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ABSTRACT
The design of most aerodynamic surfaces, as for example the heli-
copter rotor, is based essentially on quasi-steady theories. However
the dynamics of a rotating blade introduce unexpected fluctuations and
overshoots of properties like lift, drag, etc. The phenomenon of un-
steady stall is intimately connected with the development of an
oscillating boundary layer and separation. Experimental investigation

of such flows was undertaken by a method of visualization developed

especially for the study of laminar or turbulent bcundary layers and
separation. The method captures the instantaneous 2-D flow field,
including regions of separated flow and provides aceurate quantitative
information. Laser doppler anemometer measurements complement the
optically received data. Results reveal that separation responds with
time-lag to external disturbances, in agreement with unsteady stall
data. Oscillating outer flows result in displacement of the point of
separation and under certain conditions, the Despard and Miller

criterion was found to hold. Earlier theoretical models of separation

are confirmed qualitatively and for the early stages of the transient
phenomena. The findings provide physical insight and quantitative

data that may help understand the phenomenon of unsteady stall and

ACCESS‘T™ 4n /
N™IS « ¢ hection v

nno 8.1t Saciion

unsteady separation.

&l

(TN TR U DT oy
BRIV Y
[

M| ]

e

!

e




ACKNOWLEDGMENTS

The authors greatfully acknowledge the support of the Army Research
Office under Grant No. DAHCD4-~75-G-0067 and the valuable suggestions of
Drs. Robert E. Singleton (ARO) and Lawrence W. Carr (AVRADCOM). Special
thanks are due to Messrs. Robert L. Davis and Archie F. Montgomery for
their excellent job in constructing the experimental facilities. Their
original ideas often proved to be valuable. Their patience and cheerful
cooperation, especially when major alterations appeared nécessary are
greatly appreciated. Dow Chemical has donated two drums of glycerol
and their support is greatfully acknowledged. Finally we wish to thank

Mrs. Vanessa McCoy for an excellent typing job.

ii

e =

A




AV R AR

TABLE OF CONTENTS

ABSERACTE R i e e R
ACKNOWLEDGEMENTS . . ¢ ¢ ¢ ¢ o o ¢ ¢ o o o o o o &
TABLE OF CONTENTS L R R e
LIST OF FIGURES e e e s
INTRODUCEEON = o < ol s & eialsilie ofhe il 06 0l ol s
CHAPTER 1. REVIEW OF LITERATURE AND

CHAPTER 2.
2.1
2.2

CHAPTER 3.
3.1
3.2
3.3
3.4
3.5

CHAPTER 4.

4.1
4.2
4.3
4.4
4.5

CHAPTER 5.

PRESENT EXTENSIONS . . . « « « . .

STEADY FLOWS OVER MOVING WALLS . .

The Open Channel . o «.¢ o .o o o & o ®
Separation over Moving Walls . . . . .
THE EXPERIMENTAL LAY-OUT . . . . . . .
The V.P.I. Water Tunnel e e
Optical Methods o Lotn o e e e
The Models: « « = & & & = ¢ =

Laser Doppler Velocimetry . . . . . . .
Tunnel Calibration . . . . . .
TRANSIENT AND IMPULSIVE CHANGES

OF THE PRESSURE DISTRIBUTION . . .

Impulsive Changes Re = 105 Model A . .

Impulsive Changes Re = 103

Impulsive Changes Re = 104 Model B

Mean Flow Accelerations . . . « « « . .

Separation over Model C, Re = 104

PERIODIC DISTURBANCES OF THE OUTER FLOW .

iii

Page

>

iii

11

11

16

28

33

38

43

48

w
'

58
66
73
78

85




T e —

CHAPTER 6.
REFERENCES
APPENDIX A

APPENDIX B

CONCLUSIONS AND RECOMMENDATIONS

iv




WIS R Ty

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

4.10

4.11

4.12

4,13

4.14

4.15

4.16

.1

5.2

Velocity profiles at station £ = 15 derived from the flow
visualization of Fig. 4.8.

Flow visualization for flow over model A accelerating
in magnitude from U_ = 12 cm/sec to U, =25 cm/sec.

Velocity profiles at stations £ = 0 (station AA) and
& = 60 (station BB) (see Fig. 3.4) derived from the
flow visualization of Fig. 4.11.

Dimensionless velocity profiles for stations AA and BB
derived from the data of Fig. 4.12.

Flow visualization for flow over model B decelerating in
magnitude from U_ = 20 cm/sec. to U_ = 12 cm/sec.

The excursions of the point of separation for accelerating .

