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ABSTRACT

Base pressure measurements of circular cylinders at
Reynolds numbers from 100 to 3 x 106 were obtained in a low speed
wind tunnel, Pressure distributions from Rd = 103 to 3 x 106 were
also obtained,

In the Reynolds number region from the first appearance of
an unsteady wake to the critical Reynolds number the base pressure
coefficient shows two maximums and two minimums. The first
maximum (Rd ~ 50) coincides with the first appearance of the Karman
vortex street. The succeeding minimum (Rd =~ 300) probably corres-
ponds to the movement of the onset of transition from the end of the
vortex-formation region into the free shear layers. The following
maximum (Rd =~ 2200) is accompanied by a small discdntinuity in the
base pressure curve and a decrease in the Strouhal number. The
final minimum corresponds to the end of the Schiller-Linke region,
at which point transition to turbulence occurs in the free shear layers
very near to the shoulder of the cylinder.

A comparison of the blockage correction theories of Maskell
and Allen and Vincenti was made at Rd =6 x 104., The value of the
base pressure coefficient in an unlimited stream at this Reynolds
number was found to be C_ = -1.215 for cylinders of one particular
roughness, though this valt?e depends on other unit Reynolds number

effects. These effects can also result in a significant Reynolds num-

ber shift of the base pressure coefficients,
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I. INTRODUCTION

Incompressible flow around a circular cylinder has been of
interest to scientists in fluid mechanics for several decades. Recent
investigationslof hypersonic wakes have helped to bring about a revival
in these studies. The cylinder is a typical bluff body, and a compre-
hension of the separated flow about a cylinder will aid in the under-
standing of flows about bluff bodies in general.

Recenﬂy there has been little progress in obtaining theoretical
solutions of the problem other than variations and elaborations of thé
works of Kirchhoff and von Karman. However, there have been some

theoretical advances in the region of low Reynolds number (R, < 60);

d
the recent numerical computations of Keller and Takami [Ref. 1] are
of particular int?arest. For larger Reynolds numbers the problem is
rendered difficult by the appearance of an unsteady wake (Karman
vortex street) and the strong influence of transition on the flow field in
the near-wake.

- The contributions of von Karman and Kirchhoff deal with the
potential flow near the cylinder and the downstream wake. These two
regions are joined by what is called the near-wake. For a cylinder,
the near-wake extends several diameters downstream and it is in this
region that the separated shear layers roll up into vortices. For this
reason the near-wake is called the vortex formation region. Figure 1
exhibits the flow regions for further reference. Flow separation,

vortex formation, the base pressure, and transition all interact in the

near-wake to determine the initial conditions for the quasi-steady
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downstream wake and influence the potential flow around the
cylinder.

Because the drag coefficient over the Reynolds number range
10‘Z < Ry <105 does not vary greatly from a value of about 1, it is
often assumed that there are no important changes in the near-wake
over this range. A look at the base pressure indicates, in fact, a
more interesting situation. Other than the work of Thom [Ref. 2],
there seems to be no consistent determination of cylinder base
pressures ovefﬁa wide range of Reynolds numbers. A review of the
literature [Refs.‘ 2 to 11] was made to assemble some of the existing
measurements. ; These datd are presented in Fig. 2. Though
individual endeavors appear éonsisten‘c, there is considerable scatter
between the measurements of different authors. Undoubtedly the
inconsistency of the various curves can be attributed, atleast in part,

to the different experimental conditions, particularly the wind tunnel

turbulence level.

Because of the diveréity of the measurements described above,
it was decided to try to define more precisely the variation of the
cylinder base pressure over as wide a range of Reynolds numbers as
possible, having each test model subjected to approximately the same
free-stream turbulence levelf The present experiments were initiated
for that purpose. In addition, the cylinder pressure distributions were

obtained throughout a large part of the same Reynolds number range.

% The measurements have been corrected for tunnel blockage, when
possible, by Maskell's correction formula: |Ref. 20 Je



II. EXPERIMENTAL APPARATUS
AND TECHNIQUES

i. Wind Tunnels

The majority of the experiments were conducted in the
GALCIT 20- x 20-inch Low-Speed Wind Tunnel of the open-circuit
type. The wind tunnel has a speed range from approximately 50 to
2,200 cm/sec. Measurements indicated a turbulence level of 0. 15%,
though it has been lower (about 0.03%) in the past. Further information
may be obtained in Ref. 12,

Higher speeds were attained in the Merrill Wind Tunnel*,
which is a closed-circuit tunnel having a test section of 32 x 43 inches.
Wind speeds range from 1,200 to 6,000.cm/sec, the maximum
attainable speed being less with the introduction of blockage. The
turbulence level was about the same, possibly a little greater than that

of the 20~ x 20-inch tunnel.

2. Test Models and Measuring Equipment

A diversity of circuiar cylinders ranging in diameter from
0.013 to 3. 50 inches was used. Table | presents a list of the various
cylinders, including their average surface roughness as measured with
a profilimeter. All cylinders were long enough to fully span the tunnel
test section, thus simulating two-dimensional flow. A preésure tap

'was drilled normal to the cylinder at the center of its length. The

* Now being relocated.
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sizes of these orifices are also presented in Table 1. The smallest
cylinders were made out of stai nless steel, while the rest were of
brass, copper, or glass.

