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Tip Clearance Control Using Plasma Actuators I

EXECUTIVE SUMMARY

This report documents experimental results from a series of experiments using active flow control

to improve the performance and efficiency of turbines. The region of specific interest was the

leakage flow that exists between the rotating blades and the endwall in a non-shrouded turbine

design. The flow control was based on Single Dielectric Barrier Discharge (SDBD), or "plasma

actuators". These actuators are ideal for the harsh turbine environment because they are typically

constructed from the same materials currently used in turbine blading, they require only a small

electrical supply, and they do not have any moving parts.

Two experimental facilities were used as part of this research project. The first was a low-speed,

large-scale turbine cascade using Pak-B turbine blades. The second was a smaller scale, high-

speed cascade with low aspect ratio with the same blade section. The measurements included end-

wall static pressure, total pressure losses in the wake, blade pressure, and blade-tip flow visualiza-

tion. These data were acquired over a variety of independent parameters for the baseline

geometry, modified tips with passive flow control, and a blade tip which incorporated a plasma

actuator.

The active flow control was design to act as a "plasma squealer". Specifically, the plasma force

was oriented perpendicular to the camber line in order to resist the leakage flow through the tip

gap. Both steady and unsteady forcing was used as a method for manipulating natural jet-like

instabilities that existed as the leakage flow separated in the tip gap. The results have indicated

that the unsteady plasma forcing was as effective as the passive squealer geometry in reducing the

losses that occurred in the wake of the blade tip. It was also found that the thickness of the blade

tip, given in terms of the thickness-to-gap ratio, was a dominant variable in controlling the effec-

tiveness of both passive and active control strategies. The mechanisms responsible for these

results are postulated in terms of the tip-gap flow topology.

University of Notre Dame Center for Flow Physics and Control
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1.0 INTRODUCTION

This report describes the first use of active flow control of the tip clearance region of a linear tur-

bine cascade using plasma actuators. The intent of the active control is to gain overall improve-

ments to a turbine's ability to reliably convert the total enthalpy of the working fluid into useful

work. The efficiency of this process depends on flow irreversibilities that occur in the turbine. The

over tip leakage flow (OTL) and other secondary flow features are known to be the main contrib-

utors to the net losses in axial flow turbines (Xiao et al. (2001) and McCarter et al. (2001 )). The

working hypothesis of this research is that active, blade mounted flow control actuators will pro-

vide a method to reduce or modify these secondary flow features in order to obtain a net benefit to

the operation of turbines in propulsion applications.

The tip clearance of a turbine varies around its operation cycle, and increases during the engine

life due to wear. The sensitivity to gap clearance is exceedingly important to the turbine design.

Active flow control has the potential to both increase optimal performance, and to desensitize the

turbine performance from gap clearance. This will become essential in proposed "high-work" tur-

bine designs with fewer stages and higher power-to-weight ratios, where the high blade loading

would increase the OTL. With any flow control application, the objective is to identify (or create)

a location within the flow field that is sensitive to low levels of actuation. In other words, one

wishes to spend a minimum amount of energy in exerting the control, with a benefit that is signif-

icant compared to the penalty that is introduce by the actuation mechanism (energy expenditure,

extra weight, durability issues, etc.). It is envisioned that an optimal configuration in a rotating

machine will result from a blade and casing design that considers both passive and active control

mechanisms throughout the machine.

The actuators used in the present experiment were single dielectric barrier discharge plasma actu-

ators (Enloe et al(2004)). The plasma actuators are ideal for the turbine application for a number

of reasons. The actuators are small, solid state, electrically driven and can be made to be flush

with a solid surface. Because the actuators only require an a.c. voltage for operation, it is possible

to use the actuators on the rotating frame, and thus allowing the control actuation to occur directly

on the blades where the secondary vorticity is generated. The present effort is focused on actua-

tors mounted near the tip gap of a linear cascade. This builds upon extensive experimental devel-

opment and numerical modeling of weakly-ionized plasma actuators for flow control

University of Notre Dame Center for Flow Physics and Control
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applications. Successful demonstration of these actuators includes leading-edge separation con-

trol related to helicopter retreating-blade stall (Corke et al. (2002)), trailing edge separation con-

trol in turbine blades for LPT applications (Huang et al (2003)), and control of boundary layer

instabilities (Corke and Matlis (2000)).

