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VISUALIZATION OF FLOW PAST A SPHERE NEAR ITS CRITICAL REYNOLDS NUMBER

VIJAY H. ARAKERI and H. §. GOVINDA RAM
Indian Institute of Science, Bangalore 560012, India.

ABSTRACT

Boundary layer flow visualization studies on a smooth sphere in the Reynolds number range of 1.0
x 10° to 3.5 x 10° are reported. The studies were conducted in a water tunnel facility using the
schlieren method of flow visualization. The observations unambiguocusly show that at subcritical
Reynolds numbers { ~ 10°) only laminar separation exists at about 80°; whereas, at supercritical
Reynolds numbers (~ 3 x 10°) first laminar separation exists at about 101° followed by
reattachment at about 112° and subsequently turbulent separation takes place at about 135°,

INTRODUCTION

Tis well known! that the drag coeflicient of a circular
I cylinder or sphere decreases suddenly by an order of
magnitude at a Reynolds number of approximately
3 x 105, The Reynolds number at which this phenom-
enon is observed to take place is commonly referred to
as the critical Reynolds number. Prior to the work of
Roshko? on a circular cylinder the explanation pro-
vided for the critical phenomenon was as follows, At
subcritical Reynolds number laminar separation takes
place at about 80° without reattachment resulting in
substantial form drag. At supercritical Reynolds
number turbulent transition takes place prior to 80°
with now delayed turbulent separation at about 120°
resulting in appreciably reduced form drag. However,
the work of Roshko? seemed to show that at super-
critical Reynolds numbers the flow is even more
complicated than presumed with both laminar separ-
ation followed by reattachment and turbulent separ-
ation occurring simultaneously. In addition, 1t was
suggested that turbulent separation alone occurs only
at Reynolds numbers exceeding one million. Studies by
Achenbach® and more recently by Taneda* seem to
indicate similar flow regimes for flow past a smooth
sphere as well. However, even the careful work of
Achenbach?® leaves the reader in some doubt as to the
exact nature of separated flow past a sphere at
supercritical Reynolds numbers. Therefore, it was felt
that it would be worthwhile to provide clear photo-
graphic illustration of the nature of separated flow past
a smooth sphere at and beyond supercritical Reynolds
numbers.

EXPERIMENTAL METHODS

The experiments were carried out in a recirculating
water tunnel having a closed working section with an

internal diameter of 381 mm. The velocity in the test
section can be varied from 2 to 20 m/s. The turbulence
level has not been measured; however, in view of a high
contraction ratio of 16 and a honeycomb flow
straightner in the settling chamber the level is not
expected to be excessively high®. The test sphere made
of stainless steel was 39 mm in outer diamter (D) and
had a tolerance of 0.1 mm when checked optically at 10
x magnification. The outer surface was highly polis-
hed and had a very smooth feel to the touch. The
sphere which occupied only 17, of the throughflow
area was securely mounted in the test section with a
one bladed sting support (figure 1). The diameter of the
sting immediately downstream of the sphere was 0.3 D.
This was larger than desirable, but was necessary to
facilitate the internal circulatton of hot water the
reasons for which are to be described later. It was
found that alignment could be checked easily by
observing cavitation pattern on the sphere. As will be
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Figure 1. Sketch of the test section of the water tunnel
with the test sphere. Dimensions are in mm.

* We might note here that the turbulence level of a facility of
similar design has been measured® to be about 0.2 9.
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seen later the flow visuahization studies did show that
the flow was symmetric indicating absence of any
misalignment.

As noted earlier the schlieren method of flow
visualization was utilized in the present work. The
essential features of this method for use in water are
described by Arakeri and Acosta®. The optical com-
ponents and other details of the present schlieren set
up were essentially similar to the set up described in the
just noted reference. The density gradients necessary
for the schlieren method in the present case were
created by heating the sphere surface to shghtly higher
temperature than the free stream water temperature by
internal circulation of hot water. One difficulty ex-
perienced in the present schlieren set-up was the
optical distortion of the images caused by windows
which were circular from inside. This was overcome by
designing and fabricating a set of cylindrical correction
lenses which were attached by adhesive tape to the flat
side of opposing windows. It was also found that the
quality of image improved substantially by adding a
small amount of refractive index matching fluid (glyce-

rine) between the correction lens and the flat surface of

the window. However, even with these efforts a slight

Figure 2. Separated flow past a sphere. (@) subcritical
Reynolds number, Re = 1.7 x 10%; (b) supercritical
Reynolds number, Re =3.3x10% s is laminar
separation, TR is turbulent reattachment and TS Is
turbulent separation, Flow is from left to right.

amount of distortion still persisted as seen from figure
2. In view of this a cahibration negative was made by
photographing a circular scale with angular markings
and attached to the sphere. Photographs of the
separated flow were obtained on two types of negatives
namely 4” x 5" Kodak royal X-pan film having an ASA
rating of 1250 and 10" x 12 Agfa Brovira having an
AsA rating of 400. The former were used for exposing
portion of the sphere in the region of interest and the
latter for exposing the full sphere. Nominal magnifi-
cauon used was about 5 x.

