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ABSTRACT

Recent experimental studies indicate that net drag reductions can be
achieved in a turbulent boundary layer by placing a tandem configuration of
large-eddy manipulator blades in the outer region of the boundary layer. How-
ever, the mechanisms responsible for the observed wall-shear reductions are not
well understood. Furthermore, discrepancies exist among independent experi-

mental studies regarding the magnitude of the attainable net drag reduction.

A fundamental argument is made regarding the source of the observed wall-
shear reductions. It is shown that the tandem manipulator is not a low-drag
device. The implication is that the momentum deficit in the wake of the mani-
pulator is a prominent contributor to the observed wall-shear reductions, not
necessarily that the ability of the large eddies to transport momentum is ham-
pered. The behavior of the wall shear downstream of the device, obtained using
hot-film wall-shear sensors, is consistent with the entrainment, mixing, and con-

sequent deceleration of low-momentum fluid from the wake of the manipulator.

With the aid of direct measurements of wall shear, an upper bound is placed
on the attainable net drag reduction by establishing a lower bound for the de-
vice drag. It is concluded that small net reductions (~5 percent) may be
attained at large downstream distances (2 100 boundary-layer thicknesses).
This conclusion is consistent with most net drag assessments made indepen-
dently by others in which the momentum-balance technique was employed. How-
ever, the result is not consistent with reports of large net reductions (~ 20 per-

cent) over shorter distances (~ 50 boundary-layer thicknesses).
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Efforts are also made to explain the observed effects in terms of turbulent
structure. The turbulent spot is employed as a prototype structure for the
large-scale, organized motions in the turbulent boundary layer. Dramatic wall-
shear reductions occur in the region of the spot occupied by the large vortex
structure. Such reductions are alse evident when the spot is propagating in
transitional and fully turbulent ambient boundary layers. Although the trans-
port properties of the vortex structure may be affected by the manipulator, it is
proposed that an important source of the wall-shear reductions is the transport

by the large vortex of low-momentum fluid in the wake of the manipulator.

Some effects of a three-dimensional manipulator are also explored. The
design of the device is based on a crude model of the three-dimensional struc-
ture of the turbulent spot. Although it appears that the device inhibits the
spanwise growth of the spot, its overall effect on the wall shear of the spot and
the turbulent boundary layer does not represent an improvement over the

effectiveness of a comparable tandem configuration.
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Chapter 1

INTRODUCTION

Flow control, defined here in a broad sense as the purposeful alteration of a
given fluid flow, is a subject of great interest to engineers faced with such practi-
cal problems as transition fixing, the enhancement of chemical mixing in
combustors, the reduction of frictional drag on moving bodies, and the cooling
of heated surfaces. The ability to control a given flow depends in part on
ingenuity but in larger part on understanding the mechanisms that operate in
the undisturbed flow. As the level of understanding of such classical flows as
mixing layers, wakes, jets, and boundary layers has increased, so has the
number of techniques available for controlling such flows. A recent develop-
ment of special importance is the introduction of the concept of coherent struc-
ture in turbulent flows [e.g., Kline et al. (1967), Brown and Roshko (1971)].
Although the concept itself has not solved turbulence problems, it has opened
new avenues for investigations of turbulence and, in particular, turbulence-

control techniques.

1.1. Historical Overview

Attempts to purposefully alter the large-eddy behavior in the turbulent
boundary layer were first reported by Yajnik and Acharya (1977) and Yajnik et
al. (1980), who stretched a screen across the span of the boundary layer. Such
experiments were initiated from a different viewpoint than that taken in earlier
non-equilibrium turbulent boundary layer experiments [see Tani (1968) for a
review of this work]. Yajnik’s intent was not simply to increase the momentum

thickness, but to modify the turbulent transport properties of the large eddies.



Such work was motivated, in part, by the possibility of achieving a net viscous

drag reduction, as defined by the inequality

[ z r T
lD +j;12 Tw(z)dz < lj;f Tw(z)dz

m ]

where D represents the device drag, and the subscripts m and o refer to the
manipulated and undisturbed boundary layers, respectively. Although Yajnik
reported wall-shear reductions as large as 55% downstream of the screen, there

was no clear indication of either large-eddy breakup or net drag reduction.

In an attempt to develop devices with lower drag that also produced large
wall-shear reductions, Hefner et al. {1980) at NASA Langley experimented with
honeycombs and various configurations of vertically-stacked plates. In a parallel
effort at 1IT, Corke et al. (1980) used flow visualization and hot-wire techniques
to judge the effectiveness of various multi-element, thin-plate configurations.
Such plates were stretched across the span of the flat-plate model and were gen-
erally aligned with the flow direction. As with the screens, significant wall-shear
reductions were observed downstream of the manipulator, but no net drag

reductions were attained despite the reduced drag of the devices.

Net drag reductions were first reported by Corke (1981) and Corke et al.
(1982) who employed a tandem configuration of thin plates. Wall-shear reduc-
tions as large as 30% coupled with net drag reductions of 20% were reported.
Plesniak and Nagib (1985) subsequently reported net drag reductions as large as
30%. Although initial efforts at NASA langley by Hefner et al. (1983) to repro-
duce the IIT results proved unsuccessful, subsequent attempts at NASA Langley
by Anders et al. (1984) and Anders and Watson (1985), using a larger facility,

yielded net drag reductions of approximately 7% Bertelrud et al. (1982)



reported net drag reductions of approximately 5%. Investigations in which a net
drag reduction was not attained include those by Takagi (1983), Mumford and
Savill (1984), and Lemay et al. (1985). The drag of the tandem device used by
Mumford and Savill was admittedly 50% greater than the laminar flat-plate

value, due to the thickness of their blades.

The large discrepancy between the net drag reduction reported by the IIT
group (~ 30%) and that reported by others has remained an issue. Plesniak and
Nagib (1985) suggest that the difference is due to the higher device drag encoun-
tered by others. They further argue that this conclusion may be inferred from
the fact that other investigators report wall-shear reductions comparable to
their own. Although the magnitudes of their peak wall-shear reductions are com-
parable to those obtained by others, their average wall-shear reductions at large
distances (say, 50-100 4,, downstream of the device) are significantly larger
than those obtained by direct measurement [e.g., the skin-friction balance

measurements of Mumford and Savill (1984), and Lemay et al. (1985)].

One possible cause of the net drag discrepancy may stem from the manner in
which the quantity is measured. The magnitude of the net drag can be deter-
mined by measuring the device drag and the wall shearing force directly, or by
measuring the net momentum flux through an appropriately chosen control
volume, as illustrated in Figure 1.1. The net momentum flux is given by the
change in momentum thickness between two streamwise stations. This change
may be determined from profile measurements of the streamwise velocity com-
ponent at each of the two stations. The latter approach is experimentally con-
venient and has been used exclusively in all experiments for which net drag

reductions have been reported.

The momentum-balance technique yields a true measure of the net drag act-

ing on the fluid (between the two stations) if: (1) no mean pressure gradient



exists in the flow; () the stations 1 and 2 are chosen far enough away from the
manipulator to ensure that p; =p,; and (3) all momentum fuxes are
accounted for, ie., the flow is strictly two-dimensional. Plesniak and Nagib
(1985) report that their flow is noticeably three-dimensional, but maintain that
the effects are not important because of the demonstrated self-similarity of the

boundary-layer characteristics in the streamwise direction.

Also at issue is the mechanism(s) responsible for the observed effects. Since
the tandem manipulator blades are viewed as low-drag devices, investigators
have primarily sought mechanisms that hamper the ability of the large eddies to
transport high-momentum fluid from the free-stream into regions closer to the
wall, where it is rapidly mixed with and decelerated by turbulent fluid. Within
the boundary-layer approximation, and in the absence of mean pressure gra-
dients, the deceleration of fluid must eventually be accomodated by with the
shearing stresses at the wall. Therefore, if one could reduce the ability of the
large eddies to incorporate, or entrain, high-momentum potential fluid into the

boundary layer, one would expect to realize reduced wall-shear levels.

Many mechanisms have been proposed [see for example, Corke et al. (1979,
1982), Hefner et al. (1979, 1983), Anders et al. (1984), Mumford and Savill
(1984), and Guezennec and Nagib (1985)] including: (1) a direct inhibition of the
vertical velocity components of the large eddies due to the presence of the
blades; (2) suppression of mixing due to an interaction between vorticity shed in
the wake of the manipulator and vorticity that exists in the oncoming flow; (3) a
redistribution of turbulent kinetic energy by the wake of the manipulator; and

(4) "anti-production” of turbulence due to negative 3Z By in the wake.

Although many effects have been observed, a basic understanding of the

mechanism(s) involved is lacking.



1.2. Present Objectives and Approach
The present investigation was motivated by the need to better understand the
mechanism responsible for the observed effects of tandem manipulators in a

fully turbulent boundary layer.

Detailed descriptions of the facility, flat-plate model, and associated instru-
mentation are provided in Chapter 2. All of the experiments were performed on
a flat-plate model mounted in the GALCIT' High-Speed Water Tunnel (HSWT).
Turbulent spots were generated by pulsing a small, flush-mounted heating ele-
ment located near the leading edge of the flat-plate model. This non-intrusive
technique was first used by Liepmann et al. (1982) who sinusoidally heated a
flush-mounted, full-span metal strip to excite Tollmien-Schlichting waves. The
technique, which stemmed from Liepmann's experiments in superfluid helium
[see, for example, Laguna (1975)], was originally introduced as a viable alterna-

tive to the vibrating ribbon.

Since wall shear is a quantity of particular importanée. flush-mounted, hot-
film wall-shear sensors were utilized. Arrays of sensors manufactured at GALCIT
as well as individual sensors manufactured commercially were used. The gen-
eral characteristics of both types of sensors are described in Chapter 2, and a
detailed description of the manufacturing process for the sensor arrays,

developed as part of the present investigation, is given in the Appendix.

Two issues are of particular concern: (1) the identification of the dominant
mechanism responsible for the observed wall-shear reductions, and (2) the
discrepancies which exist in the literature regarding the magnitude of possible
net drag reduction. Both issues are addressed in Chapter 3. A fundamental

argument is made regarding the source of the observed wall-shear reductions.

T Guggenheim Aeronautical Laboratory, California Institute of Technology



It is shown that the tandem manipulator is not a low-drag device, which implies
that the momentum deficit in the wake of the manipulator is a prominent con-
tributor to the observed wall-shear reductions. The argument is substantiated
by the characteristics of mean wall-shear distributions obtained using direct-
measurement techniques, Furthermore, an upper bound is placed on the magni-
tude of achievable net drag reduction, based on direct wall-shear measurements
and on a lower-bound estimate for the device drag. It is concluded that small
net reductions (~ 5%) may be possible at large downstream distances (~ 100

boundary-layer thicknesses).

Efforts to understand the manipulator effects in terms of turbulent structure
are described in Chapter 4. The turbulent spot is employed as a prototype
structure for the organized large-scale motions in the fully turbulent boundary
layer. The wall-shear distribution for manipulated spots in both laminar and
fully turbulent ambient boundary layers is investigated, and the results are dis-
cussed in terms of the behavior of the ensemble-averaged spot. In particular,
the structure of the unmanipulated ensemble-averaged spot deduced by
Cantwell et al. (1978) serves as a basis for interpretation of the manipulated
spot behavior. It is proposed that the large wall-shear reduction observed near
the leading edge of the spot is due to the large-eddy transport of low-momentum

fluid from the wake of the manipulator.

Since three-dimensionality is an inherent feature of turbulent flow, it can be
conjectured that a three-dimensional device might be better suited to manipu-
late the large eddies than a two-dimensional device. For example, along off-
centerline segments of the large vortex structure in the turbulent spot, one
would expect a relatively large fraction of the vorticity in the structure to lie in
the streamwise direction due to the highly-swept nature of the vortex tube. As

described in Chapter 5, a preliminary investigation was undertaken in which



attempts were made to introduce a streamwise component of vorticity that
opposes the natural sense of rotation of the large structure. The device was
comprised of a spanwise row of vertical fins, each aligned with the mean flow
direction. The function of the fins is to shed tip vortices when subjected to the
spanwise component of velocity induced by the highly-swept vortex structure in
the spot. Although the design of the device was based on known characteristics
of the turbulent spot, the effects of the device were investigated for both the
turbulent spot and fully turbulent flow., Wall-shear reductions were observed
downstream of the device, but the magnitude of the reductions did not
represent an improvement over the effectiveness of a comparable tandem
configuration. It is conjectured that the dimension of the fins normal to the
wall may have been too large, thus limiting the magnitude of the circulation

developed by the fins.

Detailed discussions of the results presented in Chapters 3, 4, and 5, and con-

clusions drawn from the results, are given in Chapter 8.