The flow around a turbine blade - endwall is complex, turbulent, and highly three dimensional.

The authority of a specific actuator configuration will depend highly on the placement, actuation

level, and sensitivity of the local flow to the input. The purpose of the present set of investigations

was to utilize a cantilevered blade in two separate turbine cascade facilities to study the effects of

active control in an experimentally "friendly" environment. The existing literature describes this

flow field in great detail, and is used to guide the development of the actuators.

The majority of information about the end-wall flow associated with turbine blades comes from

studies performed on linear cascades (Papa et al (2003), Wei). Recently detailed measurements

have been obtained in a low speed rotating machine (Xiao et al. (2001) and McCarter et al.

(2001)). The physical picture of the blade gap-clearance flow that emerges from such studies can

be summarized as follows:

1. the flow through the gap between the blade and the casing wall is driven by the pressure dif-
ference between the pressure and suction sides of the blade,

2. there is a sharp turning of the flow at the pressure-side corner of the blade leading to a separa-
tion bubble that forms on the underside of the blade,

3. there is a sharp flow acceleration forming a vena-contracta under the blade,

4. the leakage flow from the tip-wall gap emerges as a jet on the suction side of the blade,

5. the interaction of the leakage-flow jet with the main flow causes the jet to roll up into a
streamwise vortex on the suction side of the blade,

6. the growth and spreading of the tip vortex results in irreversible mixing and loss of work.

The basic physical phenomena summarized suggests a number of possible approaches to mini-

mizing the total losses in the turbine with flow control. First, minimizing the net leakage flow

should intuitively reduce the net losses. Of equal importance, is the mixing of the leakage on the

suction side of the blade.

One approach is to modify the secondary flows that are causally related to the OTL flow. The

effect of the pressure and suction side secondary velocities are quantified by the loss model pro-

University of Notre Dame Center for Flow Physics and Control
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posed by Denton (1993). A number of investigators have used partial shrouds, or "winglet"

designs to reduce the secondary flow field velocity near the tip (Yaras and Sjolander (1992), Dey

(2001), Harvey and Ramsden (2001). It has generally been found that pressure side extensions

have a significant effect on the OTL, whereas the suction side extensions have little effect.

A second, and perhaps more direct approach is to minimize the mass flow through the tip gap.

The reduction in net leakage is characterized by the discharge coefficient, CD of the gap. The tip

leakage losses can also be modeled in terms of CD. The effect of blade-end shaping on the tip

leakage flow has been studied by several authors. For example, Booth et al. (1983) carried out an

extensive investigation of rotor tip geometries that were aimed at reducing the discharge coeffi-

cient. Knife-edge, or "squealer" tip blades were found to have 25% lower leakage flow rate com-

pared to plane tip blades. Heyes et al. (1991) found that a single sided squealer on the suction side

of the tip was most effective. Key and Arts (2004) compared flow visualization and the pressure

field of a flat tip and squealer geometry.

Active flow control has a clear advantage compared to passive techniques because the active con-

trol can use an unsteady forcing frequency to excite a naturally occurring instability. For example,

Bae et al.(2000) used synthetic jets in a linear compressor cascade and found a reduction in OTL

flow. The results were found to be very dependent on the forcing frequency.

It is important to consider that there are two time scales that are associated with the OTL flow.

First, the pressure difference across the blade creates a wall jet whose time scale can be derived

from the jet velocity and the gap size. Secondly, the tip vortex roll up process occurs at length and

time scales that are properly represented by the tip relative velocity and the blade chord length.

Although the tip velocity and the wall jet velocity are likely to be of the same order, the tip to

chord ratio is often of order 1-3%. Thus, the time scales of actuation that will have the most

impact on the wall jet dynamics will be two orders of magnitude different from the time scales of

the tip roll up process. The plasma actuators described below are ideal for working with various

time scales since the actuation is inherently unsteady due to the a.c. excitation voltage, and the

voltage can be amplitude modulated at a desired frequency.