(open symbols) and decelerating (closed symbols) flows.

Flow visualization for Flow over c impulsively bending as
in Fig. 3.6, R, = 104.

Schematic representation of signals. a. Amplitudes of

oscillating flap. b. Signal received from the LED and

led into the microprocessor. c. Signal sent to sensing
equipment (camera).

Flow visualization for oscillatory flow over model A with
a period T = 0.6 sec. and R, = 5 x 105.

5.2 (continued)

5.3a

5.3b

5.4
5.5

5.6

5.7

5.8

Visualization of steady flow at Re = 105 with flap
positioned at I

Boundaries separating recirculating from outer flow...
frame T/6 from Fig. 5.2; - Fig. 5.3a.

Velocity profiles of the flow of Fig. 5.2 at & = 15 mm.
The downstream displacement of the point of separation.

Averaged boundary-layer velocity profiles obtained by
LDV, at § = 0.

Averaged boundary-layer velocity profiles obtained by
LDV, at £ = -12.

Nondimentional averaged velocity profiles at £ = 0 and
-12n

vii




|
i

TN T e S S

Fig.

Fig.

Fig.

Fig.

Fig.

5.9

5.9C

5.10

511

6.1

Dimensionless amplitude of velocity fluctuation for
£ = -12 and O.

Velocity amplitude of oscillations compared to the
theoretical predictions of Tsahalis and Telionis [38].

Typical LDV results as recorded on a HP strip chart
recorder for £ = -12.

Visualization of the flow about a sphere for R = 105,

St = 3.2. a. Fixed sphere, b. oscillating sShere.

Flow patterns for an upstream moving separation.

viii




INTRODUCTION

Potential-flow theory has been an invaluable tool for the designer
in a variety of engineering applications of aerodynamics. It is well
known, however, that ti' s has been possible only via appropriate
heuristic assumptions, as for example the Kutta-Joukowski condition,
which replace the catalytic role played by viscosity. Alternatively,
potential theory may be supplemented with a boundary-layer calculation.
Today it is widely accepted that viscous effects, although very often
confined to small areas, control and regulate basic features of the flow
field, as for example, circulation. As a result, aerodynamic character-
istics of significant engineering importance, like 1lift and drag, depend
on the development of a viscous layer and its downstream fate which may
or may not experience transition to turbulence and separation to a wake.

In unsteady aerodynamics viscosity has again reserved for us some
unexpected surprises. It is the agent responsible for phenomena that
cannot be predicted or explained with potential theory and quasi-steady
viscous models. Some typical examples: dynamic stall of lifting sur-
faces, stall flutter of helicopter rotor blades, rotating stall in
engine compressor blades, etc. Most of such phenomena can be attributed
to the nonlinear character of the viscous layers that generate space
and time phase differences, non-linear steady streaming, separation
delay, viscous damping, etc.

Some of the most spectacular dynamic effects that clearly
demonstrate the futility of quasi-steady solutions are connected with

unsteady separation. Experimental evidence has indicated, for example,




that the stalling characteristics of airfoils in unsteady flow deviate
substantially from the quasi~steady case. The phenomenon is well known
in literature as '"unsteady stall" and is due to the fact that for a
sharp increase of the angle of attack the upstream propagation of
separation appears to be delayed. As a result, the airfoil remains
unstalled for a while, at angles of attack that are well beyond the
static stall angle of attack.

An experimental study of unsteady separation was undertaken a few
years ago at VPI & SU. This is the first complete report of the
experimental findings. The work was confined essentially to laminar
flows. All the facilities described here were constructed especially
for this project. These are: one open channel, a small water tunnel
with a free surface and a medium speed water tunnel.

The main efforts of this work were directed towards the immediate
neighborhaod of separation. Flow~visualization methods and laser-doppler
velocimetry were used. Numerous difficulties were encountered in the
design of the facilities and the appropriate models to exhibit the
dynamic characteristics of separation encountered in common Aeronautical
applications. It is a very unfortunate and difficult task for experi-
mentalists to search for phenomena described earlier by theoreticianms.
The present results shed some more light to the problem revealing
clearly some features of the flow that were predicted theoretically
but also indicating the need to reconsider and reframe the theory.

This report includes only a small portion of the data received

throughout the period of the last few years. Reduction and interpretation

of the data is presented here as well. However, due to the difficulty




of the problem, it is very possible that alternative interpretations

may be offered which may in fact prove eventually to be more reasonable.




