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ABSTRACT

Hot-wire measurements have been made in the boundary
layer, the separated region, and the near wake for flow past an
NACA 4412 airfoil at maximum lift. The Reynolds number
based on chord was about 1,500,000, Special care was taken
to achieve a two-dimensional mean flow, The main instrumen-
tation was a flying hot wire; that is, a hot-wire probe mounted
on the end of a rotating arm. The probe velocity was suffi-
ciently high to avoid the usual rectification problem by keeping
the relative flow direction always within a range of + 30 degrees
to the probe axis. A digital computer was used to control
synchronized sampling and storage of hot-wire data at closely
spaced points along the probe arc. Data were obtained at
several thousand locations in the flow fiela. These data include
‘intermittency, two components of mean Vvelocity, and rﬁean
values for three double, four triple, and five quadruple products
of two velocity fluctuations, No information was obtained about
the third (spanwise) velocity component. The data are available
on punched cards in raw form and also in processed form, after
use of smoothing and interpolation routines to obtain values on
a fine‘rectangular mesh aligned with the airfoil chord. The

data are displayed as contour plots of the fifteen variables,
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I. INTRODUCTION

The rate of development of methods for calculating turbulent
.ﬂows is limited by a scarcity of accurate measurements, The
present research is aimed at a particular need for data in flows
which involve separation or répid relaxation or both. The meas-
urements describe in considerable detail the trailing-edge separa-
tion process on an airfoil operating near maximum lift, and also
describe the relaxation process in the near wake to a distance
of about one chord length downstream of the trailing edge.

Previous Work, -- The experimental material of the

Stanford contest (see Coles and Hirst 1968) included several studies
of turbulent separation or near-separation in diffusers and on air-
foils, The most complete study, carried out by Schubauer and
Klebanoff (1950), is unsatisfactory in several respects., The

mean flow was definitely three~dimensiona1 in the region of rapidly
lrising pressure, and the published values for turbulent stresses
are almost certainly too large, perhaps by as much as forty
percent.

It is noteworthy that none of the experimenters who provided
material for the Stanford contest attempte& measurements beyond
separation, The méin reason was probably that the best instru-
ment available at the time (the Conventio11a1 hot-wire probe) has
limited directional response and tends to rectify the velocity signal
in regions of intermittently reversed flow. This property continues
to restrict the usefulness of hot-wire instrumentation in such flows

(e.g., Chu and Young 1975, Caupenne 1976). Experimenters may
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also have been influenced by the fact that until recently no methods
have been available for continuing a calculation beyond separation.
Occasionally, measurements have been made downstream of sepa-
ration but outside the separated region. Fomina and Buchinskaia
(1938), for example, used total-pressure and static-pressure
probes to obtain such data for flow over an airfoil with trailing—
edge stall. In a modern study of separating flow in a diffuser

by Simpson, Strickland and Barr (1977), the rectification problem
was avoided by use of laser-Doppler instrumentation with frequency
offset. However, the data are too sparse to allow accurate
modeling of mixing processes in the separated region,

The nearest equivalent to the experirnent‘ reported here is
the recent work by Seetharam and Wentz (1977). The two experi-
ments may seem at first to be very similar. Both deal with
flow past an airfoil at high angle of attack at about the same Mach
number and Reynolds number., Both include data in the wake to
about one chord length downstream of the trailing edge. Both
airfoils had an aspect ratio of order two and were mounted
between plane parallel side wallsin a compound test section. YHOW~
ever, the two experiments are completely different in attack and
execution. Seetharam and Wentz used only pressure instrumenta-
tion of various types, except for some recent qualitative work
with hot-film probes (Wentz and Seetharam 1977), and it is diffi-
cult to estimate the magnitude of any errors which may be present
in their data. The same is true of similar data obtained by

Goradia, Mehta, and Shrewsbury (1977) during an independent
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investigation of flow past the same airfoil section. Moreover,
our exPer‘ience has been that it is not easy to establish a satis-
factory flow. Our mean flow was highly three-dimensional in the
absence of effective flow control, and was grossly unsteady at
angles of incidence beyond the angle for maximum lift (see
Sections 3.1 and 3.2 of this report, especially Figures 9, 10,
and 17). |

Perspective of the Present Research. -- The main experi-

mental technique of the present research uses a flying hot wire
mounted on the end of a whirling arm. The rectification problem
is thus avoided by biasing the relative velocity., In practice, the
tip speed of the whirling arm is made large enough so that the
direction of the relative flow at the probe (a standard commercial
X-array) is always within the useful range of about + 30 degrees
with respect to the probe axis,

The flying-hot-wire technique has several special features,
all of Whiéh were recognized at the outset of the research and most
of which are discussed at length in a separafe report on instru-
mentation (Coles, Cantwell, and Wadcock 1977; this report will
frequently be referred to below as CCW). Omne special feature
(bad) is that the wake of the whirling arm is a substantial méving
disturbance in the flow., Another (good) is that data are obtained
along a line rather than at a point. A third (good) is that the
hot-wire probes are inherently self-calibrating in pitch. A fourth
(bad) is that hot-wire signals must be transmitted through slip

rings. A fifth (bad) is that the relative position of probe and
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model is very difficult to measure., A sixth (good and bad) is
that the technique is necessarily digital, .The probe signals are
not statistically stationary (the concept of spectrum, for example,
plays no role at all in the meésurements). Mean values are, by
definition, ensemble mean values obtained by repeated sampling
at fixed pointé in the flow. The primary effort in instrumentation
thus tends to shift away from the hot-wire equipment and toward:
the digital computer which manages and monitors the processes
of data acquisition and recording.

Several other problems were anticipated in the research,
Previous éxperience in the GALCIT* 10-foot tunnel (which is
constructed partly of concrete) suggested that the life expectancy
of hot-wire probes might be very short, of the order of minutes.
In practice, this problem was serious but not critical. All of the
data reported here were obtained with two X-arrays, both of
which survived about twenty hours of tunnel operation,

A second problem, common té all research of this kind,
was that it might be difficult to achieve a two-dimensional mean
flow, A small axially -symmetric model was tested and judged to
be unsatisfactory, at least for the geometry chosen, and va two-
dimensional model was eventually used. The natural flow at high
angles of incidence turned out to be very far from two—aimensional,
as expected. After an unproductive effort to improve the flow by

using conventional active methods of flow control, success was

#Graduate Aeronautical Laboratories, California Institute of Technology.
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finally achieved by a simple passive method, as described in
Section 3.1,

A third problem, amounting to a calculated risk, was the
prospect that the flying-hot-wire instrumentation might interfere
with and change the flow under study. Our original expectation,
which did not materialize, was that the wake of the moving probe
might noticeably affect the momentum distribution along its
trajectory. What happened was quite different. Because the
separation 1.ine is not fixed by the geometry, flow separation
from an airfoil is exquisitely sensitive to small changes in the
ambient flow at large distances. Such changes did occur. The
obstacle presented to the free stream by the rotor, and especialiy
by the rotor hub, caused a measurable dependence of the flow in
the boundary layer and wake on the position of the rotor in the
test section., Considerable time was required to.understand this
effect and minimize its importance, as described in Section 5. 1.

Critique of the Present Research, -- It is characteristic

of research done in large, expensive, rigidly-scheduled facilities
that any given operation is done only once, It is characteristic
of graduate research that any given operation is done for the
first time; i.e., by amateurs. In some cases, we consider that
the work reported here was well done. We are satisfied with
the simple solution found for the problem of flow control, and
with the techniques developed for smoothing and interpolating the
hot-wire data to obtain reliable values on a closely-spaced rec-

tangular grid, However, other operations were indifferently well



done. Higher fidelity could have been achieved in molding the
airfoil model, and the methods used to cope with hot-wire drift
could probably have been improved. Finally, some operations
were badly done. The most serious of these was our failure to
anticipate the real nature of probe interference at the time that
£he measurements were being planned,

Our conclusion at the end is that the flying hot wire is
a difficult but usable instrument., It is probably best suited to
bluff-body flows, where close approach to a surface is not
mandatory, and where separation is fixed or nearly fixed by the
geometry of the model. When the same flying-hot-wire instru-
mentation was used by Cantwell (1975) to study vortex shedding
from a circular cylinder, no measurable interference effects
were found,

At least two other instruments besides the flying hot wire
might be considered for use in regions of occasional reversed
flow, These are the pulsed-wire probe and the laser-Doppler
velocimeter (LDV). The first has been used by Bradbury (1976)
and the second by Owen (1976) to study flow in closed recirculating
regions marked by very high turbulence levels, Experience with
pulsed-wire probes at GALCIT (Tombach 1973) has been that
there are formidable difficulties in measurement of turbulent
stresses. Experience with LDV techniques has been more favor-
able, although statistical bias can be a serious problem when
operating in the single-particle mode. Unfortunately, the geometry

of the only large-scale wind tunnel at GALCIT is not well suited
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to optical methods. It is also likely that the need for an optically
clear path might interfere with the need for flow control. The
measurements might have been done with the LDV in water (with
attendant advantages in terms of flow visualization), except that,
we have no facility which would be free of cavitation under the
conditions of the experiment. In any event, it was necessary

to commit the experiment to a particulér technique in late 1972.
At tﬁat time we did not consider the LDV to be the instrument

of choice, in spite of its advantage of linearity, The development
effort for the LDV appeared to be comparable to that required

for the flying hot wire, and the latter instrument was certainly
sufficiently promising to fnerit a trial,

One issue in any measurement of turbulence is the time
required to obtain a stable mean. The moving probe has the
advanfage that it is a line rather than a point instrument. In our
application, each five-minute run yielded an ensemble of several
thousand velocity samples at each of sixty or more points along
an arc in the flow. At each of the sixty points, moreover, the
flow was observed over the full five minutes, The time required
to obtain a stable mean for a point measurement is not known,
but itis certainly longer than the five seconds which could be
allotted if the 'same tunnel operating time and the same density
of data points were specified, without allowance for the time
required to move the probe from one point to another. The
benefits of a stable mean are conspicuous in the present results,

We know of no other experiment of comparable complexity in
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which the experimental data can be differentiated with any confi-
dence,

We expect that for some time to come the present meas-
urements will provide a major test case for development of cal-
culation methods for turbulent flow. The spirit of the measure-
ments is entirely the spirit of Reynolds averaging, with the
additional feature that the boundary-layer approximation is avoided,
The quantities which are reported as processed data are quantities
which appear in the Resrnolds equations for the evolution of mean
velocity and for the evolution of mean double products of velocity
fluctuations. So that users of the data need be in no doubt about
the strengths and weaknesses of the results, we have made every
effort to describe the experiment completely, warts and all, and
to record all the results in accessible form. Instructions for

gaining access to the data are included in the text.
II. APPARATUS AND INSTRUMENTATION

2.1 Tunnel Modifications

We originally thought that the problem of achieving a two-
dimensional meén flow might be finessed by using an axially-
symmetric ring airfoil, A small ring model with a.diameter/
chord ratio of about unity and with inside stall was therefore
constructed and tested., The results were disappointing. The
main difficulty was that the pressure rise in the diffuser-like
internal flow was accompanied by a large increase in the rate of

turbulence propagation toward the axis. The region of potential
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flow on the axis of symmetry ended approximately at the trailing
edge, and the overall flow about the ring resembled the flow
about a bluff body with base bleed. To improve this situation,
the diameter/chord ratio would have to be substantially increased.
For. a ring of fixed diameter in a given flow, there would be a
corresponding decrease in Reynolds number based on chord., For
this and other reasons, the ring configuration was abandoned in
favor of a more conventional plane wing. One immediate benefit
was that the angle of incidence of the airfoil no longer had to be.
frozen at the design stage. At the same time, it beca_me certain
that considerable additional effort would be required for flow
control, with no guarantee of success,

False Walls, ~-- The circular cross section of the GALCIT

10-foot wind tunnel became a disadvantage when the decision was
made to abandon the ring wing in favor of the plane wing. It was
necessary to comstruct false walls inside the working section, as
shown in Figures 1 and 2. Vertical steel H-beams were bolted
to T-slots which ran the length of the test section at 45 degrees
from the tunnei plane of symmetry., These beams were covered
by l.9-cm thick plywood panels to give an overall wall thickness
of about 14 cm. The distance between the inner faceé of the
false walls was 199,1 cm.