Standard manometry and hot wire equipment were used
throughout thé course of the experiments. The hot wire was used to
determine sheélding frequencies and to obtain a measure of the free-
stream turbulehce level. In conjuncﬁon with the hot wire, the following
electronic equipment was incorporated: (1) Hewlett-Packard Model
2028 low-frequency oscillator, (2) Hewlett-Packard Model 522 3L
electronic counier, (3) Krohn-Hite Model 330-M ultra-low frequency
band-pass filte;f, and (4) Tektronix Type 522 oscilloscope.

Thrég r;:licromanometers were used; two of the manometers
had a precision of about #0.02 mm of manometer fluid while the third,
a Kendall manometer, was appreciably more precise due to its fine
optical system.‘ The free-stream static pressure served as the
reference pressure for all measurements. Butyl Alcohol (specific
gravity = 0. 807) was used in each of the three manometers.

When taking frequency or furbulence measurements, the hot
wire was mounted on a traversing mechanism which was located on the
top of the test section. The traverse allowed for optimum positioning
of the hot wire to obtain a clear signal of the vortex shedding [Fig. 3J.
Frequency measurements were obtained by observing Lissajous
figures on the oscilloscope and then recording the matched frequency on

the electronic counter.
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3. Experimental Techniques

The larger cylinders presented little difficulty in mounting.
In each tunnel the cylinderé were mounted so that the blockage ratio
D/H was the smallest. For all diameters larger than 0. 50 inch, the
cylinder was sufficiently rigid to position from just one side of the
tunnel. A large circle was scribed on each side of the tunnel and
marked off in dggrees. With a long pointer arm attached to its end,
the cylinder coyld be rotated to any particular angle s&ithin + 0.5 degree.
The holes drillégl in the tunnel mounting ports providéd enough friction
so that the cylin&er would remain stationary at eachbposition.

The smaller cylinders, however, could not be positioned
from one side olf the tunnel since the cylinder itself wpuld twist.
Consequently, fbr all the brass and copper cylinders 'smaller than
0. 50 inch, each Agnd had to be positioned with a special positioning
block. As showﬁ in Fig. 4, the cylinder could be put in tension by
tightening the four bolts inserted through the cylinder positioning block.
An aluminum washer was placed between the bolts and the wooden
tunnel mounting port to facilitate rotation of the apparatus.

The thr;ee smallest cylinders were used in measuring the
base pressure only. The positioning (9 # 180 degrees) of these three
cylinders was obtained visually. A sleeve was soldered on each end of
the cylinders to fit snugly into holes drilled through the tunnel mounting
ports. Then, by crawling into the tunnel and viewing the pressure tap
through a magnifying glass, it was ‘pos'sible to position the small cylinder

to within approximately 5 degrees of the base.
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The angle 0 = 0 of all the larger cylinders was obtained by
positioning the c‘ylinder with the orifice facing upstream and measuring
the static pressure in this neighborhood. The maximum (dynamic)
pressure obtained was taken to be the angle 6 = 0; this position could
be determined to within an accuracy of + 1 degree.

In measuring the pressure distribution around each cylinder
it was desirable to have very small orifices drilled in the cylinders to
provide good angular resolution. Clearly, it was easy to obtain good
resolution for the larger cylinders. For the smaller cylinders it
became increasingly more difficult to drill a pressure orifice which
was many times smaller than the overall cylinder diameter. The
smallest cylinder, for example, was 0.013 inch in diameter and had a
pressure orifice of 0.0059 inch. A study of the effect of hole size
on measuring pressure distributions was made by Thom [Ref. 2]. He
concluded that the pressure distributions around the front portion of
each cylinder can be brought into substantial agreement if it is assumed
that the pressure inside the hollow cylinder is not the pressure at the
center of the hole, but that at a point half way along the hole radius
towards the front of the cylinder. In other words, if 61 is the angular
position of the hole with respect to the free-stream velocity, the

measured pressure corresponds to the angle

i

6 =6, -3

{radians)

ol

where d is the orifice diameter and D is the cylinder diameter. As

a measure of the angular resolution of the orifices, the following



definition is then employed:

angular 6

resolution c

_ 9 4
== (degrees)
This is the angular correction increment which is applied to the

smaller cylinders. The values for each cylinder are listed in Table 1.

4. Velocity Measurements

A pitot-static probe, located 3. 50 inches off the bottom of the
test section as shown in Fig. 3, served to record the free-stream
dynamic pressure for most of the measurements. For the three
smallest cylinders, however, the free-stream velocity was obtained
by calibrating thé shedding frequency from a 0. 125 inch cylindrical rod
placed upstream of the test section (Fig. 3). This method, described
by Roshko in Ref. 12, has the advantage that frequencies are easier to
measure than pressures, especially at low speeds. In the Merrill
tunnel the free»ét;eam dynamic pressure at the center of the test
section was calibrated with the dynamic pressure measured by a
piezometer ring at the settling chamber. Pressures measured at the
piezometer ring were then used to record the free-stream conditions.

While taking the pressure distribution around various cylinders
it was noticed that the free~stream velocity drifted considerably over a
40- to 50-minute run. The change, probably due to a heating up of the
control rheostats, was usually a slow decrease in dynamic pressure,
the final pressure being about 10 per cent lower than the initial. This

was taken into account in one of two ways. Either the velocity was held
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constant by adjusting the tunnel speed or, more frequently, the free-
stream dynamic pressure was measured throughout the run. Only an

average Reynolds number could be recorded for the latter case.