The remainder of this report is outlined as follows. Section 2 presents the basic features of the two

linear turbine cascade facilities that were used in this research. The plasma actuators are described

University of Notre Dame Center for Flow Physics and Control
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in Section 3, including a basic explanation of the physics of the actuators as well as the blade-tip

actuator design. Sections 4 through 7 present results from the various experimental programs that

were conducted as part of this project. An overall summary including the main conclusions that

can be taken from the results are given in Section 8.

University of Notre Dame Center for Flow Physics and Control
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2.0 EXPERIMENTAL FACILITIES

The experiments described in this report were conducted in two separate linear cascade facilities.

These are described in the following subsections.

2.1 Large Scale Pak-B cascade facility
The tip clearance leakage was investigated in a large-scale, low-pressure linear turbine cascade

located in the Hessert Laboratory at the University of Notre Dame. Nine generic "Pak-B" blades

designed by Pratt & Whitney were installed as a cascade blade array, of which five can be seen in

Figures 1 and 2. Here, flow is from left to right. The tip clearance gap is located on the near end

adjacent to the clear Lexan endwall. The blades have an axial chord of 15.95 cm, a span of 0.91

m, and a turning angle of 95 degrees. The Reynolds number, based on inlet freestream velocity

and axial chord, was able to be varied between 104 and 105. The stagger angle is 26.16 degrees

and the pitch spacing is 14.12 cm. These values give a solidity of 1.13. Two tailboards were used,

one at each of the outer two most blades in the array, to match the pressure distribution in the cas-

cade to an inviscid Euler numerical simulation. The center most blade has a variable gap-to-chord

ratio (t/c) ranging from zero to five percent, which can be altered by shimming the blade fixed

end. This center blade will be referred to as the "test blade" in all cases. The blades immediately

adjacent to the test blade are cantilevered with a nominal tip gap of 1.25 percent of chord, to

simulate semi-realistic periodic boundary conditions. In the experiments, the effect of Reynolds

number and tip gap spacing on active flow control effectiveness were investigated in detail.

University of Notre Dame Center for Flow Physics and Control
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Figure 1 Schematic and Image of large scale linear cascade arrangement.

Figure 2 Image of test blade with 5 hole probe mounted downstream
of the open tip gap

2.2 High speed Pak-B cascade facility
A new facility was designed and constructed as part of this project in order to obtain active flow

control measurements at higher Mach number. A schematic and photograph of the facility are

shown in Figure 3. All measurements were conduced at Reynolds numbers from 100,000 to

500,000 based on the inlet velocity. The inlet and exit Mach numbers were 0.2 and 0.3, respec-

tively at Re=500,000. The setup was a three blade (two passage) linear cascade comprised of a

Pratt & Whitney Pak-B low pressure turbine blade shape. The stagger angle of the blades was

26.2 degrees. The blade chord, c, was 4.61 inches, with a corresponding axial chord, c, of 4.14

inches. The span was 4 inches. The solidity was 1.13. The outer two blades spanned the entire

University of Notre Dame Center for Flow Physics and Control



Tip Clearance Control Using Plasma Actuators 8

cascade and intersected the tunnel walls at both spanwise locations. The middle blade was instru-

mented and cantilevered from the inside wall leaving a small tip clearance from the outside end-

wall. Removable plastic shim spacers shaped like the blade profile were added to the center blade

to provide different gap spacings. The shims permitted gap sizes of up to 8.0 percent of c. All

three blades were cast in a two-part epoxy from a numerically machined mold.

1 0
I 1 0(1- .

15 3

I -

(a) Wind Tunnel (b) Test. Section

Figure 3 Schematic and Image of the high speed linear cascade facility

University of Notre Dame Center for Flow Physics and Control



Tip Clearance Control Using Plasma Actuators 9

3.0 PLASMA ACTUATOR DESIGN

3.1 Basics of the SDBD actuator
Plasma enhanced aerodynamics has been demonstrated in a range of applications involving sepa-

ration control, lift enhancement, drag reduction and flight control without moving surfaces (Post

(2003), Huang et al. (2003), Post (2004), He et al. (2004), Corke et al. (2004, 2006). The funda-

mental components for this "plasma actuators". The plasma actuator consists of two electrodes

that are separated by a dielectric material. One of the electrodes is exposed to the air. The other

electrode is fully covered by the dielectric material. A schematic illustration of the actuator con-

figuration used in the cited applications is shown in Figure 4. A high voltage alternating current

(a.c.) input is supplied to the electrodes. When the a.c. voltage amplitude is large enough, the air

ionizes in the region of the largest electric potential. This generally begins at the edge of the elec-

trode that is exposed to the air, and spreads out over the area projected by the covered electrode.