CHAPTER 1
REVIEW OF LITERATURE AND PRESENT EXTENSIONS

Separation is usually defined in aerodynamics as the breakaway of
the flow from a bounding surface and the initiation of a wake. For
the case of steady two-dimensional or axisymmetric flow over fixed
walls, a criterion for separation was suggested by Prandtl [1] (sée
Fig. 1.1)
-3£=0aty=0 (1.1)
3y
where u is the velocity component parallel to the wall and y is the
coordinate perpendicular to the wall. This criterion proved to predict
the phenomenon correctly and it has been used extensively by both
theoreticians and experimentalists for over fifty years. However,
Sears [2], Moore [3] and Rott [4, 5] demonstrated that Prandtl's
criterion (Eq. (1)) is inadequate for cases other than steady flow
over fixed walls and indicated the need for a generalized definition
and a convenient criterion for separation. They also suggested in-
dependently a more appropriate criterion for the case of steady flow
over moving walls, namely (see Fig. 1.2)

&, 0atu=0 (1.2)

3y

Sears [2] and Moore [3] proposed a definition of unsteady sepa-
ration which is essentially equivalent to the above condition, Eq. (1.2),

expressed in a coordinate system moving with the point of separation.
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Fig. 1.1 Separation over a fixed wall
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Fig. 1.2 Separation over moving walls




Vidal [6] and later Ludwig [7] performed experiments with a cylinder
rotating in the test section of a wind tunnel. Using hot-wire ane-
3 _ mometers, they were able to verify the theoretical model of equation
(2) at least for the case of downstream moving walls. Tennant and his
associates (Tennant [8]; Tennant and Yang [9]) also performed experi-
ments with moving boundaries for both laminar and turbulent flow.
Their findings pertain to skin velocities much larger than the free
stream and always downstream motion of the skin. Despard and Miller
[10] again inspired by the analytical work of Moore [3] for laminar
flow and the experimental work of Sandborn [11] for turbulent flow,
considered the problem of an oscillating outer-flow velocity and
proposed a definition for a mean location of separation. Working with
air and using hot-wire anemometers, they were also able to verify that

in unsteady flow the location of zero skin friction is not necessarily

related to the phenomenon of separation. In‘a very recent effort,

Simpson [12] and Kenison [13] investigated experimentally the neighbor-
hood of separation of an oscillating turbulent boundary layer. Kenison
reports that as separation is approached, fluctuating velocity overshoots
and phase angles indicate sharp changes. However, the basic features

of oscillating turbulent separation are similar to those of laminar
separation.

Telionis and Werle [14] showed analytically that for steady
boundary-layer flow over moving walls, the location of zero skin
friction is nonsingular, while a typical separation singularity appears
at the station where Moore, Rott and Sears predict separation. A

substantial number of analytical investigations on the topic have




already appeared as reviewed recently by Sears and Telionis [15] and
Williams [16]. However, the available experimental data up to now is
inadequate to validate the models of unsteady separationm.

The work of Vidal and Ludwig pertains only to steady flow and
the work of Despard and Miller is confined to oscillatory flows with
high frequencies and Reynolds numbers. Our knowledge, therefore,
about this complex phenomenon is remarkably narrow and seriously in
need of more intemsive investigation. This can be accomplished both
by methods of flow visualization and by hot wire or laser anemometery
techniques. Visualization methods were employed by Schraub et. al.
[17], w;rl; [18], Ruiter, Nagib and Fejer [19], McCroskey [20] and
McAlister and Carr [21] to study unsteady viscous flow phenomena, but
the specific cases considered and the scale of the models were designed
for a study of the entire flow field. There was no emphasis on the
features of the unsteady boundary-layer and in particular separation.

In a more recent effort Carr, McAlister and McCroskey [22]
employed a variety of sensing devices ranging from flow-visualization
methods (tufts, smoke) to pressure and velocity measuring methods
(pressure transducers, hot wire anemometers etc.) to study the phenomenon
of unsteady stall. In this study some basic features of unsteady
separation were verified. In particular, pressure and velocity signatures
throughout a period of oscillation are given for different stations on
the airfoil and compared with flow-visualization data. A more complete
account of this work is reported in Ref. 23 in which the authors also

present estimates of the unsteady drag force and the characteristics of




o —————

the pressure response which are intimately connected with unsteady
separation and symptomatic of the occurence and relative severity of
moment stall.

