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ABSTRACT

Nonsteady flow is an inherent problem in all fields of aerodynamics.

The present work is an experimental investigation of the effects of large

scale flow disturbances on the pressure distribution about a transverse

circular cylinder. The nonsteady flow in this study was obtained by use

of a rotating shutter valve to superimpose a sinusoidally varying velocity

component on a mean streamo The frequency of the velocity oscillation

covers the range of from 2= to 90. cycles per second, with amplitudes

ranging from 10 to 40 percent of the mean freestream velocity.

Both the mean pressure distributions and the instantaneous surface

pressure variations were studied for flows in the subcritical and trans-

critical Reynolds number ranges. Results show that the mean surface

pressure is affected most in the high transcritical Reynolds number range

at low oscillation frequencies. Here the effect is a reduction of the

critical Reynolds numbero An effect of low oscillation frequencies on the

instantaneous pressure variations consists of a phase shift between the

freestream velocity and the velocity near the wall. At high oscillation

frequencies this phase shift does not occur, however random fluctuations

in the surface pressure are introduced at all angular positions on the

cylinder surface.
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1. Introduction.

Flow about a circular cylinder has been the subject of many investi-

gations both analytical and experimental, nevertheless these studies have

been mostly confined to the problems dealing with steady, low turbulence

level streams. Areas of interest still remain to be investigated in the field

of nonsteady flows. To some degree all aerodynamic flows are influenced

by nonsteadiness. In the investigation of rotating stall in compressors,

aerodynamic flutter and the study of accelerating bodies, large amplitude

disturbances are an integral part of the problem. The present study was

undertaken to investigate the effects of an oscillating freestream on the

pressure distribution about a circular cylinder, transverse to the flow.

The potential flow theory solution for the distribution of pressure

about a cylinder is well known and the results of experiments to determine

the pressure distribution in steady, incompressible, viscous flows have

been published many times. Q, 2, 3, 4j * The pressure distribution and

therefore the drag coefficient on circular cylinders has been shown to be

a function of the Reynolds number, which is a dimensionless number ex-

pressing the ratio of inertial to viscous forces in flows over geometrically

similar bodies. In the subcritical Reynolds number range the boundary lay-

er is laminar up to the separation point, which is located on the forward

portion of the cylinder. Schlichting shows that as the Reynolds number is

increased above 2« x 10 , a sharp decrease in the drag coefficient occurs

until, at approximately Nj^^ = 5. x 10^, the drag coefficient again be-

* Numbers in brackets refer to the references listed in the Bibliography
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comes essentially constant. Llj It is in this tjcajasition region that the

pressure distribution is significantly changed. Above a critical Reynolds

number of about 5. x 10 , a turbulent boundary layer is established and

the separation point becomes located on the downstream side of the cylinder.

It is known however that, in addition to the Reynolds number effect discuss-

ed above, the freestream turbulence intensity also affects the flow pattern.

Page and Falkner have done extensive work on the determination of

the characteristics of the flow about a circular cylinder in a steady stream.

j_2, 3, 4) Included in their investigations was a determination of the pres-

sure distribution around the cylinder at very low wind tunnel turbulence

levels over a Reynolds Number range of from 0. 6 x 10 to 4. x 10^. In

their later work Page and Falkner investigated the effects of small freestteajni

disturbances on the pressure distribution, boundary layer and drag coeffi-

cient. Their method for introducing disturbances on the wind tunnel stream

consisted of placing a square meshed rope netting across the wind tunnel

3 feet ahead of the model. Although the intensity of the induced turbulence

was not measured, this experiment demonstrated that the critical Reynolds

Number was significantly decreased in the disturbed flow. Gerrard has

further discussed this effect in connection with the reported experimental

data on drag coefficient in low turbulence level wind tunnels. [_5j

The investigation of the flow about circular cylinders in a nonsteady

stream has been limited. Schmidt and Spitzer have studied the problem of

nonsteady aerodynamic loads on a cantileveced circular cylinder in a steady

flow. (5, 7] Glauert has investigated the flow over cylinders which oscillate

14



in a direction transverse to the freestream flow. [^8^ Hori has measured the

mean and fluctuating velocities in the boundary layer of a circular cylinder

oscillating in the direction of the wind tunnel stream, [s]) Due to the me-

chanical method of oscillating the cylinder adopted by Hori, his study is

limited to a maximum frequency of 3. 5 cycles per second. Vidal, while

investigating laminar separation from a moving wall, has obtained pressure

plots around a rotating cylinder. Q. OJ

The objective of the present work is to investigate the effects of large

amplitude oscillating flows on the pressure distribution about a transverse

circular cylinder in the subcritical and lower transcritical Reynolds Number

range (1. 9 x 10 to 3. 53 x 10 ). An oscillating flow is defined as a flow

in which a sinusoidally varying velocity is superimposed on a constant free-

stream. The freestream oscillation frequency range investigated covered

from 2 to 90 cycles per second. The amplitude of the velocity disturbances

covered the range of 10. 5 to 40. 6 percent of the mean freestreem velocity.