Chapter 2

EXPERIMENTAL FACILITY, INSTRUMENTATION, AND PROCEDURE

2.1. General Experimental Procedure

Wall-shear changes due to large-eddy manipulators are of primary interest,
and it is therefore of importance to ensure that any undesirable changes in the
experimental state be avoided. Such changes were alleviated by attaching the
manipulator blades to a traversable, bow-shaped support that permitted the

height of the blades to be changed quickly, while also holding them in tension.

Arrays of flush-mounted thin-films, maintained at constant temperature,
were used to monitor the behavior of the wall shear. Calibration curves were
constructed after first traversing the manipulator blades well into the free-
stream, typically 3-7 turbulent boundary-layer thicknesses, or spot heights,
from the wall. This position also served as the unmanipulated reference height
for experiments involving manipulated turbulent boundary layers and manipu-

lated turbulent spots.

Detailed descriptions of the hardware and the manner in which it was utilized

are given in the following sections.

2.2. GALCIT High-Speed Water Tunnel

A complete description of the High-Speed Water Tunnel (HSWT) is given in the
paper by Ward (1976). As illustrated in Figure 2.1, the HSWT is a closed-circuit
facility. A narrow two-dimensional test section (15.3 x 76.2 cm) and a circular
test section (35.6 cm diameter) are available for use, but only the latter was

employed in the present experiments.



Although the HSWT was designed to achieve free-stream speeds of nearly 30
m/sec, sufficiently high Reynolds numbers can be attained at much lower
speeds. For example, at 3 m/sec a Reynolds number of 3 x 10° is attained,
based on the length of the test section (1.05 m). The range of speeds used in the
present experiments was 1-2 m/sec. In addition, the static pressure is adjust-
able over the range 0.2 bar to 6 bar (absolute), a feature that is important for
cavitation studies. Although this range of pressures is not necessary for typical
boundary- layer experiments, the ability to adjust the static pressure above and
below atmospheric pressure is quite useful for such tasks as air bleed-off,
suppresion of noise generated from small, trapped air bubbles, and the control

of flow rates from dye injectors.

The circular test section is preceded on the upstream end by a 20:1 contrac-
tion section that is three meters long, and is followed on the downstream end by
a 8:1 diffuser section that is six meters long. A stainless-steel honeycomb and a
40-mesh screen are positioned at the beginning of the contraction section. Con-
ical hot-film velocity measurements by Nosenchuck (1982) indicated that the
rmms turbulence intensity was less than 0.04% on the centerline and 1.0% at a dis-
tance 1.9 cm from the wall of the test section. The mean velocity was found to

be uniform at distances greater than 1.9 cm from the wall of the test section.

2.3. Flat-Plate Test Model

A flat-plate model, illustrated in Figure 2.2, was designed and constructed for
use in the present experiments, and is compatible with the circular test section
of the High-Speed Water Tunnel. The model is comprised of a central plate of
constant thickness, a 6:1 elliptical leading edge, and an adjustable trailing-edge
flap. The leading edge and the central plate were machined from lucite stock.

The trailing-edge flap, constructed from aluminum stock, was installed to permit
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the appropriate positioning of the leading-edge stagnation point.

The flat-plate model incorporates a series of four circular cutouts into which
instrument-bearing inserts can be mounted. Arrays of wall-shear sensors were
mounted on such inserts (see Section 2.8), and could be easily moved from one
location to another, The centers of the cutouts are located 19.76, 35.78, 51.77,
and 67.77 cm from the leading edge. Typically, only the two downstream-most

cut-outs were used.

The flat-plate model was secured to the test section at four points, two near
the leading edge and two at the hinge point of the trailing-edge flap. The for-
ward two points of the plate were rigidly attached to the test section, while the
two aft-most points were pinned to permit rotation of the flap. After mounting
the plate into the test section, the 3-mm gaps between the edges of the model
and the test-section wall were filleted with General Electric silicon rubber (RTV)
to avoid any communication between the upper and lower surfaces. All electri-
cal leads were confined to the lower, non-active side of the flat-plate model, and
exited through water-tight plugs located along the lower-most portion of the test

section.

2.4. Turbulent Spot Trigger

The heated-element technique introduced by Liepmann et al. (1982) was used
to generate turbulent spots. This technique relies on the dependence of viscos-
ity on temperature, as is easily seen by evaluating the x-momentum equation at

the wall,

[

du
Py 5=

By

w
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where it has been assumed that dp/dx & 0. The term on the left-hand side of
the relation is retained to illustrate the analogy between suction/blowing and
heating/cooling at the wall, i.e.,

du |2
o

’olr-*
°’|
&ﬂ

In water, heating is analogous to suction since du/d7T < 0.

The equivalent wall velocity, v,, may be related to known quantities by
employing the boundary-layer concept in which it is assumed that the thermal
thickness, 4;, is small compared to the streamwise extent of the heater, L. Non-

dimensionalizing the equivalent wall velocity by the friction velocity, u,, we find

1
Vw _ d(log w) AT 3
U, d(log T) Ta l\/Cf Rey,

(2.1)

where the following relations have been used,

[
aT AT Tw
fhuiiiealiy ~ - 5 ~ 1/,CL/u , Uy R _..._6
ay - 6t t t t w t

It can be expected that relation (2.1) will hold in a turbulent boundary layer
as well as in a laminar boundary layer if the thermal thickness, &, lies within

the viscous sublayer.

It is convenient to express the overheat, AT, in terms of the total power sup-
plied to the heater, @ = V?/R, where V is the voltage across the heater and R is
the impedance of the heater. The total power is the sum of that supplied to the

fluid, &y, plus that lost to the substrate, &,
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Qr= @[t + @/, (2.2)

Using the Fourier conduction law and the relations used to derive (2.1), the
rate at which heat is supplied to the fluid, @y, can be expressed in terms of AT,
the dimensions of the heated- element, and the local characteristics of the fluid
and of the flow condition. Alternatively, Lighthill's formula can be used
[Lighthill (1950); see also Liepmann (1958)]. Assuming a top-hat distribution for
the wall temperature in a laminar boundary layer, and L << =z, Lighthill's for-
mula yields

i
3

Qr =0.807k AT b (Pr Re;® Cy) (2.3)

where k is the thermal conductivity of the fluid, and & is the span of the heater.

Therefore, the equivalent wall velocity may be conveniently expressed in term
of the total power dissipated in the heated- element. Combining relations (2.1),

(2.2), and (2.3), one may define a non-dimensional equivalent wall velocity,

d{log u) V3 o Yw (2.4)

d(log T) pi 1.8 {1 + @/Qs|Re, T Ur

T =

The importance of substrate heating depends on the forcing frequency, w,

AT

b L
Vs /0

Qs ~ ks

Thus,



The use in water of a lucite substrate at the nominal conditions of the current

experiments (described below) yields @;,/@, of order 1071

The magnitude of the flow perturbation introduced by the heated-element
depends not only on the equivalent wall velocity, but on the depth of penetration

of the thermal boundary layer into the velocity boundary layer as well,

The characteristic thickness of the velocity boundary layer is taken to be
Wz /U,. Therefore, a dimensionless parameter, &, is defined which character-
izes the penetration of the thermal boundary layer into the velocity boundary

layer,

~ = (2.3)

Representative values are given below for the two parameters T and & that
proved successful in forcing disturbances ranging from Tollmien-Schlichting

waves to turbulent spots.

A heated-element of streamwise length 0.75 cm and of span 1.0 cm was flush-
mounted 5.0 cm from the leading edge. At a nominal operating speed of 150
cm/sec, the streamwise location of the heater approximately corresponds to the

position of the eritical Reynolds number (for the Blasius profile, ReG.MN 550).
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The application of a 1.25-volt, 30-msec pulse to the 0.068-ohm, stainless-steel
heated-element produced a turbulent spot whose virtual origin was located
approximately 25 cm downstream of the leading edge (see Section 4.1). The
minimum required duration of the heater pulse was found to correspond
approximately to the characteristic time L/u,. Values of the parameters T and
$ used to generate such spots were ~® 0.04 and ~ 0.3, respectively. Lowering T to
& 0.03 while holding ¢ fixed resulted in growing disturbances that did not exhibit

turbulent behavior as far downstream as 70 cm.

Liepmann et al. (1982) and Nosenchuck (1982) employed a full-span heater
that was ﬁush-mounted 5 crn from the leading edge (a 4:1 ellipse). The chord of
the heated-element was 0.25 crm. At a nominal free-stream speed of 120 cm/sec,
the heater was located near the position of the critical Reynolds number. One
objective of those experiments was to demonstrate the ability of the heating
strip to excite Tollmien-Schlichting (T-S) waves, and the element was therefore
heated sinusoidally at an appropriate frequency (~ 40 Hz). Using values of the
forcing parameters, T and ¢, of 0.01 —0.02 and 0.2, respectively, T-S waves whose
rms wall-shear fluctuations were of the order 107° %,, were observed at a station
located 20 cm downstream of the leading edge. Note that this streamwise posi-
tion approximately corresponds to the virtual origin of the spots generated in
the present experiments when the non-dimensional forcing level, T, was approxi-

mately equal to 0.04.

It is noted that the pressure gradient is slightly adverse in the shoulder
region of the elliptical leading edge [see for example, Hess and Smith (1966)].
The magnitude of the gradient, which depends on the eccentricity of the ellipse
and on the stagnation-point location, affects the growth rates of small distur-
bances. Since the heaters in both sets of experiments were located near the

shoulders of the leading edges, the overall amplification between the heaters
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and the measuring stations would be expected to be greater than that for a
strictly Blasius profile. Therefore, it would be required to use higher values of T

in a truly Blasius boundary layer than those cited above.

2.5. Tandem-Manipulator Configuration

Shown in Figure 2.3 is a schematic of a typical tandem-manipulator
configuration. Also included is a table of the characteristic dimensions used in
other investigations. The chord, L, of each manipulator blade is on the order of
the local boundary-layer thickness, d,,, and the blades are usually placed paral-
lel to the wall at heights, h, ranging from 0.4 -0.84,,. It is conventional to meas-
ure the boundary-layer thickness, dp,, at the trailing edge of the last manipula-
tor blade. The effectiveness of the device appears to be relatively insensitive to
the streamwise spacing of the two blades, s. Typically, the blades are spaced 5-

10 6,, apart.

In the present experiments, the chord length and thickness of the blades
were fixed, L = 1.27 cm and £ = 0.20 mm. The streamwise separation, s, of the
blades was 3.8 cm in the turbulent boundary-layer experiments and 7.6 cm in
the turbulent spot experiments. Each blade was cut to its desired length,
approximately 28 cm, from a long strip of steel shim-stock. The edges and both

sides of the blades were subsequently sanded with 500-grit sandpaper.

The blades were then fastened to a bow-shaped, stainless-steel support by
first squeezing its tips toward each other using a wide furniture clamp (much
like stringing a bow). The ends of each blade were then secured to clamps that
were connected to the two ends of the bow-shaped support. The position of each
clamp was adjustable, thus allowing the blades to be aligned into one plane.
That portion of the clamps located below the manipulator blades prevented the

blades from being traversed closer than 1.0 mm from the surface of the flat-
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plate model,

A brass rod, 0.64 cm in diameter, was mounted to the bow-shaped support so
that its axis was perpendicular to the plane of the manipulator blades. This rod
exited through an O-ring in the top of the test section, and was secured to a
traversing mechanism located outside the test section. The traverse was
mounted such that its traversing axis was normal to the surface of the flat-plate
model. Provision was made to permit small adjustments in the angle of the
brass rod (and, consequently, the bow-shaped support and manipulator blades)
with respect to the normal of the flat-plate model. The angle was adjusted using
gauge blocks to ensure that the plane of the manipulator blades was parallel to
the working surface, and that the leading edges of the blades were perpendicu-

lar to the flow direction.

The leading edge of the first manipulator blade was observed to be more sus-
ceptible to vibration than were other portions of the device. The problem was
eliminated when the clamps were adjusted to produce a greater tension along
the leading edge than along the trailing edge. Furthermore, a compromise was
required between the desire to achieve high Reynolds number and the tendency
for the blades to vibrate at high speeds. Free-stream velocities were maintained

below 190 cm/sec in all experiments.

2.6. Hot-Film Wall-Shear Sensors

Arrays of wall-shear sensors manufactured at GALCIT as well as individual
wall-shear sensors manufactured by TSI were used in the present experiments.
All sensors were flush-mounted on the wall of the flat-plate model, and were
oriented to detect the streamwise component of wall shear. They were main-
tained at a constant temperature by the bridge circuitry described below. The

operating resistance, Rpy, was typically adjusted to a value 7.0% higher than the
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resistance at room temperature, K q.

