) and (0.5,
150°), and issues as bleed flow towards the corner
of the cross region. This bleed flow would per-
haps generate the patterns of region C in Fig 3(b)
and region E in Fig. 4(b). Therefore, in region C
the secondary flow towards the outside mainly
along the y axis is formed. In region D a seconda-
ry flow in the direction of the contact point is
observed. The contour map shows that the spanwise
variation of the surface pressure distribution in
the range of about y/d=4 and z/d=4 1is very
small. In addition, in the neighborhood of about
y/d=1 and =130 there is a significant minimum
pressure region which can be expected to corre-
late with the streamwise vortex formation region

Fig. 4(a), (b), (c) show the oil-film pattern
on the surface of the stainless sheet, the flow
direction sketch and the contour map of the sur-
face pressure on the downstream circular cylinder
respectively. Fig 4(a) shows that the primary sep-
aration line has a tendency to go ahead as v/d de-
creases. In particular the primary separation line
curves rapidly at about z/d=0.25. Therefore, the
surface flow 1in the range of about z/d=0.25 is
much different from that of the other spanwise re-
gion as shown by Zdravkovich. Particularly, the
bleed flow region E 1in the spanwise range of z/d
=0.20 exhibits a shape of rhombus. It may be
found that on the z/d=0 plane in the region E the
bleed flow begins to blow in the position of
about @=30° and separates at about @=110°. The
contour map of surface pressure 1s corresponded
to the oil-film pattern mentioned above. In addi-
tion, the minimum pressure region of about z/d=1
on the rear side of the downstream cylinder may
be expected to be significant as the foot region
of the streamwise vortex.

Fig.h shows the spanwise variation of the
primary separation line obtained as the position
of the minimum pressure on the surface pressure
distribution of the upsiream and downstream cylin-
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Fig. 3 Surface flow pattern of upstream cylinder Fig. 4 Surface flow pattern of downstream cylinder
ders. Variation in the range of y/d=4 and z/d<14 larger than that of a single cylinder. The drag
corresponded with the oil-film pattern mentioned coefficient Cd in the downstream cylinder 1in the
above. The spanwise variation in the range of y/d range of z/d=<4 1is fairly small because of the
=4 and z/d=4 is almost negligible. bleed flow in the vicinity of the cross region, in
spite of the upstream movement of the primary sep-
Drag coefficient aration line. The drag coefficient Cd in the up-
Fig. 6 shows the spanwise variation of the lo- stream and downstream cylinders in the range of
cal pressure drag coefficient Cd in each y/d y/d=4 and z/d=4 gradually approaches that of a
plane of the upstream cylinder and in each =z/d single cylinder as y/d and z/d increase, but Cd in
plane of the downstream cylinder. The drag coef- the positions y/d=15 and z/d=15 remains slightly
ficient Cd 1in the upstiream cylinder 1is almost smaller than that of a single cylinder.
zero in the y/d=0 plane where the recovery of sur-
face pressure behind the cylinder 1is very large. Yortex shedding
Cd takes a maximum value in the y/d=1 plane where Fig. T(a). (b) show the spectral energy distri-
the surface pressure behind the cylinder becomes bution measured in the wake along the axes of the
ninimum, The maximum value of Cd is about 30% upstream and downstream cylinders respectively.
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Fig. T Spectral energy distributions in each
spanwise position

Since the excellent 500 Hz frequency corresponds
to the Strouhal number of the single cylinder, the
spectrum peak found at about y/d=4 and z/d=4 ex-
presses the existence of Karman vortex shedding
This has been conformed by the flow visualization
carried out in the water tunnel as shown in Fig
8(a), (b). It seems that the end of Karman vortices
near the cross region are connected to one anoth-
er by U-shaped vortices. On the other hand, noth-
ing was observed in the wake of the cross region
close to the contact point, where the spectrum
peak at a frequency of about 330 Hz and 100 Hz is
present. These two kinds of frequency seem to sug-
gest the shedding frequency of the unsteady
streamwise vortices generated by the secondary
flow. But this paper does not refer to the behav-
ior of these streamwise vortices. A locking-on
between Karman vortices shed from the four cylin-
der parts away from the contact point was exam
ined by four I-type hot wire sensors. Fig. 9 shows
the simultaneous sampling of fluctuating velocity
in the four positions A, B, C.D away from the cross
region. This means that the phase of these vorti-
ces shed in the wake of the four cylinder parts
away from the contact point is not correlated
with one another

Conclusions

The flow around two circular cylinders form-
ing a cross in contact with each other in the uni-
form stream was investigated experimentally. The
pmain resulls can be summarized as follow:

It is known thai the flow pattern on the sur
face of the two cylinders 1in the range of about
y/d=4 and z/d=4 1is considerably different from
that of a single cylinder. For example, the primary
separation line on the upstream cylinder moves
downstream. and one on the downstiream cvlinder
noves upstream. A secondary flow due 1o the strong

-bleed flow near the cross region 1s present,
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(a) Upstream cylinder (b) Downstream cylinder
Fig. 8 Visuvalization of Karman vortex shedding
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Fig. 9 Simultaneous sampling of fluctuating
velocity

Therefore, the surface pressure distributions on
the rear side of the upstream cylinder and on the
front side of the downstream cylinder in the
cross region take on characteristic variations,

The local drag coefficient of each cylinder
1s lower than that of a single cylinder except in
the plane of about y/d=1 of the upstream cylinder,

The vortex shedding frequency 1in the four
cylinder parts away from the contact point is al-
most equal to that in a single cylinder, but the
phase of these shedding voriices 1s not corre-
lated with one another
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