2. Experimental Equipment and Procedures.

Wind Tunnel

The study was conducted in the low-speed, oscillating flow wind tun-

nel located in the Aeronautics Laboratories of the United States Naval Post-

graduate School. This wind tunnel is of open circuit design. The test sec-

tion is 24 inches square and 223-^ inches long. Figure 1 is a plan view of

the wind tunnel. The entire tunnel with the exception of the test section is

constructed of one quarter inch steel plate. The inlet section is eight feet

square. Three high solidity screens are located in the inlet section for re-
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duction of test section turbulence. These screens are pretensioned by

spring loaded frames which are recessed in the walls of the inlet. The

nozzle section of the tunnel has a contraction ratio of 16: !» The screens

and contraction ratio produce test section freestream turbulence levels of

0. 343 to 0. 478 percent.

The wind tunnel is driven by two Joy Axivane Fans in series, each of

which has an internal 100 horsepower, direct connected, 1750 rpm motor.

The fan blades are adjustable through a pitch range of 25 to 55 degrees to

provide a wide operating range. Two sets of variable inlet vanes, one lo-

cated directly in front of each fan, give external control of the test section

velocity. These vanes are of multileaf design and preswirl the air in the

direction of fan rotation to reduce the fan capacity. For the present work

the fan blades were set so that control by the inlet vanes and the running

of either one or both fans provided a test section steady flow velocity range

of 88-250 feet per second. The outer case of the fans is also one quarter

inch thick steel sheet. The heavy construction of the wind tunnel is neces-

sary to withstand the induced vibration from the oscillating flow.

Rotating Shutter Valve

Several methods of obtaining an oscillating flow have been employed.

In his Investigation of the laminar boundary layer of a flat plate Nickerson

approached the problem in much the same manner as Hori. QlJ Nickerson

also encountered mechanical difficulties when he tried to extend his invest-

igation to high oscillation frequencies. Feiler and Yeager have employed a

siren assiembiy to produce an oscillating flow in their investigations Into

17
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the effects of large amplitude oscillations on heat transfer rates. [12, iS)

They have achieved oscillation frequencies as high as 100 cycles per second.

The most successful method of obtaining an oscillating flow with large

amplitude and frequency ranges was employed by Miller in his Investigation

of flat plate boundary layer transition. |l4] By employing a rotating shutter

valve downstream of the wind tunnel test section, a sinusoidal variation of

velocity is superimposed on the mean flow. This approach has been employ-

ed in the present investigation o The shutter valve in this wind tunnel is

basically the same as that described in Ref. 14. Figure 2 is a photograph

of the rotating shutter valve. However, in the present installation the shut-

ter is driven by a five horsepower variable speed electric motor. An inter-

mediate shaft between the variable speed motor and the shutter valve allows

a wide variety of pulley ratios. This drive arrangement gives an oscillation

frequency range of from two cycles per second up to the first critical frequen-

cy of 933 cycles per second. The frequency of oscillation is obtained from

a magnetic pickup whose output is read from a Berkeley decade counter. The

magnetic pickup, seen in Figure 2, is mounted outboard of one of the shutter

valve shafts.

Various widths of shutter valve blades may be employed to obtain

oscillation amplitudes from 8 to 92 percent of freestream velocity.

Test Section

The test section is shown in Figure 3. The top and bottom of the test

section are single piece two inch thich aluminum plates. Each side of the

section is fabricated of three sheets of two inch thick stress relieved lucite

19
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plate. The three windows on the console side of the test section are hinged

and may be hydraulically opened. Figure 4 shows the test section with these

windows open. The heavy construction of the test section is intended to

minimize deflection due to the variation of static pressureo

Prior to the installation of the circular cylinder model, surveys were

conducted to determine the velocity profiles of the wind tunnel test section.

Velocity surveys were conducted at two stations, the first at 74 inches from

the upstream end of the test section, the second at 148 inches. A standard

pitot-static tube and an upright manometer were used for these surveys.

Surveys were made at several test section velocities covering the entire

velocity range of the wind tunnel (88-250 fps). Figure 5 shows the vertical

center line velocity profile of the forward section for a freestream velocity

of 120 fps. All of the velocity profiles indicated a velocity variation of less

than - 1% across the test section to within approximately 2^ inches from any

wall at the forward station and 3^ inches from the walls at the rear station.

A pitot-static tube and a 10 inch inclined draft gage having a slow

response time were used as the primary measure of the mean test section

velocity. For this study the pitot-static tube was located eight inches up-

stream of the model. A test section static pressure probe was flush mounted

in the bottom of the tunnel ahead of the model.

A transistorized constant temperature hot wire anemometer, recently

developed by Dr. J. A. Miller and Dr. G. D.Ew^ngof the U. S. Naval Post-

graduate School, was employed in this investigation. The hot wire bridge

circuit is coupled to an analogue computer circuit which inverts Kings law

21
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and provides an output which is linear in velocity and zero for zero velocity.

The inherent accuracy at the analogue transfer function is better than 0. 5%

over the operating range. Figure 6 shows the complete hot wire anemometer.