Shown in Figure 2.4 is a photograph of a completed array of sensors. The
sensors were manufactured at GALCIT using a process that was developed during
the present study (see the Appendix for details). The streamwise and spanwise
dimensions of both types of sensors were the same, 0.13 mm by 1.02 mm,
respectively. The cold resistance, F uq. and the thermal coefficient of resis-
tivity, 7, of both types of sensors were also comparable (R ;™ 5 ohms, ¥~
0.004 ohms/degree-Kelvin). The GALCIT sensors were made of tin and were
deposited on a glass-reinforced epoxy-resin substrate, while each TSI sensor was
made of platinum and was deposited on a slender quartz rod. The GALCIT sen-
sors were used in many of the experiments. However, the substrate later
separated from the stainless steel ring onto which it was epoxied, and the exper-
iments were completed using several TSI sensors that had been employed in a

previous investigation.

The sensors are calibrated based on a simplified form of Lighthill's formula. It
is assumed that the wall temperature is constant over an effective length, L, and
that L << z, where z is the streamwise location of the sensor. With these
assumptions, the functional relationship between the wall shear and the total

power supplied to the (constant resistance) element is

st

V=078 + Gy

where V is the voltage across the sensor, and Cj represents the heat supplied to
the substrate. The constant C,, which depends on the thermal and geometrical
characteristics of the sensor and on the properties of the fluid, represents the

sensitivity of the sensor to wall-shear changes.
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2.7. Cylindrical Hot-Film Velocity Sensors

A cylindrical hot-film sensor, manufactured by TSI, was used to obtain velo-
city profiles in the turbulent boundary layer (see Section 3.1). Its operating
principle, like the hot-wire, is based on King’s law. That is, it is assumed the heat
supplied to the constant-temperature cylindrical sensor is related to the local

Reynolds number, Rey, by

L
V® = C3Reg? + C,

where Cy and C4 are constants, and 4 is the diameter of the sensor.

2.8. Circuitry for Wall-Shear and Velocity Sensors
A schematic of the bridge circuit used to maintain all hot-film sensors at con-
stant temperature is shown in Figure 2.5. Sixteen circuits were constructed

using standard printed-circuit (PC) manufacturing techniques.

The main feature of the circuit is the use of an operational amplifier to pro-
vide voltage feedback. Current is supplied to the bridge by a RN2270 transitor.
For the resistance values used in the two upper legs of the bridge, 40 and 400
ohms, the feedback ensures that the operating resistance of the sensor, includ-
ing the resistance of the leads, is one-tenth (40/400) the resistance of the 100-

ohm potentiometer setting.

Two automotive batteries served as low-noise, + 12-volt power supplies for the
circuits. A typical noise level for the circuits was b mV peak-to-peak, which is
comparable to the 2.5 mV quantization error introduced by A/D conversion (see
Section 2.9). Other features of the circuit include a sensor-saving, current-

limiting resistor (typically 25-ohms) located between the 12-volt supply and the
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collector of the 2N2270 transistor, an additional operational amplifier on the
output of the bridge to isolate the circuit from other instruments, and low-pass

filters on the output of each circuit to prevent aliasing during data acquisition.

2.9. Data-Acquisition and Processing Systems

A microprocessor-based data acquisition and control system was constructed
during the course of the present investigation. Provided below is a brief sum-
mary of its salient features. A more detailed description is given by Robey

(1986).

Shown in Figure 2.6 is a functional schematic of the system. The micropro-
cessor itself is comprised of an B085-based central processing unit (CPU), 16K of
random access (RAM) memory, 16K of erasable programable memory (EPROM), a
direct-memory access (DMA) controller, a floppy-disk drive controller, four
general-purpose A/D channels, four D/A channels, and various timers and

counters.

Other components that are used with the system include an Advanced Elec-
tronics Design 6R200LD dual floppy-disk drive and a 16-channel, 12-bit,
differential-input data-acquisition system (DAS) built around an Analog Devices
50-kHz A/D module. Each channel of the DAS is capable of sampling signals
whose amplitude lies in the range 0-10 volts, thus yielding a 2.5 mV resclution
for each 12-bit data word. Data sampled by the DASV were transferred to one of
the floppy-disk drives via RAM memory using a double-buffering technique. The
data were stored on B-inch floppy disks in the RT-11 file format. All data pro-

cessing was subsequently performed on a Digital PDP 11/44 computer system.
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Chapter 3

MANIPULATOR FFFECTS ON WALL SHEAR IN A TURBULENT BOUNDARY LAYER

One objective of the present experiments is to obtain a better understanding
of the mechansims responsible for the wall-shear reductions observed down-
stream of tandem manipulators. It is also of importance to clarify the
discrepancies that exist regarding the magnitude of the attainable net drag

reduction.

Arrays of flush-mounted films, maintained at constant temperature, are
presently used to obtain wall-shear data. Comparisons of mean wall-shear dis-
tributions are made with distributions obtained in two independent investiga-
tions in which skin-friction balances were employed. Such comparisons not only
provide a basis for assessing the prospects of attaining net drag reductions, but
also provide a foundation for subsequent turbulent spot experiments in which
attempts are made to understand the effects of the manipulator blades in terms

of large-scale turbulent structure.

3.1. Undisturbed Boundary Layer Behavior

A turbulent boundary layer was produced by appropriately adjusting the
trailing-edge flap, whose angle, g, determines the position of the leading-edge
stagnation point. For positive values of ¢, in which the flap is rotated toward
the active side of the flat-plate model, the stagnation point lies on the active
surface of the model. For such flap angles, the flow is laminar over the stream-
wise extent of the model for U, £ 200 cm/sec. (The contamination regions that
grow from the two edges of the model meet approximately at the hinge point of

the trailing-edge flap.) Early transition occurs when the flap is set to non-
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positive angles. For the turbulent boundary-layer experiments, the flap angle

was set to values in the range ~3 < ¢ < —b degrees.

Profile measurements were made of the streamwise component of velocity
using a cylindrical hot-film sensor (see Section 2.7). Quantities of interest
include: (1) the boundary-layer thickness at the trailing edge of the down-
stream manipulator blade, 4, used as a non-dimensionalizing parameter; and
() the magnitude of the unmanipulated wall shear, used as a basis for calibrat-
ing the wall-shear sensors. Shown in Figure 3.1 is an unmanipulated velocity
profile measured at station =z 40 cm, just upstream of the leading edge of the
tandem manipulator blades. Unless otherwise stated, the nominal free-stream
velocity for the turbulent boundary-layer experiments was 162 cm/sec. The
corresponding range of Reynolds numbers between the manipulator and the

downstream-most measuring station was 6.5 x 10° < Re; < 1.2 x 108

The boundary-layer thickness at the trailing edge of the second manipulator,
Om. was approximately 0.69 cm. This value is used to non-dimensionalize the
height of the manipulator and various streamwise distances. Streamwise dis-
tances are typically measured from the trailing edge of the last manipulator
blade, i.e, from x = z,, where z is measured from the leading edge of the flat-

plate model.

An estimate of the mean wall shear can be made using one of a number of
proposed correlations that relate the mean wall shear to such local integral
quantities as the momentum-thickness Reynolds, Ree and the shape factor, H.
The following correlation [which closely approximates the wall-shear data com-
piled by Coles and Hirst (1968)] was used to establish the magnitude of the

unmanipulated wall shear,
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0.3 ¢ 1384
(logloReg)l'74+°'31H (3‘1)

C ~

For the profile in Figure 3.1, the correlation predicts a value for Cp of approxi-

mately 0.0040.

3.2. Manipulated Wall-Shear Behavior

The effects of tandem manipulators on turbulent wall shear are investigated
using an array of flush-mounted sensors located downstream of the manipula-
tor. The variation of mean wall shear with manipulator height, h, at streamwise
stations in the range 8 < (z —z,,)/6,, < 42 are shown in Figures 3.2 and 3.3. The
location (z —-z,,)/6,, = 42 is the most downstream position at which measure-
ments could be made. The repeatability of the measurements for any given
manipulator height is indicated by the error bars. The height of the manipula-
tor was varied in a random fashion with frequent returns to the reference
height, A =R2.7d,,. Averages were computed from 16-second records that were

sampled at a 1-kHz rate (per channel).

No significant wall-shear reductions are apparent for h > 24,, (over the
streamwise region considered). As the manipulator blades are traversed closer
to the wall, reductions are observed to occur first at the downstream-most sta-
tions. However, the most significant wall-shear reductions occur immediately
downstream of the manipulator when the blades are close to the wall. At each
station there exists a manipulator height at which the wall-shear reduction is a
maximum. The magnitude of this maximum wall-shear reduction is observed to
decrease monotonically with increasing distance from the manipulator, and the
corresponding manipulator height at which the maximum reduction occurs

increases monotonically with downstream distance.
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Streamwise distributions of wall shear for fixed manipulator heights are given
in Figures 3.4 through 3.6. Comparisons are also made with data obtained using
skin-friction balances, under comparable conditions, as reported by Mumford
and Savill (1984) and Lemay et al. (1985). Considering the experiment-to-
experiment variations in manipulator configuration (e.g., h/6,, = 0.61, 0.50, and

0.48 in Figure 3.5) and flow conditon, the agreement is good.

For a fixed manipulator height the wall shear is observed to initially decrease
with downstream distance. A minimum is attained whose streamwise position
and magnitude depend on the manipulator height. As the manipulator blades
are moved closer to the wall, the minimum deepens and moves upstream toward
the manipulator. Just downstream of the minimum, the wall shear recovers
rather rapidly (over the region, say, 20—404,, at h/6, & 0.5), and then slowly

approaches its undisturbed level.

The mean wall-shear levels in the recovery region are not in agreement with
those inferred by Plesniak and Nagib (1985) who report wall-shear reductions as
large as 25% at downstream distances as great as 1404,,. Of further concern is
the qualitative behavior of their distributions at large distances. For
(x -z,,) 2 1006,,, some of their distributions tend toward the undisturbed wall-
shear levels, while others remain at low levels or even decrease with increasing

distance.

3.3. Importance of the Manipulator Wake

Various mechanisms have been proposed for the observed wall-shear reduc-
tions. Since the manipulator blades are considered to be low-drag devices, the
importance of the momentum deficit in the wake has generally been ignored.
Most proposals attempt to explain the effects in terms of large-eddy behavior. It

has been suggested that the manipulator blades and/or their wakes hamper the
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ability of the large-scale eddies to transport high-momemtum fluid from the
free-stream into the boundary layer, where this fluid is mixed and subsequently
decelerated. For example, Guezennec and Nagib (1985) report a steepening of
the intermittency profiles, which suggests that the manipulator may alter the
behavior of the large eddies. It has been proposed that such changes are due to
an interaction between the vorticity in the large eddies and the vorticity that is

shed from the blades.

The importance of the momentum deficit in the wake, which represents the
drag of the device, can be established by comparing the momentum thickness of
the wake, 6,,, with a characteristic change in the momentum thickness of the
undisturbed boundary layer, A6. The latter quantity is representative of the
force that the wall exerts on the fluid over that region of the flow in which the
wake of the manipulator is incorporated into the boundary layer. A lower bound
can be established for the drag of the device by computing the laminar flat-plate
value [see, for example, Anders et al. (1984) and Mumford and Savill (1984)],

0. 4(0.684)L (3.2)
m Re, :

where the factor 4 arises from the four sides of the two manipulator blades.

The characteristic change in the momentum thickness of the undisturbed
boundary layer may be written,

& bz

Ae ~ %%Azw

Comparing (3.2) with (3.3), a non-dimensional device-drag parameter can be

defined in terms of known quantities,
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The non-dimensional streamwise distance Az /4, represents the streamwise
region over which a distinct wake profile is embedded in the mean velocity
profile. Based on the velocity profiles reported by Corke (1981) and by Lemay et
al. (1985), this region is observed to persist for 20—406,,. A nominal value of
304,, is assumed, although the conclusion is not sensitive to the exact value
used. Given Re,, accepted correlations can be employed to relate C, and 6/6 to
the local momentum-thickness Reynolds number and (say) shape factor, H [e.g.,
eqn. (3.1) for C;]. Assuming a lower bound for the chord of the manipulator,

L/6, =1, the drag parameter assumes the following values,

Bm_ ~ 0.50, for Reg = 1000
Ae 0.25, for Reg = 6000

Therefore, the tandem manipulator is not a low-drag device. The momentum
deficit in the wake of the device can be expected to strongly influence the
behavior of the wall shear. A discussion of the consequences of this result is

given in Chapter 6.

3.4. Prospects for Net Drag Reduction

Given the wall-shear reductions determined by direct measurements, it is of
interest to establish an upper bound for the attainable net drag reduction. That
is, if it is assumed that the drag of the device is given by its laminar value, what

net drag reductions can be expected? Although the direct wall-shear
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measurements were made at relatively low momentum-thickness Reynolds
numbers (1000 < Rey < 2400), net drag reductions as large as 20% have been

reported at Reg = 2000.