5. Discussion of Pressure Measurements

A. . Note on the Pressure Measurements

The reference pressure for the cylinders was located
8.0 inches upstream of the cylinder models as shown in Fig. 3. The
upstream inﬂ;lencé on the static pressure at the wall was found to be
significant for cylinders greater than 1.0 inch in diameter. This static
pressure change w‘as taken into account by inviscid theory calculations.

Since the separated flow on the rear of the cylinder
was unsteady for all the measurements presented here, mention
should be made of the averaging process employed in recording the
pressures. The unsteadiness in the base pressure became increasingly
more pronounced for Reynolds numbers greater than 2,000. Below

R.=>= 2,000, the observed fluctuations of the manometer fluid were

d
only a very small percentage of the average measured pressure and
consequently presented no difficulty in recor&ing. The fluid oscillations
for the larger Reynolds numbers, however, appeared random in nature
and constituted as much as 10 per cent of the average measured
pressure. (Fluctuations became significanf only for angles 6 >40
degrees.) The measured values were simply recorded by taking a
visual average of the random fluctuations.

That the intensity of the fluctuations becomes greater with

Reynolds number in the range described above is in agreement with
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measurements of the oscillating lift coefficients on a cylinder by
Gerrard [Ref. 13]. He has shown that the magnitude of the oscillating
pressure coefficient at the fundamental (i. e., shedding) frequency at

6 = 150 degre‘e‘s increases almost two orders of magnitude from

Ry™ 3,000 to Rd = 105. Though the intensity at the base was reported
to be significantly less than at 8 = 150 degrees, it is expected that it
undergoes a similar change.

Apparently the increase in the intensity of the
observed fluctuations is due to the fact that the end of the formation
region and the onset of iturbulence both move toward the base of the
cylinder at the higher Reynolds numbers, thus causing an increase in
the turbulent activity on the rear of the cylinder.

The pressures presented in this investigation are
then an average of observed fluctuations of the manometer fluid.
Whether this represents the true average pressure on the cylinder

is at present unknown.

B. Note on the Measurements at Low Reynolds Numbers

The three smallest cylinders used to measure the
base pressure at low Reynolds numbers presented particular difficulties.
In the first place the cylinders, though not under significant tension,
were observed to vibrate, sometimes emitting a sound of a particular
fre quency. Since forced oscillations were not of interest in this |
investigation, the problem was corrected by placing the tubes in a
slight compressive bend, yet leavihg the center section (laterally

displaced about 1.5 inches from its original position) normal to the
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free stream. The bend inhibited all visible and audible vibrations,
apparently by rendering the tubes more rigid.

In the second place, the 0.013 inch and the 0.025 inch
cylinders restricted the flow through the pressure orifice (0. 0059 inch
diameter) in such a way that the recorded pressure would oscillate
very slowly (over a period of minutes) around an average .value. It was
suspected that a comparable restriction on the static pressure side of
the manometer would nullify the oscillations. Such was not the case and,
after some effort to rectify the problem, it was decided to take an
average of the maximum and minimﬁn pressures of the oscillation.
f‘or these two cylinders it took as long as 40 to 50 minutes to record
5 maximums and 5 minimums. The 0.018 inch cylinder had a pressure
orifice of 0.0091 inch which was still small enough to throttle the flow;
with this cylinder the pressure oscillations were not observed and the
manometer fluid came to rest within 15 to 20 minutes.

The magnitude of the noted oscillations was= -
observed to be iridependent of the average measured pressure; in fact
the manometer fluid began to oscillate once pressure tubing was
connected from the cylinder to the manometer. The following table
lists pertinent dimensions of the three cylinders and also an average

of the amplitude of the oscillations observed.

Cylinder Orifice Cylinder Average Amplitude
Diameter Diameter Inside of Oscillation
i~ (D~ in) {d ~ in) Diameter {mm alcohol)
0.013 0.0059 0.006 © +0. 50
0.018 0.0091 0. 009 0

0.025 0.0059 0.0125 +0. 30




-11-

Since similar results were obtained for the base
pressure coefficients for all of the three cylinders (Fig. 10, to be
discussed) one is led to bélieve that the pressure oscillations ob-
served with the 0.013~ and 0.025-inch cylinders were a characteristic
of the cylinder-manometer system rather than very low frequency
oscillations of the flow at the base of the cylinder.

A natural question arises in connection with the low
Reynolds number measurements of base pressures. What is the
accuracy of such measurements if the angular resolution is so poor?
In fact, the smallest cylinder had a pres‘sure orifice which was
nearly half its diameter; the included angle of the pressure orifice
was 54 degrees! The base pressure measurement is then an average
over 54 degrees of the base. The situation is not nearly so bleak
as one might first suspect. Fortuitously, the pressure distributions
measured by Thom have shown that the positive pressure gradient on
the aft part of the cylinder is small for the low Reynolds numbers of
concern. At worst the base pressure chang‘es only 10 per cent in the
base region, though usually much less. For the most unfavorable
condition, then, the average pressure sensed by the orifice would

be only 5 per cent in error.
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III. PRESENTATION OF RESULTS

i. Pressure Distributions

The cylinder pressure distributions measured over a wide
range of Reynolds numbers are presented in Appendix I [Figs. 20 to
46]. Though smaller Reynolds numbers were obtainable, no distri-

butions were measured below R, = 1,000 because of the poor

d
resolution of the pressure orifices in the smallest cylinders. The
pressure distributions should be of particular interest to theoreticians
for the interesting changes exhibited in the region of separated flow.
One observation which should be made concerns the pressure
gradient in the separated flow region. Assuming that the separation
point on the cylinder is located near the inflection point in the pressure
rise, one can see that the region of separated flow is characterized by