The location of the plasma is denoted in Figure 4.

Induced Flow Plasma

voltage______ Dielectric Layer
voltage K

source ,.I

Actuator location reference

Figure 4 Schematic drawing of SDBD plasma actuator illustrating asymmetric elec-
trode arrangement, dielectric layer, and location of plasma formation. The actuator

location is referenced to the junction of the exposed and covered electrodes

The process of ionizing the air in this configuration is classically known as a single dielectric bar-

rier discharge (SDBD), (see Enloe et al. 2003). It has the property that it is self-limiting and there-

fore stable at atmospheric pressures. During the a.c. cycle, the electrons and ions move according

to the sign in the alternating electric potential. As they move, the surface of the dielectric becomes

charged. When the potential difference between the exposed electrode and the dielectric surface is

large enough, the air over the dielectric layer ionizes. This continues until the charge on the

dielectric surface builds up to the point that the potential difference is below the threshold for ion-

ization and the process stops. This is the self-limiting aspect of the dielectric barrier that prevents

University of Notre Dame Center for Flow Physics and Control
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a cascade of charges that would cause an electric arc, and distinguishes it from other approaches

that use an air gap between uncovered electrodes. With the SDBD approach there is minimal heat-

ing of the air, and temperature change is not the mechanism for flow control. A key element in

improving the performance of the SDBD plasma actuators is understanding and modeling the

dynamic process in which the air ionized during the a.c. cycle, (Orlov (2006)). The method of

solution to obtain the body force starts with a lumped-element model which determines the space-

time distribution of charge on the surface of the dielectric. This sets the time dependent boundary

conditions on the electric potential on the dielectric, qs(x), that are used in solving the electro-

static equation for the electric potential in the spatial domain. The electric field, E, is then found

from the solution of Laplace's equation. The body force vector is determined from the body force

equation:

(+-") ,•.(1)

The plasma actuator body force vector can be tailored through the design of the electrode arrange-

ment and the dielectric material, which control the spatial electric field. The body force represen-

tation is also a convenient form to incorporate the effect of the actuators in Navier-Stokes (N-S)

simulations of the flow field. Such N-S simulations have been used to design and optimize differ-

ent plasma actuator arrangements (Orlov (2003), Orlov (2002), Orlov (2004)). Another actuator

optimization comes from the choice of the a.c. time series shape, which controls the duration and

extent of the plasma.

In flow simulations, the body force enters the governing equations for the flow in the momentum

equation. This implies that the effect of multiple actuators has an additive effect on the momen-

tum. Post (2004) performed experiments to investigate this. Results of this are shown in Figure 5.

This involved measuring mean velocity profiles of the actuator-induced flow at a fixed distance

from a series arrangement of SDBD plasma actuators having the asymmetric electrode design

shown in Figure 4. The asymmetric electrode design results in a body force that induces the flow

in the direction from the exposed electrode towards the covered electrode (see arrow in Figure 4).

This produces a wall-normal mean velocity distribution that is similar to a tangential wall jet. The

left plot in Figure 5 documents examples of the profile shape. Each symbol corresponds to sepa-

rate measured profiles. The number before the "A" in the label indicates the number of actuators

University of Notre Dame Center for Flow Physics and Control
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being operated at one time (1,2 or 3) in this figure. Profiles like these were integrated in the wall-

normal direction to determine the momentum produced by the actuators. This has been normal-

ized by the momentum with one actuator operating. The symbols labeled "Higher V corre-

spond to the profiles that were presented in the left part of the figure. The other symbols were at a

lower applied voltage and investigated up to five series actuators. Since the actuator effect acts as

a body force, we expect that the induced momentum would be linear with the number of actua-

tors. The dashed line indicates that trend. It appears that the data approximate that behavior, espe-

cially when two to five actuators are operating. This summing effect of the plasma actuator

supports the body force model, and points to an approach for improving its effectiveness in high-

speed applications.
Total Pressure Probe. x=9mrn T.otal Pressire Probe. x=9rinrr

1.0 . M 1 (1-A)
A-06M 2 (1 -A)" • "• ~ ~~0 H.9herv, .,

M 4 (2-A) 0 Lo r V•,0.8 %P + u 5 (2-A) -

',* M 10 (3-A)

