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TURBULENT BOUNDARY LAYER SEPARATION OVER A REARWARD FACING RAMP AND

ITS CONTROL THROUGH MECHANICAL EXCITATION

Daniel J. McKinzie, Jr.

National Aeronautics and Space Administration
Lewis Research Center

Cleveland, Ohio 44135

SUMMARY

A vane oscillating about a fixed point at the inlet to a two-dimensional 20 ° rearward facing ramp has

proven effective in delaying the separation of a turbulent boundary layer.

Measurements of the ramp surface static pressure coefficient obtained under the condition of vane oscilla-

tion and constant inlet velocity revealed that two different effects occurred with surface distance along the ramp.

In the vicinity of the oscillating vane the pressure coefficient varied as a negative function of the vane's trailing

edge rms velocity; the independent variables on which the rms velocity depends are the vane's oscillation fre-

quency and its displacement amplitude. From a point downstream of the vane to the exit of the ramp, however,

the pressure coefficient varied as a more complex function of the two independent variables. That is, it was
found to vary as a function of the vane's oscillation frequency throughout the entire range of frequencies cov-

ered during the test, but over only a limited range of the trailing edge displacement amplitudes covered. More

specifically, the value of the pressure coefficient was independent of increases in the vane's displacement ampli-
tude above approximately 35 inner wall units of the boundary layer. Below this specific amplitude it varied as

a fimction of the vane's trailing edge rms velocity. This height is close to the upper limit of the buffer layer,

indicating that the action of the vane is primarily affecting the buffer and viscous sublayers of the boundary

layer.

A parametric study was made to determine the vm'iation of the maximum static pressure recovery as a
fimction of the vane's oscillation frequency, for several ramp inlet velocities and a constant displacement

amplitude of the vane's trailing edge. The results indicate that the phenomenon producing the optimum delay

of separation may be Strouhal number dependent.

Corona anemometer measurements obtained in the inner wall regions of the boundary layer for the excited

case reveal a large range of unsteadiness in the local velocities. These measurements imply the existence of

inflections in the profiles, which provide a mechanism for resulting inviscid flow instabilities to produce

turbulence in the near wall region, thereby delaying separation of the boundary layer.

1. INTRODUCTION

A rearward facing ramp, like a rearward facing step, is a common geometric element used in many flow

devices. The rearward facing ramp is particularly important, because it is the fundamental element of diffuser

designs. Diffi_sers, in turn, are components of turbopropulsion systems, wind tunnels, test facilities, etc. In

these devices they fiequently operate to provide maximum pressure recovery, which has been shown experimen-

tally to occur at conditions approaching transitory detachment. This flow condition becomes particularly critical

to off-design or unsteady inlet flow conditions that may produce complete or partial separation. Therefore, in



orderto identify favorable as well as adverse flow phenomena that affect separation it is important to experi-

mentally investigate phenomena that control separation. In addition, an understanding of these phenomena

could eventually provide design criteria leading to development of a shorter diffuser, and also improved jet

engine inlet designs.

1.1 Unsteady Diffuser Flow Studies

Artificially induced large scale flow structures have been employed successfully in the past to improve flow

attachment over surfaces, t Two examples involve the use of common streamwise vortex generators to control

flow over an aircraft wing and to maintain attached flow in large angle diffusers. In each case the mechanism

has been hypothesized to involve the creation of streamwise vortices that cause a transfer of energy from the

outer flow to the boundary layer. Transverse flow disturbance structures have also been examined as a method

to control boundary layer separation. Devices have included: transverse cavities to generate disturbances that

delay flow separation over an airfoil to higher angles of attack, spacers to build transverse cavities on diffuser
walls, and a transverse standing vortex, driven by a control jet at a fixed position in a diffuser. More recently,

spiral shaped rotors mounted in the wall on each side of the channel just upstream of the inlet to a two-
dimensional diffuser were used in three test cases in which the half angle of the walls was set at 8% 12% and

15°. t Each rotor produced a vortex structure that was convected through the diffuser, resulting in an unsteady

flow. In addition, the phase angle between the rotors could be controlled. Surface pressures and smoke

visualization were the principal measurements made in this study in addition to several vertical mean velocity

profiles. The operating mechanism hypothesized by Viets, et al. t suggests that the rotol-s allow flow to turn

through the large expansion angle at the inlet to the diffuser, and the vortex structures generated energized the

boundary layer allowing it to overcome the larger pressure gradient of the diffuser. Although the pressure

recovery improvement was small the study concludes that time dependent flows appear to have potential to

improve the performance of the diffusers.

Chen and Shiying, 19892 presented experimental measurements for an asymmetric two-dimensional 15°

diffuser operated at inlet velocities of 15, 30, and 45 m/sec. The purpose of the investigation was to examine
that inherent unsteady wall to wall "flipping" phenomenon of the diffuser separated flow, discussed by Viets,

et al., 1 with the intent of learning how to control it and thus improve diffuser pressure recovery. It was found

that a spoiler like flap mounted on the nondivergent wall caused the separation to fllp from one wall to the

opposite wall, and when coupled with an active control technique (oscillation of the flap) reduced the size of the

separation zone and improved the diffuser's performance. Measured data are presented in the form of rms

velocity, kinetic energy contours, and a backflow parameter as a fimction of flap location, displacement ampli-

tude, and frequency of oscillation. The optimum axial mounting location for the flap on the nondivergent wall
was found to be opposite the divergent wall where the flow begins to separate. The "flipping" phenomenon was

optimized as a function of the flap starting angle, displacement amplitude, and frequency of oscillation. The

best control was found when both wall boundary layers separated simultaneously (in phase) which resulted in no

mixing of the two wall shear layers at the outlet from the diffuser. Finally by increasing the frequency of

excitation above a Strouhal number, St t, of 0.03 (based on the throat height, t) separation regions were prevented

from establishing, thus improving performance.