a negative pressure gradient for Rd°%4, 000. For R,== 2,000 the

d
gradient is ‘positive and intermediate Reynolds numbers [Figs. 23 to
26] are characterized by approximately constant pressure (pb) on the
rear of the cylinder. Thom's measurements [Ref. 2] show sirnilar‘
results. His pressure distributions indicate that the positive pressure
gradient persists to Reynolds numbers as low as 28. Consequently,

a basic change in the flow (perhaps in the mechanism of separation)

might be expected in the neighborhood 2,000 < R, < 4,000,

d
It is of interest to follow the Reynolds number variation of

characteristic points of the pressure distributions. Figures 5, 6, and

7 show the Reynolds number variations of the angle of zero pressure
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coefficient 6(C_ = 0), the minimum pressure coefficient C_ s
P min
and the angle of the minimum pressure coefficient 9 (C )
min
respectively. These points are illustrated in the following sketch.

Cp

8(C,=0)

,G(Cpmln) 6

CPmIn— 95

If it can be assumed that the inflection point in the pressure rise is
approximately the point of separation of the flow around the cylinder,
-, one can also shpvs} the variation of the angle of laminar separation es
over a wide rar?_ge 'of subcritical Reynolds numbers [Fig. 8]. Also
included in thes;a figures are some recent measurements by the

author [Ref. i1]on a cylinder in the supercritical Reynolds number
regime. The above figures exhibit the fact that the flow about a
cylinder is continually changing up to and even beyond the critical
Reynolds number, contrary to the often made assumption that
turbulent base flows show little Reynolds number éffect. In particular,
consider the curve for laminar separation. Though it is often stated
that separation occurs near 6 = 81 degrees [Ref. 14],. the measurements

indicate it can vary from 76 to 85 degrees in the range 103<Rd <3 x 105.
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2. Base Pressures

Figure 9 is a presentation of the base pressure coefficients
measured for all the cylinders. (In this figure the data are presented
without correction for wind tunnel blockage.) The base pressure curve
between the first appearance of an unsteady wake and the critical
Reynolds number (Rd ~3.5x 105) is characterized by a minimum
near Rd = 300, a maximum near Ry = 2,000, and a second minimum

5

near Rd = 1.0 x 107, The discussion of base pressures will be divided

into the following sections: Low Reynolds Numbers (100 <R, <2,000),

: d
Reynolds Numbers Near Rd = 2,000, and High Reynolds Numbers

(2,000 <R, <3 x 107).

d

A. Low Reynolds Numbers (100 <R, <2,000)

d
The base pressure measurements at the lowest

Reynolds numbers recorded are presented in Fig. 10. Included for
comparison are some recent numerical calculations by Keller and
Takami [Ref. 1] for steady two-dimensional viscous flow, and some
recent experimental results obtained by Acrivos, et al. [Ref. 10] in
an oil tunnel. A predominant feature of the base pressure measure-
ments is the shifting of the curve with a change in cylinder diameter;
- though the minimum remains relatively constant (Cpb =~ -0.90), the
curve shifts towards larger Reynolds numbers with each increase in

cylinder diameter. The three cylinders were of appfoximately equal

surface roughness, the average being about 4 gin. This diameter
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dependence was observed at all Reynolds numbers where the surface
roughness of a group of cylinders was approximately constant¥*.

A description of characteristic changes in the flow
field will be presented in order to bring the present measurements into
proper perspective. For increasing Reynolds numbers approaching
Rd > 50 the flow is laminar and steady, though symmetrical eddies are
attached to the base of the cylinder. At a Reynolds number of 40 or 50
(depending on the quietness of the flow, the tunnel blockage, etc.) a
laminar vortex street is produced behind the eddies due to an instability
in the wakei. We infer that the maximum in Acrivos' measurements
[Fig. 10] occurs at this point of instability. If so, it is at the rather
high value of R, = 60. (The blockage ratio, however, was 0.05 for

which Shair, et al. [Ref. 15] gives the value R, = 55 for the onset of

d

instability.) The appearance of the vortex street was first observed at

i

Rd = 43.5 for the smallest cylinder (0.013 inch) in these measurements.
For 90 < Rd <150 the laminaryortex street originates
at the base of the cylinder [ Tritton, Ref. 16], the lee eddies having
completely disappeared. A sketch of this flow is offéred in Fig. la.
In the Reynolds number region 50 < Rd <150 the flow is everywhere
laminar; the shedding frequency is easily detected. In the Reynolds
number range 150 < Rd <300 [Roshko, Ref. 12] or 200 < Rd < 400
[Bloor, Ref. 17] the shedding frequencies are observed to be sporadic.

and difficult to. measure. Above this ''transition" range the vortex

street reappears as fairly well-defined turbulent, periodic motion.

* See section entitled Unit Reynolds Number Effects



~16-

The minimum in the base pressure curve is seen to occur near Rd
= 300 for the cylinders and free-stream turbulence level in this inves-
tigation; apparently it falls within the transition range described above.