The hot wire probe was made by embedding two jeweler's broaches in an

epoxy plastic tip which in turn was mounted in a 1/4 inch stainless steel tube.

The wires are copper plated to facilitate mounting on the probe and have ef-

fective filament lengths of from 0. 080 to 0, 090 inches. The direct current

component of the hot wire anemometer, which is directly proportional to the

mean velocity component, was measured with the meter contained in the

instrument. The alternating current component of the output, which is direct-

ly proportional to the oscillating velocity component, was displayed on the

upper beam of the Tektronix 555 Dual-Beam oscilloscope.

Cylinder Model

The circular cylinder model employed in this study is 3.91 inches in

diameter. This diameter minimizes tunnel wall effects while maintaining

the boundary layer thickness on the model adequate for future hot wire ane-

mometer studies. Typical boundary layer thickness at the laminar separation

point is of the order of 0. 1 inches. The cylinder is of single piece aluminum

construction and is supported on a 1/2 inch steel rod, which is coincident

with the model centerline. The ends of the steel rod in turn rest in sealed

ball bearings, which are pressed into 1/2 inch aluminum plates. Both the

model and the supports are inside the test section. The ball bearing supports

facilitate rotation of the cylinder from outside the test section. The entire

length of the cylinder was finished by polishing with jeweler's rouge to min-
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imize surface roughness.

The model, as shown in Figure 7, was mounted horizontally on the

test section centerline at a point coincident with the longitudinal center

of the test section. The ends of the model support plates were bolted to

the top and bottom of the tunnel test section.

Instrumentation

A strain gage pressure transducer was used to measure surface pressure

on the model. The operating range of the pressure transducer is - 5.0 pounds

per square inch gage pressure. The transducer was fixed to the inside well

of the model as shown in Figure 8. A 1/16 inch diameter orifice was drilled

through the cylinder wail to the pressure transducer diaphragm cavity. The

total volume above the diaphragm was 0. 0025 cubic inches

»

The pressure transducer was calibrated, over the range of from -2.

to +2. pounds per square inch gage pressure, after the model was mounted

in the test section. Figure 9 shows the transducer calibration curve from

which it is seen that the output is linear within 1. 5 percent over the full cal-

ibration range and within 0. 5 percent over the pressure range of the present

investigation. It was found that the transducer sensitivity was such that

the gravitational effect on the transducer diaphragm influenced the pressure

output signal as the cylinder model was rotated. A calibration check of this

effect yielded the curve shown in Figure 10. The angular position of the

pressure orifice was measured by using an indexing mark on the end of the

cylinder and a protractor mounted in the model support plate as is shown in

Figure 7.
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The direct current component of the transducer output was measured

with an integrating digital voltmeter which is capable of resolving voltages as

small as 0. 1 microvolts. The alternating current component was amplified

by a differential amplifier and displayed on the lower beam of the Tektronix

oscilloscope. Incorporated in this oscilloscope is a sweep delay line be-

tween the upper and lower beams. With this feature^ phase differences be-

tween the velocity and pressure traces may be accurately measured. The

oscilloscope output was photographed with Tektronix C-12 camera and a

Polaroid Land roll film back.

An overall view of the instrumentation and readout equipment is shown

in Figure 11. Figure 12 is a schematic diagram of the instrumentation circu-

ited.

Several measurements were made in a steady stream to check the ac-

curacy of the instrumentation. The hot wire anemometer was calibrated after

installation in the test section. During this calibration run the freestream

turbulence intensity was also measured. Figure 13 shows the results of the

hot wire anemometer calibration. As reported above the turbulence intensity,

in the velocity range of the present work, is from 0.343 to 0.484 percent.

The freestream turbulence level at various velocities is listed in Table 1.

Measurements of the pressure distribution above the cylinder were

made in a steady stream at various velocities over the Reynolds number range

of from 1. 95 x 10^ to 3. 52 x 10^. Prior to each pressure measurement run

the pressure transducer was checked for zero output reading while positioned

at the forward stagnation point. The cylinder surface was cleaned prior to
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Table 1

Hot Wire Anemometer Calibration and Freestream Turbulence Intensity

Uoo Eu Eu Eu = U
Eu U^

ft. /sec. V. D.C. m.V.
(RMS)

Percent

78.2 0.39 1.34 0.343

95.2 0.49 1.73 0.353

106.3 0.55 2.20 0.400

116.7 0.59 2.42 0.410

124.8 0.64 2.52 0.394

132.2 0.69 2.85 0.413

145.2 0.74 3.40 0.459

157.2 0.81 3.16 0.390

167.0 0.85 3.40 0.400

172.9 0.89 3.78 0.425

188.0 0.96 4.64 0.484

each run.

For the pressure measurement runs in an oscillating flow, the test

section mean velocity was set with the rotating shutter valve operating. The

Reynolds number for nonsteady flows is based on the mean freestream velocity.

An effort was made to obtain a sinusoidal variation of the freestream velocity.