1.2 Airfoil and Divergent Plate Studies

Two additional experimental studies by Neuburger, et al. 3 and Katz, et al. 4 are of particular interest. Nei-

ther one is specifically a study of a rearward facing ramp or diffuser flow. They are however, studies of the

delay of separation produced by the introduction of periodic, two-dimensional perturbations into a boundary

layer upstream of separation. Neuburger, eta!. _ considered flow passing over an airfoil at large angle of attack,



and Katz, et al. 4 studied turbulent flow passing over a divergent plate connected to an axially oriented splitter

plate located in a mixing layer facility. The delay of separation was brought about by a small ribbon or flap

positioned upstream of the point of separation, fastened to the surface along its upstream edge and oscillated

over a specified frequency range. The purpose of the airfoil stud)? was to prove the hypothesis that the detach-

ment of the shear layer may be delayed to a higher angle of attack by increasing the characteristic width or

scale of the eddies generated by the Kelvin Helmholtz instability of a free separated shear layer. This change in
the scale of the eddies then is the mechanism by which a change in the rate of entrainment into the separated

shear layer occurs, thus delaying separation. More specifically, when the entrained fluid comes from the limited

reservoir bounded by the separated shear layer and the solid surface of the airfoil, the pressure is reduced, caus-

ing the separated shear layer to bend toward the surface in order to provide the required balance between the
curvature of the flow and the pressure gradient in the direction perpendicular to the streamlines. A similar

explanation was also provided by E.J. Rice in a private communication in March, 1988 and expanded upon in
Rice and Abbott: Flow visualization, surface pressure measurements, and wake surveys to determine the drag

coefficients were made for two airfoils in this investigation. The study showed that delay of stall and enhance-

ment of (CI),,,_ for both airfoils was achieved depending on the geometry of the airfoil, the Reynolds number,

location of the vibrating ribbon, and the frequency and amplitude of the imposed oscillation. Proof of the hypo-

thesis was inferred by the pressure coefficient and flow visualization data presented.

Katz, et al. 4 proposes the same mechanism as Neuburger, et al: The study was undertaken to test the

concept of this mechanism and its feasibility. A flat plate was hinged at a divergent angle of 18° to a splitter

plate oriented axially in a mixing layer facility. The arrangement provided a discontinuity in the pressure

gradient which could not be negotiated by the upstream boundary layer, thus the flow separated near this

location. A small flap was positioned at the hinge location in such a manner that it could be oscillated. The

displacement amplitude of the flap was small and on the order of -1 mm. Hot wire, local surface pressures,

and two point phase locked measurements was made. Katz, et al. 4 present measurements of the variation of the

momentum thickness, 0, the shape factor, H, and the skin friction coefficient, C,, with surface distance as a

function of the flap oscillation frequency and displacement amplitude. In addition, a mean velocity profile

measured approximately half way along the surface of the divergent flat plate was presented in wall coordinates

with the laws of the wall and wake fitted to the data. The separated, unexcited shear layer flow was shown to

be the same as that of a classical mixing layer; as such, it could be excited as are mixing layers. The flap was

operated at frequencies corresponding to Strouhal numbers based on momentum thickness that were less than

0.01 and flap displacement amplitudes that produced local turbulence intensities of 0.25 percent. These condi-

tions resulted in delay of separation and increases in values of the maximum pressure coefficient approaching

100 percent of the tlnexcited case. The study concluded that the introduction of harmonic, two-dimensional
oscillations results in the delay of separation of the flow and changes the proportions between the "wake" and

"wall" functions; it does not, however, alter their universal forms.

In summary, it may be observed that the latter two studies 3"4demonstrate that a delay of boundary layer

separation may be produced by the introduction of lateral two-dimensional forced sinusoidal oscillations into the
near wall region at a location very close to the point of the nonforced boundary layer separation. The question

might be asked, is there any particular significance in the fact that the forced disturbance signals were intro-

duced into the boundary layer at a location just upstream of, or very close to, the origin of separation of the

nonforced boundary layer? The studies reported ,4 do not provide specific answers to this question, but they do

imply that the neighborhood of the boundary layer separation may be the optimum location at which to intro-

dt,ce the forcing disturbance that in turn produces significant effects on the separated shear layer resulting in a

delay of separation. It is proposed here that not only is this specific region of the flow field possibly the

optimum location to inject the disturbance signal, but in addition, the interaction of the extended downstream

boundary layer with the disturbance signals may be of equal importance. Several aspects of these turbulent

boundary layer phenomena are discussed below.



1.3PeriodicFlow in Pipes and ChannelsmBoundary Layer "Bursting" Phenomenon

Kline, et al: and others 717 in their studies of the structure of turbt, lent boundary layer have presented

extensive visual and quantitative data for flows experiencing zero, negative, and positive pressure gradients.

These studies have revealed the presence of well-organized spatially and temporally dependent motion within

the "laminar sublayer." These motions lead to the formation of low-speed streaks in the region very near the

wall, and these streaks interact with the outer portions of the flow resulting in sudden oscillations, bursting, and

ejection. These processes are believed to play a dominant role in the production of new turbulence and the

transport of turbulence within the boundary layers on smooth walls. These studies indicate that the "bursting"

phenomenon culminates in "breakup" at a height above the wall in inner wall coordinates, y', of approximately

50. Breakup is defined as an amplifying rapid oscillation or sudden instability,

Ramaprian, et al) _ discuss the phenomena occurring in periodic turbulent pipe and channel flows. Sinusoi-

dai oscillation at moderate to high frequencies were superimposed on the mean flow; the effects of these oscilla-

tions on the time-mean, the ensemble-averaged, and random properties of the flow were measured. Results

from this study reveal that imposed periodicity plays a significant role in the "bursting" process if the oscillation
frequency is higher than a critical frequency. Ramaprian, et al) _ present a classification scheme for pipe and

channel flow in which five regimes of periodic turbulent shear flow are identified and for which unique physical

descriptions are offered.

Blackwelder and Swearingen, 1983 ts proposed a mechanism that they believe results in the series of events,

which collectively is referred to as the "bursting" phenomenon. They present measured near wall turbulent

boundary layer profiles showing points of inflection. The character of the data prompts them to suggest that the

spatial inviscid linear stability theory of Michalke _9 may provide a mechanism for explaining the exponential

growth rates of disturbances that culminate in the "bursting" phenomenon. They justify this proposal with argu-
ments based on references cited in the literature. One of these arguments concerns the three dimensionality of

the near wall region. The use of Michalke's theory is justified in this regard by citing the work of Nishoika,

et al. 2° in which the two-dimensional theory is shown to be valid in highly-three dimensional fields.

Accordingly a relationship for the frequency of the forced disturbance that will produce the most amplified

wave number is presented) s

1.4 Present Experiment

In each of the four studies, _-4briefly reviewed above, the qualitative description by which the active

mechanical methods control the delay of boundary layer separation appear to be similar. The description, how-

ever, considers only the action of large scale disturbance structures in the outer region of the boundary layer. It

does not explain how the remainder of the boundary layer and, in particular, the inner wall region small scales

react/interact with the large scale structures bringing about attached flow resulting in the delay of separation.

Therefore, the present experimental program was initiated to study the effect of an oscillating vane on the delay

of separation of the boundary layer produced by a 20 ° rearward facing ramp with the purpose of learning more
about the delay of separation mechanism. The program is part of an overall effort at the NASA Lewis Research

Center 2_'22to study the effect of controlled disturbances on the natural flow instabilities of several types of

turbt, lent shear layers, with the objective of controlling them. This paper has the following two objectives:

first, to present experimental measurements in a study that identified an oscillating vane located on the surface

of a rearward facing ramp as an effective active excitation device for the open loop control of turbulent

boundary layer separation, and second, to explain qualitatively the phenomena effecting the delay of separation.