Relative to the entrance plane of the cylindrical test section,
WhOSQ diameter and length are both 304.8 cm (10 feet), the false
walls were placed as shown in the plan view in Figure 3. The

leading edges were streamlined by solid wood nose pieces shaped
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Figure 1. View of cylindrical test section, false walls, and
airfoil model, looking upstream from diffuser. Airfoil is at 14
degrees angle of incidence. Wake rake is in foreground. Flow
guides are present in final configuration. Note absence of
screens in supply section,
to represent the first 30 percent of an NACA 0012 airfoil section.
The trailing edges were streamlined by tail pieces made of ply-
wood and sheet metal, flat toward the center of the test section,
Small windows were installed in the false walls for observation
purposes. All wood surfaces were smoothed and varnished. Tufts
were used to verify that unwanted separation did not occur on the

false walls,

Flow Control, -- Plenum chambers were also installed in

the walls near the trailing edge of the model, These chambers
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Figure 2. View of cylindrical test section, false walls, and

airfoil model, looking downstream from supply section, Airfoil

is at 14 degrees angle of incidence. Part of strut and most of

rotor are visible below airfoil, Flow guides are present in

final configuration.
could be covered by solid or perforated plates or by plates with
a single vertical slot to produce a plane wall jet directed down-
stream. Air was supplied to (or removed from) the plenum
chambers through ducts running downstream along the outside
surface of the false walls, The ducts left the test section through
a 5-cm annular slot which separates the test section from the
diffuser., This plumbing and an associated 15-horsepower blower

were intended for flow control, but proved to be inadequate to

the need. A simpler and more effective method for flow control



12
was eventually found and was used during the main experiments,

as described under '"Passive Flow Control!' in Section 3.1 below,
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Figure 3. Plan view of test section showing location of false
walls, airfoil, and roof-mounted pitot-static tube, Dimensions
are in centimeters. Stations are measured from entrance plane
of test section,

2.2 The Airfoil Model

Choice of Section and Size, -- In principle, one airfoil sec-

tion would serve as well as another to meet the primary objectives
‘of the present research. What was wanted was a well-documented
section known to have good stalling characteristics; i.e., a smooth
variation of lift with angle of attack near maximum lift, with

gradual trailing-edge separation. The section chosen was the
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NACA 4412, The aerodynamic properties of this section have
been measured in considerable detail by Pinkerton‘ (1936, 1938)
for (effective) Reynolds numbers based on chord from 100, 000 to
8,200, 000. In particular, there seems to be no problem with
leading-edge separation at (effective) Reynolds numbers éreater
than about 900, 000 if stream turbulence or some other efficient
tripping method is used to stimulate transition,

There were conflicting size requirements for the model,
The chord should be small to make the near wake experimentally
accessible, but large to permit exploration of the separated region
in detail. Important practical considerations included the range
of the available traverse and the anticipated effect of free-stream
turbulence level on transition. A small chord implies a high
tunnel speed to reach a given Reynolds number, High tunnel
speed in turn means less testing time and less drift in the instru-
mentation; but it also means larger aerodynamic loads and deflec-
tions, increased risk of hot-wire breakage, and decreased wire»
sensitivity. After all of these factors were taken into account,
including als.o cost, the chord of the airfoil was specified as
90.12 cm. The span was constrained to be 198, 8 cm by the
geometry of the false walls used to convert the circular test
section to an approximately rectangular one.

Analytical Definition, -~ The NACA 4412 airfoil is defined

analytically by formulas published by Jacobs, Ward, and Pinkerton
(1933), by Abbott and von Doenhoff (1949), and elsewhere. With

£ = x/c and 1 = y/c, where c is the chord length, the 4412
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" camber line consists of the two parabolic arcs

N (E) = > (Gt - &%) (1)
for 0 < § < 2/5 and
N (€) =5 (5 +5 & -£7) (2)

for 2/5 < £ < 1. The thickness distribution for unit chord is given

by

-

HE) =2 (0.2969 £7 - 0.1260& - 0.3516£2 +0.2843£° - 0. 1015 £4)
(3)

where t is measured symmetrically along the local normal to the

camber line. The airfoil surface is therefore defined by

£ () =& +tsing (4)

s
ng(£) = m_+t cos o (5)
where tan g = dnc/dg. The upper (lower) signs refer to the

upper (lower) surface.

Fabrication, -~ The airfoil model was fabricated of fiber-

glass -reinforced polyester resin using the mold shown in Figure 4,
The mold surface was thinpolished stainless-steel sheet bonded to
external ribs. The airfoil was made in two pieces, a main body
and a full-span hatch cover. The hatch extended from x/c = 0.18
to x/c = 0.73 on the pressure surface and gave access to the
interior for installation of ribs, spars, and pressure instrumen-

tation. The mold section for the rear part of the pressure
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Figure 4., Mold used for fabrication of main airfoil section.

Tubular spars are located about 25,5 cm apart,
surface, downstream of the hatch, was hinged at the rear to allow
removal of the completed airfoil from the mold. This part of
the skin was laid up separately, and details involving ribs and
pressure connections were finished., The mold was then closed
and the upper and lower skins were bonded at the trailing edge.

Actual fabrication of the wing was done by a commercial

vendor who also advised on some details of design. The skin
thickness of the main airfoil was approximately 3 mm, with
appropriate reinforcement close tc the leading and trailing edges

and in the vicinity of the hatch opening. The ends of the airfoil
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were approximately 5 mm thick., FEight internal ribs were pro-
vided in the main body. Fiberglass-reinforced tubular spars
running the length of the span were individually bonded to the
internal ribs and to the ends of the model (these spars are
visible in Figure 4). The larger spar, located at x/c = 0,338,
y/c = 0.056, was used to transfer the main air load to steel
bushings attached to the false walls. The smaller spar, located
at x/c = 0.620, y/c = 0.042, engaged steel pins mounted on
plates which could be indexed about the main support to change
the angle of incidence,

The hatch cover was heavily reinforced with ribs and
stringers, since the pressure surface is loaded in compression
if the airfoil is supported from both ends rather than cantilevered,
The hatch cover was held in place by means of self-locking
. flat-head screws distributed around the perimeter. Nuts were
epoxied into the main body of the airfoil, The screw heads and
joints were covered by thin tape to maintain a smooth surface.

The weight of the finished wing was about 40 kg, low
~enough for easy handling. The surface was hard and extremely
smooth., If we were to use this fabrication technique again, we
would probably take care to align the external ribs of th‘e mold
a little more precisely. For reasons set out under '"Blockage'
in Section 3.2 below, and under ''Model Coordinates' in Section
4.1, we would also make sure of close contact everywhere
between the sheet-metal skin and the external ribs before bonding

these components together. The simplest method would be to
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use an assembly of matching internal ribs to position the skin
during bonding. These are minor details, however; we considered
the molded wing to be satisfactory as a test model.

Before it was installed in the tunnel, the assembled wing
was mounted in a test fixtﬁre and subjected to a distributed proof
load of 870 kg. This proof load corresponded to the worst-case
condition of maximum attainablé lift coefficient and maximum
attainable dynamic pressure, and was about six times larger
than the actual load during the main experiments of this research.

Pressure Instrumentation, -- Numerous pressure holes of

0. 8-mm diameter were drilled in the model, Sixty-five of these
were located at mid-span, fifty-five were located at Z-span and
again at $-span, and the remainder were distributed over the
span at x/c = 0.25, The NACA 4412 section has a finite
trailing-edge thickness, and several pressure holes were installed
actually in the trailing edge.

One method commonly used to produce pressure holes in
wood models, because of the porosity of the material, is to drill
an oversize hole and insert a length of metal tubing which extends
just béyond the outer surface. The tubing is then fixed in
position and the outer surface is hand-worked to a flush surface,
This method was unsuitable for the present model, as hand-
working destroys the glassy surface obtained with the molded
resin, The method adopted was to install hollow brass buttons,
0.8 cm in diameter and 0.3 cm thick, on the inside ‘of the wing 4

at the locations desired for the pressure holes. These buttons
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were bonded to the skin by resin. Steel hypodermic tubing
extended from the buttons to the open space below the hatch
cover, The translucence of the fiberglass-resin material allowed
the brass buttons to be located from outside the wing so that
pressure holes could be drilled along the local normal to the
surface,

Two pressure-scanning valves, driven by 12-step rotary
sélenoids, were mounted inside the wing., One valve had seven
12-port wafers; the seven output lines were ‘connected to the
second valve, which had one 12-port wafer., Altogether, there-
fore, 7 x 12 + 5 = 89 pressures could be connected at one time.
Thé active port on each valve was identified using a voltage
source and r~esistan.c_e ladder connected to a switch wafer on the
valve shaft, The initial assignment of valve ports (and the qnly
assignment, as it turned out, because of the press of other
bﬁsiness), had one port connectéd to the static-pressure line
from the roof-mounted pitot-static tube, 56 ports connected to
holes at mid-span (with some duplication as a check on the data),
and the remainder connected to holes at the - and £-span
locations aft of the 40-percent chord position on the suction side
of the airfoil (the location of these holes is detailed in Table 2
below). Pressure holes not connected were sealed intermally.

Power was supplied to the rotary solenoids through the
main support bushings. Identification voltages were brought out
of the model the same way. When the data-acquisition system

was in use, the stepping interval for the solenoids was set at
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about 20 seconds in an automatic mode. The solenoids could
also be controlled manually., The single output line from the
pressure-selector system, and the single input line from the
roof-mounted pitot-static tube, also passed through the main
support bushings.

Tunnel Installation. -- The wing was ‘mounted upside down

in the tunnel (lifting downward) because of the peculiar geometry
of the flying-hot-wire instrumentation. The airfoil was located
with the main support on tlée tunnel centerline at a distance of
79.3 cm from the beginning of the test section, and the angle

of incidence was varied by rotation of the airfoil about this main
support. To prevent leakage at the juncture of the wing with the
side walls, thin sheets of plastic foam were affixed to the ends
of the model. No unusual procedures were used toc prepare the
wind tunnel for the airfoil experiment, and no screens or other .
devices were used to improve the qualitsr of the free-stream flow.
The free-stream turbulence level under the conditions of the
experiment was about 0,7 percent.