This was not possible for some of the combinations of oscillation frequencies
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and velocities in the ranges covered in the present work. At certain combina-

tions of the above parameters the velocity traces were skewed sine curves,

while at other combinations one peak of the velocity trace was flattened.

Only a limited amount of data was taken in the ranges where these distorted

velocity traces appeared.

Table 2 contains a listing of the experimental operating conditions for

each of the pressure measurement runs.

Pressure readings were recorded at various angular positions over the

upper 180 degrees of the cylinder surface, starting from the forward stagna-

tion point. The angular increment between each measurement was smaller in

the regions of rapidly changing pressure. The data recording consisted of

recording the mean pressure indicated by the millivolt meter and of photo-

graphing the oscilloscope velocity and pressure traces.

3. Experimental Results and Discussion.

Figure 14 shows the results of the steady flow pressure distribution

measurements over the Reynolds number range from 1.95 x 10^ to 3.52 x 10 .

The pressure distributions measured during the present work are plotted in the

usual manner of the nondimensional pressure coefficient, Cp, against 0,

where 9 is the angular position of a point on the cylinder surface measured

from the forward stagnation point. As seen in Figure 14 the measured pres-

sure distributions are similar to previously reported steady flow results, [l, 2, 3]

The mean pressure distributions during the nonsteady flow pressure

measurement runs were obtained from the direct current component of the

transducer output. Figure 15 shows the mean pressure distributions for a

36



Table 2

Experimental Operating Conditions

Run NRe X 10"^
f

cycles/sec.
Nua

1 U95

2 2.45

3 3.23

4 3.43

5 3.52

6 1.95 2.0 0.118
>

7 1.95 29.0 0.105

8 2.45 2.0 0.208

9 2,45 12.4 0.196

10 2.45 15.0 0.221

11 2.45 18.0 0.210

12 2.45 37.0 0.169

13 2.45 53.0 0.172

14 2.45 90.0

15 3.23 2.0 0.408

16 3.23 3.4 0.400

17 3.23 12.2 0.387

18 3.23 29.0 0.390

19 3.43 2.0 0.378

20 3.43 7.3 0.367

21 3.52 2.0 0.405

22 3.52 12.4
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freestream Reynolds number of 1.95 x 10 and oscillation frequencies of 2.

and 29.. cycles per second. The steady flow pressure distribution is shown

for comparison. The oscillating flow is seen to have very little effect on the

mean pressure distribution at this subcritical Reynolds number. Further in-

creases in the oscillation frequency did not alter the mean pressure distri-

bution .

The frequency range of from 2.0 to 90. cycles per second was invest-

igated for the Reynolds number 2. 45 x 10 » Figures 16, 17, and 18 show

the mean pressure distributions measured at this low transcritical Reynolds

number. In these figures it is seen that, as with the lower Reynolds number

(lo95 X 10^), the effects of the oscillating flow are small. The minimum

pressure coefficients for the distributions measured at 15, 37, and 53 cycles

per second are lower than those at other frequencies. It was found that the

freestream turbulence was higher during the pressure measurement runs for

15, 37, and 53 cycles per second.

Significant changes in the mean pressure distributions become apparent

as the Reynolds number is increased above 3. x 10 . The mean pressure

distributions for a Reynolds number of 3. 23 x 10 are plotted in Figures 19

and 20. The greatest departure from the steady flow distribution occurs at

an oscillation frequency of 2. cycles per second. The minimum pressure

coefficient at this frequency is 50 percent lower that the steady flow valuCo

The region of maximum negative pressure is seen to extend over a large sec-

tion of the cylinder surface at this frequency. The 2. cycle per second

pressure distribution is quite similar to that of a steady supercritical
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Reynolds number flow. This would indicate that the effect of the oscillating

flow may simply be a reduction of the critical Reynolds number. However,

as the frequency of the velocity oscillation is increased, the mean pressure

distribution tends toward the steady flow distribution as shown in the plots

for 3o 4y 12. 2 J and 29. cycles per second. All of the minimum nonsteady

pressure coefficients are lower than the steady flow coefficients. This is

the same effect which is observed with a steady stream when the freestream

turbulence is increased.

Increasing the Reynolds number above 3.4x10 verified the results

discussed above. Figure 21, the mean pressure distributions for Nj^g = 3.43

X 10 , and Figure 22, the distributions for Nj^^ = 3. 52 x 10 , show that as

the Reynolds number is increased through the transcritical range the minimum

pressure coefficient approaches the thieoretical value of -3.0. This is the

normal Reynolds number effect on the steady flow distribution. The nonsteady

flow effects, again are most apparent for an oscillation frequency of 2.

cycles per second, with a reduction of frequency effect as the frequency is

increased.

From the mean pressure plots it is seen that below a Reynolds number

value of approximately 3. x 10 , the oscillating flow has very little, if

any, effect on the mean pressure distribution. The oscillating flow effects

are most pronounced at a frequency of 2. cycles per second and in the

Reynolds number range above 3. x 10 . At frequencies higher than 2. cps,

the pressure distribution about the cylinder is essentially the same as that

measured in a highly turbulent freestream. However, in the present work the
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velocity disturbance amplitude was in the range of from 10. 5 to 40. 6 percent

of the mean freestream velocity, well above the usual range of freestream

turbulence intensities.