2. EXPERIMENTAL FACILITY

2.1 Model and Test Facility

Figure I presents a schematic diagram of the ramp attached to an upstream flat plate, positioned within the

NASA Lewis 20- by 30-in. Low Speed Wind Tunnel. 2_ The flat plate was fabricated from hard wood, using a

lamination technique; its surface was smooth and nonlacquered. It was designed to compensate for boundary

layer growth resulting in a zero axial pressure gradient at the inlet to the ramp. A cylindrical transition section

having a 3.8 cm radius of curvature joins the flat plate to the 20 ° rearward facing ramp. The surface of the

cylindrical transition section was designed to match the radius of curvature of a vane having a 2.54 cm chord

and thickness of 0.025 cm. The vane was positioned at the crest of the ramp, attached to the surface along its
upstream edge, and was sinusoidally oscillated over a frequency range and peak to peak displacement height, h,

of 15 to 33 Hz and from 0.089 to 0.533 cm, respectively. The surface location, at which the vane was located,

was arrived at in a series of tests that qualified the vane as an effective separation control device in the present

study. The vane actuator mechanism, located within a hollowed out portion of the model, was driven by a

precision vibrator located beneath the tunnel. A miniature accelerometer, positioned on the driver push rod

mechanism, was used to monitor the frequency and displacement of the vane, thus insuring a smooth sinusoidal

wave form. The inphase operation of the vane, its oscillation frequency, and displacement were cross checked

optically using strobe equipment. In order to insure a turbulent boundary layer at the inlet to the rearward fac-

ing ramp for all test cases presented herein, a 23 cm wide by 76 cm long strip of number 40 sandpaper was
positioned well upstream near the crest of the acel/decel ramp-up inlet, as schematically shown in figure 1. The

Reynolds number based on momentum thickness was 1200 for a typical case where the inlet velocity to the

ramp was 6.6 m/sec.

2.2 Instrumentation

The ramp/flat-plate model was instrumented with 38 axial static pressure taps and 3 spanwise rows of

5 static pressure taps. Flow field and turbulent boundary layer measurements were made using single and cross

wire anemometry in addition to a recently developed version of a high voltage corona anemometer. 24'__ A

corona anemometer is a device that can measure the speed and direction of a gas by the displacement of an ion

beam produced by a corona discharge. It is bidirectional and responds dynamically, therefore, it is especially

suited to measure unsteady reversing flow. Data from this probe are presented as contours of averaged flow
reversal per unit time that can be used to identify the several stages of unsteady separation discussed by

Simpson, et al. 26 The working head of this instrument is shown schematically in figure 2.

3. RESULTS AND DISCUSSION

3.1 Surface Pressure

Typical surface pressure coefficient data, referenced to the upstream inlet conditions to the ramp, are pre-
sented in figures 3 and 4 as a function of surface distance, S. The data were obtained for inlet velocities, U_, in

the range from 2.6 to 10.5 m/sec (Reynolds number per meter from nominally 1.3x!O _ to 6.5x10_). For the U_

of 2.6 m/sec nonexcited case (vane removed, fig. 3) separation occurred at the inlet to the ramp. Oscillating the

vane at 23.5 Hz and a peak to peak displacement amplitude, h, of 0.48 cm produced a large reduction of the

pressure coefficient at the location of the vane. This was followed abruptly by an equally large increase result-

ing ultimately in almost 100 percent recovery of the static pressure (ideal pressure recovery, (PL - P_)/

q_ = 0.278) at the ramp's exit. The 6.6 m/see inlet velocity case is presented in figure 4. Note that for the
nonexcited condition (vane removed) separation did not occur over the entire ramp. This lack of complete
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separationagrees, however, with experimental criteria discussed by Chen, et a13' Exciting the flow at 29 Hz

and an h of 0.533 cm produced a recovery of 88 percent of ideal.

The data presented in figure 5(a) represent a parametric study of the maximum_ values of the static pressure

recovery as a function on excitation frequency, f, for several inlet velocities, U1, of 2.6, 4.6, 6.6, and 10.5 m/sec
and a constant h of 0.3 i 8 cm. For the 2.6 m/see case the peak recovery occurred at 24 Hz; note the roll-off

from the peak at the larger oscillation frequency. At 4.6, 6.6 and 10.5 m/sec a peak did not occur since the

oscillator used in the experiment was too weak to maintain the displacement amplitude at higher frequencies.
These results show, however, that the optimum excitation frequency increases in some proportional relationship

with U,. The optimum frequency for the 6.6 m/see case is approximately 33 I-Iz, which is based on the obser-
vation that the data are approaching the ideal recovery limit. This is close to the so-called most-probable fre-

quency of 30 Hz, which was measured for the same inlet velocity, but nonexcited condition. The most-probable

frequency is that frequency that corresponds to the peak in the spectrum of streamwise velocity fluctuations of

an unforced mixing layer.

The data presented in figure 5(b) represent a parametric study of the maximum values of the static pressure

recovery as a function of h for several inlet velocities, U---_,of 2.6, 6.6, and 10.5 m/see and a constant oscilla-

tion frequency of 24 Hz. Note that the maximum pressure recovery for all three cases increases with increasing
h reaching maxima in the range of h between nominally 0.356 and 0.4 cm. Note also that if the 2.6 m/see

case is excluded, an h of 0.356 cm may well represent the displacement amplitude at which the maxima for
the 6.6 and 10.5 m/see cases occur.

Figure 6 presents a parametric study for the UI case of 6.6 m/see. Measurements of the pressure coeffi-

cient are presented as a function of surface distance, S, for six values of h at constant f (fig. 6(a)), and for six

values of f at constant h (fig. 6(b)). Note that the magnitudes of the pressure coefficients at the surface loca-

tion, S, of 15 cm progressively decrease, first, with increases in h at constant frequency (fig. 6(a)), and second,

with increasing oscillation frequency, f, at constant h (fig. 6(b)). Thus the pressure coefficient at this location

is clearly dependent on the motion of the vane's trailing edge. Since the vane oscillates in harmonic motion

according to the following relationship

h sln (2nhT)
y_ - _

where T represents time. The fluctuating velocity of the vane's trailing edge may be expressed as

@Yr . _fh cos (2rifT)
v- _-_

And its rms velocity is given by

Therefore the vane's trailing edge rms velocity is a direct function of the product of the vane's oscillation

frequency and its peak to peak displacement amplitude. Thus the pressure coefficient in the vicinity of the

vane's trailing edge appears to vary as a negative function of the vane's trailing edge rms velocity, v,,,,. At the
location of maximum recovery, S of 34 cm, the static pressure recovery varies as a more complex positive func-

tion of the two independent variables, f and h. That is, it varies as a positive function of the vane's oscillation

frequency, f, throughout the entire range of frequencies tested, but over only a limited range of the trailing edge

displacement amplitudes, h, covered. More specifically, from a point near the downstream edge of the vane to