2.3 The Flying Hot Wire

Traverse, Strut, and Rotor. -- Figure 5 is an outline draw-

ing of the ﬂying—ho»t—wire apparatus and the airfoil model in the
GALCIT 10-foot tunnel. JXigure 2 above is a photograph of the

_ actual tunnel installation, I’he horizontal traverse below the
tunnel in Figure 5 is a salvaged lathe bed and carriage. It has
~a range of about 110 cm and is repeatable to about 0,01 cm, The

vertical traverse is a milling-machine slide. It has a range of
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Figure 5. Side view of flying-hot-wire apparatus and traverse
in test section of GALCIT 10-foot wind tunnel. Flow is from
left to right; rotor rotates counter-clockwise.
36 inches and is repeatable to 0,001 inch. The rotor was sup -
ported from the vertical traverse by a strut of heavy rectangular
steel tubing. The part of this strut which was exposed to the

airflow was streamlined by wooden cladding shaped to an NACA

0024 profile section. The test section of the wind tunnel has a
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narrow full-length slot at the bottom which allows traversing in
the streamwise direction, The slot was sealed by a cloth strip
with two zipper closures running upstream and downstream from
the strut,

Mounted in the strut was a flat printed-circuit motor whose
axis of rotation was parallel to the airfoil span. The flying-hot-
wire rotor was attached directly to the shaft of this motor. Rotor
speed was accurately controlled by a phase-locked-loop (PLL)
servo system which was designed by B. Cantwell and is described
in more detail in CCW. The angular position of the motor
shaft was encoded by a 256-tooth precision ge‘ar and a magnetic
pickup. The pickup provided a clean square-ware TTL signal
at 256 pulses per revolution. This ENCODER signal served as
feedback input to the PLIL phase detector, whose other input
or'iginated in a 200-kHz crystal-controlled pulse train. A counter
controlled by thumbwheel switches divided this 200-kHz frequency
by any desired decimal integer from 1 to 999, The PLL servo
system responded smoothly to commands to change speed, and
could maintain lock in spite of large variations of torque on the
rotor, The presence of lock was monitored by an oscillo.scope
display of the undemodulated output of the phase-~detector circuit,

Hot-wire Probes,-- A commercial hot-wire probe was

mounted in a clamp holder at the end of each arm, as shown
in Figure 6. A square section machined at the forward end of
a sleeve on the probe body mated with a broached recess in the

holder to guarantee proper registration of the X-arrays. The
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Figure 6. Hot-wire probe installed in end of rotor arm (and

spare probe), Scale is about 2/3 actual size; chord of rotor

arm is 3.3 cm. Black trapezoidal object in lee of probe clamp

is optical proximity sensor,
sensing elements were platinum-plated tungsten wire, five pm in
diameter and one mm long. The operating resistance ratio was
normally about 1.4 to 1.5. Hot-wire signals were carried
through the hollow rotor arms to the hub and thence through the
hollow motor shaft to a set of twelve mercury slip rings. Eight
rings were required for two X-probes; there were no common
leads. The remaining four rings carried power, ground, and

signal connections to an optical proximity sensor located on the

end of arm 2 (see Section 4.1 below for some uses made of this
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sensor). The relatively long hot-wire cables contributed altogeth-
er about 35 percent of the total resistance in the active arm of the
resistance bridge. Adequate compensation fdr cable inductance
was available in the hot-wire circuitry.

2.4 Conventional Instrumentation

Pressure. -- Pressures were measured using two electronic
differential manometers, One manometer was permanently

connected to the two sides of a- pitot-static tube mounted from
the tunnel roof to measure a reference dynamic pressure Qref'
The point where the static pressure was measured was 29.8 cm
below the curved roof and 149.5 cm from the entrance to the
test section, as indicated in Figure 3 above. This dynamic
pressure Qref and the associated velocity A..f 2Te used through-
out this report whenever pressures or velocities are made
dimensionless., The second differential manometer was connected
to the pressure-scanning system inside the wing to measure
model surface pressﬁre P The reference pressure for this
manometer was the total pressure from the roof-mounted pitot-
static tube (see under '"Data Preparation' in Section 4.4 below
for a disadvantage of this procedure). Since one pressure input
to the pressure-scanning system was ffom the static side of this
same pitot-static tube, the two manometers could be checked
agaiﬁst each other by selecting the proper valve port. Agreement
in Qref was usually within one or two parts in a thousand. Both
manometers were normally used on a range having 10 volts

output for a differential pressure of 30 mm Hg.
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Atmospheric pressure was measured using a mercury
barometer., Wet- and dry-bulb teméeratures were also recorded
once or twice a day. To set the tunnel operating condition, the
pressure difference between two piezometer rings, one in the
supply section and one at the entrance to the test section, was
adjusted by the tunnel operator to a value which was known to
provide the desired dynamic pressure at a point centered in the
empty test section. This particular dynamic pressure is referred
to as Qnom; it played no part in the data analysis except as a

vehicle for repeating a given operating condition.

Temperature, -- An electrical signal representing tunnel
temperature was obtained from an electronic thermometer mounted
inside the tunnel test section. A mercury thermometer and a
vapor-pressure thermometer were used to calibrate the electronic
device, whose signal was found to be essentially linear with
temperature. Changes in tunnel temperature of more than one
degree centigrade during a six-minute data run were unusual,

Intermittency, -- Constant-temperature anemometer circuits

were constructed particularly for the present experiments, follow-
ing a design recommmended by Perry and Morrison (1971). Design
and fabricatipn were supervised by A, Perry, who was associated
with this research during a study leave at GALCIT, and by

B. Cantwell*, The main addition to the design was the incorpor-
ation of a hybrid intermittency circuit in each Channél.

The conventional definition of intermittency assumes that

*See "Manual for Matilda Meter Constant-Temperature Anemo-
meters', GALCIT, October 1975, by B. Cantwell,
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the motion at any point in the flow at any instant can be classi-
fied as either turbulent or non-turbulent., In particular, it is
common practice to call the motion turbulent if there is appre-
ciable energy at high frequencies., In the present experimenté,
the classification process was carried out by analog méthods in
real time. Continuous analog signals from both wires of one
X-array were first separately differentiated, to emphasize high
frequencies, and then added, The combined signal was band-pass
filtered and rectified and fed into a comparator with an adjust-
able threshold level. The output of the comparator was an
irregular pulse train Corresponding to portions of the input signal
above the threshold level. Each time fhe flying hot wire passed
through turbulent fluid, a burst of such pulses was produced,
This burst was fed to a retriggerable one-shot whose output
remained high whenever the time interval between input pulses
was less than the pulse width of the one-shot. The output of the
intermittency circﬁit was a TTL-compatible digital signal which
was continuously available to the data system and was recorded
as the least significant bit of each data sample,

Figure 7 is an example of analog input signal and digital
output signal for the intermittency circuit, The lower trace
shows the (filtered but unrectified) analog signal added electron-
ically to the digital intermittency signal in order to show the
quality of the discrimination technique. The relatively weak
noise in the early part of the hot-wire trace is associated with

the passage of the probe through the turbulent wake of the
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Figure 7. Example of intermittency signal. Upper trace is
raw signal from one hot wire during upper half revolution.
Time increases from left to right, Lower trace is sum of
digital intermittency signal and filtered analog signal. Oscil-
loscope is triggered by INDEX pulse, Filter passband is
1.0 kHz - 6.3 kHz, One-shot pulse width is 0.4 msec,
preceding rotor arm (see Section 4.2 below, especially Figure 30).
The operation of the intermittency circuit was found to be
little affected by changes in filter pass band, at least up to an
upper cutoff of 20 kHz, indicating that the hot-wire signals con-
tained useful information up to this frequency. The signals used
were always from the wires designated 1.-0, IL-1 (i.e., 'last
channel minus zero', ''last channel minus one''), and were valid
for the first half of each revolution only.
The intermittency circuit described here is subject to a
difficulty which is common to most such circuits. There is a
slight lag in response on leaving a turbulent region, because the

retriggerable one-shot remains on for a time equal to its preset

pulse width (here about 0.4 msec, or about two-thirds of the
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sampling interval). The flying-hot-wire technique has a useful
self-correcting property in this situation. Because the probe
i1s moving, so that the mean intermittency data are dynamic
rather than static, a plausible a posteriori correction can be

made to remove the lag,

The correction treats the mean intermittency surface

Y(x,y) as a real surface whose slope is a measure of the net
rate of interface crossings per unit time. Denote the sampling
interval by At and the preset pulse width of the one-shot by r.
Typical uncorrected mean intermittency data along a probe arc
might appear as shown by the open points and the solid line in
the sketch at the right in Figure 8. After a displacement backward
in time by- an amount T in regions of decreasing Y, the same

data appear as shown by the dashed line,  Now at each data

TIME (FRAME)

Figure 8. Oscilloscope trace showing raw hot-wire signal and
associated intermittency signal, with exit lag. Display is
chopped single beam; sweep rate is about 3 msec/cm, Method
used to correct mean intermittency data for exit lag is indi-
cated in sketch at right.
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station the intermittency circuit indicates turbulent flow for a
fraction 7 of the data samples. Whenever the inte‘rmittency is
decreasing, the net rate of interface crossings from turbulent to
laminar flow per unit time is -AY/At. The number of such
crossings in the time interval 7 is -7AY/At. Thisis the number
to be subtracted from Y, It is also the vertical distance between
the original (solid) and displaced (dashed) curves in Figure 8. |
The correction thus amounts simply to displacement of the
original time coordinate backward in time by an amount 7 and
displacement of the original ¥ downward to the new curve.

2.5 Data Acquisition

Solo System, -- Data from the experiment were recorded

by a computer-controlled data-acquisition system. At the time of
the main tunnel tests, in March, 1975, the system included
computer with 32 K words of core memory, phase-encoded tape
transport, removable-cartridge disc, plotter, teletype, paper-
tape reader, analog-to-digital converter (16 analog channels,
range + 10 volts, resolution 14 bits plus sign, maximum rate
400, 000 samples/second), and operating-system éoftware.

This data-acquisition system has two unusual but related
properties, First, the system is portable., It is in fact moved
frequently between a number of experimental sites within the
Karman, Guggenheim, and Firestone laboratories. Portability
was achieved by mounting the main component (a double-bay
rack weighing about 400 kg) on a floating air-cushion platform,

Second, the system is normally under the complete and exclusive
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control of each experimenter who uses it, This property is
explicit in the name '"Solo System' which is used to refer to the
equipment, There are no computer operators, no data trans-
mission lines, mno staff programmers. Everything is (or at least
is intendéd to be) the responsibility of the experimenter,

Programming and Control, -- The Solo System can be

programmed in several high-level languages. However, because
of the massive data-handling requirements of the flying-hot-wire
technique, data acquisition and editing in the present experiment
were carried out using stand-alone programs written in assembly
language., These programs made no use of the operating system,

There were three main data-acquisition programs. The
original program, MSTRY, was designed mainly for hot-wire
calibration, This program assumed that an X-array probe was
present on each end of the rotating arm. During each half-
revolution, two channels of data were recorded from the probe
which was cur-rently advancing into the stream. The second
program, STALIL, was similar except that some editing operations
were deleted to accommodate the high rotor speeds used in the
airfoil experiment., The third program, PRESS, was also similar
to MSTRY, except that rotation was simulated rather than real,
and one pair of data channels was recorded continuously rather
than two pairs alternately.