The instantaneous pressure variations, which were recorded photo-

graphically, reveal several interesting phenomena.

Figure 23 shows the freestream velocity and surface pressure traces

for a Reynolds number value of 1. 95 x 10 and an oscillation frequency of

2. cycles per second. The upper trace is the freestream velocity. (In all

the oscilloscope photographs shown the velocity traces are inverted due to

the coupling in the hot wire anemometer circuit. ) At the forward stagnation

point (0 = 0°) it is seen that the total pressure decreases as the velocity in-

creases. Also the maximum pressure fluctuation amplitude occurs at this

point. Downstream of the forward stagnation point the pressure amplitude

decreases until the point of minimum mean pressure coefficient is reached.

Aft of this location on the cylinder surface the pressure fluctuation amplitude

remains constant. (The signal to noise ratio on the pressure traces at the

forward stagnation point is approximately seven to one, while at the rear

stagnation point it is between three and four to one.)

Another effect of the oscillating flow is seen in Figure 23. An angular

phase shift between the freestream velocity fluctuation and the cylinder sur-

face pressure fluctuation develops. The change in the pressure and hence the

velocity in the boundary layer begins to lag the change of the freestream

velocity. This indicates that the pressure gradient, which is necessary to

change the velocity of the stream, is not seen in^jhe boundary layer as it is
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seen in the freestream. This result is contrary to Lighthill's theory which

predicts that the velocity changes in the boundary layer will lead the changes

of the freestream velocity, [is] However, Lighthill's calculations are based

on the assumption that the velocity fluctuations are small compared to the

freestream velocity. Although Hori reports observing a phase shift, he does

not specify whether it was a lead or a lag. His experiment was conducted

at N|^Q = 9, 000 with an oscillation frequency of 1. 1 cycles per second. Hori

indicates that the phase shift is 'small' upstream of the point of minimum

pressure and 'very large' near the boundary layer separation point. In the

present work the phase difference is clearly evidenced in the photographs of

Figure 23 as far forward as = 20 degrees. Hori measured the magnitude of

the velocity phase difference to be 45 degrees at a point within 0. 5 mm of

the surface at = 75 degrees. The phase shift for the conditions shown in

Figure 23 was 60 degrees. The sweep delay line in the dual-beam oscillo-

scope was used for this measurement.

A close inspection of the photographs of Figure 23 shows that between

the angular positions of 30 and 40 degrees the lower portion of the pressure

trace does not peak as before. The pressure trace for 40 degrees shows

small disturbances (above the noise level) in the low pressure area, while

at 50 degrees these disturbances are seen over most of the oscillation cycle.

This may indicate the transition from a laminar to a turbulent boundary layer

over part of the cycle, thus movement of the transition point. At 60 degrees

there is an indication of an instantaneous pressure increase in the low pres-

sure portion of the cycle, which becomes more pronounced at 70 to 80 degrees.
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The cause of this pressure increase may be the separation of the bound-

ary layer. The pressure traces from the 90 degree position to the rear stag-

nation point are all quite similar and probably indicate a stable wake condi-

tion. If the above assumptions are correct, this would indicate that even

though the effects of the oscillating flow are not evident in the mean pres-

sure distribution for this suberitical Reynolds number, they do influence the

boundary layer formation and separation.

Figure 24 shows the freestream velocity and surface pressure traces

for Nrq = 3. 52 X 10^ at an oscillation frequency of 12.4 cycles per second.

In this set of photographs a phase lag between the pressure and velocity

traces appears at the forward stagnation point. This was most probably

caused by an instrumentation lag in the transducer and associated circuitcy

since the magnitude of this initial phase difference increased with frequency.

At this higher frequency and Reynolds number the flattening of the pressure

trace, which was seen at the 40 degree position in Figure 23, is apparent

at the forward stagnation point. This occurs even though the velocity profile

is smooth. In Figure 24 this flattening of the pressure trace becomes broader

as the angular position is increased. This indicates that a flow disturbance

in the boundary layer is present over more and more of the oscillation cycle.

At 60 degrees this disturbance is present over the entire cycle. If the as-

sumptions postulated above are correct, this would indicate that the bound-

ary layer flow, even at the forward stagnation point becomes turbulent when

the freestream velocity has reached a maximum and begins to decelerate.

The photograph of the pressure trace for the 70 degree position shows that
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the maximum pressure occurs at the point in the cycle which corresponds to

the point of maximum velocity. All the photographs from the 80 degree posi-

tion to the rear stagnation point show that the pressure oscillation is again

back in phase with the freestream velocity. Moreover in this region the

pressure traces are all similar which may be taken as an indication of a

stable wake. Therefore the boundary layer separation point must be upstream

of the 80 degree position during the complete cycle. The results shown in

Figure 24 are typical of the results obtained over the entire Reynolds number

range of the present work at all the frequencies above 10 cycles per second.