0.6 0 x. M- 11 (3-A)N, -,. •,

0.4-

0.2-

0.0 . . .r .. .. jI II I I I I

0.0 0.2 0.4 0.6 0.8 1.0 1 2 3 4 6
U/Urn,=* Nc. Ac-jotors Or

Figure 5 Normalized mean velocity profiles (left) and normalized momentum (right) of the actu-
ator-induced flow for different numbers of SDBD plasma actuators arranged in series. From Post

(2004).

Post (2004) has shown that the peak velocity in profiles like those in Figure 5 for a single actuator,

7/2varies as Vapp . Enloe et al.(2003) observed the same dependence on thrust produced by a SDBD

plasma actuator. The flow simulations that include the plasma actuator model have shown excel-

lent agreement with experiments on leading-edge separation control in both steady and unsteady

cases. This gives us confidence in using the flow simulations to design plasma actuator configura-

tions that are aimed at a variety of flow control situations including the flow in the tip-gap region

of the turbine-blade cascade.

University of Notre Dame Center for Flow Physics and Control
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3.2 Plasma "Squealer" Design

A significant advantage of the plasma actuator is the ability to configure a distributed thrust vec-

tor to accomplish a specific effect. The turbine tip gap flow field, despite its complexity, has a

number of known features that guided the initial development of tip gap flow control. Two images

of the actuator design are shown in Figure 6. The actuators were incorporated into a dielectric

material that was machined to the Pak-B blade shape. These actuators were fixed to the end of the

cantilevered blade section. Thin copper strips were secured to the blade surface to connect the

actuator electrodes to the high voltage power supply.

The lower (unexposed) electrode was configured to cover the majority of the blade cross section.

the upper electrode was positioned near the suction surface as shown in Figure 6. The resulting

body force was nominally perpendicular to the local blade camber line. The intent of this design

was to simulate the aerodynamic benefits of a squealer tip geometry. Specifically, the squealer tip

is known to reduce the discharge coefficient of the tip gap, thereby reducing the mass flux through

the tip. The "plasma squealer" was intended to have a similar effect through a number of possible

mechanisms. First, the time average of the plasma thrust vector provides additional turning of the

main fluid. That is, the plasma tends to aerodynamical fill the gap. Note that this force, although

small, would add to the net work output of a rotating turbine. A second potential operating mech-

anism of the plasma squealer is to provide an unsteady excitation of the gap fluid. Specifically, the

separating and re-attaching flow that exists in the tip gap could be excited to produce a localized

region of intense mixing and blockage. This would also result in a net reduction of the mass flow

through the gap, thereby increasing the net efficiency. The following sections describe results

from experiments which have incorporated the plasma squealer into the tip geometry

University of Notre Dame Center for Flow Physics and Control
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(a) Ac'tuator Design with Resultant Body Force (b) Mounted Blade Tip Actuator

Figure 6 Images of the actuator configured as a "plasma squealer"

University of Notre Dame Center for Flow Physics and Control
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4.0 FIRST CONTROL RESULTS - LOW SPEED CASCADE

4.1 Measurement Technique
It is important to be able to accurately quantify changes in the tip leakage flow and resulting tip

leakage and passage vortex motions. Because of the small gap sizes presented here, flow mea-

surements were restricted to gap flow wake surveys. The vortices were studied using a 3.175 mm

diameter five-hole probe from United Sensor Corporation, located downstream of the cascade

blade array. This probe was useful in acquiring mean velocity and pressure readings over a grid of

points within the flow field. The probe was completely immersed in the flow and featured a cobra

type conical shaped head. This configuration allowed for measurements to be taken close to the

blade endwall. An image of the probe located downstream from the blade array is shown in Figure

2.