Control of data acciuisition was shared by data logic
circuitry in the flying-arm controller, control logic circuitry in

the analog-to-digital converter (ADC), and direct-memory-access
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(DMA) circuitry in the computer. FEach revolution of the flying
arm normally involved 3072 words of data (12 channels, 256
‘frames). Two 3072-word data buffers in core were used alter-
nately. The computer was instructed to verify, at the end of
each re{rolution, that the buffered data had the correct format
and were properly synchronized. During the remaining time the
computer was free to edit and dispose of data obtained during
earlier revolutions,

Details of the data logic in the flying-arm controller are
described in CCW. The main function was to arrange for a
burst or frame of N words, spaced at intervals of 5 psec, to be
acquired each tim.e a gear tooth passed the magnetic pickup (N
is the number of active analog channels). Thus the ENCODER
signal controlled not only the rotor speed, as described under
"Traverse, Strut, and Rotor'' in Section 2.3 above, but also thé
timing, and hence the position in the flow, of the hot-wire
measurements. The circular trajectory traced out by the hot
wires had a nominal diameter of 151,4 cm and a circumference :
of 475.6 cm. Specification of a 256-tooth gear then implied
that digital data would be obtained every 1,86 cm along the arc,

The origin for the angular position of the rotor was an
INDEX pulse generated once per revolution, at a time when the
rotor arm was approximately horizontal, by a second magnetic
pickup and a single-tooth gear on the rotor shaft V(for the position
of this pulse with respect to the horizontal, see under "Data

Placement™ in Section 4.1 below). When the computer finished
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editing data from the previous revolution, it entered a wait-for-
flag loop to await completion of the DMA block transfer for the
current revolution. When this transfer was completed, the DMA
circuitry inhibited further data transfers. The computer then
checked that the INDEX pulse had not yet occurred, verified that
the mést recent word of data was measured on the last analog
channel, set up the DMA circuitry for the next revolution, and
entered a second wait-for-flag loop until an INDEX pulse occurred.
When this INDEX pulse was detected, the computer activated the
DMA channel and the ADC data channel for the new revolution
and began editing data acquired during the revolution just com-
pleted,

When the computer was first started, status checks were
made to verify that the ADC was functioning normally, that the
tape transport was on line with a write ring present, and so on,
A gap was written on the magnetic tape. The multiplexer was
initialized to last channel. The first DMA block transfer from
the ADC to core memory was set up but not started. The
system then remained in a state of. suspended animation until
a control line called RUN was set true, The RUN signal was
present continuously at the data input of a D-type flip-flop which
was clocked by the INDEX pulse. A false output from the flip-
flop prevented the ADC from functioning except in response to
certain privileged commands from the computer. The data
system became armed when RUN was set true manually, and

became latched when the next INDEX pulse occurred,
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The self-synchronizing properties of the system allowed
a data run to be started manually at an arbitrary time after the
wind tunnel and the flying arm had reached operating speed. Data
from the first revolution were normally free of error, The
contenté of a revolution counter were displayed continuously on
the computer front panel so that progress of the run could be
monitored, At the end of the run, an end-of-file mark was |
automatically written on the tape.

The same control circuitry permitted operation in an
alternative mode, in which the flying arm was stationary or
absent altogether, A signal generator was used to simulate
rotation by supplying a regular pulse train to the ENCODER input
at the controller, The program instructions which checked syn-
chronization in terms of the INDEX pulse were deleted., This
mode could be used, for example, to record signals from sta-
tionary hot wires or other‘conventional instrumentation (program
P'RESS).

Error Correction, -~ Two errors in data format could

occur and, in fact, did occur occasionally. The first error was
failul;e of a DMA block transfer to end on the last ADC channel,
The most likely cause was electrical noise in one or another of
the counting and sequencing elements in the system, The second
error was occurrence of the INDEX pulse before the DMA block
transfer was complete. The most likely cause was noise in the
ENCODER signal from the magnetic pickup, including dropouts

at very low rotor speed., In either case, the data were presum-
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ably garbled. However, errors of these two types were con-
sideredbto be recoverable, The program first executed a re-
start subroutine to reposition the multiplexer on the last channel
(maximum execution time 270 psec for 12 analog channels), and
then waited for an INDEX pulse before activating the DMA
channel for a new revolution. The defective data were discarded
without editing,

Editing, ~- There were several editing operatioﬁs., In a
typical case, the first eight data channels were miscellaneous
signals. Voltage samples for these eight signals were accumu-
lated and averaged over the 256 frames of each revolution., The
original data were discarded. The particular channel assignments
for the main experiments of the present research are listed in

Table 1.

Table 1

ADC CHANNEL ASSIGNMENTS

Channel Signal

Short circuit

Model static pressure, pp_ . -p__
Tunnel dynamic pressure, p; ref Psrer
Scanning valve ID voltage 1
Scanning valve ID voltage 2
Tunnel temperature

Optical proximity-sensor voltage
Reference voltage

Hot wire L-3

Hot wire L.-2

Hot wire L-1

Hot wire 1.-0

HOVONOC DM WwN=O

ol et
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ADC channels 0 and 7 were used to record known constant
voltages as a check that the data-acquisition systermn was functioning
properly. The pressure and temperature instrumentation con-
nected to channels 1, 2, and 5 have been described in Section
2.4, More information about the optical proximity sensor can
be found in Section 4.1 below.

The last four channels were normally reserved for hot-
wire data from two X-arrays, one on each arm of the rotor,
For a given array, the two wire voltages were measured not
quite simultaneously, but 5 psec apart. This time interval
corresponds to a probe motion of about 0.2 mm, or 1/5 of the
wire length, and is considered to be negligible, especially as
the hot-wire frequency response of 20 kHz limited the resolution
of the wires to fluctuations having a period of 50 psec or more,
During each half-revolution, the computer saved verbatim the
data from the X-array which was currently advancing into the
stream, and discarded the data from the X—array‘ which was
currently retreating (programs MSTRY, STALIL; see also Figure
30 below). Provided that all wires were present and working,
there were therefore two independent observations of the flow
over the same 180-degree arc during each revolution. The data
after editing consisted of 512 wire voltages together with eight
mean values for the miscellaneous signals already described,
These eight values were written over the first eight wire
voltages, which had little significance because the active probe

was passing through the wake of the rotor hub. The word format
P g g
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was binary integer, 14 bits plus sign, left-justified in the 16-bit
computer word, The free least significant bit was used for an
intermittency bit obtained from wires L-0, L-1 (see under
"Intermittency'' in Section 2.4 above). |

Two secondary . editing operations \x}ere transfer of the 512
surviving data words to the appropriate position in one of two
tape buffers, and supervision of output to magnetic tape via a
second DMA channel. Four revolutions were normally combined
into one tape record of 2048 words, No attempt was made to
detect or correct writing errors,

Performance, ~- Some precise quantitative statements can

be made about the load on the data system, The basic clock
for the system was a 200-kHz crystal-controlled oscillator, For
the airfoil experiment, this clock frequency was divided by 125
to generate a 1600-Hz ENCODER signal, The rotor drive was
phase locked to this 1600-Hz signal, as described under "Traverse,
Strut, and Rotor' in Section 2.3 above. With a 256-tooth gear,
the rotor speed was therefore precisely 6.25 rev/sec or 375 rpm.
The 200-kHz clock signal was alsp used directly fo control
sampling of 12 data channels at 5;psec intervals in a burst
mode. Such sampling occurred every 625 psec, at positive-
going transitions of the ENCODER signal,

During a run or file, therefore, the ADC rate v&as 200, 000
words per second (wps), iﬁtermittentg The mean transfer rate
to core was 19,200 wps., The mean transfer rate to magnetic

tape was 3200 wps. FEach data file lasted for 2048 revolutions
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or 327.68 seconds. There are 85 such files in the main data
base, representing 89,128, 960 words of data on tape and about
7.74 hours of tunnel time (about 13 hours of elapsed time). In
this mass of data, ‘one word is known to have been incorrectly
recorded, and one tape record out of 43,520 was unreadable
(see under '"Glitches' in Section 4.3 below).

It may seem foolish to be so precise about some of
these numbers. The reason is that we are trying to emphasize
the nature of digital techniques when these techniques require
keeping accurate books on each word of data, its location and
meaning. In the present experiment the analog signals were
statistically neither stationary nor homogeneous, and rotor phase
was a contrrolling factor in the sampling process. The experi-
ment was different in kindrfrom experiments which use digital
methods primarily for convenience in gaining access to digital

filtering algorithms or other numerical data-processing techniques.
III. CONVENTIONAL MEASUREMENTS

3.1 Flow Control

The strategy of the research called for extensive hot-wire
measurements at only one angle of incidence and at only one
Reynolds number. Suitable values for these two parameters
therefore had to be chosen almost at the outset. The measure-
ments by Pinkerton (1938) provided some guidance on the problem
of avoiding a laminar separation bubble near the leading edge of

the airfoil. Qur own observations of surface pressure near the
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leading edge at an angle of incidence of 14 degrees, with no
boundary-layer trip, showed a definite leading-edge bubble near
x/c = 0.03 at a Reynolds number of 730, 000 (based on chord
length ¢ and reference velocity qref)’ and no bubble at a
Reynolds number of 2,100, 000. Having in mind the hazards
associated with high tunnel speed (e, g., loss of lock in the PLL
servo system, shorter life expectancy and lower sensitivity for
the hot wires, larger deflections for the model and probe, and
reduced effectiveness of the blower intended for flow control),
we settled on an intermediate Reynolds numbera With a nominal
tunnel operating condition of Qom = 10 1bf/ft®, the typical
reference velocity Arof and kinematic viscosity ., for the main
experiments were 27,13 m/sec and 0.1605 cm?/sec, respectively,
The Reynolds number was 1, 523, 000,

Boundary-layer Trips,-- To encourage uniform transition

over the span, boundary-layer trips were attached to both
surfaces of the airfoil. The trips were narrow strips of tape,
about 0.15 mm thick and 4 mm wide, with a sawtooth leading
edge, On the suction side, the trip was centered at x/c = 0,025,

slightly downstream from the pressure minimum (this trip is

visible in Figures 2 and 13). On the pressure side, the trip
was centered at x/c = 0.103, well downstream from the stagna-
tion line, Surface pressures measured at 14 degrees immediately

after the trips were installed, with no other flow control, are
plotted in Figure 9 and are also tabulated in Table Z (Run 7).