Note that the phase shift, which developed at lower frequencies, did not

occur at the higher frequencies.

4. Conclusions.

The effects of nonsteady flow on the pressure distribution about a cir-

cular cylinder depend principally on the frequency of the freestream velocity

oscillations and on the Reynolds number which is based on the mean free-

stream velocity.

The mean pressure distributions in the subcritical and low transcritical

Reynolds number ranges are not affected by the oscillating flow over the

oscillation frequency range of from 2,0 to 90. cycles per second. In the

mid and high transcritical Reynolds number ranges (above approximately 3 x

10^) the mean pressure distributions are affected most by low frequency flow

oscillations of 2.0 cycles per second. The mean pressure distributions

measured in this range indicate a reduction of the critical Reynolds number.

An increase of the frequency shifts the pressure distribution back toward the
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steady flow distribution.

An angular phase shift between the oscillations of the freestream

velocity and the surface pressure develops between the forward stagnation

point and the point of minimum mean pressure at an oscillation frequency of

2. cycles per second. This phase shift occurs over the entire Reynolds

number range of the present work. The phase shift shows that the oscillation

of the velocity in the boundary layer lags the oscillation of the freestream.

This effect of the nonsteady flow was not observed at oscillation frequencies

of 10 cycles per second and above.

An investigation to determine the nature of the flow in the boundary

layer about a circular cylinder in a nonsteady stream should be conducted.

Hot wire anemometer surveys of the nonsteady boundary layer would answer

many of the questions posed by the present work. The experimental facilities

soon to be available at the Naval Postgraduate School should be ideal for

conducting these studies.
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APPENDIX I

Experimental Data

Table 3 pages 60 thru 81
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Table 3

Mean Pressure Coefficients

Run Number 1 N^g = 1.95x10^ f = cps

e

(degrees) (dimensionless)

6

(degrees)

^P
(dimensionless)

1.00 90 -0.82

10 0.96 100 -0.83

20 0.62 110 -0.86

30 0.15 120 -0.86

40 -0.30 130 -0.94

50 -0.74 140 -1.05

60 -1.04 150 -1.07

65 -1.20 160 -1.06

70 -1.03 170 -1.10

75 -0.92 180 -1.11

80 -0.88

60



Table 3 (cont'd)

Run Number 2 Nj^^ = 2.45x10* f = cps

e e

(degrees) (dimensionless) (degrees) (dimensionless)

1.00

10 0.94

20 0.75

30 0.33

40 -OolO

50 -0.53

60 -1.01

65 -1.25

67 -1.31

70 -0.97

80 -0.70

90 =0.74

100 =0.74

110 =0.75

120 -0.77

130 =0.76

140 =0.81

150 =0.82

160 -0.84

170 -0.90

180 -0.93
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Table 3 (cont'd)

Run Number 3 Nj^^ = 3.23x10^ f = cps

e e

(degrees) (dimensionless] (degrees) (dimensionless)

1.00

10 0.92

20 0.68

30 0.22

40 -0.28

50 -0.86

60 -1.31

70 -1.50

80 -1.07

90 -1.01

100 -0.90

110 -0.85

120 -0.88

130 =0.87

140 -0o93

150 =0.98

160 -0.99

170 -l.OQ

180 -1.01
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Table 3 (cont'd)

Run Number 4 Nj^g = 3.43x10^ f = cps

e
^P

e S
(degrees) (dimensionless) (degrees) (dimensionless)

1.00 97 =0.98

10 0.98 100 -0.88

20 0.79 105 -0.88

30 0.38 110 =0.96

40 -0.36 115 -0.95

45 -0.66 120 =0.96

50 -1.10 125 -1.04

60 -1.47 130 -1.04

65 -1.63 135 -1.01

70 -1.83 140 -0.93

75 -1.79 145 -0.98

80 -1.46 150 -1.00

85 -1.18 160 -1.01

90 -1.12 170 =0.99

95 -1.07 180 -1.01
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Table 3 (cont'd)

Run Number 5 Np^ = 3.52x10^Re f = cps

e 6

(degrees) (dimensionless] (degrees) (dimensionless)

1.00

10 0.94

20 0.70

30 0.24

40 -0.30

50 -1.05

60 -1.52

70 -1.73

75 -1.46

80 -1.21

90 = 1.18

100 = 1.03

110 -1.00

120 =0.97

130 -0.94

140 -1.00

150 -0.97

160 = 1.03

170 -0.97

180 -0.96
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Table 3 (cont'd)

Run Number 6 Nj^^ = 1.95x10^ N^^ = 0.108 f = 2.0 cps

(degrees) (dimensionless] (degrees) (dimensionless)

1.00

10 0.97

20 0.68

30 0»03

40 -0.22

50 -0.75

60 -1.08

65 -1.12

67 -1.12

70 -1.08

75 -0.90

80 -0.77

90 -0.75

100 -0.78

110 -0.79

120 -0.87

130 -0.93

140 -0.98

150 -1.01

160 -1.04

170 -1.11

180 -1.16

65



Table 3 (cont'd)