6



theexit of the ramp, the value of the pressure coefficient is independent of increases in the vane's displacement

amplitude above approximately 0.318 cm. Below this limiting amplitude it varies as a function of the vane's

trailing edge rms velocity. This suggests the possibility that two different responses to the operation of the vane

are occurring. One in the neighborhood of the vane and another starting downstream from the vane and persist-

ing to the exit from the ramp. This result is interesting in relationship to measured velocity profiles obtained at
several locations within 1.27 cm of the trailing edge of the vane. The profiles reveal coincidently that the iner-

tial sublayer (y* of 50) begins at a height above the ramp surface of 0.356 cm. This height is considered close

to the "limit" height of 0.318 cm referred to above. Thus the near field action of the vane appears to be primar-

ily affecting the buffer and viscous sublayers of the boundary layer. As mentioned above, Kline, et al. 6 and

others 717 have identified y* of 50 as the location where the "bursting" phenomenon culminates in "breakup'.

Therefore, the observation may be made that the optimum displacement height at which the vane was operated

corresponds closely to a nominal location above the surface which includes the laminar sublayer and some por-
tion of the buffer layer. And further, this location appears to correspond to a point in the boundary layer where

the "bursting" phenomenon culminates in "breakup."

At this point it must be mentioned that the effective operation of the oscillating vane was fot, nd to be

strongly dependent on the trailing edge closing completely down on the ramp's surface. For example, operating

at the condition, U,, of 6.6 m/sec and with a gap height of 0.058 cm, between the ramp's surface and the lower

limit of travel of the vane's trailing edge, resulted in a reduction in the maximum static pressure recovery of

23 percent in comparison to the case in which the vane completely closed down on the surface.

While the mechanisms that explain the data presented in figures 5 and 6 are not completely known at this

time, the data appear to indicate that the upstream laminar sublayer and buffer layer are regions in the boundary

layer that are of primary importance to the phenomena.

It should also be mentioned that most of the data to be discussed from this point on, are for the case where

U, is 6.6 m/sec.

3.2 Flow Reversal Contours

A typical example of the corona anemometer unsteady velocity probability density function versus output

voltage (velocity histogram) is presented in figure 7. The data were obtained at a location half way down the

length of the ramp at a height above the surface of 0.127 cm. This signal, in plus or minus dc volts, represents

an averaged measure of the difference in ion current between the two low voltage {target) electrodes of the

probe (see fig. 2). The area under the curve can be processed to determine the average flow reversal per unit
time, and the four statistical moments (mean value, variance, skewness, and flatness factor). In addition, the

intercepts along the abscissa represent a measured range of the unsteady gas velocity. For the nonexcited case,
backflow (up the ramp) is occurring nearly 80 percent of the time. In the event that the backflow was occurring

100 percent of the time, the entire curve representing the probability density function would lie in the negative

range of the probe's output voltage. Thus, the unsteady component of the output signal, although fluctuating,

would always have a negative value. In the excited case, backfiow is occurring for about 35 percent of the

time. Thus, the data in figure 7 show that the vane has delayed flow separation and improved the degree of

flow attachment at the indicated probe location.

Figure 8 presents contours of the averaged flow reversal rate over the ramp for the nonexcited and excited

cases. The inner boundary of these measurements was 0.152 cm above the ramp's surface, well within the inner

wall region of the botmdary layer. Figure 8(a) presents the nonexcited measurements showing that 100 percent

reversal was measured at a point nominally 2.2 cm downstream from the ramp's inlet. The 50 percent reversal

contour represents a boundary below which the mean flow velocity is considered reversed; note that this contour

7



is located well above most of the ramp's surface. Thus, from a point nominally 2 cm downstream from the

inlet to the ramp to it's exit the mean flow may be considered in a separated state. Figure 8(b) presents the
excited case showing that in the inner wall region, from a point nominally 0.64 cm downstream from the vane's

trailing edge to the ramp's exit, the flow is attached with a maximum reversal rate of 6 percent near it's exit.
These data indicate that while the flow within the inner region of the boundary layer has an unsteady compo-

nent it is not separated from the ramp's surface at any time with regards to the mean component of the velocity,

thus separation, if it exists at all, has been delayed to a point downstream from the exit of the ramp. In sum-
mary, figure 8(b) clearly shows that separation was delayed, and also the degree and extent of the attachment

for the operating conditions shown.

3.3 Effects in the Vicinity of the Vane

The following is a discussion of the interaction between the oscillating vane and the inner region of the

boundary layer fluid passing over it. Since a quantitative description of the vane's interaction with this

boundary layer is beyond the scope of the present effort, a discussion follows of the phenomena that have been

observed in experimental investigations specifically directed to the study of this interaction.

Ramiz and Acharya 28 studied the unsteady separation introduced into a boundary layer by the motion of a

spanwise flap in a pitch-up and hold movement. The undisturbed boundary layer thickness at the flap location
was of the order of the flap height. Their objective was to spacially track the separation produced by the flap.

The study concluded that the strength and "hold" time of the vortex formed and the features of the ensuing

separation are strongly dependent on the rise time of the flap. For longer rise times, a longer time is available

for vorticity to accumulate at the tip of the flap. However, the separation region behind the flap also has more

time to grow, and is large in streamwise extent when the initial vortex is released from the tip of the flap. As a
result, a well-defined vortex is not always seen. In contrast, for a shorter rise time, the initial vortex releases

from the flap before the separated region has had time to grow. The vortex is well defined and grows as it

convects downstream, as the separated region is established following it.

Nelson, et al. 29 investigated the unsteady, separated flow produced behind a flap for both sinusoidal

oscillations and pitch-up and hold motions. The undisturbed boundary layer thickness at the flap location was

approximately one and a half flap heights. The objective of the study was to obtain detailed velocity measure-
ments in the unsteady and separated flow region behind the flap with special emphasis on the unsteady revers-

ing flow. The sequence of events that the study revealed for an oscillating flap are as follows. As the flap rises

from the wall a strong vortex is formed and negative velocities with magnitudes larger than the free stream are

observed. The vortex grows until the flap reaches its maximum extension from the wall. When the flap begins

to move back towards the wall, the vortex is released and convects downstream. As Ramiz, et al. _ also noted,

Nelson, et al. 29describe the phenomena as being strongly dependent on the flap rise time. The size of the vorti-

cal region formed behind the flap reduces as the oscillating frequency of the flap is increased. Under low fre-

quency conditions the vortex appears to look like a quasi-steady separated region and a large shear layer is

formed starting at the trailing edge of the flap. At the higher frequency condition the size of the shear layer
decreases and the unsteady vortex becomes coherent. The presence of the strong coherent vortex induces a

region of secondary vorticity of opposite sign upstream of itself.