Other things being equal, the trips had almost no effect on the
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Figure 9. Surface-pressure distribution at 14 degrees angle

of incidence, with no flow control (Run 7). Solid symbols:

data at midspan. Open symbols: data at £- and £-span.
pressure distribution, even near the leading edge., At midspan,
according to Figure 9, trailing-edge separation occurred at
about x/c = 0.7. At %-span and £-span, however, separation
occurred at or before x/c = 0.5. Thus there was a streamwise
displacement of the separation line of about 20 cm in a spanwise
distance of 50 cm. This evidence of severe three-dimensionality
made the flow in question a poor prospect as a vehicle for
detailed hot-wire measurements. A program of flow control was

therefore begun,
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Active Flow Control. -- To obtain a rapid indication of any

progress being made in improving the two-dimensionality of the
mean flow, three vertical total-pressure rakes were placed .
across the wake. The rakes were about 115 cm downstream

from the trailing edge of the airfoil and were in line with the

i
NS

surface-pressure orifices at -, %-, and -span. Figure 1 above
is a photograph of the rake installation., Rake total pressures
were read manually on a multiple-tube manometer bank using
butyl alcohol as manometer fluid. The readings were not made
with particular care, because the object at the time was not to
document the flow but only to improve it,

Methods tried for active flow control included suction or
blowing through perforated plates (61 by 24 cm; 30 percent
open) placed in the false walls in fhe vicinity of the separated
regibn, and also two-dimensional blowing using slot jets directed
downstream along the false walls from aEOut the airfoil trailing
edge. In the present instance none of these methods was effec-
tive, although they have ;;Lpparently served well in other research
(see, for example, de Vos 1973). Our blower was probably
undersized, and the structural design of the false walls restricted
the location of our flow-control devices. Two examples of
unacceptable wake flow are shown at the left in Figure 10, The
first example, Run 12, showé the worst flow ever observed, The
perforated plates were present, but the blower was off, so that

flow was permitted through the walls. Downstream of the airfoil

at midspan, the wake was about 35 cm thick. At the two lateral
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H/Qref
8 1.0
T T T T T T T T T
RUN RUN
16 28 |
& SOUTH ’
o CENTER ~
o NORTH i 20|
L - fe}=

Figure 10. The struggle to achieve two-dimensional mean
flow in the wake. All data are for 14 degrees angle of inci-
dence and Q =10 Ibf/ft?, H is total pressure in wake

(referred to atmospheric pressure) as measured about 1,28
chords downstream of trailing edge. Origin for Y is 64,3 cm
from tunnel center line; airfoil is lifting in direction of in-
creasing Y.

Run 12 Perforated plate, blower off,

Run 16 Slot jet, blower on.

Run 23 Perforated plate, blower off, flow guides at +3°,

Run 25 Slot jet, blower off, flow guides horizontal,

Run 28 Slot jet, blower off, flow guides at -3%,

Run 30 Solid wall, flow guides at -3°,

stations, 50 cm to each side, the wake thickness increased to
about 60 cm, with an appreciably larger momentum deficit, The
second example in Figure 10, Run 16, shows the best flow

obtained with the available blower and with the most effective

method of active control, which was slot blowing.

Passive Flow Control. -- In the uncontrolled flow, inter-

action between the boundary layers on the airfoil and on the side
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walls apparently led to premature separation and to thbe appear-
ance of large trailingbvortices (having the same sense as tip
vortices for a wing of finite span) which greatly thickened the
wake near the side walls, It occurred to us that the entire flow
might be improved if the flow near the walls could be forced to
take the direction wanted at midspan. After Run 19, therefore,
in what was essentially a measure of desperation, flow guides
of sheet metal were attached to each wall. The guides were
51 cm long and extended 10 cm out from the wall. .The leading
edges were level with the lowest point of the airfoil, and the
trailing edges were directly below the airfoil trailing edge (see
Figure 22b below), The guides were tested at different angles of
incidence measured with respect to the tunnel axis., Various
methods of active flow control were also fried in combination
with this passive method, as indicated by some examples in
Figure 10. The final configuration, Run 30, at the right in
the figure, used only passive control, with the guides pitched
about 3 degrees oppositely to the airfoil. The two-dimensionality
of the wake over the central 100 cm of span was markedly im-
proved, with an essentially constant wake thickness of about 35 cm.

Surface pressures measured on the airfoil at 14 degrees
angle of incidence with the flow guides in their final configuration
are shown in Figure 11 and are tabulated in Table 2 (Run 87;
cf, also Run 40). Comparison with Figure 9 confirms that
improved two-dimensionality in the wake was accompanied by

improved two-dimensionality near the airfoil, It is remarkable
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Figure 11. Surface-pressure distribution at 14 degrees angle
of incidence, with flow guides in optimum position (Run 87)
SOlld symbols: data at midspan. Open symbols: data at %-
and Z-span. For pressure variation with time at starred point,

see Figure 17b,

that pressures measured at midspan were not. much affect.ed,
either on the airfoil or in the wake, by large changes taking
place in the flow near the side walls.

To test the quality of the flow in a different way, some
rather unprofessional flow visualization was carried out at the
very end of the experiments. A photograph of the pattern left
near the‘ trailing edge by a kerosene-talcum powder mixture is

shown in Figure 12, The airflow is from bottom to top. The
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Figure 12. Visualization of surface flow pattern during main
hot-wire measurements, using mixture of kerosene and talcum
powder, F'low direction is from bottom to top. Photograph
shows rear 70 cm of 90-cm chord and about 130 cmof 200-cm
span. At probe station (bright vertical line), separation is
indicated by accumulation of powder at about x/c = 0, 67. White
tears are excess liquid flowing under gravity (tunnel is off),

photograph shows an area about 70 cm by 130 cm; the trans-
parent tape protecting the pressure holes at the very bottom of
the photograph is at x/c = 0.25. The bright vertical line is a
strip of reflecting tape used with an optical proximity sensor, as
described in Section 4.1 below. This line marks the path of the

hot-wire probe, 11 cm from midspan. The pattern suggests that
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the separation line was reasonably straight and that the mean
flow directionn near the surface in the separated region was
nearly upstream. Much less regular patterns have sometimes
been observed in similar circumstances (see, for example,
Gregory, Quincey, O'Reilly, and Hall 1971).
A photograph of one of the flow guides in its final position

is shown in Figure 13, = Tuft studies shoWed the flow to be

Figure 13. View of flow guide in final position on side wall,
Rotor is clamped in vertical position with Kiel probe mounted
in place of hot-wire probe. Upper rectangle on wall behind
flow guide is plenum chamber for flow control; lower rectan-

gle is window.
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attached to the outer surface of the flow guides and to‘ the side
walls outside the guides, but violently separated inside. We
suspect that the slight angle of incidence was important, and
that it caused the flow guides to act like vortex generators whose
shed vorticity interfered favorably with the secondary vorticity
of the same sense generated in the wing-wall interaction.

In summary, the strategy of passivé flow control was
entirelsr successful. It was a blessed byproduct of this success
that the blower was not needed, as the noise level from the
blower was very uncomfortable, A similar strategy might be
useful as a means for improving two-dimensionality for other
flow configurations, such as flow over a backward-facing step.

Other Findings,-- Finally, the airfoil was pitched through

‘the range from -4 degrees to 16 degrees, and the wake profiles
were found to remain essentially two—dimensiohal, as demon-
strated in Figure 14, ‘Onre important constraint on the location
of the flow guides, incidentally, was that they should not inter-
fere physically with the airfoil as the latter was pitched through
‘at least this range. Two sketches of the model, flow guides,
and wake are shown in Figure 15 to illustrate the point,

Note that Figure 14 shows a gradual change in the value
of the dependent variable H/Qref in the free stream as the angle
of incidence changes. In Figure 14, as in Figure 10, the
quantity H is total pressure referred to atmospheric pressure.
The static pressure at the rake posit‘ion was not measured, but

was evidently slightly less than atrmospheric pressure at low
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H/Qref
8 1.0
T T 1 T T T T T T T
RUN RUN RUN
35 34 30
. 60 L
Y,cm
- 50

94

Figure 14, Two-dimensionality of wake for various angles of

incidence, with flow guides in optimum position; Qnom =

10 Ibf/ft® (cf. Figure 10). Origin for Y is 64.3 cm from
tunnel center line; airfoil is lifting in direction of increasing
Y.

Run 38 Airfoil at -4 degrees (angle for zero lift)

Run 37 Airfoil at 0 degrees

Run 36 Airfoil at 4 degrees

Run 35 Airfoil at 8 degrees

Run 34 Airfoil at 12 degrees

Run 30 Airfoil at 14 degrees (angle for main
experiments)

angleis of incidence and slightly greater at high angles,

There are no wake data in Figure 14 for an airfoil angle

of incidence of 16 degrees, although this angle was included in

the preliminary flow study and was expected to be a strong

candidate for the main experiments because of the more fully

developed stall. The problem was that the flow for this angle

of incidence was grossly unsteady. For practical purposes, the
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FLOW GUIDE

ARC

e TURBULENCE
AT MIDSPAN

\

Figure 15. Configuration of model and wake (a) during probe

calibration and (b) during main experiments, View is invert-

ed from actual orientation in tunnel. Note clearance between

flow guides and airfoil,
flow was out of control. The wake tended to be abnormally thick
on one side of the center plane and abnormally thin on the other
side. This situation would continue for perhaps 10 to 20 seconds
and then reverse. It was not possible to record usable values
for mean total pressure in the wake by manual methods. However,
the pressure on the airfoil itself was eventually recorded with

the aid of the data system (Run 79), with the result listed in

Table 2 and plotted in Figure 16. The variation of pressure
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Figure 16, Surface-pressure distribution at 16 degrees angle
of incidence, with flow guides in optimum position (Run 79),
Solid symbols: data at midspan. Open symbols: data at z-
and Z-span. For pressure variation with time at starred
point, see Figure 17a.

with time at the starred station in Figure 16, close to the
mean separation position at S-span at 16 degreés, is compared
in Figure 17 with a similar but much steadier record at 14
degrees. The plotted data are local averages over about -
second, to suppress high frequencies, The time constant for
the pressure system was about two seconds,

We were not expecting a global instability of this kind,

and were glad to receive a partial explanation from M. Gaster
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Figure 17, Comparison of grossly unsteady flow beyond stall
with relatively steady flow at maximum lift.
(a) Unsteady flow at starred point in Figure 16 (Run 79);
a = 16 degrees, x/c = 0,397, mean Cp = -0, 963,

(b) Steady flow at starred point in Figure 11 (Run 87);
o = 14 degrees, x/c = 0.542, mean Cp = -0. 877.

during a private discussion of the present experiments. The
argument is illustrated in Figure 18, which is a view of the
flow looking along the tunnel axis. Suppose that the distribution
of lift (i.e., circulation) is momentarily non-uniform. The
associated trailing vorticity will induce a downwash velocity
which reduces the angle of attack where the lift is large and
increases the angle of attack where the lift is small, If a
larger angle means a larger lift, the situation is stable, and
will tend toward uniform lift, However, if a larger angle means

a smaller 1lift--if dCL/da is negative--the non-uniformity in
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Figure 18, Sketch to illustrate instability mechanism for

flow beyond stall,
circulation is reinforced, and produces what in steady flow is
often called a stall cell. Our flow was unsteady, with the whole
tunnel circuit involved in something resembling a Dutch-roll
oscillation, It may be that the unsteadiness éccurs only for a
compound test section. In any case, we recommend that other
experimenters be on guard.

3.2 Airfoil Performance

Lift and Drag. -~ During the rest of the experiment, the

flow guides were left fixed at the optimum position determined
during the wake measurements just described. At angles of
incidence from -4 degrees to 16 degrees, lift and drag coeffi-
cients were obtained from surface-pressure distributions record-
ed by the data system and listed in Table 2, One group of

such measurements has already been cited in Figure 14. These
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runs provided surface-pressure data at midspan only, with the
wake rake still present downstream of the wing and with the
strut and rotor not yet installed. At the two higher angles of
incidence cited in Figures 11 and 16, complete pressure surveys
were made after the rake was removed. In both cases the
strut and rotor were present, with the rotor clamped in the
vertical position. Run 79, at 16 degrees, was made just before
the main hot-wire measurements, with the traverse system set
at the standard position for probe calibration; i.e., X = 122 cm,
Y = 28 inches (see Figure 26 below for the meaning of these
coordinates), - Run 87, at 14 degrees, was made after the main
hot-wire measurements had been completed and the entire
traverse system had been moved 66 ¢cm downstream to prepare
for measurement of pressure and velocity along the probe cali-
bration arc. We consider the daté, from this Run 87 to be free
of any substantial flow interference due to the presence of the
strut and rotor in the test section (see Section 5.i below for a
discussion of the interference problem).