Bloor's measurements are particularly interesting
inasmuch as she has followed the movement of the region of laminar-
turbulent transition throughout a large range of Reynolds numbers
(200 < Rd <4,5x% 104). She has observed that below the transition
i‘ange, i.e,, below Rd = 200, the wake is laminar and periodic, with-
out any trace of turbulent motion. For 200 < Rd < 300 she has
observed that low frequency irregularities, originally formed in the
formation region, begin to grow in the far wake, eventually rendering

it turbulent. In the Reynolds number region 300 < R, < 400 transition

d
to turbulence moves into the end of the formation region (marked by
the disappearance of the low frequency irregularities pntil at Rd o 400
it is difficult to decide if the vortices are laminar or "turbt{lent on
formation. Above R,

separated shear layers, the vortices being turbulent on formation.

=~ 400, however, the transition occurs in the

Moreover, the transition region does not move appreciably for Reyn-
olds numbers up to Rd =~ 1,300, though the length of the formation
region inci'eases from 2 to 2.7 diameters. (All downstream lengths
are referred to the center of the cylinder.)

Since the turbulence level in Bloor's measurements
is reported to be considerably less (u'/U = 0,03%) than that of the low-
speed tunnel used in this investigation (u'/U = 0.15%), the minimum

of the base pressure coefficients reported here at Rd =~ 300 possibly
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corresponds to Rd =400 in Bloor's tunnel, i.e., the minimum point
corresponds to the passage of the transition point through the end of the
formation region. On the low Reynolds number side of the minimum the
base pressure coefficients are seen to decrease with increasing
Reynolds number, apparently due to the increasing Reynolds stresses
in the laminar near-wake [Roshko and Fiszdon, Ref. 18]. It is not
quite understood, however, exactly why the base pressure begins to
rise again once the transition moves into the separated shear layeré;
though Roshko suggests that the minimum (i.e., a maximum in
Reynolds stress) may be due to intermittencies connected with the
development of other periodic modes and their interaction with the

vortex-shedding mode..

B. s ‘Reynolds Numbers Near Rd = 2,000

An especially interesting phenomenon was observed
while measuring the base pressures at the maximum near Rd =2,000.
If close enough increments were taken, a distinct jump or discontinuity

in the base pressure coefficient could be discerned at R, =>=2,200 for

d
the 0. 125 inch cylinder. In pursuit of this observation it was decided

‘to make a close survey of the base pressure and the shedding frequency

in this region. Figure 11 clearly exhibits the discontinuity at Rd = 2,200
for the 0.125 inch cylinder. Figuré 12, a plot vof‘ the shedding frequency, -

shows that at U = 1,100 cm/sec (i.e.; R, =2,200) the cylinder

d
experiences a distinct break in the slope of the frequency-velocity
curve. An enlargement of the figure showed that the data moved from

one curve to the other over the region 1,000 <U <1,150 cm/sec
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(i.e., 2,000 < R, <2,300). A plot of the same data in dimensionless

d
form is presented in Fig. 13; the equations for the two straight lines
have also been transformed into dimensionless form and are plotted
for comparison, assuming a break at Rd = 2,200, Here one can
distinctly see a continuous change in the Strouhal number around
Rd >~2,200, suggesting that the flow is flipping back and forth between

two modes of vortex shedding. Also 'plotted in Fig. 13 is the S(Rd)
equation fitted to a band of data measured by Roshko [Ref. 12 ]J. The
present measurements lie on the upper edge of that band.

The measurements show, then, that the maximum in
the base pressufe curve is attended by a small discontinuity which is
most likely brgught about by a particular change in the mechanism of
vortex shedding. It is of interest to remember that the pressure
gradient on the back of the cylinder changes sign near this same
Reynolds numbér. Furthermore, the maximum in the curve of the base

pressure coefficient corresponds closely to the maximum in the length

of the formation region as measured by Bloor [Ref. 17].

G. . High Reynolds Numbers (2,000 <R, <3 x 10°)

d
According to Fig. 9, the pressure coefficient at the

base of the cylinders is seen to decrease from a value of approximately

C_ =-0.75 at R,=2,000 to . C_ =-~1.65 at R
Py d Py o

of the curve for the individual cylinders is considerably different. In

. 10°. The nature

the first place, the data in Fig. 9 have not been corrected for tunnel
blockage, and this correction becomes especially important for

Rd > 104. Secondly, the band of measurements in the figure obscures
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the diameter dependence of the base pressures. Finally, it has been
shown that the base pressure depends on the turbulence level of the
| free stream. In fact Gerrard [Ref. 9] has called this region of
decreasing base pressure a '"disturbance-sensitive Reynolds number
range."

This region was probably first studied by Thom in
1928. In 1933, Schiller and Linke [Ref. 6] showed that the onset of
transition moves from 1.4 to 0.7 diameter downstream of the center

of the cylinder as R, increases from 3, 500 to 8, 500. Bloor has

d
shown that the length of the formation region decreases in much the
same manner as the base pressure, i.e., from a maximum of 2.7 to
1.4 diameters for a 0.250 inch cylinder in the same Schiller-Linke
region. A representative sketch of the separated flow in this Reynolds
number regime is provided in F1g ib.

- The diameter dependence of the base pressure curve
becomes readily apparent in Fig. 14, which shows the base pressure
coefficients for various cylinders of approximately equal surface
roughness (€ = 15 yin). The blockage effect is indicated'by the gradual
decrease of the minimum of each successive curve.