In the present report the results of experimental investigations
of unsteady separation are reported. In an effort to receive
an overall picture of the phenomenon, we decided to magnify and
visualize the immediate neighborhood of separation. To this end a
lowspeed water tunnel was designed and constructed. Flow visualization
was accomplished by dispersion of solid particles with density very
close to the density of water. The method developed and described in
this report can capture approximately the instantaneous velocity
field. Boundary layer velocity profiles were obtained in this manner
for transient and oscillatory velocity fields. Glycerin-water mixtures
were used to achieve low-Reynolds-number flows with measureable magni-
tudes of velocity.

In earlier visualization studies of separation it was attempted
to generate information about the whole flow field. As a result, the
details and the mechanism of unsteady separation were not adequately
revealed. In the present study, special effort is directed towards
the amplification of the neighborhood of separation. In most of the
flows visualized the frame of visualization is of the same order of
magnitude as the boundary-layer thickness. Except for the work of
Despard and Miller [10], quantitative boundary-layer data in the
neighborhood of unsteady laminar separation are presented here for the

first time. Despard and Miller concentrated on oscillatory flows. In
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the present report we compare our data with those of Despard and
Miller and reconfirm the validity of their definition for separatiom
in oscillatory laminar boundary layers. The present study proceeds
further in the area of transient and impulsive flows to provide data

that appear useful to numerical analysts.
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CHAPTER 2
STEADY FLOWS OVER MOVING WALLS

The experimental evidence up to now seem to support the M.R.S.
criterion (Eq. 1.2) at least for the case of a downstream moving wall.
However, the saddle-point-streamline pattern suggested by Moore, Rott
and Sears has not been verified analytically. This is due to the fact
that for moderate Reynolds numbers, the wake is turbulent. In this
chapter we report on our experimental efforts to visualize streamline
patterns in the neighborhood of separation over downstream and up-
stream moving walls. '"'Saddle-point' patterns are captured for the
first time. Some interesting new information is also included about
the overall validity of the M.R.S. criterion in the case of an upstream
moving wall. This work was performed in an open channel designed and
constructed especially for this project.

The flows considered here are steady. However there is a very
strong similarity between steady separation over moving walls and un-
steady separation over fixed walls as Moore and Sears have pointed

out.

2.1 The Open Channel

Open-channel-flow facilities offer some distinct advantages over
closed tunnels, essentially because it is very convenient to insert
and secure the models in the proper position. In our case
the models or other auxiliary equipment are required to perform some
type of dynamic motion, and this is particularly difficult to achieve

in water tunnels. The open facility appeared further to be very

11
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attractive in the initial phase of our project, when a large number of
models and shapes had to be tested until the optimum combination could

be chosen.

The flow is driven in this facility by a centrifugal pump (Fairbanks,
{:
K Morse Co., 1160RPM, 4"¢) which discharges into a 18 cm diameter plastic

pipe (see Fig. 2.1). This pump is certainly not ideal for such a facility

because it generates an unwanted head, but it was available in the
Engineering Science and Mechanics shop and its use appeared satisfactory *
for the initial steps of this work. Artificial head loses were provided
by a valve connected at the discharge of the pump. The pipe directs
the flow into an open container where perforated sheets and screens
eliminate the large-scale vorticity. After a small converging section,
the flow goes through a honeycomb and into the test section which is
an open rectangular section 47 x 31 cm.

Models were inserted in the middle of the open section and the flow

was visualized at the free surface or at horizontal planes beneath the

free surface. Surface-flow visualization is straightforward and does f
not require any special lighting facilities or particles with special i
buoyancy properties. For visualization beneath the surface, it is

necessary to generate a flat sheet of light. This is accomplished by

a system of lenses and a narrow slot on the wall of the channel (see

Fig. 2.2). The photographic equipment is mounted above the channel as

shown in Fig. 2.2. A 16 mm movie camera with speeds up to 80 frames

per second (AROFLEX-S) and a 35 mm motot—drive'still camera (NIKON-F2)

with a MICRO-NIKKOR 55 mm lens were used to record the flow.
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Flow visualization was achieved at first with hydrogen bubbles
and pliolite particles. These methods did not prove convenient for
our open-channel facility: the first, due to the necessity of special
designs for locating wires next to moving walls, the second due to
problems with proper lighting and visualization across the free surface
of the medium.

In this phase of our work we were interested mostly in low Reynolds
number flows and such flows were produced with water-glycerin mixtures.
However it was discovered that such mixtures quickly become milky if they
are subjected to violent turbulent motion. Indeed the flow goes
through a region of strong forced mixing in the pump and the valve that
follows and this makes it very hard to visualize the flow beneath the
free surface. Most of the experiments with glycerin-water mixtures
were performed with surface pellets and surface visualization.