Miau, et al. 3° investigated the flow phenomena downstream of an oscillating fiat plate immersed in a turbu-

lent boundary layer. The purpose of the investigation was to learn how to control separated flow using the

unsteady flow structures generated by the oscillating plate in order to enhance the momentum exchange between
the free stream fluid and the flow near the wall. The undisturbed boundary layer height at the flap location was

4.5 times that of the extended plate. During the experiment the plate was sinusoidally oscillated over a fre-

quency range from 2 to 15 I-Iz or in terms of the reduced frequency



£h

from 0.0018 to 0.013. Where h represents the width of the plate and U. is the free steam velocity at the

edge of the undisturbed boundary layer. The experimental results identified a critical reduced frequency near

0.009, which distinguishes two types of flow with different characteristics. Under the subcritical condition the

flow showed quasi-steady behavior. That is, a well defined vortex was not always seen at the tip of the plate,

but rather a large shear layer was formed. This shear layer flapped up and down in response to the oscillating

motion of the plate. Under the supercritical condition, the shear layer shed from the tip of the oscillating plate

rolled up into a large scale vortex. Below the tip and closer to the floor of the facility a lower speed volume of

fluid was formed into a vortical structure. This vortical structure had an opposite rotational direction and did

not release downstream until the plate was retracted toward the flow. This effect became stronger as the

reduced frequency was increased. An analysis was performed in order to estimate the magnitude of the critical

frequency, however, a comparison with experimental measurements showed it to be in error by a factor of 2.

Therefore, the value of the critical frequency number appears to be uncertain, although the concept that a critical

frequency exists appears to be well based experimentally.

In summary, the three investigations 2s_° have supported each others' findings. They have established that

two types of flows with different characteristics can exist for a sinusoidally oscillating flap, and that the exis-

tence of these types of flow are frequency dependent. The direct applicability of these results to the present

investigation is not certain. While the nominal Reynolds number range and flap oscillation frequencies are

similar between the investigations, the flap configurations are not. In each of the investigations :s3° discussed

above, the flap or plate used was a flat plate that was actuated from a position flat against the floor of the test

facility to an extended position perpendicular to the floor. In the present investigation the vane was not a flat

plate, but had a 3.8 cm radius of curvature and a chord length of 2.54 era. It was actuated from a position in

contact with the curved surface of the ramp model to an angle of nominally 7.2 ° above the surface. Thus the

vane used in the present test was acting more like a wedge having a small wake, while each plate used in the

studies 2s3° acted more like a high drag obstacle. This might be expected to effect differences in the rate of

vorticity accumulation and its intensity, but otherwise it is believed the two types of disturbance generators

would interact similarly with the boundary layer fluid. A consideration of the experimental measurements

obtained during the present study follows.

Figures 9 and 10 present single hot wire mean velocity profiles at locations 0.127 cm upstream and
0.572 cm downstream, respectively, of the vane for the nonexcited case (vane down on the surface) and excited

case (vane oscillating at 30 I-lz and h of 0.318 cm). For the excited case the vane's trailing edge rms fluctuat-

ing velocity was calculated to be 3.2 percent of the local free stream velocity. A comparison of the curves in

each figure indicates an increase in the mean velocity within the boundary layer has occurred and that an appar-

ent wall jet exists 0.572 cm downstream from the vane as indicated by the abrupt change in the velocity gradi-

ent (fig. 10). The velocity profiles presented in figure 10 are of particular interest because, for the nonexcited

case they were obtained just upstream of the boundary layer separation. Also their comparison indicates a com-

plex abnipt change in the velocity gradient occurred for the excited case. This change indicates a change in

vol_icity that suggests the possibility that two two-dimensional counter rotating vortices maybe present near the

wall. This particular aspect is believed important to a qualitative explanation of the phenomena of the delay of
separation for the rearward facing ramp considered here. It must be remembered that the initial condition of the

flow field considered here is one in which the flow is not excited and the boundary layer is separated from the

ramp's surface at a point 2.2 cm downstream from the ramp's inlet. It is this condition that the oscillating vane

initially affects. That is, the vane is periodically forming a volume of fluid containing accumulated vorticity

that may or may not roll-up to form a vortex. In either case the periodically formed volume leaves the vicinity

of the vane and is convected downstream. The growth and evolution of this disturbance volume, as it interacts



with the stability characteristics of the flee shear layer, eventually effects changes in the free shear that cause

the location of separation to be delayed to another location downstream.

For the excited case, both single and cross wire measurements of the turbulence intensity at an axial

distance downstream from the vane of 0.572 cm were obtained. The peak turbulence intensities had nominal

values of 32 percent of the local free stream velocity; in terms of the local axial velocity component, U, this

value rises to 69 percent. This level is considered high. It should be kept in mind in the following discussion

that for the excited case presented in figures 9 and 10 the vane is oscillated at 30 Hz, which is the most-

probable frequency of the nonexcited shear layer, as discussed previously in section 3.1. The significance of a

strong disturbance signal at the most-probable frequency of the nonexcited free shear layer is perhaps best

explained by reviewing briefly the work of Ho and Huang. al They present a study of the evolution of the
coherent structures of a forced free two-dimensional mixing layer. The mixing layer was formed by two steams

of flow at different velocities mixing downstream of the trailing edge of a splitter plate separating the streams.

The disturbance signal was produced by perturbing the flow rates of each stream upstream of the splitter plate's

trailing edge. Velocity perturbations were generated only in the streamwise direction. Downstream of the

trailing edge, transverse velocity perturbations appeared along with the streamwise velocity perturbations. Ho

and Huang 3_ explain that this was due to the curvature of the stagnation streamline that varied in time in order
to accommodate the condition of continuity of pressure across the mixing layer. Thus when the mixing layer is

periodically forced, coherent structures develop periodically owing to the streamwise and transverse velocity

perturbations. Therefore, in the study by Ho and Huang 3t the forcing disturbance was not produced by the

action of an oscillating plate that introduced vorticity directly into an evolving shear layer downstream of the

plate's trailing edge, as was the case in the three oscillating flat plate studies? 8_ Ho and Huang _' proceed to
show that the stability of the mixing layer flow and the forcing function play important roles in determining the
initial formation of vortices and their evolution as they are convected downstream. A relationship between the

forcing function and the stability of the mixing layer is expressed as a function of the forcing frequency, the

response frequency, and the calculated most amplified frequency. This relationship then provides clues to the

understanding of the formation of vortices and the multiple-vortex-merging phenomenon that occurs as the vorti-
ces are convected downstream by the fluid. A mode index relationship between the forcing frequency, f, and

the response frequency, fr, is given by

where M represents the M th subharmonic of the response frequency, and is selected by the mixing layer. This

study reveals that if a forcing signal, having the most-probable frequency of the nonexcited mixing layer, is
introduced into the mixing layer then the response frequency of the mixing layer will also equal the forcing

frequency. This condition is identified by indicating that the shear layer is operating in the M - 1 mode. If

the forcing level is high then the mixing layer forms a strong vortex quickly, and, in addition, the processes

leading to multiple-vortex-merging are suppressed for a long distance.