The various pressure distributions tabulated in Table 2
are compared in Figure 19 with measurements by Pinkerton
(1938, Table If, Re = 3,400, 000; same actual Re), The effective
Reynolds numbers quoted by Pinkerton ére the actual Reynolds
numbers multiplied by a 'factc;r of 2.64 (a factor apparently ob-
tained from sphere drag measurements, in the fashion of that
time) to account for tummel turbulence. Lift and drag cqefficients

obtained by integration of our own pressure data are listed at
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X
0 C |

Figure 19. Measured surface-pressure distributions at mid-
span. Solid symbols: present data, Table 2. Open symbols:
data from Pinkerton (1938), Table If.
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the top of Table 2 and are compared in Figure 20 with some of

Pinkerton's data (Table IIg, Re = 6, 300, 000; same CL ).
max

Pinkerton's values were obtained by integrating pressure distri-
butions at midspan for a finite rectangular wing of aspect ratio
6. Pinkerton made a rough correction for induced downwash

velocity at midspan, but Figure 20 suggests that the correction

may have been too small, especially at large angles of attack.

1 i I 13
) 10 15 20
Q, degrees

Figure 20. Section lift coefficient as a function of angle of
attack, Solid symbols: present data, Table 2. Open symbols:
data from Pinkerton (1938), Table IlIg.



58
Because three-~dimensional effects are almost absent in the
present measurements, (the slope dCL/doa for small angles of
incidence in Figure 20 is very close to 21 per radian), the
pressure distributions and section properties in Table 2 rmay be
valuable in themselves for development or test of simple calcu-

lation methods,

Blockage. -- Figure 21 compares pressure distributions
observed near zero lift and near maximum lift for the two
experiments. As always, the present data are made dimension-

less using the static and dynamic pressure indicated by the roof-

mounted pitot-static tube; thus

c _ , ref (6)
Pref

If the same model were imagined to be in an infinite stream, the

corresponding definition would be

C = — 2 | ( 7))

Provided that the total pressure is the same for the two

situations, these definitions imply

C -1 :_,_Sz_e_f__(c—l)- (8)
p Q p

= ‘ ® ref
A blockage correction usually represents an attempt to estimate
the factor Qref/Qoo in Equatlon (8), and thus a scale change for
the quantity C_ -1. Such a correction ignores the fact that walls

may significantly change the nature of the local flow, particularly
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Figure 21. Measured surface-pressure distributions at mid-
span. Solid symbols: present data, Table 2, Runs 87 and 38.
Open symbols: data from Pinkerton (1938), Table Ig, o = 18°
and -4°,

(a) Maximum lift: CL ~ 1,68,

(b} Zero lift,
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when three-dimensional effects and boundary-layer separation are
involved. One practice is to measure Qm (with the model absent)
and Q’ref (with the model present) at the same flow rate, as
indicated by the same pressure difference for two upstream
piezometer rings. This practice is not applicable for a com-
pound test section. During Runs 35-40 of the present experi-
ments, for example, Table 2 shows that the dynamic pressure
at tiqe roof-mounted pitot-static tube decreased by about 15
percent as the airfoil was pitched from zero lift to maximum
lift, Presumably a larger fraction of the air flow Was' diverted
outside the false walls at higher angles of incidence,.

We expected that Pinkerton's data at maximum lift in
Figure 2la would show less blockage effect than our data,
because of his relatively. larger test section, However, the
figure makes a discussion of blockage in normal terms
(Qref/Qco = constant > 1) almost pointless. There is no factor
Qref/Qco which will bring the measurements into coincidence.

For the data near the trailing edge, the evidence even suggests
that Qref/Qoa was lérger for Pinkerton's data than for ours. In
these mysterious circumstances, we simply report our data as
measured, without adjustment for tunnel .blockage. -Note also

in Figures 2la and 21b that there is a local discrepancy in
pressure coefficient near the nose, in the region 0.02 <x/c < 0, 10,
for both airfoil surfaces, This discrepancy is not caused by

the presence of a tripping device. It is probably caused by

local flat spots in our airfoil contour resulting from a small
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gap between the skin and ribs of the airfoil mold in this region
of large and rapidly changing surfc;,tce curvature,

To the extent that the present data will eventually be
used in the development of numerical calculation methods, it
may even be an advantage to bound the region of ca-lcu‘lation
by including the tunnel &alls. We have been careful in Section 2
to give all the information required for this purpose, subject
to two additional minor caveats. The test section of the GALCIT
tunnel is relatively short, and the flow in the empty tunnel may
behave a little like flow in a weakly convergent-divergent nozzle,
It is also known that the total pressure was not quite constant
over the tunnel cross-section under the conditions of the main
hot-wire measurements, being lower (by about 0,007 Qref) near
the center line than at the reference‘ point near the roof (see
the footnote under "Static and Total Pressure' in the next
Section 3. 3).

3.3 The Boundary Layer and Wake

Static and Total Pressure, -- In support of the main hot-
wire measurements at ¢ = 14 degrees, a few meas'urements"
were made of static pressure and total pressure outside the
boundary layer and wake. A conventional pitot-static tube was
installed on one arm of the rotor, which was then clamped at a
suitable angle and traversed to the desired position, Total and
static pressure were both referred to atmospheric pressure and
were measured separately, using the same electronic differential

manometer. The averaging time was about one minute. The
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location of the data points (i.e., the location in airfoil coordi-
nates of the static orifice of the probe) and the results obtained
are given in Figure 22 and in Table 3. At the time of these
measurements, the boundary of the turbulent region was known

approximately from Kiel-probe surveys mentioned below. Iater

Figure 22, Measured static pressure for pitot-static-tube
traverse in stream direction above and below airfoil, includ-
ing location of data points.

() Open. symbols: pressure coefficients from pitot-
static tube. Dashed line: interference-free surface
pressure distribution from Run 87, Solid symbols:
surface pressure from Run 87 after correction (from
Table 10) for effect of rotor hub at position listed in
Table 3,

(b) Location of pitot-static probe with respect to airfoil,
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and more accurate hot-wire observations showed the turbulent
region, defined (say) by the value <v¥> = 0,05, to lie as shown
by the shaded area in Figure 22b. The pitot-static traverse
above the airfoil may have trespassed slightly on this turbulent
region near the trailing edge, although an equally plausible
explanation for the low total pressure in vthis region* (see fhe
column ”(pt— patm) / Q‘ref” in Table 3) may be probe misalign-
ment. The mean flow direction at the various measurement
points was not known even approximately, and therefore had to
be guessed. A later comparison with flow directions derived
from the flying-hot-wire data (these directions are indicated by
the short line segments through the data points in Figure 22b;
see also the column '"Angle error" in Table 3) showed that
the guess was correct to within a few degrees except above and
below the airfoil near the trailing edge. |

The dashed line in Figure 22a represents the pressure
measured on the airfoil surface during Run 87, with the rotor
far downstream, It is known that these pressures were notice-
ably perturbed when the rotor and hub were moved to a more
upstream location, as was automatically the case for the pitot-
- static measurements., Thus the difference between the dashed

line and the open points in Figure ZZa should be taken as a

/
atm)/
is about 1. 073 on both sides of the wake. For the roof-mounted

* Note in Table 3 that the total pressure, expressed as (pt— p

Q f,
re
pitot-static tube, the same quantity was measured as 1,080, Hence

the total pressure was not quite constant across the test section,
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measure of rotor interference, not as a measure of préssure
gradient normal to the airfoil surface. A further discussion
of this question appears under "Observed Effects' in Section 5.1
below, where the solid points in Figure 22a are explained,

Part of Table 3 represents a vertical traverse through
the wake with the pitot~stati¢ probe inclined at 6 degrees to
the tunnel axis (7.9 degrees to the airfoil chord line). The
purpose of these measurements was to establish, by direct
comparison with the flying-hot-wire data, the errors likely to
be associated with use of such conventional instrumentation in
regions of moderate turbulence level. The comparison in terms
of mean velocity is made in Figure 23 and shows fair agreement;
but note that the static pressure was measured and not simply
assumed to be constant. Also shown in the figure are the
measured mean static pressure and the measured value (from
the hot-wire data) of <v'v’>/(qref)2, a quantity which is
sometimes added to the mean static pressure to obtain an approx-
imate integral of the boundary-layer equation normal to the
general flow direction, The data cannot be said to support the
notion of an- approximate integral. However, the coordinates .
are not properly oriented, and the usual boundary-layer
approximation is not quite appropriate for the present flow,
which is sufficiently curved so that there are substantial gradients
in velocity and static pressure outside the wake,

Boundary-layer Profiles, -- Figure 24 is a photograph of

a 7-tube boundary layer rake attached by a suction cup to the
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Figure 23, Velocity and static pr'essure from pitot-static-

tube traverse across wake, Dashed lines are flying-~hot-wire

data; q/qref at left and <v'v'>/ (qref)g at right.
suction surface of the airfoil near the trailing edge. Total
pressures from this rake were read on an alcohol manometer
bank, The static pressure for each profile was taken as the
surface value from Run 87. The mean-velocity profiles obtained
are listed in Table 4, for what they are worth (the first point
of each profile, for example, can be treated as a Preston-tube
point for a tube 0.08l cm in outside diameter). With one
exception, however, they are not plotted. These profiles are

traverses along lines roughly normal to the airfoil surface; the

distance from the surface is denoted by Yy in the table. The
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Figure 24. Installation of boundary-layer rake near trailing

edge of airfoil,
profiles should not be compared directly to the hot-wire data,
because they were obtained with the rotor far downstream,
and they are also subject to unknown interference from the rake
device itself. They may provide a check on any calculation
of boundary-layer development upstream of separation in the
interference-free flow defined by the pressure distribution of
Run 87,

The most important result obtained ~from the rake was a

single boundary-layer profile on the pressure surface of the

airfoil, at x/c¢ = 0.820. The data, shown in logarithmic
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Figure 25, Boundary-layer profile on pressure surface, at

x/c = 0,820, in law-of-the-wall coordinates ( x = 0,41,

c = 5,0). '
.coordinates in Figure 25, provide the only a.vailable information
about the development of the boundary layer on the pressure
surface. The profile is clearly turbulent, with a Reynolds
number based on momentum thickness and qref of about 1090,
A difficult fit to Spalding's formula (1961) for the law of the wall,
with » = 0,41 and ¢ = 5,0, yields a rough value of 0.0047 for a
local friction coefficient based on et The parameter
(6>!</Tw)dp/dx,, with dp/dx taken from the pressure data of Run 87,
is estimated to be about -0,152.