The flow over a circular cylinder was chosen for two basic reasons.
On one hand the flow about a fixed circular cylinder is well documented
and comparison with earlier analytical and numerical results is possible.
On the other hand rotation of the cylinder about its axis of symmetry
leaves the potential flow undisturbed, at least if the secondary effects
of wake distortion are ignored. The skin motion is then the only distur-
bance of the flow. Any other configuration would require a system of
belts on the skin of the body in order to achieve boundary motion with
no disturbance of the outer flow.

The flow was visualized on the surface with dyes injected upstream
of the cylinder. Black buoyant pellets were also used to visualize

particle paths. Still photographs of the flow were taken with exposure
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times of 1/2, 1/4 sec. and 1/8 sec. In these photographs established
dye paths appeared, clearly marking the wake region as shown in Fig.
2.3. Moreover, the pellets appear as shaded segments on the film.

These segments are proportional to the average velocity of the particle,

provided the streamline curvature effects are not very strong. All

the experiments were performed with a 50-50% water-glycerin mixture
which achieves a viscosity of 7 centipoise.

Experiments were performed with a fixed cylinder of 11 cm in
diameter, in order to compare with earlier experimental data. It
should be noted that for the low Reynolds numbers tested, the wake is

made up of two finite closed recirculating bubbles. In Fig. 2.4 we

compare the length of the wake as measured in our flow-visualization

pictures with theoretical results compiled by Pruppacher et. al [29]

and the experimental data of Homann [30], Fage [31] and Taneda [32].

o

Figure 2.5 shows the location of separation for different Reynolds
numbers. The present results are in good agreement with earlier

analytical and experimental results.

2.2 Separation Over Moving Walls

The flow over a rotating cylinder was studied for Reynolds numbers
ranging from 35 to 600 and velocity ratios uw/Um = 0.4 to 1.4 where u, g
is the velocity of the cylinder skin and U, is the velocity of the :
undisturbed flow. This corresponds to velocity ratios of approximately é
uw/Ue = 0.2 to 0.7 where Ue is the outer flow velocity in the neighbor-
hood of separation, that is at @ = 90°. The wake of the rotating

cylinder for uw/Uuo = 0.8 with separation over the downstream moving wall,




Fig‘. 243 The wake of a circulat cylinder for Re = 40
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is shown in Fig. 2.6. Fig. 2.7 shows the other side where the flow is
opposed by the motion of the skin. The immediate neighborhood of the
points of separation is visualized better by shorter film exposures and
larger magnification.

Figs. 2.8b and 2.9b show the streamline pattern in the neighborhood
of separation as received from the flow visualization of Figs. 2.8a and
2.9a. Figs. 2.6 and 2.8 indicate that the streamline pattern of separa-
tion over a downstream moving wall is that of a saddlepoint and separation
may be defined as the location where the velocity vanishes, that is a
stagnation point exists away from the wall. Separation is then displaced
in the direction of the motion of the skin with respect to its fixed-
wall location. The separation displacement is shown in Fig. 2.10
plotted against the velocity ratio uw/Uw. The agreement with the results
of other methods is quite satisfactory. However the aim of the present
work is to illucidate the qualitative features of separation and no
effort was made to generate more data.

The case of an upstream moving wall has always been very controver-

sial and perhaps the problem has not yet been resolved. Moore [3], Rott

[4] and Sears [2] argue that the point of separation over an upstream
moving wall should again be a stagnation point and such that in its
neighborhood, the same criterion is met (Eq. [1.2]). The streamline
configurations suggested, however, are not in agreement as Sears and
Telionis [15] emphasize. Earlier experimental evidence on the topic
is inconclusive [7]. 1In this work it is explained that the thickness
of the boundary layer on the side of an upstream moving wall is very

large and a sublayer is present which appears to be coming from the




Fig. 2.7
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Separation over a downstream moving wall

for u /U = 0.8 and R_ = 50
w @ e

Separation over an upstream moving wall
for uw/Uw = 0.8 and W 50




Fig. 2.8a Detail showing the saddle-point pattern for a downstream
moving wall (uw/U°° = 0.8, Re = 50)

C

AT

Fig. 2.8b Streamlines obtained from Fig. 2.8a




Fig. 2.9a Detail showing the saddle-point pattern for an upstream
moving wall (uw/Uao = 08, Re = 50)

]
RN

Fig. 2.9b Streamlines obtained from Fig. 2.9a
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wake. As a result, it was not possible to check the singular profile
assumed by Moore, Rott and Sears. It is clear that the boundary layer
equations do not accept a solution that meets the M.R.S. criterion

(Fansler and Danberg [33]). However this does not exclude the possibility
that the M.R.S. condition is actually met and therefore that the Navier
Stokes equations could capture it. In fact Tsahalis' [34] numerical
calculations indicate that, for the case of an upstream moving wall, it
. appears that M.R.S. conditions are approached with the same rate with

which the Goldstein singularity is approached.