RESULTS AND DISCUSSION

A photograph of the separated fiow past a sphere at
subcritical Reynolds numberf of 1.7 x 10% is shown in
fipure 2(a). It is evident that the flow separates in the
forward portion of the sphere before 90°. The location
of laminar separation was found to be 80° from the
stagnation point. In figure 2(a) some details of the
turbulent transition process on the free shear layer are
also visible. The flow does not reattach subsequent to
transition, resulting in a large turbulent wake. Pressure
distribution measurements at limited locations (seven)
after completion of the flow visualization studies
confirmed that the flow was in the subcritical range at
the Reynolds number of 1.7 x 10°.

A dramatic change in the nature of separated flow
past a sphere at a supercritical Reynolds number of
3.3 x 10° is shown in figure 2(b). Laminar s¢paration
location has now shifted downstream of 90° and
subsequent to turbulent transition in the fre¢ shear
layer the flow reattaches. The attached turbulent
boundary layer (not clearly visible) separates further
downstream (visible as marked). Therefore, as in-
dicated in figure 2(b) three distinct phenomenon can be
identified namely laminar separation (LS) at 101°
turbulent reatiachment (TR) at 112° and turbulent
separation} (Ts) at 135°. We might note that detailed
pressure distribution measurements of Fage’ at a
supercritical Reynolds number show an almost con-
stant pressure region between presently observed
locations of LS at 101° and TR at 112°. In addwion, the
same measurements show that a constant pressure
region downstream of presently observed location of
TS at 135° Therefore, the photograph in figure 2(b)

¥ Reynolds number, Re is defined as UD v where Uas the
free stream velocity, D the diamicter of the sphere and p the
kinematic viscosity of water at room temperature (23 Q).

! This is not as clearly visible on the bottom side of the
photograph.
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clearly shows the physical flow characteristics of the

separated flow past a sphere corresponding to the

detailed pressure distribution measurements of Fage’
at a supercritical Reynolds number.

Going through the crtical range the position of

laminar separation was observed to gradually shift
downstream from its location at subcritical Reynolds
number to its location at supercritical Reynolds
number. This is illustrated from the series of photo-
graphs shown in figure 3. The presently observed trend
of shift of separation location with increase in
Reynolds number going through the critical range
does agree well with the observations of Achenbach?.

Besides showing some details of the separated flow
the photographs in figure 3 give us some useful
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information on the nature of free streamline separ-
ation from a smooth body. Within the uncertainity of
pin-pownting the location of separation the photo-
graphs show that the free streamline does detach
tangentiaily from the body surface and also the
curvature at the location of separation to be finite.
Thus, we may infer from these photographs that the
criterion of “smooth separation”™® is a reasonable
condition for predicting the location of free stream line
detachment in potential flow modelling of such flows.

CONCLUDING REMARKS

The present flow visualization stuches have shown
that at subcritical Reynolds number the flow past a
sphere consists of only laminar separation without
reattachment resufting in a large turbulent wake,
whereas at supercritical Reynolds numbers the flow
consists of laminar separation with subsequent turbu-
lent reattachment and finally turbulent s¢paration
further downstream. Eventhough such an interpret-
ation has been indicated previously by other workers
this has been done most unambiguously here. We are
aware that the present study does indeed have some
shortcomings: The free stream turbulence level could
not be measured, the sting diameter had to be larger
than desirable, some heating of the surface was
required for the flow visualization etc. These are
however, not expected to alter the basic conclusions of
this study. This is evident from the generally good
agreement obtained with previous studies.
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Figure 3. Shift of lamunar separation location going
through the critical Reynolds number range. (@) Re
= 1.7 x 10%, LS at 80°% (&) Re = 2.5 x 10°, Ls at 93°;
(c) Re = 2.8 x 10°, LS at 95 (d) Re = 3.5 x 10°, LS at
101°. Flow is from left to right.
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