The spatially-averaged wall-shear reduction required to overcome the laminar
drag of the device is given in Figure 3.7 as a function of the distance from the
manipulator. That is, large wall-shear reductions are necessary to overcome the
drag of the device when the averaging distance is small. The calculations were

made for two chord lengths, L/6,, = 1.0 and 2.0.

The effects of "shielding” were also included in the computation. It has been
proposed that the drag of the second blade, Dy, is lower than the drag of the
first, D,, because the second blade is embedded in the wake of the first blade.
Drag measurements by Mumford and Savill (1984) suggest that D, ~ 0.85 D,.
The shaded regions in Figure 3.7 represent values of D, in the range

0.50 < Dp/D; < 1.0,

Based on the lowest values of wall shear given in Figure 3.5 (h/6,, ® 0.5), and
taking into account possible reductions between the first and second blades
(assumed to be 20% below the undisturbed value -- a generous provision), it is
found that the wall-shear reduction overcomes the drag of the device at
Az /6y, N 40 (assuming 50% shielding). If it is assumed that the wall-shear
reduction remains unchanged downstream of the last measuring station,
Az /6, ® 83, the net drag reduction is only 5% at Az/d,, = 100. Since the
present estimate of the net drag reduction is admittedly optimistic, it is more
likely that small net drag reductions (~ 5%) may be attainable at very large
downstream distances (> 1006,,). It is noted that for Az /4, 2 50, the spatially-
averaged wall-shear reduction is not particularly sensitive to the height of the

manipulator.
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Also given in Figure 3.7 are the average wall-shear reductions required to
achieve a 20% net drag reduction. For L/6,, = 1.0 and 50% shielding, it is neces-
sary to achieve a 27% average wall-shear reduction over 1006,,. The present hot-
film measurements and the skin-friction balance measurements [i.e., Mumford
and Savill (1984) and Lemay et al. (1985)] indicate that this requirement grossly

exceeds the possible average wall-shear reduction.
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Chapter 4

MANIPULATOR EFFECTS ON TURBULENT SPOTS

The present experiments focus on the effects of tandem manipulator blades
on the turbulent spot, employed as a prototype structure for the organized,
large-scale motions in the turbulent boundary layer. Attention is focused on the
ensemble-averaged wall-shear behavior along the plane of symmetry of the tur-
bulent spot. Results are presented for isclated spots propagating in ambient

laminar, transitional, and turbulent boundary layers.

4.1. Undisturbed Turbulent Spot Behavior
Prior to an examination of manipulator effects on turbulent spots, the gen-
eral characteristics of unmanipulated spots that were generated in the present

experiments are discussed.

4.1.1. Turbulent Spot Generation. The flush-mounted heated-element
described in Section 2.4 was used to trigger all spots. One advantage of using
this triggering technique is the degree of control one has over the amplitude of
the disturbance. The effect of an increase in the amplitude of the heater pulse
is illustrated in Figures 4.1 and 4.2. For low levels of forcing one would expect
the phase velocity and growth rate of small-amplitude disturbances to follow
approximately that predicted by linear stability theory. Once a critical ampli-
tude is attained (e.g., in the region 48 < z < 8B cm in Figure 4.1) a local break-
down of the laminar flow occurs, and a turbulent spot rapidly develops from the
breakdown. Further increases in the forcing amplitude cause the breakdown

region to occur farther upstream.
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For the nominal operating condition of the experiments, U, = 150 em/sec
and (Re;), = 7 x 10%, it was necessary to apply a 1.25-volt pulse to the 0.06-ohm
heated-element to ensure that the virtual origin of the spot (see Section 4.1.3)
was located well upstream of the manipulator device. The virtual origin of the
spot was observed to be essentially independent of the pulse duration for pulse
widths greater than several milliseconds. (The use of pulse widths greater than
150 msec was avoided because of the disastrous effect of dc heating at compar-

able levels on the epoxy-held heated-element, an effect confirmed accidentally.)

4.1.2. Fnsemble-averaging Technique. Of interest is the ensemble-averaged
behavior of turbulent spots. A typical ensemble-averaged wall-shear time his-
tory of a turbulent spot is shown in Figure 4.3. Ensemble-averaged spots were
obtained by recording the time history of N spots, with a delay of four seconds
between heater pulses to allow the flow to relax, and averaging the N wall-shear
points at each recorded instant of time. The rising edge of the heater pulse was
used as a time reference for the ensemble averaging, and no attempt was made
to align the individual traces based on, say, the arrival of each leading edge [e.g.,

Wygnanski et al. (1978)].

The amount of variation in the arrival times of individual spots was deter-
mined by noting the time at which the skin-friction coefficient, C,, first
exceeded the arbitrary value 0.002 for each of the N events. As an example, at a
free-stream speed of 150 cm/sec the mean of 64 arrival times was 0.601 seconds

at station z = 52 cm with a standard deviation of 0.015 seconds.

4.1.3. Interface Celerities and Virtual Origin. Interface celerities in the
near-wall region of turbulent spots are determined from wall-shear histories
recorded simultaneously from sensors positioned along a line in the streamwise
direction. Such information is conveniently represented in the form of an x-t

diagram in which the arrival times of the leading and trailing interfaces are
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plotted against the corresponding streamwise stations of the sensors. All
present measurements of near-wall interface celerity were made along the plane

of symmetry of the turbulent spot.

The x-t diagram for a typical turbulent spot is shown in Figure 4.4, One least-
squares straight line is constructed for the set of leading-edge points, and
another for the set of trailing-edge points. The slope of each line represents the
celerity of the interface. From Figure 4.4, the interface celerities for the leading

and trailing interfaces are 0.90U, and 0.568U.,, respectively.

The virtual origin is defined as the intersection of the two lines in the x-t
diagram. For the spot represented in Figure 4.4, the virtual origin lies 19 cm
downstream of the heating element (which is located 5 cm downstream of the
leading edge of the flat-plate model). Celerities are noticeably affected only
when the forcing level is decreased to the point where the virtual origin lies
near, or downstream of, the measuring stations (z > 48 cm). At such low fore-
ing levels, the disturbances detected by the sensors can not be considered to be
fully developed spots. Furthermore, large forcing levels are not desirable
because of the possible effect of edge contamination on the growth of the spot,
particularly at the downstream-most station. The virtual origins for all spots

were positioned 15-20 cm downstream of the heated-element,

A pictorial representation of the criteria used to determine the arrival times
of the leading and trailing interfaces is shown in Figure 4.5. Five points along
the rise of the leading edge and five points along the decay of the trailing edge
are fit with a least-squares straight line and a least-squares exponential curve,
respectively. The arrival time of the leading edge is defined as the time at which
the wall shear along the linear fit attains the value of the first local maximum in
the trace. The arrival time of the trailing edge is defined as the time at which

the wall shear along the exponential fit attains the last local maximum value in
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the trace. Because of the steepness of the fits near the turbulent region of indi-
vidual spots, the results are relatively insensistive to the particular wall-shear

levels that are specified (e.g., the first and last relative maxima).

4.1.4. Spanwise Extent. As reported by Wygnanski et al. (1980) the spanwise
growth of the spot is weakly dependent on the Reynolds number. Over the Rey-

nolds number range 605 < Re,» < 1520, the half-angle, «, increases from 9.3

degrees at the lowest Reynolds number to 10.0 degrees at the highest. Since
only a representative value of the spreading angle is presently required, it is

assumed that a = 10 degrees.

The virtual origin for the spanwise extent of the spot, which does not neces-
sarily coincide with the virtual origin for the streamwise extent, was determined
by adjusting the forcing level until the spanwise extremity of the spot was evi-
dent on the output of the sensor at (z,z) = (52.8 cm, 3.68 cm). At this forcing
level the virtual origin in 2 was found to lie only 3 cm downstream of the virtual
origin in z. Considering that only an estimate of the spanwise origin is presently
required, and that the experiments were performed over a relatively narrow
range of Reynolds number, it is assumed that the the virtual origin in z coin-

cides with the virtual origin in = for all spots.

4.1.5. Estimated Thickness. The apex height, or maximum thickness, 6, of
the spot is used as a characteristic length for non-dimensionalizing such quanti-
ties as manipulator height. Possible means of estimating the thickness include:
1) assuming that the spot grows like a comparable turbulent boundary layer,
say, 6 ~ (z-x,)*° as suggested by Schubauer and Klebanoff (1955) and later
supported by Wygnanski et al. (1982); or 2) assuming that the spot grows in the
conical sense, 6 ~ (z—z,), which is consistent with the work of Cantwell et al.

(1978).



-32-

For a nominal spot in the present experiments, the two methods yield apex
estimates of 0.62 cm and 0.39 cm, respectively, at station z = 50 em. Based on
the height attained by injected dye in a preliminary investigation, the former

method is employed for estimating the apex height of the spots.

4.1.8. Comparison with Other Near-Wall Measurements. The characteristics
of the ensemble-averaged wall-shear time histories are consistent with the near-
wall velocity traces reported by Wygnanski et al. (1976) and Cantwell et al.
(1978). As Wygnanski observed, there exists an abrupt acceleration of the fluid
in the near-wall region as the leading interface of the spot passes a given
measuring station, followed by a nearly monotonic acceleration until a max-
imum velocity is achieved near the trailing edge of the spot. The tendency for
the mean velocity at a point near the wall to increase as the spot passes by is

consistent with the rise in the mean wall-shear presently observed.

One interesting feature of the present wall-shear traces, and of the velocity
traces of the two investigations cited above, is the relative minimum (or plateau
region) that occurs just upstream of the leading interface. Since this minimum
occurs near the streamwise position of the large vortical structure deduced by
Cantwell et al. (1978), it is conjectured that the minimum is related to the pas-
sage of the structure. More detailed discussions related to the large vortex

structure appear in Sections 4.3 and 6.2.

4.2. Effects of a Tandem-Blade Manipulator

The effects of a typical tandem manipulator on the wall shear of a turbulent
spot propagating in a laminar boundary layer were investigated. Although an
isolated spot may not be an ideal model for the large-scale eddy in a turbulent
boundary layer, similarities between the two flows in the presence of manipula-

tors are sought in hopes of better understanding the behavior of the organized
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motions in turbulent boundary layers. Possible connections between the large

scales and the wall-shear behavior are of particular interest.

Employed in the experiment was a combination of the heated-element for
generating spots, traversable manipulator blades, and multiple wall-shear sen-
sors. The manipulator blades were first positioned at a reference height, and a
series of N spots were subsequently forced. Unmanipulated, reference tur-
bulent spots are defined as those spots forced when the manipulator height was
approximately 4 cm above the flat-plate model. This reference height
corresponds to approximately 7 nominal spot heights. No significant changes in
the wall-shear behavior of ensemble-averaged spots were observed when the
manipulators were lowered from the reference position to a height 1.0 cm above
the plate. The blades were then lowered to various positions closer to the wall,
and N spots were forced at each height. Ensemble-averages presented in the
remainder of this chapter were constiructed for N = 99. To ensure that the
effects of possible drift did not affect the results, measurements were taken

periodically with the manipulator blades positioned at the reference height.

It is noted that in all experiments the trailing edge of the manipulator was
located 42.5~50.0 cm from the leading edge of the flat-plate model. The chord,

L, of each blade was 1.27 cm and the blade-to-blade spacing, s, was 7.8 cm.

4.2.1. Spolt Behavior Downstream of Manipulator. The general effect of the
manipulator blades on the wall shear of isolated turbulent spots is apparent
from the comparisons made in Figure 4.6. Plotted are ensemble-averaged wall-
shear traces obtained from the output of two sensors located at (z-z,,) = 24,
and (z -z, ) = 1R4,,. where z,, is the streamwise position of the trailing edge of
the manipulator, and 4, is the estimated apex height of the spot at z = z,,.
Each of the two plots in Figure 4.8 contains two wall-shear traces: one for which

the manipulator blades were positioned at the reference height and one for



- 34 -

which the blades were positioned at A = 0.656,,. The latter height was the lowest
that the blades could be traversed without the wake of the blades tripping the

otherwise laminar boundary layer at the downstream-most measuring station.

The most apparent effect of the manipulator blades is the dramatic reduction
in wall shear near the leading edge of the turbulent spot. The effect appears to
diminish toward the trailing interface. Since the manipulator blades are large-
scale devices, it is not surprising that the effect is most noticeable in the region
occupied by the horseshoe vortex. Plotted as a function of blade height, h, in
Figure 4.7 is the mean wall shear, non-dimensionalized by the mean wall shear
of the undisturbed spot., Mean wall shear was computed for the region of the
traces located between the arrival of the leading interface and the arrival of the
trailing interface for the reference spot. It is observed that the effect on the
wall shear is measurable only for A < 26p,. As in the fully turbulent boundary
layer the wall-shear reduction is enhanced as the manipulator moves closer to
the wall. However, at a fixed streamwise station it was not possible to identify a
height at which a maximum wall-shear reduction occurs, as in the turbulent
boundary layer, because of the occurrence of transition for the lower manipula-

tor heights.