Two cylinders (1i.00 and 3. 50 inches diameter) of
equal surface roﬁghness (e = 15 yin) were tested in the Merrill wind
tunnel. The base pressure measurements are included in Fig. 9. The
base pressure coefficients are seen to rise rapidly beyond Ry~ 2 x 105;
this trend is expected since it has been demonstrated [ Weidman, Ref. 11]
that a maximum of C | = ~0. 30 (uncorrected for 11 per cent blockage)

Py
occurs in the supercritical regime at Rd >~ 6.x 105

-
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A final comment with reference to Bloor's measure-
ments should be made. Not only does the shape of the curve
describing the length of the formation region follow the same trend as
the base pressure coefficient curve (which verifies her suggestion that
the length of the formation region is related to the pressure at the
rear of the cylinder), but it exhibits the same diameter dependence.
That is, the curve experiences a positive Reynolds number shift with
an increase in cylinder diameter. This shift is much larger than the
expected Reynolds number increase due to blockage effects; these

effects will be discussed in the following section.

3. The Problem of Blockage

Blockage constraints for symmetrical two- and three-
dimensional bodies have been considered in some detail in the past.
Wind tunnel walls give rise to a simple increase in the free-stream
velocity attributed to the volume distribution of the body (solid blockage)
and also provide a serious constraint on the growth of the wake (wake
blockage). Velocity corrections have been successfully computed for
streamline bodies which result in thin wakes. Attempts have been
made to obtain velocity corrections for bluff bodies where the dis-
placement effect of the wake becomes of significant importance.

Allen and Vincenti [Ref. 19] have obtained the formulas

U {

. 2
F = 1 fzcd (D/H) + 0. 82 (D/H) (1)
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Ca

C

c _ 4 '%Cd (D/H) - 2.5 (D/H)> (2)

(subscript c denotes corrected value and D/H is the blockage ratio)
‘for the case of two-dimensional flow about a circular cylinder by using
image doublets and sources to represent the wall interference on the
cylinder and wake, respectively. Maskelll [Ref. 20] has considered

the flow about both two- and three-dimensional symmetric bluff bodies.
H‘is theory is baéed on an approximate relation desg¢ribing the momentum
balance in the flow outside the ’wake and two empirical auxiliary

relations. The correction for two-dimensional flow is expressed in the

form
2
Ue CdC 2 Cy
— = = == =1+ (D/H) (3)
U d k . kT -1 ;
c
where k2 = { - (C )
Pp/ave

The equation is best solved through an iterative procedure. Maskell's
correction theory is well supported by experiments on sharp-edged
square flat plates of small blockage ratios.

Both of the above theories do not take into account possible
interference effects on the separation point, the region of transition,
and the structure of the near-wake. These considerations may be of
particular interest for bluff bodies where the separation point is not

fixed.
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The Reynolds number region in which the base pressure
coefficient of each cylinder reaches a minimum (Fig. 14) provides
an area in which a comparative study of blockage corrections can
possibly be made. The qualification is mentioned because a correlation
of this nature can only be carried out if the magnitude of the minimum
base pressure coefficient is independerit of so~called unit Reynolds
number effects. The maximum at Rd = 2,200 and the minimum at
Rd == 300 were seen to be relatively insensitive to these effects as

long as the turbulence level remained constant. Therefore it will be

assumed that this is also the case at high Reynolds numbers. The
curves for the smaller cylinders in Fig. 14 have been extended so that
the minimum base pressure coefficient of five distinct cylinders can be
compared at the single Reynolds number of Rd =6x 104. Figure 15
shows the variation of this base pressure coefficient with the blockage
ratio. An extrapolation yields a zero blockage coefficient of Cpb= -1.215.

The blockage corrections of Maskell, and Allen and Vincenti
have been applied to the measurements. Both correction schemes ;
require knowledge of the uncorrected drag coefficient which was not
available for all the cylinders in this'comparison. Furthermore,
Maskell's formula requires the measurement of the mean pressure in
the separated region, i.e., the pressure average over the base of the
body and the surface of the effective wake. For flat plates, discs,
etc., this value is taken to be the base pressure coefficient. In the
case of a circular cylinder, a better average may have to be employed.
To obtain the above data, a pressure distribution was measured

around each of the three largest cyiinders near Rj= 6 x 104. An
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integration of the surface pressures was performed to obtain the drag

coefficient, and the average base pressure coefficient defined as

m
(¢, ) =-§ C_(6) cos 6 d6 (4)
Pb’ave jud P
2

was also calculated to be used as an approximate mean pressure
coefficient for the separated region. The values of Cd and (C )

: b’ave
for the 1.0 inch and 0. 50 inch cylinders were obtained by an

extrapolation to smaller D/H. The results are summarized in the

following table.

Diameter ~ D Blockage Ratio ~ D/H (C > . c
{inches) . Ph/ave D
0: 500 0.025 -1.155 1.210
1. 00 0.050 -1.205 1.230
1. 50 |  0.075 -1.235 1. 260
2.25 0.1125 -1. 340 1.320
3.50 ~0.175 -1. 545 1. 435

Equations (1) and (3) were then used to obtain the corrected
values of velocity, and the corrected base pressure coefficient was

gbtained from the equation . " -

2 :
CRIERE T
. c

Both the average and measured base pressure coefficients were used
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in Maskell's correction formula. The corrected coefficients are
presented in Fig. 16. The corrected values obtained from Allen
and Vincenti's correction formula deviate less than 3 per cent from
the zero blockage coefficient; Maskeil’s correction formula yields
maximum deviations of 8 or 12 per cent depending on whether the
measured or averaged base pressure coefficient was used in the
calculation.