At one stage of the experiment, considerable time was

spent in recording data from a small Kiel probe (a shrouded

total-pressure probe alleged to be quite insensitive to flow angle}),

Figure 13 shows this probe installed in one end of the rotor arm,
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which is clamped in the vertical position., Traverses were made
through the boundary layer and wake at some 17 stations. The
measurements were not originally intended to be so elaborate;
they were in fact busy work, carried out to fill a gap of two or
three days while the analog-to-digital converter was recovering
from a cracked transistor. The data have for practical purposes
been discarded, because the Kiel probe did not approach the
surface very closely, because the static pressure was vefy
uncertain, and because the rotor hub was further forward than

normal,

IV, FLYING-HOT-WIRE MEASUREMENTS

4.1 Geometry

During the experiment, all measurements of probe posi-
tion were referred to a coordinate system (X,Y)bdefined by the
traverse mechanism, whose motion was accurately aligned with
the tunnel axis. However, this coordinate system is an awkward
-one for presenting the processed hot-wire data to potential users.
Mostly for the sake of convenience in describing the airfoil
surface, the processed data are eventually offered at points on
a rectangular grid (x,y) defined by the chord line of the airfoil,
as shown in Figure 26. For the hot-wire data to be fully useful,
the position of the probe relative to the airfoil must be known
to within a fraction of a2 millimeter ﬁnder actual test conditions,
with the tunnel running and the probe flying. The necessary

measurements were complicated by the fact that the probe and
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Coordinate systems used for data analysis and

presentation:
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define position of rotor hub; i.e., displacement of
traverse system from its origin, with Y increas-
ing vertically upward.

give probe position in same system; correspond-
ing velocity components are (u, v)

have same origin as (x,y)but are aligned with air-
foil chordline; corresponding velocity components
are_ (u,v). Sense of y'and v is opposite to sense
ofy and v,

are like (x',y') but with origin translated to up-

stream end of chord line,

collision limit for traverse position. Heavy
rsetrajectory during main experiments and shows
yer traverse, grazing traverse, horizontal trav-

and vertical traverse,
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the airfoil were attached to the building at points several meters

apart (cf. Figure 5).

Probe Radius, ~- The radial distance along the rotor arm

from the rotor axié to the probe body axis was 75,25 cm. The
probe offset (the tangential distance from the neutral axis of the
rotor arm to the center of the X-array; see Figure 6) was

7.43 cm. The probe offset angle was therefore 5,64 degrees,
as illustrated for another purpose in f‘igure 31 below. If the
probe and arm were at right angles, the radius R to the center
of the X-array would be 75.62 cm. To measure this vdistance R
directly, a cathetometer was impr.ovised by mounting a transit
telescope on the vertical traverse mechanism, Measured radii
R for the six available probes are listed in Table 5. The
consistent difference in R of about 0,08 cm for the same probe
on different arms means that the probe holder and the arm were

not quite at right angles, The larger difference in R of up to

Table 5

PROBE RADIUS

R to center of X R to outside of X
(cm) (cm)
- A . f AL N

Probe onarm 1l onarm 2 onarm 1 onarm 2
1 75,761 75. 684 75. 816 75. 738

2 75. 748 75. 667 . 75,799 75. 717

3 75, 651 75.573 75.702 . T75.626

4 75. 644 75. 560 75. 689 75. 608

5 75. 580 75.507 75. 636 75.562

6 75. 669 75.593 75,1725 75. 649
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0.18 cm for different probes on the same arm (cf. probes 1 and
5) was caused by lack of concentricity between the probe stem
and the metal sleeve used for registration (see Figure 6).

Model Position (air off). -- With the tunnel off, the posi-

tion of the airfoil with respect to the traverse system was
measured by a combination of methods. The traverse was set
at several uniformly spaced streamwise positions and then.
moved vertically until the outer needle of one probe (probe 6 on
arm 2) cleared the model by about 0.005 to 0.010 cm, as
judged by viewing the probe together Wi‘th its reflection in the
model surface while moving the rotor by hand. This process
defined the rear portion of the airfoil surface as the envelope
of a number of circular arcs of known center and radius, The
measurements were verified and smoothed with the aid of a
small dial indicator clamped to one arm of the rotor. The value
of the constant radius corresponding to zero indicator reading at
closest approach was inferred by comparison with the previoué
.results, This radius, once known, also allowed the streamwise
location of the trailing-edge corner to be determined to an
accuracy of about 0.02 cm.

The result.of these measurements is recorded in Table 6,
The variables X and Y denote various positions of the rotor hub
such that a circle of radius 75,656 cm was just in contact with
the airfoil surface. The actual points of contact are denoted by
(air off), They were found by iterating on successive

X
m’ Ym’

values for local surface slope, as defined by adjacent contact
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points, until the local normal passed through the rotor axis,
All of the measurements just described were made with
a man standing on the kfloor of the test section, The deflection
of the tunnel (and the model) with respect to the traverse sysvtem
under these conditions was measured as no more than 0,003 cm.
This deflection has been neglected in the calculations,

Model Position (air on), ~- The deflection of the airfoil

model under air load was measured with the aid of a small
optical proximity sensor mounted on one arm of the rotor, The
sensor is the black trapezoid-shaped object at the tip of the arm
in Figure 6., It consists of a light-emitting diode and a photo-
transistor which illuminate and view along lines intersecting a
few millimeters from the face of the detector. To obtain a
strong sensor signal, a strip of gold-coated reflective tape,

0.9 cm wide and 0,007 cm thick, was attached to the wing
surface in the plane of rotation of the rotor, some 11 cm to
one side of the midspan pressure orifices (this tape is conspic-
uous in Figure 12), The reflective tape extended from x/c =0,18
to the trailing edge and remained in place throughout the experi-
ments, The sensor output was fed to a peak-detector circuit
which was reset by the INDEX pulse. With the tunnel off and
the rotor rotating at standard speed (6.25 rev/sec), the mean
peak sensor voltage was recorded as a function of vertical
traverse position, with the result shown in Figure 27. The
same procedure was then repeated with the tunnel on at stan-

dard speed (Qnom = 10 1bf/ft®)., Note that the relative displace-
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Figure 27, Output of optical proximity sensor during vertical
traverse toward airfoil at two fixed values of X. Rotor is
rotating at standard speed (375 rpm). When tunnel is turned
on, downwarddisplacementof airfoil is 0,152 cm at X = 50 em
and 0,147 cm at X = 75cm.
ment is defined operationally and need not be resolved into a
part due to airfoil deflection and a part due to strut deflection,
The measurements were made at two streamwise traverse posi-
tions, X = 50 cm and X = 75 cm. The observed vertical dis-
placements as scaled from the figure were 0.152 cm and 0,147 cm
respectively. After a little algebra, these became 0.142 cm and
0.134 cm normal to the chord line., This motion was conven-
iently resolved into a plane deflection of 0,155 cm normal to
the chord and a rotation of 0.022 degrees (increase in angle of

incidence) about the main spar., The measured deflection of

0.155 cm normal to the chord, incidentally, was consistent with
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the estimated normal force on the wing and the spring rate
observed during the static proof test described under "Fabrica-
tion' in Section 2.2 above,.

Repeatability, -~ As wires failed and were replaced during

the various hot-wire measurements, the nominal angle of inci-
dence of the model was frequently changed between 14 degrees
(for data) and .—4 degrees (for wire calibration; see Section 4,2
below). ‘ During this process, occasional checks were made of
model position, using the grazing-probe method, The airfoil
adjustment was quite stiff, mainly because of friction on the end
seals, and the various measurements showed that the angle of
incidence (viewed as a rotation about the main spar) was not
repeatable to better than about + 0.03 degrees. The particulér
air-off settiﬁg during the main measurements was relatively
uncertain, and differed from the setting for the air-off data in
Table 6 by about 0.029 degrees (decrease in angle of incidence).
Because of the uncertainty, this angle has been taken for sim-
plicity to be equal and opposite to the observed torsional deflec-
tion of 0,022 degreés from the air-~off to the air-on condition.
The model displacement under’ aerodynamic load has therefore
been approximated as a simple translation of 0.155 c¢cm normal
to the chord line, This is the value used to calculate the
entries for ;m’ ;m (air on) in Table 6,

Model Coordinates, -- The measurements just described

established the location of a portion of the real model surface in

Figure 26 under actual test conditions, It remained to find the
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angle of incidence o, which was needed to define the transforma-
tion from (x, y) coordinates to (x,y) coordinates, From Figure
26, after a preliminary rotation to intermediate coordinates

x',y'}) and a change in sign for y!',
y g g y

x' = x cos a +y sin «
y (9)

y' = x sin ¢ -~ y cOs «

The procedure was to superpose the ideal airfoil on the measure-
ments in these intermediate coordinates (x',y'). The calculation
was iterative, because the angle ¢ was not known initially. The
surface of the ideal airfoil of unit chord is defined by Equations
(4) - (5). The chord of the real airfoil was 90,12 cm. After
some experimenting, it was found that acceptable agreement
could be achieved by taking the angle of incidence as

a = 13,87 degrees
and by placing the chord line in Figure 26 along the line

y' = -96.59 cm
between the end points

-20.86 < x' < 69,26 cm
After these preliminaries, the airfoil surface in coordinates (x,y)

was finally obtained by a translation,

x =x'+ 20.86 cm
( 10 )
y =y' + 96.59 cm

Residual discrepancies between the real and ideal surfaces

are listed in the last column in Table 6, where the notation cns
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denotes a value computed from Equation (5) above, By coinci-
dence, the rear corner at the trailing edge coincided for the
real and ideal airfoils. The real surface showed a wavy pattern,
with a wave length of about 25 c¢m and an amplitude of about
0.01 cm. This irregularity was probably caused by poor
technique in bonding the skin and ribs of the airfoil mold to
each other, inasmuch as epoxy was applied in several spanwise
strips, working forward from the trailing edge, on successive
days. The discrepancies are unlikely to be important from

the aerodynamic point of view. | |

Data Placement. -~ Finding the position of the sampled

data in Figure 26 was a separate problem whose solution in-
volved a second application of the optical proximity sensor. Data
acquisition was controlled by a square-wave ENCODER signal
having 256 pulses 'per revolution. At each positive-going transi-
‘tion of this ENCODER signal, a burst of 12 data samples was
transferred»to the computer at a word rate of 200 kHz. To
mark the beginning .of each fevolution, a magnetic pickup and

a single-tooth gear generated an INDEX pulse when thé rotor
was approximately horizontal. This INDEX pulse was positioned
electronically to fall in the gap between two data bursts. Its
primary purpose was to aid in self-synchronization and error
detection, in a manner described under "Programming and
Control’ in Section 2.5 above and in more detail in Section 5.3
of CCW,

To determine the angular position of the rotor when the
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first burst of hot-wire data was acquired following the INDEX
pulse, the rotor was first leveled in the horizontal position,
using a sensitive spirit level, and clamped}. The rotor was next
traversed vertically past a narrow reflecting target, The meas-
ured sensor output as a function of traverse position is shown
in Figuré 28. The vertical traverse was then placed at the
position corresponding to half-amplitude output on the leading
edge of this signal; i.e., the point marked "trigger level”, and
the rotor was set in motion at standard speed (6.25 rev/sec).

Two time intervals, from the trigger point of the sensor signal

SET l
TRAVERSE

TRIGGER
LEVEL

1 ! L
0 .05 10 .15
VOLTS

Figure 28. Output of optical proximity sensor during vertical
traverse past narrow stationary target with rotor clamped in
horizontal position. :



83

to the leading edge of the INDEX pulse, and from the leading
edge of the INDEX pulse to the leading edge of the next ENCODER
pulse, were measured separately, The sum was 481 + 153 =
634 psec, corresponding to 1.43 degrees of rotation, To this
was added 50 psec for the average delay to the center of the
four hot-wire samples, giving 684 psec or 1,54 degrees; Finally,
the probe offsét angle of 5,64 degrees was added, giving a total
angle of 7,18 degrees from the horizontal reference to the probe
position for the first data frame, as indicated in Figure 26.