Despite the adverse effect of the manipulator wake on the laminar boundary
layer, the blades were lowered to A = 0.494,,. At this height the flow just down-
stream of the second manipulator blade was turbulent, indicating that transi-
tion occurred between the first and second manipulator blades. Turbulent spots
were subsequently forced as before and ensemble-averages were again taken. As
shown in Figure 4.8, the wall shear is reduced significantly, particularly near the
leading-edge region of the spot. The existence of large, fluctuating shear levels
in the ambient flow does not appear to noticeably alter the effect of the blades

on the spot. However, since the origin of the spot is located well upstream of the
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transition front, one might expect the spot to dominate any developing struc-
tures in the transition region. The effects of a spot merging with a turbulent
boundary layer formed well upstream of the manipulator blades are described

in Section 4.3.

It is noted that a laminar calibration was used to obtain the results for the
turbulent spot in Figures 4.6 through 4.8, Because of the extrapolation of the
calibration curve to high turbulent wall-shear values, the wall-shear levels of the
turbulent spots in Figures 4.6 and 4.8 are lower than those observed in all other
wall-shear traces of the spot (e.g., Figure 4.3). No extrapolation errors were
introduced in the latter wall-shear traces since the calibration curves were con-
structed from both laminar and turbulent calibration points. From Figure 4.8,
it is observed that the spatially-averaged wall shear of the spot is approximately
equal to the mean wall shear of a fully turbulent boundary layer at a compar-
able Reynolds number. The skin-friction coefficient, Cr, for the ambient tur-
bulent flow in Figure 4.8 should be closer to 0.004. However, the effect of the
extrapolation error on the percentage change in the manipulated wall shear,
C;/Cy,, as given in Figure 4.7, was found to be small (< 5% extrapolation error

in the values of C;/C;, presented for the turbulent spot).

4.2.2. Near-Manipulator Spot PBehavior. In an effort to identify the
mechanism(s) responsible for the observed wall-shear reduction near the lead-
ing edge of the spot, it was conjectured that an immediate interaction between
the manipulator blades and the large vortex in the spot may occur. For exam-
ple, does the interaction change the circulation of the vortex, or shift the loca-
tion of the vortex within the spot? It is therefore of interest to investigate the
behavior of the wall shear when the spot is travelling in the neighborhood of the
manipulator blades. Three wall-shear sensors were located at stations (z —z,,) =

—~1.38L, —0.58L, and 0.R2L, where L is the chord of each of the two blades. The
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geometry of the tandem manipulator was the same as that used in the previous
experiment. The first sensor was thus located 0.38L upstream of the leading of
the second blade, the second sensor was located directly under the blade, and

the third sensor was located 0.22L (0.384,,) downstream of the trailing edge.

From the traces in Figure 4.9 it is observed that the most dramatic wall-shear
reduction occurs just upstream of the leading edge of the manipulator blade,
where both the turbulent spot and the ambient laminar boundary layer are
affected. Downstream of the leading edge of the blade, the wall-shear recovers
rather quickly toward its undisturbed level. It is also observed that the arrival

times of the leading and trailing edges of the spot are retarded.

Although it does appear that small changes do occur near the leading edge of
the spot (e.g., the slow rise of the wall shear at (z—=z,)/L = —-0.58), the large
wall-shear reductions observed near the leading edge of the spot at stations
farther downstream, as in Figure 4.6, are not apparent when the spot is in the
neighborhood of the manipulator blade. The wall-shear behavior of the spot and
of the ambient laminar boundary layer is suggestive of a developing channel
flow, where the manipulator blade acts much like the upper wall of the channel.
The streamlines diverge in the region upstream of the blade as the fluid
attempts to circumvent the channel, thus decreasing the wall shear in this
region. The wall shear subsequently attempts to recover as the flow accelerates
through the channel. The turbulent boundary layer exhibits a similar behavior
near the manipulator blades (see Section 4.4), consistent with Mumford and
Savill's (1984) observation in a fully turbulent boundary layer that "as the flow
reaches the devices it moves outwards thickening by approximately one-third."”
Their observation was based on laser/incandescent illumination of injected

smoke.
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The presence of adverse pressure gradients can introduce errors in the mag-
nitude of the wall shear due to the fact that the thermal boundary layer of the
sensor is embedded in a velocity profile with curvature at the wall. Since the
present calibrations are performed in the absence of mean pressure gradients,
the subsequent use of the sensors in flows with non-zero pressure gradients may
require corrections to the wall shear [see, for example, Brown (1967)]. However,
for the present flow conditions and sensor geometry the correction term is
small for favorable and moderately adverse pressure gradients. For example,
the calibration curves constructed in the present experiments for zero pressure
gradient overpredict the wall shear by roughly ten percent for a flow in which
the equilibrium parameter, 8, defined by Clauser (1954,1958) as (6°/7,)(dp /dz),
is of order 10. Corrections are negligible for B << 10. Therefore, the
uncorrected wall-shear levels at station (r-=z,) = —1.38L in Figure 4.9 are

slightly higher than the actual levels.

4.3. Entrainment of the Manipulator Wake

As discussed in Section 3.3, the momentum deficit introduced by the tandem
manipulator is not small compared to an appropriate characteristic change in
the momentum thickness of the undisturbed turbulent boundary layer. The
wake is expected to be a prominent contributor to the observed wall-shear

reductions.

It is conjectured that the dramatic wall-shear reductions that occur near the
leading interface of the spot are due, in large part, to the entrainment of the
wake of the manipulator. Shown in Figure 4.10 is a representation of the mean
particle-path trajectories in an ensemble-averaged spot, as deduced by Cantwell
et al. (1978). For clarity, the vertical scale is expanded by a factor of approxi-

mately four. Also provided in Figure 4.10 is a table of the relative entrainment
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rates along various segments of the boundary of the spot.

It is observed that the streamwise position within the spot where the wall-
shear reductions are most apparent coincides with the approximate location of
the large vortex structure. As the wake is entrained along the upstream-facing
boundary, it is incorporated inte the region occupied by the vortex. Since the
momentum of the entrained fluid from the wake is initially lower than the
momentum of the fluid that is normally entrained, the overall deceleration of
the entrained fluid due to turbulent mixing is consequently reduced. Since the
deceleration of fluid within the boundary layer must be manifested in the shear-
ing stresses at the wall (in the absence of mean pressure gradients), the wall

shear is also reduced in the vicinity of the large vortex.

It is also noted that the region near the trailing interface is not affected by
the wake of the manipulator, since the manipulator is always located well above
the upper boundaries of this region. It is conjectured that if the spot were fol-
lowed to greater downstream distances, or if the manipulator were positioned
closer to the surface, wall-shear reductions would also be evident near the trail-

ing interface of the spot.

A more complete discussion of the relevance of the structural model deduced

by Cantwell et al. on the behavior of manipulated spots is given in Section 8.2.

4.4. Turbulent Spot in an Ambient Turbulent Boundary Layer

In an attempt to draw similarities between the manipulated turbulent spot
and the manipulated turbulent boundary layer, individual spots were followed in
a fully turbulent boundary layer. Shown in Figure 4.11 are ensemble-averaged
wall-shear time histories of turbulent spots propagating in an ambient tur-

bulent boundary layer. The lower two plots illustrate the behavior of the spot
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near the manipulator, while the upper trace reflects its behavior well down-

stream of the manipulator.

It is first established that the spot can be followed in the turbulent flow for
large downstream distances. The last measuring station (upper trace in Figure
4.11) is located approximately 758,, downstream of the heated-element. A simi-

lar conclusion was reached by Haritonidis et al. {(1977).

Secondly, it is observed that at the downstream-most station the wall-shear
reductions are enhanced near the leading interface of the spot compared to the
reduction in the ambient turbulent boundary layer. Wall-shear reductions are
also evident at the trailing interface of the spot, but the effect is not as prom-
inent as in all other regions of the flow. In terms of the spatially-averaged wall-
shear reduction within the leading and trailing interfaces of the spot, the magni-
tude is comparable to the average wall-shear reduction in the turbulent bound-

ary layer.

Just upstream of the manipulator blade, i.e, at (x—=z,,)/L = —1.38, the mani-
pulated wall-shear levels of the turbulent boundary layer and the turbulent spot
are approximately 20% lower than the undisturbed levels. Near the trailing edge
of the manipulator blade, the wall-shear levels nearly recover to the unmanipu-
lated levels. Such behavior is similar to the near-manipulator behavior of the

turbulent spot propagating in an ambient laminar boundary layer.
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Chapter 5

EFFECTS OF THREE-DIMENSIONAL MANTPULATOR ELEMENTS

5.1. Motivation for Use of a Three-Dimensional Device

The possibility was explored of using a device whose drag is comparable to the
drag of the tandem manipulator, but which might produce a more dramatic
effect on the wall shear. Since three-dimensionality is an inherent feature of
turbulent fAlow, it was conjectured that a three-dimensional device may be better
suited to manipulate the large eddies. Although the investigation addresses the
effects of the device on the fully turbulent boundary layer as well as on the tur-
bulent spot, the design of the device is based on known characteristics of tur-

bulent spots.

Reecent studies suggest that resulits obtained from ensemble-averaged meas-
urements inadequately describe the structure of a typical individual spot [e.g.,
Perry et al. (1981), Gad-el-hak et al. (1981), Wygnanski (1981), Itsweire and van
Atta (1984)]. Individual spots may be comprised of numerous eddies that
appear on a smaller scale than that of the rather large vortical motions
identified in earlier studies by Wygnanski et al. (1978) and Cantwell et al. (1978).
However, as concerns the design of the present three-dimensional manipulator,

the turbulent spot is modelled by its ensemble-averaged structure.

The study by Coles and Barker (1975) and the detailed investigation by Wyg-
nanski et al. (1976) suggest that one salient feature of the ensemble-averaged
turbulent spot is the existence of a large, horseshoe-shaped vortex tube. In
planview, the large structure is swept back at a half-angle of approximately

15-20 degrees measured from the centerline. Due to the highly swept nature of
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the horseshoe vortex tube, one would expect a significant component of stream-
wise vorticity to exist along the off-centerline segments of the tube. The sign of
the vorticity is such that induced spanwise velocities in the near-wall region are
directed toward the centerline. The purpose of the present three-dimensional
device is to introduce a strong streamwise component of vorticity into the flow,
in contrast to the spanwise component of vorticity introduced by two-

dimensional manipulator blades.

The three-dimensional device consists of a set of wall-anchored, vertical fins
aligned with the free-stream. The function of the fins is to shed tip vortices dur-
ing the passage of a turbulent spot, as shown pictorially in Figure 5.1. The
horseshoe vortex is a crude model for the large-scale structure of the turbulent
spot and, therefore, a crude model based on high aspect-ratio wing theory is
employed for the predicted behavior of the fins in the presence of spot-induced
spanwise velocities. Although the flow is nonsteady, each fin is treated as a flat
plate of finite span subjected to a steady angle of attack during the passage of
the horseshoe vortex. If the height of the fins lies below the center of the vortex
tube, induced spanwise velocities are directed toward the plane of symmetry of
the spot, and the sense of rotation of the tip vortices from the fins opposes the
sense of rotation of the horseshoe vortex. That is, spanwise velocities induced
by the tip vortices oppose the spot-induced spanwise velocities. (Tip vortices
that reinforce the spot-induced spanwise velocities could be introduced by plac-

ing the whole of the fins above the center of the horseshoe vortex.)

Based on this simplified model of the fin behavior, estimates can be made of
the required chord length and spanwise spacing of the fins to ensure that the
fin-induced spanwise velocities, wy, are comparable to the velocities, w;,, induced
by the horseshoe vortex. The characteristic mean streamwise velocity, U, is of

order . and the characteristic length is assumed to be of order h, the distance
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between the wall and the horseshoe vortex. At the streamwise position of the
bound vortex of a fin, the Biot-Savart law predicts that a semi-infinite tip vortex

will induce a ‘downwash’ velocity,

lw| = A
4mh

at a distance A from the core of the tip vortex. Including the effect of the tip
vortex shed from the mirrored-imaged fin, the characteristic spanwise velocity

induced by a single fin becomes,

The circulation around the fin, I'y, is related to relevant parameters through

the lift force developed by a flat plate,

Ly =pUTy = Rra)(pUP)c

w,
where o = —bf— is the spot-induced angle of attack, and ¢ is the chord of the fin.

If h is assumed to be approximately equal to the maximum half-height of the

turbulent spot, §,,/2, then

Therefore, if one chooses ¢ = 0(6,,), the tip vortices of the fins will induce

1}
velocities w, = O(w;) at the characteristic distance h = 0(—21'—) from the tip
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vortex. To provide such induced velocities across the entire span, the fin-to-fin

spacing, s, should be 0(4,,).