The present experimental evidence indicates that a saddle-point
configuration exists on the side of the cylinder where the wall is
moving upstream. This is shown clearly in Fig. 2.9. Therefore, the
fluid in one of the four areas defined by the critical streamlines is
moving with the wall in a direction opposite to the outer flow. This
is in agreement with the observation of Ludwig who describes it as "a
sublayer which appears to be coming from the wake." 1In fact it is felt
that Ludwig's discovery should not at all be considered an anomaly.
Such a layer would be necessary if a saddle-point pattern were to exist
in this neighborhood, as Sears and Telionis [15] point out. An overall
flow pattern emerges now which together with the distorted separation
bubbles is shown in Fig. 2.11. The streamline pattern shown in this
figure was always observed during our experiments. It was not con-
venient to capture it in one photograph but piecing together the infor-
mation received from smaller frame pictures we arrived at the sketch of
Fig. 2.11. The geometry of this figure may not be very accurate but on

the other hand this is more than just a schematic of the flow field. The
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error involved in sketching these streamlines, that is their sidewise
displacement, was estimated to be less than 10% of the diameter of the
cylinder. The streamline pattern shown in Fig. 2.11 has only two
critical points. It appears that the upper point of separation has
merged with the rear stagnation point and the lower point of separation
has merged with the front stagnation point in agreement with earlier

conjectures of Telionis [24, 35].

L




CHAPTER 3
THE EXPERIMENTAL LAY-OU.

In order to eliminate the effects of free surfaces on the pressure
and velocity variations, it is necessary to work with closed test sec-
tions. In fact for larger speeds the pressure variations on configurations
of our interest generate unacceptable surface waves and distort the flow
field. Two closed circuit water tunnel facilities were designed and
constructed as described in the following section.

This study is based essentially on flow visualizations methods. It
was originally planned to investigate qualitatively and quantitatively
the immediate neighborhood of the point of separation. Flow visualization
is particularly attractive for flows that involve abrupt changes of the
velocity vector in magnitude or direction, such as separating flows.
Laser-doppler velocimetry was employed as a calibration tool. Some
measurements were also received by the LDV system, especially in oscil-
lating boundary layers. Both methods are described in the following

sections.

3.1 The VPI Water Tunnel

The basic specifications that the VPI water tunnel was expected to
meet were: a. Test sections appropriate for studying laminar or
turbulent boundary layers as well as the potential flow about simple
models. Reynolds numbers based on the length of the test section should
therefore range from 10& to 106 or more; b. Lowest possible volume so

that expensive fluids like glycerin-water mixtures, Dow-Corning Fluid

28
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etc. could be used to fill the facility; c. Materials that would
sustain corrosive fluids as for example NaCl solutions, necessary for
hydrogen-bubble visualization, potassium permanganate and dilute acidic
solutions for dye visualization etc. It should be noted that no per-
manent dyes can be used, since the working medium is usually expensive
and cannot be disposed after a set of dye visualization experiments; d.
Operation free of vibrations. It is imperative that vibrations from the
pump and the driving motor or any device used to generate unsteady
hydrodynamic effects should not be transferred to the test section; e.
Total cost within the order of $15,000. This task appeared difficult to
meet due to unexpected rises of material costs.

To meet these specifications the tunnel shown in Fig. 3.1 was
designed. Long and carefully calculated diffusers were avoided in order
to meet the requirements of low cost and small total volume of working
medium. Synthetic materials resisting the corrosive chemicals were
chosen, namely plexiglass for the test sections and the settling chamber
and PVC pipes for the remaining sections of the tunnel.

A circular to rectangular converging section leads to the short
diffuser and the settling chamber. (see Fig. 3.1) Guide vanes situated
in the diffuser cut the size of large eddies and suppress separation
on the walls of the diffuser. At the upstream end of the settling
chamber two aluminum honeycombs are situated as shown in Fig. 3.1.