Ensemble averaged mean pressure readings were taken for the five probe ports, the upstream

dynamic pressure from a wall mounted Pitot-static tube, and the downstream endwall static pres-

sure using a Validyne DP 103 variable reluctance transducer with interchangeable metal dia-

phragm. A forty-eight port Scanivalve pressure multiplexer allowed the transducer to scan each

port successively for a specified point in the flow field. The probe was traversed in the spanwise

and pitchwise directions over a spatial grid of points in a two dimensional plane downstream of

the cascade blade array oriented parallel to the blade array trailing edge plane. A representation of

this measurement plane in relation to the cascade array is illustrated in Figure 1.

The distance of the measurement plane downstream of the test blade was varied from x/c = 1.25 to

x/c = 2.2 to observe the spatial evolution of the tip leakage and passage vortices. Here, x/c = 0

corresponds to the test blade leading edge, x/c = 1 corresponds to the test blade trailing edge, and

c is the axial blade chord. Both vortices were fully captured by adjusting the spanwise and pitch-

wise dimensions for each measurement plane considered.

The acquisition of pressure and velocity at a number of equally spaced points in the flow field

allowed streamwise vorticity and pressure loss coefficient contours to be computed. Streamwise

axial vorticity was determined from the local velocity vectors as:

"" 0-. -

(2)

University of Notre Dame Center for Flow Physics and Control
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Here, w and z are the Spanwise velocity and direction, respectively, while v and y are the Pitch-

wise velocity and direction, respectively. It should be noted that in the coordinate system used, a

positive streamwise vorticity is counterclockwise. The pressure loss coefficient is defined [Den-

ton, 1993] as the change in total pressure between the upstream (inlet) and local downstream

(exit) values, divided by the local downstream dynamic pressure:

P;, _ Pt,. (3)
(C1 =t, - R (4)

(5)

The local downstream static pressure was taken as the average of the four probe static pressures.

In addition to vorticity and pressure loss coefficients, the identification of vortices was also per-

formed through the use of the k•2 criterion, as given in the paper by Jeong and Hussain (1995).

This method consistently identifies a vortex as the region of negative eigenvalues within a two-

dimensional measurement plane.

4.2 Five-Hole Probe Calibration

The five-hole probe was calibrated at a Reynolds number of 5x 1 04 and traversed in the blade

wake to find local pressure and velocity using a calibration method developed by Bryer and

Pankhurst [Bryer and Pankhurst (1971)]. Calibration consisted of yawing and pitching the probe

over a large range of pitch (a) and yaw (P) angles in a known one-dimensional flow field and

recording all five port pressures for each combination of pitch and yaw angle. A calibration map

which correlates the pitch and yaw angles to the change in port pressures was then created, as seen

in Figure 7.

University of Notre Dame Center for Flow Physics and Control
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4

3

2
a.

07 0 .-.. . . . . . . ..... *

CL0.

-3

-4

-- I I I

-4 -3 -2 -I 0 2
f(a) =(P3-P1)i(Ps-P11)

Figure 7 Five-hole Probe Calibration map forfXa) vsAP3).

Each dot on this map corresponds to one calibration point, and the lines connecting each dot are

lines of constant cc or constant P. The functions of oc and P3 that relate the angles to the port pres-

sures are given by

P.-_ - P (6)
R71 - P.,

f ( ' - P4 
(7)

A - P,,,

Here, subscripts '1' and '3' represent the lower and upper static ports on the probe, while '2' and '4'

represent the two side static ports on the probe. Subscript '5' denotes the total pressure port on the

probe, and subscript m is the average of all four static ports on the probe. When the probe is sub-

jected to an unknown flow velocity at an unknown angle, the flow point on this calibration map,

found from the port pressures, will yield the respective flow vector for this unknown flow,

A limitation of the probe was found for the tip leakage vortex surveyed at a large tip clearance gap

of 4% axial blade chord. It is known that the tip leakage vortex grows with increasing gap size. At

this gap height, because of the large pitchwise and spanwise components of the flow vectors

within part of the tip leakage vortex, the port pressures lie far outside the range of pitch and yaw
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angles that the probe was calibrated for. This means that the probe will unable to resolve the flow

field for part of the tip leakage vortex at a clearance of 4% or greater. To correct this limitation,

the probe was calibrated for greater flow angles. Unfortunately, at large pitch and yaw angles, the

flow on the probe appeared to separate, causing calibration points for these angles to be unreli-

able. Still, the range over which the calibration points were well-behaved was quite extensive,

with cc having a range over [-25,25] degrees and P3 over [-38,34] degrees.