5.2. Effects of the Device on Turbulent Spots

Two configurations of vertical fins were investigated: (1) a long-chord manipu-
lator,¢ =25 cm, h =045 cm,s = 0.9 cm, and (2) a short-chord manipulator, ¢
= 10cm, A =050 em, s = 1.0 cm. The estimated height of the spots at the
manipulator station was 0.8 cm, corresponding to the thickness attained by a
spot growing at the rate of a fully turbulent boundary layer with origin located
near the leading edge of the flat-plate model. Although different forcing levels
were used in the course of the experiments, the virtual origins were always
located between the leading edge of the flat-plate model and the trailing edge of

the manipulators, z,, = 42.5 cm.

Each fin was attached to a 0.13-mm thick, 1.0-cm wide brass base. The base
was held in tension by the traversable, bow-shaped manipulator support, thus
allowing manipulated turbulent spots to be compared with unmanipulated tur-
bulent spots without having to change the operating condition of the HSWT facil-
ity during the experiments. Unmanipulated spots are defined as those spots
forced when the base of the fins lies 4.2 cm above the flat-plate model, the
highest position to which the base could be traversed. No changes in spot
behavior were observed until the distance between the base of the fins and the
flat-plate model was less than one centimeter. In the design configuration, how-
ever, the base of the fins rested on the surface of the flat-plate model. To
ensure intimate contact between the base and the surface of the flat-plate
model, a very thin film of silicon grease was applied to both surfaces prior to
each run. Bench experiments indicated that the overall film thickness was less

than 0.02 mm.
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One difficulty in performing such an experiment is the adverse effect of the
nonsteady wakes produced by the fins on the laminar boundary layer. Although
a detailed study of the wake behavior was not undertaken, it was determined
that laminar flow regions exist between the wakes for at least 10 fin-spacings
downstream of the device. Furthermore, the flow exhibits fully turbulent
behavior across the entire span at a station located 25 fin-spacings downstream
of the device. Some measurements were made directly in line with the wakes,

but the wall-shear sensors were generally positioned between neighboring wakes.

Attempts to alter the wall shear of turbulent spots yielded only slight
changes. Shown in Figures 5.2 and 5.3 are ensemble-averaged wall-shear time
histories recorded at two spanwise positions, z/b ® 0.0 and 0.8, respectively,
located approximately 104, downstream of the long-chord manipulator. The
dotted curves depict the wall-shear behavior of the undisturbed turbulent spot,
ie, h = 4.2 cm, and the solid curves represent the behavior of the manipulated
spot, i.e., h = 0.0 cm. Both sensors were positioned between the wakes of the

vertical fins.

A slight decrease in the extent of the turbulent region is observed at both
spanwise positions. Overall, the wall shear along the centerline experiences a
small reduction while that at the ofi-centerline position increases slightly. A
delay in the arrival of the leading and trailing interfaces also occurs at both

spanwise positions.

If the manipulators are to behave as predicted, the effects should be more
pronounced along off-centerline segments of the spot than along its centerline.
The experiment was repeated using slightly smaller spots, thus increasing 2z /b
to ~ 0.9 while keeping the sensor positions fixed. As shown in Figures 5.4, a
more dramatic effect is realized near the extremity of the spot where the wall-

shear level and the streamwise extent are reduced.
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This behavior was also observed in an earlier experiment in which the short-
chord manipulator was employed. As 2/6 - 1, the wall shear and the stream-
wise extent of the spot are dramatically reducted, as shown in Figure 5.5. (The
off-centerline sensor was again positioned between the wakes of two vertical

fins.)

The wall-shear behavior directly downstream of a short-chord fin is shown in
Figure 5.8, In this experiment, the center-most fin was aligned with the center-
line of the flat-plate model, which also corresponds to the plane of symmetry of
the turbulent spot. The wake of the fin is observed to cause an increase in the
mean wall shear of both the ambient boundary layer and certain regions of the

turbulent spot.

Therefore, the most significant effect of the vertical-fin manipulator on the
spot appears to be the inhibition of its spanwise growth. Large reductions in the
wall shear and in the streamwise extent of the spot are observed only near the
spanwise extremity, z/b ® 0.9. At this spanwise position the magnitude of the
mean wall-shear reduction, ® 30-40%, is realized for both long- and short-chord
manipulators. However, these effects do not appear to be significant in the con-
text of the present investigation since only modest wall-shear reductions are evi-

dent for values of 2z /b less than 0.9.

5.3. Effects on a Turbulent Boundary lLayer

To ascertain the average effect of the vertical-fin manipulator on randomly
occurring large-scale structures, and to substantiate its relatively small effect
on turbulent spots, the vertical-fin device was placed in a fully turbulent bound-
ary layer. Although the primary focus of the experiment was to investigate the
effectiveness of the vertical fins in reducing the wall shear, the fins and base to

which they are attached could be traversed to any height in the range 0 < h <
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4.2 cm. When the base is positioned above the wall, the device can be considered
to be a hybrid manipulator comprised of a conventional two-dimensional blade
(the base) and vertical fins. Results are therefore presented using the height of
the base above the wall, A, as a parameter. The vertical-fin results therefore

represent a special case of the hybrid manipulator in which o - 0,

Shown in Figure 5.7 are the wall-shear reductions at two downstream stations
for various manipulator heights. Comparisons are made with the effects of the
tandem configuration, whose total wetted area is equal to that of the hybrid de-
vice (fins plus base). Although direct measurements of the drag of the device
were not made, it appears that for A > 0 the hybrid device is as effective in

reducing the wall shear as is the tandem configuration.

Shown in Figure 5.8 is the wall-shear distribution downstream of the device
for the case h = 0. The dimension of the fins in the direction normal to the wall
is 0.814,,. Comparisons are therefore made with the effects of a tandem mani-
pulator positioned & 0.506,, and 0.754,, from the wall. It is noted that the total
wetted area of the vertical-fin device is effectively one-half that of the tandem
device, since the base of the fins is on the wall. Thus, if the wall-shear reduc-
tions due to the fins were comparable to the reductions due to the tandem de-
vice, the effectiveness of the vertical-fin device would be rated higher than that
of the tandem configuration. However, the reductions due to the vertical-fin de-
vice are much smaller than the reductions due to the tandem device (and of the
hybrid device as well). Furthermore, the effects do not persist as far down-
streamm. The quick recovery of the wall shear is reminiscent of the behavior
exhibited by other near-wall devices (e.g., sudden change in wall roughness or
moderate blowing/suction) as opposed to outer-scale devices whose effects are

observed to persist for greater downstream distances.
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Therefore, as in the case of the turbulent spot, the effects of the vertical-in
device on the turbulent boundary layer are modest. The device, as designed in
the present investigation, does not appear to be a suitable alternative to the

tandem configuration.
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Chapter 6

DISCUSSION AND CONCLUSIONS

Experiments were performed to study the effects of various large-eddy mani-
pulators on turbulent wall shear, and to better understand the mechanisms
involved. The effects of a tandem-blade manipulator on the wall shear in a tur-
bulent boundary layer were investigated in an initial set of experiments. In an
effort to explain the observed effects in terms of organized turbulent structure,
the turbulent spot was employed as a prototype large-scale eddy. The possible
effectiveness of a three-dimensional manipulator configuration was also
explored. Wall-shear reductions due to the device were investigated for both the

fully turbulent boundary layer and the turbulent spot.

6.1. Manipulated Turbulent Boundary Layer

The present measurements of mean wall-shear distributions downstream of
tandem manipulators show good agreement with skin-friction balance measure-
ments made independently by Mumford and Savill (1984) and by Lemay et al.
(1985), as shown in Figures 3.4 through 3.8. To obtain an upper bound for the
possible net drag reduction, it is assumed that the drag of the device is given by
its laminar value. In computing the laminar drag, it is assumed: (1) that the
drag of the second blade is one-half that of the first blade due to shielding
effects; (2) that the appropriate velocity for the dynamic pressure computation
is the local mean velocity at the manipulator height, h &~ §,,/2; and (3) that the
chord of each manipulator blade is equal to the local boundary-layer thickness,
6m. Generous provision is also made for the possibility of wall-shear reductions

in the region between the first and second manipulator blades, in that the
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average manipulated wall shear is assumed to be 20% below its undisturbed
value, a reduction comparable to the maximum value attained downstream of

the second manipulator blade.

Based on such estimates of device drag and on the direct wall-shear measure-
ments made downstream of the second manipulator blade, it is concluded that
small net drag reductions (~ 5%) may be possible over large downstream dis-
tances (2 1006,,). This assessment is in general agreement with the results
obtained in the NASA Langley investigations, e.g., Anders and Watson (1985), in
which the two-dimensional momentum-balance technique was employed. Unfor-
tunately, such small net drag reductions are comparable to the magnitude of

experimental error.

Such results are not consistent with the results of Plesniak and Nagib (1985)
who report net drag reductions as large as 20% under comparable conditions.
Plesniak and Nagib argue that discrepancies in the magnitude of reported net
drag reductions may be attributed to differences in the drag of the device. How-
ever, differences in the magnitude of the wall-shear reduction, particularly at
large downstream distances (~ 1006,,), seem to be the dominant contributing
factor to the net drag discrepancies. Direct wall-shear measurements indicate
that peak reductions of 20-40% are attainable, depending on the manipulator
height. Such peak values were inferred by Plesniak and Nagib, but the direct
measurements of the present study indicate that the reductions do not persist
for significant streamwise distances. Therefore, for streamwise distances
greater than (say) 506,,, experiments involving direct wall-shear measurements
in manipulated boundary layers show much smaller values of the average shear-

ing force reduction than those attained by Plesniak and Nagib.

A more important conclusion can be reached regarding the mechanism

responsible for the observed wall-shear reductions. By comparing the
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momentum deficit introduced by the manipulator, 6,,, to a characteristic
change in the momentum thickness of the undisturbed boundary layer, Ag, it is
established that the tandem manipulator is not a low-drag device. A low-drag
device is presently defined as one for which 6, << A6, where the momentum
deficit in the wake of the manipulator is representative of the drag imposed by
the device on the fluid. The laminar value is assumed to represent a lower
bound for the drag of the device. The characteristic change in the momentum
thickness of the undisturbed boundary layer is that which occurs over the
streamwise distance, Az, in which the wake of the manipulator is incorportated
into the boundary layer. This characteristic change in the momentum thickness
is representative of the natural ability of the friction at the wall to decelerate
fluid over the streamwise distance in which the wake is mixed with the boundary

layer fluid.

It was shown in Section 3.3 that a lower bound for the drag parameter, 6, /A6,

is

1
A
Om ., _53 Om
Ae Az ]
c, =% Om_
4 S Reo Em

For turbulent flow over a flat plate, unmanipulated values of the skin-friction
coefficient, C;, and the ratio of boundary-layer thicknesses, é,,/6,,, may be com-
puted from accepted correlations, given the momentum-thickness Reynolds
number, Res For the Reynolds number range 1000 < Reg < 8000, the
corresponding ranges for Cy and 6,,/6,, are approximately 0.0029 —0.0042 and

8.7 — 9.6, respectively.
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From the mean-velocity profiles of Corke (1981) and Lemay et al. (1985), a
distinct wake profile is observed to be embedded in the mean velocity profile
immediately downstream of the manipulator, and to persist for ~ 20-406,,
downstream. Assuming that a representative value for Az is 30d,, a lower
bound for the drag parameter 8,,/A6 varies from ~ 0.50 at Rey = 1000 to ~ 0.25
at Reg = 6000. Therefore, the drag of the tandem manipulator is not small com-

pared to a characteristic (unmanipulated) drag force on the wall.

It is conjectured that the distinct minimum that occurs in the manipulated
wall-shear distributions is intimately connected to the characteristic streamwise
distance over which the wake is incorporated into the boundary layer. Further-
more, the distance over which the low-momentum fluid in the wake is fully
incorporated into the boundary layer is expected to depend on the height of the
manipulator. One would expect the mixing of the low-momentum fluid to take
place over shorter downstream distances as the device is moved closer to the
wall, due to the smaller time scales and velocity scales at the lower heights. For
low manipulator heights, the mixing of the low-momentum fluid occurs over a
relatively small streamwise extent and, consequently, the wall-shear reductions
are more dramatic than the reductions that occur for greater manipulator
heights. This conjecture is consistent with the observation that the minimum
deepens and moves closer to the manipulator as the blades are traversed closer
to the wall. It is also noted that over a wide range of manipulator heights,
0.30 —-0.75 4,,, the average wall-shear reduction at large downstream distances

does not appear to be particularly sensitive to the height of the blades.