These honeycombs are made by Hexcel-Bel Air and have hexagonal openings
of approximately 3 cxn2 cross-sectional area and a diameter to length
ratio equal to 12. The diffuser, the settling chamber, the converging

section and the test sections are all constructed out of plexi-glass
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pieces of dimensions (3/4 in x 4 ft x 8 ft). A great effort was made to
avoid large deflections of the side walls. This was accomplished by
prestressed external steel reinforcements and tranverse aluminum bolts.

The converging section leads into a 25 cm x 30 cm (10 in x 12 in)
rectangular test section. The test section is made up of interchangable
units of 2.7 m (9 ft) total length. In this way large Reynolds numbers
with not so large velocities can be achieved. A flexible shoot leads
the flow into a low~head pump. The pump is made by Bell and Gossett
(model: VSCS~PF, S&D 12 x 14 x 12 1/2) and has the following basic
characteristics: 12 in discharge diameter, 8 ft head, and 2000 gpm
flowrate. Chrome coating of the pump housing and the impeller appeared
very expensive and time consuming. Instead it was decided to have these
components cold-galvanized by Livingstore Coating Co. of North Carolina.
Two motors are available to drive the pump. The first is a "Marathon
Electric" 1170 RPM, 230V, 15 H.P. motor which can drive the system at
full speed (3m/sec). To control the speed of the tunnel a DURCO BL-311
cast iron valve with a teflon lining and a stainless steel butterfly is
connected to the discharge of the pump. For the low range of velocities
a 2 H.P., 220 V variable speed motor (U.S. Electrical Motors with a U.S.
varidrive) is also available. This motor can drive the pump with a
range of 292-1170 RPM.

Elbows, transitions from rectangular to circular sections and
piping that comrnects the pump to the settling chamber were manufactured
out of PVC (Poly-Vinyl-Chloride).

A smaller facility was also constructed as shown in Fig. 3.2. This

is a closed circuit tunnel with a free surface above the test section.
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The test section is totally submerged but the driving of the flow can be
accomplished through a low-speed impeller at the free surface of the
facility. This tunnel offers the advantages of very small volume of
contained fluid, convenient exchange of the working mediums and as a
result, access to the model and the sensing devices. The same test
sections from our larger facility are received and therefore, prelimi-
nary tests can be.performed with the small tunnel. Both facilities
were calibrated with the flow visualization methods described in the

sections that follow as well as by laser anemometry.

3.2 Optical Methods

To visualize the flow, we use pliolite and amberlite particles* that
are dispersed in the fluid. The density of these substances is re-
spectively p = 1.02 and 1.05 g/cm3. These particles are separated by
sieve-screening, according to their sizes, into particles of the order
of 0.1 to 0.2 mm. Pliolite particles are bright white and should be
preferred because of their higher reflectivity. However mixtures of
glycerin and water are more dense than pure water and pliolite particles
dispersed in such mixtures experience buoyancy forces that push them
toward the top of the facility. Amberlite particles were found to be

more useful for experiments with glycerin-water mixtures. The particles

*
Pliolite is the commercial name of polyvinytoluene butadiene,
made by Goodyear Chemicals.

Amberlite is the commercial name of a white ion exchange resin,
IRA-93 made by Rohm and Haas Company.




to be used in a certain experiment are mixed in vertical columns and
allowed to settle. The neutrally buoyant particles are withdrawn from
the mixture, leaving behind the ones that either float to the top or
sink to the bottom of the column.

The flow is visualized in planes parallel to the walls of the test
section. All of the models tested are two-dimensional and the test
section was scanned to check the two-dimensionality of the flow. A thin
sheet of light is generated by a system of lenses as shown in Fig. 3.3,
or by a parabolic reflector. The nearly parallel light so generated is
passed through two successive slots of 5 mm width and then it is led
into the test section. In front of the reflecting mirror and along the
light path, a flash bulb is also situated, which may flash through the
same slots into the test section.

Still pictures are taken with a 35 mm Olympus Camera and a 90 m; f
2.8 Vivitar Macro Lens. Time exposures of 1/2 up to 1/120 sec. are
used. The images of particles expose the film over the time exposure
interval by segments proportional to the average local velocity. This
method of course has some limitations. The larger the speed of a
particle, the shorter time its image exposes the film at a certain point
and therefore the contrast is reduced. This drawback could be elimi-
nated only if a very powerful source of light is used. It was also
discovered that the method is not appropriate for recording flow fields
with both large and small velocities. The proper camera speed is
determined by the order of magnitude of the velocities that are expected
in the region of interest. If a camera speed is chosen to reveal a

small-velocity field then the faster moving particles expose almost the




entire width of the film and it is impossible to measure the lengths of
individual path segments. Moreover the direction of the instantaneous
velocity cannot be calculated with accuracy, since for unsteady flows
the particle paths do not coincide with the instantaneous streamlines of
the flow. Finally a minor error may be introduced due to the finite
speed of the camera shutter. Details of the problem and a method for
correcting the data received by this method are described in Appendix

A.