Consideration of the results of the three boundary layer flap interaction studies :8-_°and that of Ho and

Huang _t can serve as a basis for providing insight into the interaction between the boundary layer fluid and the

oscillating vane used in the present effort. Therefore, the following events would be expected to take place
based on these insights. As the curved vane rises from the inlet surface of the 20 ° ramp and penetrates the

boundary layer vorticity is accumulated at its trailing edge. If the critical frequency at which a vortex forms
immediately is greater than the 30 Hz oscillation frequency of the vane, for the specific case considered here, it

is expected that the flow would show a quasi-steady behavior. That is, a well defined vortex would not neces-

sarily form at the vane's trailing edge, but rather a shear layer would fo:"m that flaps up and down in response
to the oscillating motion of the vane. Since the 30 Hz forcing frequency is also equal to the most-probable

frequency of the nonexcited separated shear layer Ho and Huang _ indicate that the shear layer would be
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expectedto functionin the M - I mode. Thus, the 30 Hz flapping motion of the shear layer formed at the

vane's trailing edge would interact strongly with the stability characteristics of the separated shear layer at its

most-probable frequency causing coherent structures to develop as this flapping disturbance grows and is con-

vected downstream of the vane. Since, in addition, the forcing level is high strong vortices would be expected

to form quickly, and the processes leading to multiple-vortex-merging would be suppressed for a long distance.

Alternately, if the vane's 30 I-Iz frequency of oscillation is above the critical frequency the shear layer shed

from the vane's trailing edge would be expected to roll-up into a vortex immediately with the possibility of a

secondary vortex of opposite rotation formed below and upstream of it, as described by Miau, et al? ° The

events following this would be expected to be similar to those presented above for the subcfitical case. In sum-
mary, both of these descriptions suggest that a strong vortex would likely be formed either immediately at the

trailing edge of the oscillating vane, as in the supereritical case, or delayed slightly, as in the subcritical case.

The measured data presented up to this point has been that obtained in the immediate and near vicinity of the

oscillating vane, now consider additional measured data obtained farther downstream of the vane's trailing edge.

Corona anemometry data presented in figure 1l(a) of the unsteady velocity obtained at 0.476 cm down-

stream from the oscillating vane and at a height of 0.152 cm show a distinct wave form. Probability density

data presented in figure 12 were measured downstream from the vane's trailing edge at 0.476 and i.746 cm and

a height of 0.152 cm. These data show two distinct peaks indicating a relatively low noise sinusoidal signal is

being measured; note the large range in unsteady voltage present. Typical smoke wire visualization data
obtained for the 2.6 m/see case are presented in figure 13{a) and (b). The nonexcited case is presented in figure

13(a), where the wire was located upstream of the inlet to the ramp and the vane was removed from the model.

Note the boundary of the separated region over the ramp. The excited case is presented in figure 13(b), where

the wire is located at a point nominally 2.5 cm downstream from the vane's trailing edge. These data clearly

show that the oscillating vane produces vortices, and that these vortices show rapid growth as they convect

down the ramp. Based on this evidence, it appears reasonable to conclude that the velocity profile presented in

figure 10 for the excited case includes the effects of the steady passage of vortices.

Cross wire anemometry data presented in figures 14 and 15 at a position 0.572 cm downstream from the
vane's trailing edge present dimensionless turbulent kinetic energy and Reynolds sheafing stress levels of 10 and

1.8 percent of the mean flow kinetic energy, respectively, that are produced within the lower 10 percent of the

boundary layer, in the near wallr____$_ion. These data indicate that the local boundary layer is indeed attached.
The negative Reynolds stresses, -Uv/(U.)2L, presented in figure 15 appear to be caused by the large coherent

structures produced by the oscillating vane, which is operating in the M -' 1 mode where vortex pairing is sup-

pressed. Oster and Wygnanski 3_ indicate that negative Reynolds stresses were produced in a region of a flow

field they investigated in which vortex pairing was suppressed, as it is in the present investigation. They also

note that negative Reynolds stresses may be associated with the inclination of the large structures.

As noted in section 3.1 the effective operation of the oscillating vane was found to be strongly dependent

on the trailing edge closing completely down on the ramp's surface. The reason for this is not completely

understood, but it seems reasonable to suggest that it involves the interaction of the flow field in the vicinity of

the vane, including its vortical structure, with the surface of the ramp. The data presented in figures 14 and 15

indicate that high levels of turbulent energy are being produced in the near wall region by the action of the

vane. This result appears to be explained by the theoretical analyses presented by Chu, et al. '° and Walker,

Doligalski, and Ersoy, 33"3"_which are studies of the response of a wall boundary layer to the motion of several

different configurations of convected vortices approaching a wall nearby. They consider the resulting flow field
induced by the interaction of the vortices with each other and the local fluid as the vortices approach a wall.

The configurations include both single and pairs of two-dimensional vortices. Doligalski and Walker _3consider

the response to a single two-dimensional vortex. They indicate that such an interaction produces a secondary

vortex in an unsteady separation and subsequent interaction phenomenon; in addition, explosive boundary layer
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growth is to be expected near these vortices. They note that their results suggest that the boundary layer will

erupt into the inviscid region in a strong viscous-inviscid interaction.

Figures 16 and 17 present velocity profile data downstream from the vane's trailing edge at locations of
0.476 and 1.746 cm, respectively. Included in these figures are corona anemometer point measurements that

include a mean value and range of velocities representing the unsteadiness of the local flow. Local unsteady

velocities ranging from :l:15 to :t:37 percent of the local free stream velocity are present. These measurements

clearly show that the range of the unsteady velocity is large, implying that inflections in the profiles exist.

These data once again confirm that a strong forcing function and the stability reaction of the flow are producing

strong mixing phenomena in the near wall region.