The conclusion reached is that the momentum deficit introduced by the wake
is an important contributer to the observed wall-shear reductions, rather than
that the ability of turbulent mixing in the boundary layer to decelerate fluid is

dramatically impaired. It is not suggested that the ability of the boundary layer
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to decelerate fluid is unaffected, or that net drag reductions are not possible. In
fact, one would expect reductions in the Reynolds stresses and in the turbulence
production near the wall due to the reduction in the shear stress at the wall.
However, it is suggested that a significant contribution to such reductions arises
from the transport and mixing of low-momentum fluid from the wake of the
manipulator. Furthermore, it is suggested that the possible effects of the device
on turbulent structure are clouded by the presence (and importance) of the

wake.

8.2. Manipulated Turbulent Spots

In an attempt to better understand the mechanisms responsible for the
observed wall-shear reductions, the turbulent spot was employed as a prototype
large-scale eddy. The investigation focused on the ensemble-averaged behavior
of turbulent spots, with and without manipulation. As shown in Figure 4.6, the
most dramatic wall-shear reduction occurs near the leading edge of the spot.

The trailing edge of the spot is not noticeably influenced by the manipulator.

The structural model of the turbulent spot presented by Cantwell et al.
(1978) is used as a basis for interpreting the presently observed effects on the
turbulent spot. The ensemble-averaged structure was deduced from the
assumption of conical similarity for their ensemble-averaged velocity measure-
ments. Shown in Figure 4.10 is a sketch of the particle trajectories in the
ensemble-averaged turbulent spot. Also included is a table of the relative rates
of entrainment across various boundaries of the spot, as deduced by Cantwell et

al.

The position of the large vortex structure and the entrainment of ambient
fluid into the spot are of particular interest. As this high-momentum ambient

fluid is entrained into the spot, it is mixed with and decelerated by the turbulent
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fluid inside the spot. Within the boundary-layer approximation, the deceleration
of the entrained fluid must eventually be manifested in the shearing force at the
wall. From the table in Figure 4.10, it is observed that approximately 80% of the
total entrainment in the spot occurs along the upstream-facing boundary (seg-
ment b-c-d). Of this fluid, approximately two-thirds is entrained along the upper
portion of this boundary (segment c-d) and is subsequently incorporated into
the outer region of the spot, i.e., the region occupied by the large vortex struc-

ture.

The manipulator and its associated wake were located in the outer region of
the spot, i.e., above the separatrix defined by the solid line between points ¢ and
e in Figure 4.10. In the presence of the manipulator, the momentum of the
free-stream’ wake fluid that is eventually entrained along the upper, rear
boundary of the spot (segment c-d) is initially lower than that of the fluid
entrained in the absence of the manipulator. Therefore, one would expect the
deceleration of the entrained fluid, and thus the average wall shear, to be lower
in the presence of the manipulators. Furthermore, the tendency of the large
vortical structure to transport entrained fluid closer to the wall, where tur-
bulent fluctuations are particulary violent, suggests that wall-shear reductions
should be most prominent in the immediate vicinity of the vortex. The large
decrease in wall shear presently observed near the leading edge of manipulated

spots supports this conjecture,

A similar argument can be made for the absence of any wall shear reductions
near the trailing interface of the spot. Since the manipulator was always posi-
tioned in the outer region of the spot, entrainment along the lower, rear bound-
ary (segment b-c) was little affected by the wake of the manipulators. It is noted
that more than 20% of the total entrainment occurs along the short segment b-

¢, and that the deceleration occurs within a relatively small region located near
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the trailing interface. It appears that the maximum in the wall shear observed
near the trailing interface, with or without manipulation, is associated with the

rapid deceleration of fluid entrained along the segment b-c.

Attempts to observe the effects of the manipulator on the spot at greater
downstream distances (> 126,,), or for lower manipulator heights (< 0.64,,),
were hampered by premature transition of the otherwise laminar ambient
boundary layer due to the wake of the manipulator. Under either condition, it is
conjectured that wall-shear reductions would be evident in regions closer to the
trailing interface of the spot due to the entrainment of the wake along segments
of the upstream-facing boundary that lie closer, in the conical similarity coordi-

nates, to the trailing interface of the spot.

Despite the adverse effect of the manipulator wake on the ambient laminar
flow, the manipulator blades were placed closer to the wall (~ 0.54,,), as in Fig-
ure 4.8. It is observed that the wall-shear reduction in the leading-interface
region of the spot is slightly enhanced compared to the effect at greater mani-
pulator heights, Furthermore, wall-shear reductions are also apparent toward
the trailing interface, as expected. Since the entrainment of the oncoming
ambient boundary layer accounts for only about 14 percent of the total fluid
entrained by the spot, the large mean and fluctuating shear levels caused by
transition in the ambient flow do not appreciably affect the mean shear levels

within the spot.

Exploratory measurements were also made in the neighborhood of the mani-
pulator blades. It was conjectured that any circulation developed by the blade
as the vortex structure approaches may alter the position of the vortex within
the spot. However, the large wall-shear reductions observed near the leading
edge of the spot after it travels downtream of the manipulator are not apparent

in the neighborhood of the blades. Instead, the blades act much like the upper
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wall of a channel. The wall shear first decreases almost uniformly across the
entire extent of the spot as it approaches the leading edge of the blade. This
behavior is consistent with the observation in a turbulent boundary layer by
Mumford and Savill (1984) that as the flow approaches the blades it moves out-
ward and the boundary layer thickens by approximately one-third, Their obser-
vation was based on flow visualization. The deceleration is apparently followed
by an acceleration directly under the blades, as suggested by the rise in wall
shear as the spot approaches the trailing edge of the blade. This general
behavior occurs for the laminar boundary layer, the turbulent spot, and the tur-

bulent boundary layer.

It is not clear from the present measurements that transport properties of
the spot or of the turbulent boundary layer are inhibited. The numerical study
by Kinney et al. (1985) and the recent analytical work by Dowling (1985) suggest
that an interaction does indeed occur between the large eddies and the vorticity
shed by the manipulator due to a nonsteady circulation around the blades.
Both investigations indicate that, for a two-dimensional flow, the sign of the vor-
ticity shed from the blades during the passage of large eddies (concentrations of

vorticity) opposes the sense of rotation of the eddies.

Attempts were also made to follow and manipulate individual turbulent spots
propagating in a fully turbulent boundary layer. It was first established that the
unmanipulated spot can be followed for large downstream distances, i.e.,
approximately 756,, from the heated-element. [A similar conclusion was
reached by Haritonidis et al. (1977)]. The wall-shear traces shown in Figure 4.11
were obtained near the last manipulator blade and 186,, downstream of the
blade. At the most downstream station, the wall-shear reduction near the lead-
ing interface of the spot is enhanced compared to the mean reduction in the

ambient turbulent boundary layer. A reduction also occurs near the trailing
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interface of the spot, although the effect is smaller than that in the ambient
turbulent flow. The average wall-shear reduction in the manipulated spot was
found to be comparable to the reduction in the surrounding turbulent boundary

layer.

The wall-shear reduction presently observed near the trailing interface of the
spot when it propagates in a turbulent boundary layer is not apparent when the
spot propagates in a laminar boundary layer (at a comparable distance, say,
10-156,, from the manipulator). It is conjectured that the reduction is pri-
marily due to the presence of eddies near the trailing interface of the spot that
are not present when the ambient flow is laminar. Such eddies would enhance
the transport of the low-momenturmn fluid in the wake to positions closer to the

wall.

6.3. Effects of a Vertical-Fin Manipulator

The possibility of affecting the behavior of the turbulent spot using a three-
dimensional manipulator configuration was also explored. The spot is modelled
as a highly swept, horseshoe-shaped vortex tube that induces a relatively strong
spanwise component of velocity. Near the wall this spanwise component of velo-
city is directed the toward the centerline of the spot. In an attempt to attenu-
ate the streamwise component of vorticity along the vortex tube, a set of wall-
anchored, streamwise-oriented, vertical fins was placed across the span of the
flat-plate model. As illustrated in Figure 5.1, the purpose of the fins is to gen-
erate streamwise-oriented tip vortices when the horshoe-shaped vortex is in the
vicinity of the device. If the upper edges of the fins lie below the mean position
of the vortex tube, they are subjected to an angle-of-attack such that the ’'lift’
force is directed toward the centerline of the spot. The corresponding sense of

rotation of the tip vortices shed from the uppermost edge of the fins is such as
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to oppose the streamwise component of vorticity in the vortex tube.

A crude model based on high aspect-ratio wing theory is used to estimate the
required chord length, ¢, and the fin-to-fin spacing, s, of the device. The
appropriate height of the fins, A, is assumed to be approximately 4,,/2, where
6m is the local maximum thickness of the spot. The model predicts that if
¢ = O(6p), the tip vortices will induce spanwise velocities w, = O(wy) at charac-
teristic distances A from the tip vortices, where w, is the spanwise component
of velocity induced by the horseshoe vortex. To provide such induced velocities
across the entire span of the spot, the fin-to-fin spacing, s, should be of the

order of .

As illustrated in Figures 5.4 and 5.5, the most dramatic effect of the device on
the spot occurs near the spanwise extremities where both the magnitude of the
wall shear and the streamwise extent of the spot are reduced. Such dramatic
reductions are not observed at positions closer to the centerline. Therefore, it
appears that the dominant effect of the vertical-fin configuration is a retarda-
tion of the spanwise growth of the spot. However, it is emphasized that the
effects do not appear to be significant in the context of the present investiga-
tion, since only modest wall-shear reductions are evident for values of z /b less

than 0.9.

Effects of the vertical-fin device on fully turbulent mean wall shear were also
investigated and compared with the effects due to a tandem manipulator. The
total wetted area of the vertical-fin device, per unit span, was one-half that of
the tandem device. Thus, one would consider the vertical-fin device to be more
effective than the tandem device if the wall-shear reductions due to the two dev-
ices were comparable. However, as shown in Figure 5.8 the peak reductions in
the wall shear are less than those due to the tandem configuration, and the wall

shear exhibits a quicker recovery to its undisturbed level. Therefore, the
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effectiveness of the vertical-fin device does not represent a significant improve-

ment on the effectiveness of the tandem manipulator.

It is conjectured that the lack of any significant effect may be related to the
fin height used. According to the vortex-tube model of the spot presently used,
if the fin height is appreciably greater than the height of the vortex tube, span-
wise velocity components of both signs would exist along the leading edge of
each fin. Consequently, the circulation developed around each fin would be
reduced. Furthermore, the model used for the spot is admittedly crude. A
better understanding of the three-dimensional structure of the spot [obtained,
for example, by extending the centerline description provided by Cantwell et al.

(1978)] would be useful.
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Appendix A

MANUFACTURE OF WALL-SHEAR SENSOR ARRAYS

A new technique for manufacturing arrays of flush-mounted, thin-film wall-
shear sensors was developed for use in the present experiments. The motivation
for the development stemmed from the inherent immobility of flush-mounted
wall-shear sensors, as opposed to such transducers as velocity hot-wires that
can be easily traversed from one location to another. The use of sensor arrays
provides the experimenter with the flexibility to select desirable measuring loca-
tions. Furthermore, the present technique permits the experimenter to design

convenient sensor-array patterns and sensor-to-sensor spacings.

Shown in Figure A.1 is a schematic of a single wall-shear sensor and its asso-
ciated substrate, protective coating, and electrical leads. The two circular pads
shown in the top view provide low-resistance electrical connections between the

conductive epoxy-filled holes and the 0.10 x 0.81 mm sensor.

The process developed to manufacture arrays of wall-shear sensors is out-

lined below:
[1] Design of the sensor pattern and spacings.

[2] Substrate preparation, which includes the provision of front-to-back electri-

cal connections through conductive epoxy-filled holes.

[3] Vacuum deposition of a uniform metal (tin) film over the entire active sur-

face of the substrate.

[4] Positive photoresist application, exposure, and development.
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[5] Chemical etching of undesired metal.
[68] Photoresist removal.

[7] Deposition of Parylene C, a thin protective film.

Details of each of the above steps are given below.

Step 1: Sensor Design

A large master drawing of the sensor pattern was made on a 1:4 scale. A true-
size 'positive’ of the sensor array, used as a mask when exposing the photoresist

in Step 4, was produced from a photographic reductioﬁ of the master drawing.

The procedure used to produce the master was similar to that used in the
design of simple printed-circuit (PC) boards. Using standard drafting equip-
ment, the centers of all circular 'conductions’ pads were first marked on vellum.
Narrow strips of black artists tape, representing the sensors themselves, were
then placed between each pair of center marks. Finally, commercially available,
adhesive-backed, black 'doughnuts’, representing the circular conduction pads,
were located at each of the center marks. If necessary, India ink was used to

touch-up any unblackened areas within the dumbell-shaped contours.

Shown in Figure AR is a typical, true-size pattern of wall-shear sensors pro-
duced from a photographic reduction of the master. Each sensor in the partic-
ular pattern shown has a 'twin’. This redundancy was included in the design in
the event that any sensors were damaged during the manufacturing process or

in subsequent handling and use.
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Step 2: Substrate Preparation

Standard 1/B-inch thick, glass-reinforced epoxy-resin PC boards were
selected for the substrate material. The primary factors considered in the
selection were the machinability and durability of PC boards, compared to (say)

quartz which is used as the substrate for sensors manufactured commercially.