The most important criticism may arise from the fact, that for
large accelerations of the flow and for long time exposures (1/2, 1/4
sec.), the average velocity may be very far from the instantaneous
velocity. For all the experiments performed, this effect was carefully
considered and the error involved was estimated. A typical length for

changes due to unsteady diffusion is the quantity L, = (\H:)l/2 whereas

d
the path traveled by a particle in the same period of time is Lp = Ut.

1/2 is a dimensionless

The ratio of the two lengths Ld/Lp = (v/Uzt)
number indicative of the relative order of changes due to unsteady
diffusion and convection. The smaller this number, the more accurate
the representation of the unsteady flow by the present method. In our
experiments this number was kept below the value of 0.05.

With the opening of the camera shutter, a flash may be triggered to
direct an intense beam of light through the same optical path. (see Fig.
3.3) In this way the beginnings of particle path segments are marked on
the film with brighter spots. A typical example is shown in Fig. 3.3a.

This technique is particularly helpful if reversing flows are to be

examined.
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3.3 The Models

Separation of the boundary layer is usually induced by adverse
pressure gradients. However, its location is almost unaffected by
changes of the outer flow conditions if the body configuration induces
regions of strong adverse pressure gradients. In the extreme case of a
sharp corner, as for example the flow over a backward facing step,
separation is located almost always at the corner. A lot more inter-
esting for practical applications are the cases of mild adverse pressure
gradients, as for example the flow over airfoils. In these cases it is
possible that minor changes of the outer flow, like a small increase of
the angle of attack, may result in large excursions of the point of
separation. This implies large changes in the pressure distribution and
therefore large changes of integral quantities like drag, lift, etc.

To investigate the phenomenon of unsteady separation, we decided
first to design an ideal situation where, for steady flows, two distinct
locations of separation, at points say I and II could be achieved. The
flow would then be forced to readjust from conditions I to conditions II
impulsively, or in a transient manner or continuously, back and forth
between I and II, in an oscillatory fashion. To this end a circular
section with dimensions given in Fig. 3.4 is attached at the bottom of
the test section. This model is made out of plexiglass to permit
lighting of the flow on its surface. It will be referred to in the
sequel as model A. A 7 mm deep hole was drilled and later filled with
epoxy, to provide a length scale. This is shown in almost all of the
flow visualization pictures that follow. It was later used to calculate

the lengths of particle path segments as well as to define the axial

T S e TSy y———



LENGTH +¢
UNIT L‘__~"‘- 3

MODEL A

N

o .
""lOO \ FLAPPER

SRR oo el

BRI g —— Y

TP P ou
2 L o i -

SRR

SPACER-/ TEST SECTION
BOTTOM WALL

Fig. 3.4 The model A and the extreme flap positions. All the
dimensions are in mm.

T I S —— ..__J




T

s

40

coordinates on the skin of the body. The boundary layer is allowed to
grow on the bottom wall of the test section. It is then led over a
small accelerating region, at the forward portion and towards separation
at the lee side of our model. Separation is controlled by a flap as
shown in Fig. 3.4. Two positions of the flap are found that, for steady
flow, correspond to two distinct locations of separation, positions I
and II shown schematically in Fig. 3.4.

Experiments were also performed with a second model which essentially
represents smoothing of the contours and hence pressure gradients of the
circular arc just described. The dimensions of this model, referred to
in the sequel as model B, are given in Fig. 3.5. The afterbody of this
model is adjustable, permitting minor changes in the values of the
adverse pressure gradient. Unfortunately it is very difficult to
measure pressure variations in water at speeds of the order of 0.1 to
0.5 m/sec. Instead we measured the velocity variation at the edge of
the boundary-layer. This is recorded on top of Fig. 3.5 in terms of
the ratio Ue/Um, where Ue is the outer-edge velocity and U_ is the
undisturbed mean-flow velocity at the entrance to the test section.

The experiments described in Chapters 4 and 5 correspond to flows
over fixed surfaces, while unsteadiness is introduced via outer flow
pressure distributions. In the last section of Chapter 4 we describe
our experiments with moving surfaces. In the first category we simulate
changes of the airfoil environment due to gusts or outer flow distur-
bances. The second category corresponds to changes of the angle of

attack of an oscillating blade.
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