Run Number 7 Nj^^ = 1.95x10' ^ua = 0.105 f = 29.0 cps

6

(degrees) (dimensionlessj (degrees) (dimensionless]

1.00

10 0.80

20 0.62

30 0.20

35 -0.18

40 -0.41

45 -0.74

50 -0.86

55 -1.01

60 -1.17

65 -1.11

70 -1.08

75 -0.92

80 -0.83

85 -0.83

90 -0.86

95 -0.86

100 =0.77

105 -Oo 77

110 -0.77

115 =0.80

120 -0.89

125 =0.84

130 -1.05

135 -1.08

140 -1.10

150 -1.10

155 -1.14

160 -1.14

165 -1.10

170 -1.17

175 -1.14

180 -1.17
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Table 3 (cont'd)

Run Number 8 Nj^g = 2,45x10^ N„^ = 0.208 f = 2. cpsua

e

(degrees) (dimensionless) (degrees) (dimensionless)

1.00 100 -1.04

10 0.97 110 -1.03

20 0.67 120 -1.06

30 0.26 130 -1.04

40 -0.28 140 = 1.16

50 -0.76 150 -1.04

60 -1.15 160 -1.04

70 =1.21 170 -1.14

80 -1.04 180 = 1.15

90 = 1.04
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Table 3 (cont'd)

Run Number 9 Nj^^ = 2.45x10^ N„_ = 0.196 f = 12.4 cpsua

e

(degrees) (dimensionless) (degrees) (dimensionless)

1.00

10 0.86

20 0.70

30 0.15

40 -0.48

50 -0.96

60 -1.12

70 -1.12

80 -1.02

90 -0.97

100 -0.97

110 =0.98

120 -1.02

130 -1.03

140 -1.10

150 -1.14

160 -1.14

170 -1.12

180 -1.12
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Table 3 (cont'd)

Run Number 10 Nj^^ = 2.45x10' N,,- = 0.221 f = 15.0 cpsua

(degrees) (dimensionlessj (degrees) (dimensionless)

1.00

10 0.94

20 0.54

25 0.46

30 0.22

35 -0.06

40 -0.34

45 -0.67

50 -0.91

55 -1.10

60 =1.36

65 -1.43

70 -1.44

75 -1.39

80 -1.40

85 -1.07

90 -1.03

95 -1.02

100 -1.02

105 =0.98

110 -1.00

115 -1.00

120 -1.00

125 -1.01

130 -1.04

135 = 1.05

140 -1.10

145 -1.04

150 -1.09

160 -1.12

170 -1.05

180 -1.14
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Table 3 (conf

Run Number 11 Nj^g = 2o 45x10^ N^ = 0.210 f = 18. cps

e e

(degrees) (dimensionless) (degrees) (dimensionless)

1.00

10 0.93

20 0.71

30 0.58

40 -0.10

50 -0.65

60 -0.81

70 -0.85

80 -0.69

90 -0.69

100 =0.71

110 -0.67

120 -0.72

130 -0.73

140 -0.75

150 =0.78

160 -0.82

170 -0.85

180 -0.85

70



Table 3 (cont'd)

Run Number 12 N^g = 2.45x10^ N^^ = 0.169 f = 37. Oops

9 e

(degrees) (dimensionless) (degrees) (dimensionless)

1.00

10 0.92

20 0.63

30 0.17

35 -0.08

40 -0.39

45 =0.70

50 -1.01

55 -1.25

60 -1.31

65 -1.42

70 -1.41

73 -1.33

75 -1.23

80 -1.08

85 -1.00

90 -1.07

95 -1.10

100 -1.03

105 -1.04

110 -1.03

115 -1.06

120 = 1.05

125 = 1.09

130 = 1.11

135 -1.12

140 = 1.14

150 -1.16

160 = 1.14

170 =1.16

180 -1.19
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Table 3 (cont'd)

Run Number 13 Nr^ = 2.45x10^ N^-^ = 0.172 f = 53. cps

e

legrees) (dimensionless) (degrees) (dimensionless)

1.00

10 0.91

20 0.62

30 0.24

35 -0.07

40 -0.33

45 =0.60

50 -0.91

55 -1.15

60 -1.14

65 -1.47

70 -1.48

72 -1.48

75 -1.29

80 -1.09

85 -1.05

90 -1.05

95 -1.07

100 -1.04

105 -1.05

110 -1.00

115 =1.04

120 -1.01

125 = 1.05

130 -1.09

135 -1.15

140 -1.19

145 -1.21

150 = 1.18

160 = 1.18

170 -1.19

180 -1.21
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Table 3 (cont'd)

Run Number 14 N^^ = 2.45x10^ Nua f = 90. cps

e

(degrees) (dimensionlessj 2grees) (diiTiensionless)

100 -0.82

110 -0.80

120 -0.84

130 =0.88

140

150

-0.94

-0.90

160 -0.98

170 -1.04

180 -1.08

1.00

10 0.93

20 0.65

30 0.24

40 -0.54

50 -0.97

60 -0.95

70 -0.82

80 -0.71

90 -0.82
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Table 3 (cont'd)