Substrate preparation began by first cutting a stock PC board to a diameter
slightly larger than the diameter of the circular cutouts in the flat-plate model.
A thin layer of fiberglass resin was then applied to the active side of the board.
This step was taken to avoid exposing the relatively rough glass strands while
sanding and polishing the active surface. The board was then mounted on a mil-

ling machine, and the pairs of 0.80-mm diameter holes were drilled.

The holes were filled with Emerson & Cuming ECOBOND B3C silver-filled con-
ductive epoxy. Extrusion of the pasty epoxy through the holes using a small
block of lucite was found to work well. Prior to the epoxy cure, solid copper pins
were inserted into the holes from the back side of the board. After the cure,

electrical leads were soldered to the copper pins.

The substrate was then epoxied to a circular, thin-walled, stainless-steel
insert that could be mounted into the circular cutouts of the flat-plate model.
Excess material around the circumference of the PC board was trimmed on a
lathe until its diameter matched the outside diameter of the stainless steel

insert.

The active surface of the substrate was then prepared for vacuum deposition.
Using a machinist's surface plate and sandpaper, the surface was leveled and
smoothed. Fiberglass polishing compound was subsequently used to provide a
mirror-like surface finish. The substrate was thoroughly cleaned with methanol

immediately prior to the metal-film vacuum deposition.
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Step 3: Metal-Film Vacuum Deposition

A vacuum system manufactured by Veeco Instruments, Inc., model VE-775,
was used to vacuum deposit a thin film of tin over the entire surface of the sen-
sor array. The substrate was placed 36 cm from the source, a cup-shaped metal
‘boat’ that held the granular tin. Air within the bell jar was pumped out using a
combination of mechanical and diffusion pumps. After the pressure was
reduced to a value below 107° um Hg, the tin was deposited by ohmically heating
the tin boat. The film thickness was monitored by placing a crystal oscillator
near the surface of the substrate. A film thickness of approximately 30004, as
measured by the oscillator, yielded final sensor resistances of & 5.0 ohms. The
predicted thickness necessary to achieve 5-ohm sensors is 18004, assuming that
the volume resistivity of tin is 11 u{) -em and that the aspect ratio of the sensors

is 8:1 (0.B1 x 0.10 is the design value).

Step 4: Photolithography

This step immediately followed the tin deposition to avoid the possibility of
contaminating the tin film through oxidation, exposure to Pasadena smog, ete.
The purpose of this step was to provide a thin protective film over those por-
tions of the tin that would comprise the sensors and their corresponding con-
duction pads. Areas not protected by the film were later chemically dissolved

(see Step 5).
The following photolithographic procedure was followed:
1) Positive photoresist (ROK Industries PPH3135-30.5, equivalent to AZ1350J-SF)

was applied with an airbrush. Three parts of photoresist were diluted with one

part of photoresist thinner.



-83 -

2) The unexposed photoresist film was soft-baked at 65°C for 10 minutes. A

dust-cover was used over the sensor array during the bake.

3) The photographic positive produced in Step | was positioned on the substrate
surface, and the assembly was placed in a frame that sandwiched the photo-
graphic positive between a thick lucite plate and the active surface of the sub-
strate, thus ensuring intimate contact between the photographic film and the

photoresist film.

4) The masked photoresist film was exposed to ultra-violet light (® 385 nanome-
ter wavelength). For incident radiation in the wavelength range 325-450 nm, the
recommended exposure energy is ® 80 mJd/cm?® per micron of film thickness.
Using a commercial UV lamp rated at 7 mW/cm? at a distance of 30 cm, an
exposure time of approximately 80 seconds was required. Using sunlight, whose
irradiance within the sensitive wavelength range of the photoresist is roughly 13

mW/cm?, an exposure time of approximately 40 seconds was required.

5) The photographic mask was removed and the photoresist was developed for
80 seconds (ROK Industries PPD-20 developer). The sensor array was then

rinsed with de-ionized water and blown dry.

8) Finally, the photoresist was hard-baked at 110°C for 15-20 minutes.

Step 5: Chemical Etching of Tin

The following acid-based mixture was used to chemically remove undesired

areas of the tin film (all parts are by volume):

40 parts ethylene glycol
7 parts hydrogen peroxide
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3 parts hydrochloric acid

1 part nitric acid

The substrate was immersed in the etchant for a total of 2-3 minutes. Con-
stant agitation was provided by simply moving the substrate up and down in the
bath. The state of the etchable tin was examined every 15 seconds or so, and
the etch was complete when only the dumbell-shaped sensors/pads remained.

Upon completion of the etch, the substrate was rinsed with de-ionized water.

Step 6: Photoresist Strip

The remaining hardened photoresist, which protected the sensors during the
metal etch, was removed using a commercial stripping solution (ROK Industries
PRR-001). Since the mixture contains alkaline chemicals, the stripper also

served to neutralize any residual acid.

After the photoresist strip, the array was rinsed thoroughly with de-ionized
water and blown dry. Residual water was removed by rinsing the substrate with
a chemical drying agent (ROK Industries HMDS), and subsequently baking the

assembly at 100°C for 10 minutes.

Step 7: Parylene C Protective Film

Since the sensors were designed to be used in water, it was necessary to insu-
late the metal films to protect them against electro-chemical degradation.
Parylene C, one member of a class of polymers developed by the Union Carbide

Corporation, was deposited over the entire surface of the substrate.
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One unique feature of the deposition is the conformal nature of the coating.
This is due to the relatively high pressure at which Parylene deposition takes
place (® 0.1 torr compared to 107° torr or below for metal deposition), thus
yielding a mean free path in the deposition chamber on the order of 1 mm.
Other desirable characteristics include its low permeability to moisture and its

high dielectric strength.

The Parylene deposition was performed by the Nova Tran Corporation,
licensed by the Union Carbide Corporation. Film thicknesses of 3-5 microns
were deposited on the present sensor array, and the coating was guaranteed by

the manufacture to be pinhole-free.

To ensure that the Parylene coating was providing the proper insulation, a
bench experiment was performed in which the sensor array and an external
electrode were submersed in water. The electrode was connected to a power
supply whose voltage could be set to any value in the range 0-30 volts. The pair
of leads from a randomly selected sensor was connected to a 1.0 mA chmmeter
that shared a ground with the power supply of the external electrode, and the
electrode voltage was slowly increased from zero volts. The existence of a flow of
ions between the electrode and the sensor, which would indicate that the
Parylene coating was not protecting the tin film, would be evident from a change
in the resistance of the sensor. The experiment was repeated for several other

randomly selected sensors.

Sensors coated with the Parylene exhibited no changes in resistance for elec-
trode voltages as high as 30 volts, a level that was an order of magnitude higher
than the voltage levels used to force spots (see Section 2.8). Sensors not pro-
tected with Parylene were severely damaged when the electrode voltage
exceeded a value on the order of several volts. Sensor damage was indicated by

a sharp increase in the resistance of the sensor and by the pitted nature of the
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metal film when viewed under a microscope. The electrode voltage at which the
electro-chemical action was initiated was not strongly dependent on the elec-
trode material used (copper, stainless steel, and tin were used, independently,

for the electrode material).
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blackbox
manipulator

Control volume chosen to ensure that P,= P,
D = drag of device acting on fluid.

Ty = wall shear acting on fluid.

Net Drag Reduction if:

XZ xz
j{ Tw dx + D < d/ﬂ Tw df]
Xy m X4 o

Or,
[6.-6,] < [0, 0]
m (o]
where 0§ = local momentum thickness

Figure 1.1 Definition and evaluation of net drag reduction
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Figure 2.4 Wall-shear sensor array, manufactured at GALCIT



-72.

+12V
1000 250
3
100K 100K 47uF == == 0.33,F 0.33,LF—£
100pF 1:;]- =
7
8 >3
6 Il +
o 5534 |,
6
2N2270

> l a7.F 'Lo.33 F
SENSOR §loon a "
5-680 >

-2V

Figure 2.5 Schematic of bridge circuit used to maintain sensors at
constant temperature



-73-

weysds Jonduios £101edoqe] JO 01eIayos [euonoun, g2 aandiy

seAlQg Addoy4 jeng s.ON8 _wcumﬁu 18i8u89 Cle| L ]O |xa|sxn
Q10029 Q3V:oL “ino Bojsuy uj Bosuy® 719 |y Pauman
S\W -\*\ .\#\ X3 |sns
g(v|6 |8 |oo]d
OL¥E OW olsav ol Il A S ] jeuing
0710029 a3V e oL wa 8 " WOHd3
Ova/0Y¥a ueyd v ueyd v uey) » m U h Q Q m oLz
Vi Lordnig Diswpng
eov}I01U] 7 YO —dsia Bie
Addoy4 19}110AU0) 18}10AU0D) 8SlLlh
v/a a/v
Hun dsia/pqhey 77 m
@
I ST § A 0 e
e WOHd3 ¢
- 10}uoW %1
sng wajlsAg 2
? 1 drssos
o
I§l iy 1] g Iy 2l ndd
sio)ing
A(V
. 1suoipu0) e
p.w : Wm nvo ndv siows) ‘Boid
10A WOHd3I %P reo0id 19}1013u09) 9 (9122)
WYY Ay fopu3 d 100 purl £ TOERT]
sozisoyuks 9Jv)iou| 4" 6808 % dnaejug #% 1021804juig o12)
yoeeds H-IVING 108802014 ‘Boid ulojerem WVH %91
b-VHGAH jolinied T1d
Asowen
welskg ujen
dwy mz\ /o0 \Tm *- *.
roreeds oung w0 11-1YING YHOAH O W idnsseguy uj Aouenbely,

J\
Sinduj jeued JUOJ4 BIBUSY)



-74 -

vOT

0021 = %9y 'mo g% = z ‘sjgoad L1100]s4A JusnNqIn], T'¢ aamdig

+A
e07T 207 107 o007
1 i L
00
- o -l
0
0 o0 8000
0SS+, AUT PP 2 =N
viva 3IHIM-10H LN3S3Hd o) or00°0 = *2

ot

0oc

OE

ov

+N



-75-

(@ (X=X, /8 =8

1.2 . . ' : .
1.0 o o ©
o]
OO
.a | 1
Q  REPEATABILITY
° o]
=
2 st ]
L 2
&)
TANDEM MANIPULATOR:
4 r § 0.69¢cm 1.3 cm chord 1
3.8cm blade spacing
2 0.20 mm thickness
o 1 [} L 1 Il
) .5 1.0 1.5 2.0 2.5 3.0
MANIPULATOR HEIGHT, h/8
(b) (X-X,) /8 = 13
1-2 L] ¥ L] 1 L]
1.0 o] © ©
(o]
(o] o°
.8 | .
$  REPEATABILITY
...O
Q 8t i
L)
o

TANDEM MANIPULATOR:

4T § ~0.69cm 1.3 cm chord
3.8cm blade spacing
0.20 mm thickness

o 3 1. ] 1 ;)
0 .5 1.0 1.5 2.0 2.5 3.0

MANIPULATOR HEIGHT, h/§

Figure 3.2 Variation of wall-shear reduction with height of manipulator,
(@) (£ —Zp)/0m =8, (b) (T —2Zm)/6m = 13
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Figure 3.7 Minimum required wall-shear reductions (spatially averaged)
for net drag reduction. Rey = 2000.
(a) L/6,, = 1.0, (b) L/6, =R2.0
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Figure 4.1 Streamwise evolution of an individual spot generated
from a low-amplitude heated-element pulse
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Figure 4.6 Tandem manipulator effects on the wall shear of an
ensemble-averaged spot; laminar ambient boundary
layer. h /6, ~ 0.65
(a) (x‘xm)/ém =2, (b) (x_zm)/dm =12
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Figure 4.8 Tandem manipulator effects on the wall shear of an
ensemble-averaged spot; transitional ambient boundary
layer. h/6, & 0.49
(@) (x—z,)/8, =2, (b) (x—2,,)/5,, = 12
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Figure 4.9 Wall-shear behavior of turbulent spot in the
neighborhood of a manipulator blade, h /6, ® 0.70
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Figure 5.1 Schematic of vertical-fin manipulator
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Figure 5.7 Comparison between hybrid and tandem manipulators in
a turbulent boundary layer. Variation of wall-shear
reduction with height of manipulator.

(a) (x —zp)/6m = 10-13, (b) (z -z, )/0y = 31-32
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() h /6 ® 0.75

Figure 5.B Comparison between vertical-fin manipulator and

tandem device in a turbulent boundary layer.

Distribution of wall-shear downstream of devices.

(a) h /6, & 0.75, (b) h /6, & 0.50. The data for

the vertical-fin device are the same in both plots.
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