This phenomena was found for a number of downstream measurement planes at a 4% gap for

Rec=105. For planes ranging from x/c = 1.25% to x/c = 2.2%, Figure 8 shows the flow points, rep-

resented as blue crosses, for the tip leakage vortex as they are plotted over the calibration map. At

one-quarter axial chord downstream from the trailing edge, the tip leakage vortex is the strongest

of all the plots, and the flow points deviate the most from the calibration region. As the probe is

moved farther away from the trailing edge, the flow points move closer and eventually within the

calibrated region.

1-*V
2 2:

(d) 1 x/c 2. 0 (A) x/c 2.2

Figure 8 Calibration scatter plots for varying downstream distances at Rec= 05, t/c=4.
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It should be stated that the problem is independent of the specific calibration or probe used here.

This problem is a limitation in the measurement technique of using multi-hole probes in low Rey-

nolds number blade tip flow surveys that has not been reported previously.

The problem with the inability to resolve the part of the tip leakage vortex with the largest flow

angles is that this region contains the strongest negative vorticity and the highest losses in the tip

region flow field. The maximum loss coefficient will be undetectable, and so a change in loss

coefficient will be unable to be quantified accurately here. Also, because the flow vectors are not

able to be determined, neither streamwise vorticity contours nor the X2 criterion will be able to be

found.

To help circumvent this problem, it is helpful to remember that the tip leakage vortex scales with

gap height. Reducing the gap will decrease the mass flow through the gap, and lessen the maxi-

mum flow angles and streamwise vorticity magnitude. So, to capture the entire flow field, the tip

gap was reduced to t/c = 1.56. At this gap height, all flow vectors were found to fall well within

the calibrated region for the probe. This gap height allowed a fair and accurate comparison of the

tip leakage vortex for varying downstream axial planes both with and without active flow control.

4.3 Active Flow Control Optimization and Results
The improvement in efficiency near the blade tip is dependent on the mechanism of flow actua-

tion. Here, the driving frequency of the plasma actuator can affect instabilities that are present

within the tip gap flow field. The measure of efficiency increase is gauged by the amount of total

pressure increase in the downstream wake of the blade array. In an adiabatic stage, entropy pro-

duction is caused by a decrease in total pressure through the stage. To find the frequency depen-

dence of the tip flow field, a sensitive point in the downstream wake is chosen and the total

pressure is acquired for a range of frequencies. A point is typically chosen at the edges of either

the leakage or passage vortex because changes in total pressure in these regions will easily indi-

cate a change in vortex size or strength with frequency. At Rec=105 and x/c= 1.5 for the small gap

of t/c = 1.56, the percent change in total pressure from the unactuated case is plotted against the

nondimensional actuation frequency in Figure 9. Here, lines are drawn for visual reference only.
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Figure 9 Frequency Dependence of downstream total pressure at z/c=O. 12, x/c= 1.5.

At Rec = 105, at this point in the flow field, there is a monotonic increase in downstream total

pressure, and therefore, efficiency. A nondimensional frequency of zero denotes the unactuated

case. Taking a high frequency off= 0.8 where a significant change in total pressure is seen, unac-

tuated and actuated surveys were performed at x/c = 1.5. This nondimensional frequency corre-

sponds to an actuation frequency of 3.3 kHz.

The unactuated and actuated vorticity contours are plotted in Figure 10. Overlaying the vorticity

contours are the v and w component velocity vectors as well as the k2 criterion which outlines a

vortex. The view shown looks upstream toward the blade array on the suction side passage of the

test blade. The cascade endwall is represented by a horizontal black line at the top of the vorticity

plots. The trailing edge suction side edge of the test blade is represented by a vertical black bar at

y/p = 0.725. The tip leakage vortex is highlighted as a region of negative vorticity around y/p =

1.05, z/c = 0.033. The passage vortex is a larger region of positive vorticity located at y/p=l. 15, z/

c = 0.2. The horseshoe vortex is also visible at y/p = 0.9, z/c = 0.4.
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