The results are particularly interesting since good agreement
is obtained with Allen and Vincenti's correction formula which, unlike
Maskell's, does not require a measurement of the average pressure in
the separated region. Though it appears that Allen and Vincenti's
method is better than Maskell's for circular cylinders, one should be
aware of the sometimes important influence unit Reynolds number

effects can have on base pressures.

4. Urﬁt Reynolas Number Effects

Throughout the investigation the dependence of the base
pressure curve on cylinder diameter (other thankthrough the Reynolds
number) manifeste’d itself. This is the so-called "'unit Reynolds
number effect.'" For small blockage ratios (or equal blockage ratios)
the important dimensionless parameters which may influence the flow
are the aspect ratio L/D , the relative surfavce roughness €/D, the
turbulence scale parameter A/D, and u’/U, a measure of the
turbulence level. Since the curves were found to shift for the
smallest cylinders, it is evident that there is a Reynolds number shift
other than that due to blockage effects. As the flow is essentially

two-dimensional ore would not expect a large influence due to the
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aspect ratio. (All but two of the cylinders had aspect ratios greater
than ten.) Though the turbulence scale spectrum may be important,
we shall simply assume that the turbulence scale )\ is fixedina
éiven tunnel, and so the parameter )\/D only varies with D. In the
ensuing discussion only the three dimensionléss parameters \D,
¢/D, and u'/U will be considered.

In Gerrard's base pressure measurements [Ref. 9] u’/U
was varied while €/D remained constant; )\/D must have also
changed since an increased tﬁrbulence level was introduced with the
use of a 1 inch mesh grid. His results indicate that the base pressure
curve experiences a decrease in Reynolds number with an increase in
u'/U. In addition, however, there is a considerable effect on the
magnitude of the pressure coefficient; it decreases with an increase
in the turbulence level. (It may also be due to changes in AMD.) The
present measurements seem to correspond with Gerrard's observations
on a 1.00 inch cylinder in a 20- x 20-inch tunnel. The following table
is a comparison of the base pressure coefficient minimums at the end
of the Schiller-Linke region for cylinders of equal diameter and

blockage ratio.

Turbulence Lievel C_  (minimum)
uw'/U (%) P
Present , = .
Investigation 0.15 -1.23

Gerrard | ' -1.22 (or less)
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In the present investigation it was found that the cylinders of
equal roughness (¢) exhibitéd a strong Reynolds number shift in the
low Reynolds number region, with only a weak (if any) effect on the
magnitude of the base pressure coefficient. At higher Reynolds
numbers the shift again becomes readily apparent, but evidence of a
base pressure change is unobtainable since blockage effects dominated.
(The Reynolds number shifts observed are much larger than the
increase in Reynolds number due to the tunnel wall constraints which
can be estimated from the results in the previous section.) Since the
turbulence level was fairly constant (u’/U = 0.15%), the Reynolds
number shift in this case could be due to either a decrease in €/D,
A/D, or both.

To investigate the effect of surface roughness, three glass
cylinders (€ = 1; 5 uin) were prepared for testing. The base pressure
measurements are presented in Fig. 17\. Also shown are the
coefficients for the copper cylinders (an qrder' of magnitude rougher)
of the nearest diameters. One can see that though )\/D and u'/U
are approximately constant for each pair of cylinders, comparisons
show no consistent dependence on €/D; the smallest glass cylinder
seems to be affected largely in the magnitude of the base pressure,
and the second two cylinders appear to be perturbed in magnitude,
Reynolds number, and even in the shape of the curve. But one
interesting observation can be made, namely, the Reynolds number
variation of the base pressure coefficient seems ta occur much more
rapidly on the smoother cylinders. This is evidenced by the sudden

upward trend of the base pressure for the two largest glass cylinders
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and suggesfs a stronger Reynolds number shift for cylinders of
smaller €/D, with u’/U and \/D remaining constant. It might
be noted that this effect is very similar to the effects of surface
'roughnesls on the drag coefficient of a circular cylinder as investigated
by Fage and Warsap [Ref. 21]. |

Recent measurements presented in a paper by Roshko and
Fiszdon [Ref. 18] provide a comparison of base pressure changes on
a circular cylinder due fo changes in the free-stream turbulence level.
These results, like Gerrard's, indicate a significaﬁt base pressure
coefficient decre‘ase for each pair of equally smooth cylinders as
u’/U is increased. (Again the turbulence level was changed by placing
wire mesh gridé‘g in the flow, so A/D probably also changed.)
Nevertheless, thﬁere appears to be some Reynolds number shift; the
results are incoﬁclusive since it is difficult to separate out the two
effects when tﬁe base pressure curve is steep. The situation is
undoubtedly mére difficult to analyze than simply trying to relate the
shifts in the/basle pressure curve to simple changes in )\/D, u’/D,
and €¢/D. The rhagnitude of cylinder pressures in the region of
separated flow are seen to be affected by changes in the free-stream
turbulence level. In addition the Reynolds number shift appears to
be primarily due to changes in )/D, €¢/D, or some combination
thereof.

To obtain a quantitative idea of the diameter dependence, the
relative Reynolds number shift was plotted against the accompanying
relative change in cylinder diametér with G as a parameter. This

was accomplished by comparing the shifts of similar points on
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displaced curves, if such points existed. In the case of the low Reynolds
numbers, the similar poin§ selected was Cpb = -0.80, although the
minimum base pressure would also have been a good choice. In the
case of high Reynolds numbers, the value Cpb = -1.00 was chosen
(after all the curves in Fig. 14 had been shifted vertically so that their
minimums coincided with the extrapolated value of Cpb at zero
blockage). For the case of the two largest glass cylinders the minimum
point of the base pressure curves [Fig. 17] was selected as the
similar point. The smallest glass cylinder had no point of comparison
with the two larger cylinders.