Run Number 15 Nj^^ = 3.23x10^ Nua 0.408 f = 2.0 cps

9 e

(degrees) (dimensionlessj (degrees) (dimensionless)

CC^'v

10

1.00

0.95

20 0.59

30 0.06

40 -0.54

50 -1.42

60 -1.82

70 -2.26

80 -2.26

90 -2.22

100 = 1.76

110 -1.64

120 -1.29

130 -0.95

140 -0.86

150 -0.72

160 -0.73

170 -0.78

180 -0.79
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Table 3 (cont'd)

Run Number 16 Nj^^ = 3.23x10' N„^ = 0.400 f = 3.4 cpsua

e 9

(degrees) (dimensionless) (degrees) (dimensionless)

1.00

10 0.98

20 0.80

30 0.35

40 -0.33

50 -0.52

60 -1.28

70 -1.51

80 -1.31

90 = 1.12

100 =0.97

110 -0.98

120 -0.93

130 -0.92

140 -0.95

150 -0.93

160 =0.96

170 -0.92

180 -0.95
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Table 3 (cont'd)

Run Number 17 Nj^^ = 3.23x10^ N^^ = 0.387 f = 12.2 cps

e e

(degrees) (dimensionless] (degrees) (dimensionless)

1.00

10 0.95

20 0.66

30 0.14

40 -0.53

50 -1,41

60 -1,94

70 -1.77

80 -1.47

90 -1.43

100 -0.97

110 -0.74

120 =0.76

130 =0.73

140 -0.77

150 -0.78

160 -0.80

170 -0.78

180 -0,78
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Table 3 (cont'd)

Run Number 18 Nj^^ = 3.23x10^ N,,^ = 0.390 f = 29.0cpsua

e

(degrees) (dlmensionless) (degrees) (dimensionless)

1.00 80 = 1.68

10 0.96 85 = 1.46

20 0.69 90 = 1.33

30 0.22 95 -1.29

. 35 0.02 100 -1.22

40 -0.33 110 -1.10

45 -0.87 120 -0.95

50 -1.37 130 -0.96

55 -1.48 140 =0.69

60 -1.59 150 -0.94

65 -1.74 170 -0.97

70 -1.72 180 -0.92

75 -1.72
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Table 3 (cont'd)

Run Number 19 Nrq = 3.43x10^ Ny^ = 0^378 f = 2.0cps

(degrees) (dimensionless] (degrees) (dimensionless]

1.00 85 "2o45

10 0.92 90 "2=48

20 0.60 95 -2.47

30 -0.10 100 -2.37

32 -0.09 103 -2.35

34 -0.24 106 -2.29

36 -0.30 110 -2.26

38 -0.43 112 -1.90

40 -0.54 115 -1.62

50 -1.28 118 -1.47

55 -1.60 120 -1.46

60 -1.82 125 -lo20

65 -2.03 130 -0.78

67 =2.16 135 -0.68

70 -2.24 140 -0.78

72 -2.28 150 -0.76

74 -2.32 .160 -0o73

77 -2.34 170 -0.73

80 =2.38 180 -0.73
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Table 3 (cont'(

Run Number 20 Nrq = 3.43x10* Nua = 0.367 f = 7.3 cps

(degrees) (dimensionless] (degrees] limensionless]

1.00

10 0.93

20 0.59

30 0.12

35 -0.20

37 -0.34

40 -0.58

45 -1.16

48 -1.20

50 -1.37

55 -1.74

60 -1.80

65 -1.97

70 -2.20

72 -2.25

75 -2.17

77 -2. 15

80 -2.08

82

85

90

92

95

98

100

105

110

115

120

125

130

140

150

160

170

180

= 1.81

-1.72

-1.60

-1.54

-1.44

-1.27

-1.29

-1.27

-1.26

-1.25

-0.99

-1.26

-1. 14

-1.19

-1.26

-1.27

-1.19

-1.21
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Table 3 (cont'<

Run Number 21 NRe = 3.52 X 10^ Nua = 0.405 f = 2.0 cps

(degrees) (dimensionless)

, 1.00

10 0.87

20 0.53

30 0.01

40 -0.67

50 -1.43

60 -1.84

70 -2.26

80 -2.26

90 -2.65

e

(degrees) (dimensionless]

100

110

120

130

140

150

160

170

180

-2.40

-2.27

-1.52

-0.76

-0.79

=0.78

-0.79

-0.79

-0.78
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Table 3 Ccont'(

Run Number 22 Nrq = 3.52x10' Nua f = 12. 4 cps

e 9

(degrees) (dimensionless) (degrees) (dimensionless]

1.00 100 -1.44

10 0.89 110 -1.29

20 0.58 120 = lo25

30 0.05 130 = 1.26

40 =0.52 140 = 1.28

50 -1.29 150 = 1.30

60 -1.74 160 -1.30

70 -2.10 170 -1.31

80 -2.13 180 -1.32

90 -1.64

81
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