3.4 Velocity Profiles - Laws of the Wall and Wake

Figures 18 and 19 present velocity profile data obtained downstream from the trailing edge of the vane at
locations of 1.746 cm and 17.1 cm, respectively, in the form of inner wall variables, u+ and y'. The velocity

profile data are compared to curves representing three different regions of a turbulent boundary layer. The

innermost region, the viscous sublayer, is dominated by viscous shear and is self-similar for all turbulent

boundary layers. It is described by

/./4- I ..V ÷

Where u ÷ and y+ are a filnction of u., which is the friction velocity. Outside of the sublayer, but close to the

wall the velocity is logarithmic and is described by

u" ,, --_in(y +) + C

where K and C are assumed here to equal 0.41 and 5, respectively. Collectively, these equations represent-

ing the sublayer and logarithmic layer are called the "law of the wall." Streamwise pressure gradients have only
small effects on this region. Outside of the wall region, the streamwise pressure gradients are important and the

velocity profile exhibits a wave-like form. In 1956 Coles _s presented an equation for the wake region called the
"law of the wake." His equation included a wave-like function added to the logarithmic equation. This equa-

tion is referred to here as the law-of-the-wake and is written as

where W(y/_) " 2 sin:(rry/25), and the wake parameter 17 brings in the effect of the streamwise pressure

gradient.

The analysis of the turbulent boundary layer presented in figures 18 and 19 included a fit of the data to the
law-of-the-wake. The procedure used was based on the work of Deutsch and Zierke. -_7 A least-squares fit of
the data to the law-of-the-wake was chosen with u. and II as the variables to be determined. An error analy-

sis was performed resulting in two second order partial differential equations that were solved simultaneously
for u. and II to give the minimum squared error. The profile of figure 18 is unique, and not predicted by the

law-of-the-wake, although the law-of-the-wall still appears to apply. Note that a second region starting at y+

of nominally 65 is logarithmic. These are joined by a transition region that corresponds, in the dimensioned

profile of figure 17, to a linear variation of U with y. The data presented in figure 19 measured near the exit

of the ramp show good agreement with the law-of-the-wake.
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In summary,in figure 18 the lack of agreement between the law-of-the-wake and the measured data is most

probably due to two causes. First, the effects produced by the large forcing disturbances introduced into the

inner region of the local boundary layer at the location of the oscillating vane, and second, the local adverse

pressure gradient experienced by the mean flow as it passed over the ramp. In figure 19, the large effects of the

forcing disturbance and the adverse pressure gradient experienced by the mean flow are revealed by the break-

away of the law-of-the-wake at small values of y" from the law-of-the-wall. Finally, it may be observed, as

was done by Katz, et al? that for the excited case in which a strong forcing signal was used to control the delay

of separation, the law-of-the-wall remains valid along the ramp's surface while the wake component appears to
alone show the effect of forcing. It should be pointed out that the disturbance signal used in the test results

presented here was approximately three times larger than the largest disturbance signal reportedly used by Katz,
et al? When comparing the two results this difference has manifested itself by a reduction in the magnitudes of

u" and y" at which the wake component has caused the law-of-the-wake to deviate from the law-of-the-wall.

3.5 Phase and Coherence

Figure 20 presents the variation of the phase angle, qb, measured at 30 Hz with axial_surface distance, L,

downstream from the vane's trailing edge. These data were measured for the test case U_ of 6.6 m/see, an

oscillating vane disturbance signal, f, of 30 Hz, and h of 0.318 cm. They were obtained from cross spectral

measurements at points above the surface corresponding to 40 percent of the local free stream velocity, (U.)_.
In addition, a local value of the coherence is presented in brackets adjacent to each data point. Also, estimates

of the local dimensionless phase speed, CJ(U.)L, of the disturbance and wave length, ;k, are presented. An

apparent discontinuity in the slope of the data is shown at a point 7.5 cm, downstream from the vane's trailing

edge; notice the reductions in the magnitude of the coherence at this same location. Following this, a rise

occurred in coherence near the ramp's exit.

Figure 21 presents spanwise variations of the phase angle of the 30 Hz disturbance signal at three axial
locations from the vane of 0.48, 4.44, and 8.26 cm. They show that the spanwise structure is nominally two-

dimensional for about one-half wave length (X/2 - 5 cm) of the sinusoidal excitation signal. At the third axial

location of 8.26 cm, notice that three-dimensional effects appear to be taking place as evidenced by the large

scatter in the data, suggesting that axial structures are present. These data support the smoke wire visualization

data presented in figure 13(b) of well defined rapidly growing spanwise vortices in the boundary layer that

persisted to a point nominally halfway down the ramp.

3.6 Effect of Strong Periodic Flow

As discussed above, Ramaprian, et al. 1-sstudied the phenomena occurring in periodic turbulent pipe and
channel flow in which sinusoidal oscillations, at moderate to high frequencies, were superimposed on the mean

flow. Figure 22, taken from this study, t_ is a presentation of a classification scheme in which five regimes of

unsteady turbulent shear flow are identified. These regimes are correlated by the parameter

2t_8

U,

where to represents the radial frequency of oscillation,/5 represents the local boundary layer thickness, and

is the mean local friction velocity. The regimes are classified as a function of this parameter versus Reynolds

number, which is based on the local boundary layer thickness,/5. Data from the present experimental measure-

ments obtained at U--tof 6.6 m/sec, h of 0.318 cm and f of 30 Hz are included in the figure and lie
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in regime V. Regime V is described as one in which the interaction between the imposed oscillations and the
turbulent structure will be very strong, and one in which the effect of the periodic flow will be confined to a

very thin layer near the wall. Power spectral measurements obtained in the near wall region at axial surface
locations between the trailing edge of the vane and the ramp's exit are presented in figure 23. These data

include for comparison the nonexcited and excited power spectra at a location 0.48 cm from the vane's trailing

edge and at a height of 0.152 cm above the surface of the ramp. In addition, excited data are presented that
were obtained at 1.9, 9.5, and 17.1 cm from the vane's trailing edge and at a height of 0.152 cm. The data

show a dominant narrow band signal at the vane oscillation frequency of 30 Hz, and indicate that this distt, r-

bance signal is dominant and persists in the near wall region of the flow field along the entire surface of the
ramp. At the location, L, of 0.48 cm note the broad distribution of energy in the subharmonic and harmonic

narrow bandwidths; and at larger distances along the ramp, the subharmonic and higher harmonics are

suppressed. In summary, the description of regime of the classification scheme 15 appears to agree with the

measured data presented in figures 9 to 11, 13 to 16, and figure 23.