Where there were more than two cylinders to compare, the
relative shifts were taken always with respect to the smallest aiameter
and its corresponding Reynolds number at the similar point. The
results, displaygd in Fig. 18, indicate a certain uniformity and trend
in spite of the paucity of data points. Figure 19 shows the variation
of the slope (AR/AD) of the curves in Fig. 18. These points, the
rate of change of Reynolds number with diameter, are seen to fall
on a monotonically decreasing curve which shows that the rougher
(absolute) cylinders are less sensitive to unit Reynolds number effects.

The above results, though quantitative in nature, should be
used only as qualitative guidelines for further investigations; however,
the trends do exhibit the fact that there is by no means a unique curve
for the base pressure coefficient for a circular cylinder and, probably,
for the base pressure coefficients of bluff bodies in general. There

may be one important exception to this hypothesis, namely bluff bodies

where the separation point is fixed. But even in this case the free-
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stream turbulence level (and the turbulence spectrum) will have an

effect on the near-wake, which in turn affects the base pressure.
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I1IV. SUMMARY AND CONCLUSIONS

The curve of the base pressure coefficient is seen to undergo
a series of changes in the Reynolds number region between the first
appearance of an unsteady wake and the critical Reynolds number.
These observationks along with observations made by Roshko at large
Reynolds numbers suggest that the flow in the wake is in a continual
state of transition up to Rd =3.5x 106 where transition to turbulence
first appears in the boundary layer on the cylinder.

The base pressure curve in the subcritical regime is
characterized by two maximums (Rd >~ 50 and 2,000} and two minimums
(Rd =300 and 105); the Reynolds number of these extrema depend on
unit Reynolds number effects. The first maximum represents the
onset of instability in the wake, after which the base pressure
decreases due tp the increasing Reynolds stresses in the laminar
near-wake. Thé minimum at Rd >~ 300 appears to correspond to the
movement of the onset of transition from the end of the formation

region into the free shear layers. After R, = 300 the formation

d
region lengthens and the base pressure rises to the second maximum
near Rd = 2,200, This extremum is distinguished by a small discon-
tinuity in the base pressure coefficient and a decrease in the Strouhal
number. The pressure coefficient then decreases in the Schiller-
Linke region as the onset of transition moves up the free shear layers

to the shoulder of the cylinder. A relatively flat minimum is then

reached near Ry= 10° before the base pressure coefficient begins
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to rise rapidly as it approaches the supercritical regime. To complete
the picture one should add that the base pressure attains still another
maximum near Rd =6 x 105 when a laminar separation bubble is
formed on the rear of the cylinder. The base pressure coefficient
reaches the very large value of Cpb = -0.2 due to the narrow wake
that is characteristic of the supercritical Reynolds numbers. The
base pressure firops off in the transcritical regime ugtil at Rd ==
3.5x 106 it reigf,‘ches a constant value (about CP = -0.85). Here the
éeparation bubb}e no longer exists and transition}zo turbulence occurs
ahead of separation.

The b;.se pressure measurements are observed to follow the
same trends as’the measurerﬁents of the length of the formation region
obtained by Bloor. That is,\the curves describing these two quantities
increase from Rd = 400 to a maximum at Rd = 2,000, and decrease
in the Schiller-Linke region to a flat minimum near Ry= 105.= In
addition, the curves exhibit a similar diameter dependence.

An extx;apolation to zero blockage at Rd =6 x 104 gives the
unlimited stream value of Cpb = -1.215 for the "rough' cylinders
(€ =15 pyin). A comparison of blockage theories at this Reynolds
number shows that Allen and Vincinti's correction formula gives good
agreement with the unlimited stream value, while Maskell's corrections
compare less fayorably. However, in the case of Maskell's corrections,
only an approximate average pressure in the base region was calculated

in lieu of the true mean wake pressure which he suggests should be

used.
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Finally, the base pressure curve is observed to be significantly
dependent on unit Reynolds number effects. Not only can the curve
shift in Reynolds number, but the actual magnitude of the base pressure
coefficient is seen to change. Similar results are expected for other
bluff bodies, especially when the separation point is not fixed by the

geometr‘y of the body.
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TABLE 1

TEST MODELS

Cylinder Orifice Average Surface Angular
Diameter Diameter Material Roughness Resolution
D (in)  d (in) ¢ (min) 9, (deg)
0.0i3  0.0059 Stainless steel . 4 13.0
0.018 0.0091 Stainless steel 4 i14.5
0.025 0.0059 Stainless steel 4 6.8
0.063 0.0110 Stainless steel 4 5.1
0.095 0.0135 Copper 15 4.1
0.114 0.010 Glass 1.5 2.5
0.125 0.0145 Copper 15 ' 3.3
0.186 0.0145 Brass 20 2.2
0.250 0.0145 Copper 15 1.7
0.259 0.0100 Glass i.5 1.0
0.375 0.0145 Brass 20 t.1
0. 500 0.0135 Copper i5 0.8
0. 517 0.015 Glass 1.5 0.8
1.00 0.0135 Copper 5 0.4
1. 50 0.031 Copper 15 0.6
2.25 0.031 Copper 15 0.4

3.50 0.040 Copper i5 0.3
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