3.7 Near Wall Turbulence Production

Blackwelder and Swearingen TM proposed a mechanism that they believe results in the "bursting" phenome-

non, as discussed previously in section 1.3. They present near wall instantaneous turbulent boundary layer

profiles showing points of inflection below y÷ of 50 inner wall units. These data prompted them to present

arguments that show the spatial inviscid linear stability theory of Michalke '9 may provide a mechanism for
explaining the "bursting' phenomenon. If the mechanism proposed by Blackwelder, et al. '8 culminates in the

"bursting" phenomenon in the near wall region, where three-dimensionally dominates the nonforced boundary

layers considered by them, then the strong two-dimensional driving mechanism characteristic of the oscillating

ribbon and flap discussed by Katz, et al. 4 and Neuburger, et al), respectively, and the vane, described herein,

might be expected to enhance the two-dimensional spanwise nature of the flow field producing the more ideal-
ized conditions that the linear stability theory is based on. This enhanced spanwise flow field would also pro-

vide the mechanism by which a sinusoidal signal of sufficient strength and at the proper frequency could excite

the near wall region into enhanced turbulence production, which is a by-product of the "bursting" and "breakup"

phenomena. Assuming this to be the case then, according to Blackwelder, et al. TM the frequency of the forced

disturbance that will produce the most amplified wave number is given by the relation

arA -'- 0.4,0.

where

C¢, represents the phase velocity, and
fore, is given by

2A is the vorticity thickness of the shear layer. The frequency, there-

f _ 0.40Cph,
2hA

Evaluating the frequency, f, for the axial location 0.476 cm downstream from the vane, and the nonexcited

condition U_ " 6.6 m/see, it is found to equal 29 Hz. This frequency is surprisingly close to that corresponding

to first, the measured most-probable frequency of the nonexcited flow field (f" 30 Hz) and second, the peak

value of the measured pressure recovery data presented in figure 5(a) (f- 33 Hz). If the spatially growing
disturbances in the near wall region of the boundary layer (bursting phenomenon) may be explained by
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Michalke's spatial linear stability theory, as proposed by Blackwelder, et al., _8 then this may explain the

improvement in the maximum static pressure recovery with increased excitation freqt,ency noted in the meas-

ured data presented in figure 5(a); and in particular, that measured for the 2.6 m/sec test case where an apparent

peaking occurred at 24 Hz followed by a roll-off from this peak at higher forced oscillation frequencies.

3.8 A Qualitative Explanation of the Delay of Separation

In summary, a qualitative explanation of the delay of turbulent boundary layer separation of f/ow passing

over a 20 ° rearward facing ramp through the mechanism of an oscillating vane is as follows: A strong two-
dimensional periodic vortical disturbance is injected directly into the inner wail region upstream of the detach-

ment location of a separating turbulent boundary layer. The disturbance is produced by the periodic sinusoidal

oscillation of a spanwise vane located near the crest of the ramp and attached to the surface on its upstream

edge. The vane is believed herein to effect two responses in the evolving flow field. The first, in the immedi-

ate vicinity of the vane, is to enhance the large scale structures of the outer region of the boundary layer that

dominate the flow features there and control the entrainment of fluid from the limited reservoir bounded by the

separated shear layer and the solid surface of the ramp. At the same time it increases the production of turbu-

lent kinetic energy in the inner wall region required to overcome the large mean flow strain rates distributed

over the curved surface of the ramp inlet, with the immediate result of delaying separation of the boundary

layer. The second effect occurs farther downstream along the flat surface of the ramp. There the periodic fluc-

tuating disturbances and secondary disturbances produced by the vane also produce inflections in the inner wall

boundary layer velocity profiles. These inflections, as discussed by Blackwelder, et al., t8 are believed to be the

source of inviscid flow instabilities. The resulting actions of the instabilities collectively constitute the "burst-

ing" phenomenon, TM and the "bursting" phenomenon in total is the source of turbulence production in the inner

layer that promotes attachment of fluid as it passes over the flat surface of the ramp, all the while experiencing

an adverse pressure gradient. Since the vane's oscillation frequency may he controlled, the sinusoidai periodic

disturbance signal may be tuned to produce the most effective disturbance signal in accordance with the

Michalke spatial linear stability theory and its Strouhal number dependence. Perhaps this later effect represents

a new aspect in the overall phenomena that constitute the delay of separation studied here. If so, it has revealed

not only that turbulence production is important in the physics of the phenomena, but there also exists a

disturbance signal frequency aspect relating to the response of the inner wall layer inviscid flow instabilities to
the amplification rate versus Strouhal number dependence of Michalke's linear theory of stability.

4. CONCLUDING REMARKS

A vane oscillating about a fixed point at the inlet to a two-dimensional 20 ° rearward facing ramp has prov-
en effective in delaying the separation of a turbulent boundary layer.

Measurements of the ramp surface static pressure coefficient obtained under the condition of excitation and

constant inlet velocity revealed two different effects occurred with surface distance along the ramp. In the near

vicinity of the oscillating vane the pressure coefficient varied as a negative function of the vane's trailing edge

rms velocity; the independent variables on which the rms velocity depends are the vane's oscillation frequency
and its displacement amplitude. At the exit of the ramp, however, the pressure coefficient varied as a more

complex positive function of the two independent variables. That is, it was found to vary as a positive function

of the vane's oscillation frequency throughout the entire range of frequencies covered during the test, but over

only a limited range of the trailing edge displacement amplitudes covered. More specifically, from a point

nominally 2 cm downstream of the vane's trailing edge to the exit of the ramp, the value of the pressure

coefficient was found to be independent of increases in the vane's displacement amplitude above approximately

35 inner wall units of the boundary layer. Below this specific amplitude it varied as a function of the vane's
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trailing edge rms velocity. This height is close to the upper limit of the buffer layer, indicating that the action
of the vane is primarily affecting the buffer and viscous sublayers of the boundary layer. It was also found

essential that the vane close completely down on the ramp's surface for maximum effectiveness, emphasizing

once again the importance of the inner wall region of the boundary layer to the mechanism responsible for the

phenomenon.

A parametric study was made to determine the variation of the maximum values of the static pressure

recovery measured near the exit of the ramp as a function of the vane's oscillation frequency. This study was
made for several ramp inlet velocity conditions and a constant oscillating vane displacement amplitude. The

resulting curves displayed a peak value in the maximum static pressure recovery as a function of the vane's

oscillation frequency. The frequencies corresponding to these maxima were found to vary in some propoltional

relationship with the inlet velocities to the ramp. This finding indicates that the phenomenon producing the

optimum delay of separation may be Strouhal number dependent.

Finally, for the excited cases, corona anemometer measurements in the inner wall regions of the boundacy

layer along the surface of the ramp reveal a large range of unsteadiness in the local velocities. These measure-

ments imply the existence of inflections in the profiles, which provide a mechanism for resulting inviscid flow

instabilities to produce turbulence in the near wall region. It is believed that this mechanism provides a mea_s

for selected periodic disturbances, introduced into the inner wall region, to excite specific inviscid flow instabili-

ties that will optimize the production of turbulence and thereby aid in the delay of the boundary layer separa-

tion. Perhaps, this effect represents a new aspect in the overall phenomena that constitute the delay of

separation.

A qualitative explanation of the phenomena of delay of separation is made and appears to be supported by

the surface static pressure and flow field measurements presented here.
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