Hot-wire data are identified by file, by revolution, by.
frame, and by wire. The probe angular position for frame n,
measured in degrees from the vertical, is denoted by ¢ in

Figure 26. Evidently

B, = i+ g (m-1) (11)

where, from the measurement just described,
g, = =-82.82 degrees

During the main experiments of this research, probe 2 was
mounted on arm 1 and connected to ADC channels 1.-0, I.-1.
Probe 1 was mounted on arm 2 and connected to ADC channels
1.-2, L.-3 (the system used for naming the individual wires is
explained in Figure 3lc below), From Table 5, the correspond-

ing radii are

1)

R, = Ry, 75. 748 cm

R, = Rgs 75. 684 cm

i
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- where the subscripts identify the arm (not the probe) and/or the
ADC channel assignments. From Figure 26, the probe position

(x,y) in traverse coordinates is

X - R sin ¢

w
1t

(12 )
Y + Rcos ¢

<
Il

The probe position (x,y) in airfoil coordinates then follows from
Equations (9) and (10).

Aclcuracx., -- Our best estimate of the accuracy of these
rather delicate measurements is that the airfoil may be mis-
placed by 0.02 cm in x, by 0.0l cm in y, and by 0.0l degrees
in angle of incidence. The probe radius is uncertain by 0.005cm,
The position of the data points along the probe arc may be un-
certain by as much as 0.1 cm over and above the effect of non-
simultaneous sampling, because of stfut deflection and also
because of systematic local irregularities in the ENCODER signal.

Some further uncertainty in relative position arises from
vibration and buffeting of both model and strut, During. the
main measurements, the recorded data routinely included the
peak voltage reading from the optical proximity sensor (as an
average over each revolution). The boundary-layer ti‘averse
(files 73-84 of Table 8 below) showed a sensor sensitivity of
about 4.4 volts/cm at closest approach as the probe arc was
displaced nearly normal to the airfoil surface. During the
grazing traverse (files 52-73 of Table 8), the observed peak-to-

peak excursion in sensor voltage during a file was about 0.15
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volts, corresponding to a peak-to-peak displécement of about
0.034 cm. The rms voltages and displacements were about
one-fourth of these values. If this excursion were all caused
by displacement of the airfoil normal to the chord, the‘peak—to—
peak motion would be 0.035 cm, i.e., about a quarter of the
mean deflection under aerodynamic load. If the'.excursion were
all caused by displacement of the strut and rotor hub in the
streamwise or soft direction, the peak-to-peak motion would be
0.080 cm. Both estimates are reasonable, and the actual
motion is probably a combination of the two. According to these
data, incidentally, the smallest clearance ever observed between
probe and model was 0.055 cm, during some revolution of File
57.

4.2 Hot-wire Calibration

An attractive feature of the flying hot wire is access ta
automatic calibration of X-arrays in pitch. From the point of
view of a probe rotating in a uniform stream, the relative vel-
ocity consists of a steady head-on component wR and an unsteady
cpmponent of fixed magnitude u_ whose direction rotates at a
constant rate. The relative importance of the two components
is specified by a parameter K = wR/um. The resultant velocity
q in laboratory coordinates is illustrated in Figure 29 for a
value of K near unity.

Probe Acceptance Anglé; Wake Interference.--1It is useful

to know in advance the part of the probe arc for which the flow

direction relative to a conventional 90-degree X-array lies within
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Figure 29. Flow relative to flying-hot-wire probe in lab-

oratory coordinates, Uniform ambient flow is from left

to right, Probe angular displacement #is measured from

top dead center and increases for counter-clockwise

rotation. Relative flow angle ¢ is measured from direc-

tion of probe motion todirection of relative velocity vec-

tor and is positive when relative flow is toward rotor hub,
the theoretical acceptance angle of + 45 degrees from the probe.
axis. For very slow or no rotation (K<<l1),  the useful range
is + 45 degrees on either side of top dead center for the rotor
arm. For very fast rotation (K>>1), the relative flow direction
will always be within the acceptance angle. The boundary
observed experimentally for one of our probes, as defined by
a shallow minimum in one or the other wire voltage, is shown .
by the open points in Figure 30, The dashed line is an ideal or

calculated boundary (for details of the calculation, see Section

2.1 of CCW).
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Figure 30, Experimental wake-interference boundary (solid

points)and maximum -flow-angle boundary (open points) com-

pared to ideal boundaries (dashed lines) calculated for a uni-

form stream. Angle gis arm position defined asin Figure 26,

without regard to probe offset angle or timing of INDEX pulse.
The relative flow angle exceeds + 45 degrees, and the probe is
therefore unusable, in the dot-shaded region,

As the rear rotor arm passes through the horizontal
position, moving upward, the rear probe encounters the wake
left behind by the front rotor arm during the preceding half-
revolution, The experimentally observed boundary for such
encounters, as defined by a non-zero value for intermittency, is
shown by the solid points in Figure 30. Wake interference occurs

in the slant-shaded region. The dashed line is again a calculated

boundary (see Section 2.2 of CCW). The probe trajectory in the
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figure is horizontal, from left to ‘right, at the level defined by
the ratio K = wR/uw." The left half of the figure represents the
upper half-revolution for a given probe, and is the region for
which data are normally recorded. 1If the ratio K is close to
unity, as in the present experiments, approximately the first
quarter of the upper half-revolufion is subject to wake contami-
nation of the kind just described,

In practice, the tip speed during calibration was usually
fixed at about one-third to one-half of the stream speed, prima-
rily to avoid wake interference. The tip speed was increased to
be essentially equal to the stream speed during the actual
measurements, primarily to reduce the probability of encounter-
ing unacceptable angles for the relative flow.

Calibration Flow, -- Figure 30 and the preceding discussion

apply for wire calibration in a uniform stream. For the present
experiments, it was impractical to remove the airfoil model
from the test section during wire calibration., Instead, the
airfoil was pitched to its angle of incidence for zero lift, -4
degrees, and the calibration arc was placed as high and as far
to the rear as possible., The resulting calibration geometry is
shown in Figure 3la. To define the real calibration flow experi-
mentally, one hot-wire probe was replaced by a pitot-static

tube. The rotor was then clamped in the vertical position, and
the dynamic and static pressures were measured at six points
along the calibration arc. This process was repeated at each

of the dynamic pressures used for wire calibration. The results
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Figure 31. Details of probe geometry, including notation for
relative velocity components.

(a)

(b)
(c)

Probe trajectory during wire calibration. Flow is
from left to right, with airfoil at zero lift. Probe
rotation is counter-clockwise. Location of frames
1, 35, 100, 128 is marked on calibration arc,
Closeup view of rotor tip showing probe angular off-
set of 5, 64° (cf. Figure 6).

Resolution of relative wvelocity (q) into tangential (U)
and radial (V) components with respectto probe
circle, and also into normal (q_ ) and parallel (q )
components with respect te wires. All quantitigs
are positive as shown.
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Figure 32, Dynamic pressure along calibration arc (as a func-
tion of probe position x in tunnel coordinates) for several
tunnel dynamic pressures Qref'
for the five highest tunnel speeds, together with a fit to a quartic
polynomial in X, are shown in Figure 32. The magnitude of the
free-stream velocity vector along the calibration arc was thus

known to sufficient accuracy (the direction of the free-stream

velocity vector is discussed under "Practical Example' below).

Inversion Algorithm, -- The ﬂying-hot-wife technique
encounters several problems Whiéh are not typical of the ordinary
art of hot-wire anemometry. One problem is that the probe
calibration arc occupies a considerable fraction of the tunnel test
section, and nonuniformities of the calibration flow along this

arc may be important. A second problem is that absolute errors
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in measured velocity are conserved, and relative errors are
therefore at least doubled, during conversion from a reference
frame fixed in the probe to a reference frame fixed in the
tunnel. A third problem is that calibration of wire arrays is
required over an unusually large range of velocities, Finally,
a fourth problem is that the technique, being by definition digital,
requires the operation of inversion of voltage pairs- to obtain
velocity vectors to be carried out a very large number of times
in a digital computer. The first three problems involve accuracy,
and are eased by increasing the number of parameters in the
formulas representing wire response. The fourth problem
involves cost, and is eased by decreasing the number of param-
eters,  for the éake of an efficient inversion algorithm. Our.
expefience suggests that the fourth problem should take prece-
dence unless computing costs are dominated by processing which
takes place after inversion. In the present experiments, for
example, the inversion operation was carried out nearly thirty
million times., An extra two milliseconds of core time per
inversion (say) should therefore really be viewed as an extra
fifteen hours of core time per experiment,

An X-array is calibrated by subjecting the probe to known
velocities (U, V) in the plane of the array and measuring the
resulting wire voltages (e,, ey) for a fixed difference AT between
wire temperature and air terﬁperature. It is common practice
to express the calibration parametrically in terms of effective

velocity components (qe » 4, ) which are normal or nearly normal
1 ~ 2
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to the two wires of the array. In what follows, the variables

are dimensioned. All velocities, for example, have the units

m/sec. Schematically, then,
e,?
AT, - Fl(qei)
(13)
e
ATy = Fz(qe )
2
where
qe = Gl (U’ V)
' (14
= Gp(U,V
@ 2(0, V)
2

~Any practical use of Asuch a calibration must consider the oppo-
site operation of inversion. It is assumed here thatv a given
voltage pair implies a given velocity vector, and vice versa,
without regard to wire separation, signal amplitude, the unknown
third velocity component, frequency and scale of the fluctuations,

and the like. Then, again schematically,

e,* 7
a, L\
* f (15 )
f o=
and finally
(S g, » q_ ) :
Bl e (16 )
Vo= oselag» oq,) f
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This calibration-inversion machinery must run smoothly

in both directions. There is no difficulty with Equations (13).

These are made explicit as usual by using King's law,

2
€y

AT,

2
€z

AT,

The inversion equations

0
I

I

qea

I

n
Ay + B (qez) =

(15) then become

e,” N\ 1/n,
AT, - A,

B,
eg” 1/ng
AT, Az

B

(17)

(18 )

The key to efficient digital hot-wire anemometry is the form

chosen for Equations (14), since these are the ecquations which

have to be solved for (U, V).

For the present experiments, the

probe geometry and the notation for the relative velocities are

as shown in Figure 3lec.

component of velocity normal to the wire.

equations (14) then take

0
il

0
I

A frequent choice for q, is qa, the

the explicit form

U sin B; - V cosp,

U sin B, + V cos B,

The calibration

(19)
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and solution for U and V gives for Equations (16)

~
qez cosfB, + qel cos B,
u = -
sin (B, + By)
- (20)
qez sinf3, - qel sinf,
V = -
sin (B, + Bz)
J

A more complicated form which has sometimes been
proposed is q, = (qj + keq;)l/z, where qp is the component of
velocity parallel to the wire, and k is a constant. Use of this
form can significantly reduce the dispersion in the calibration
data (see CCW, Table 2), However, the algebra.ic equations to
be solved for U and V then become quadratic rather than linear.
A modest simplification occurs if the probe axis is redefined at
some intermediate stage of processing, so that f, = f,; and
this waé in fact done in the present work, However, even if
k, = k;, which is unlikely, the equations which replace (20) are
expensive from the computational point of view. The worst
possible strategy would be to allow one or more of the wire
parameters such as A, B, or n to depend on qe;v i.e., on
Reynolds number. Inversion would then necessarily involve
some iteration procedure which could be' very expensive if it
were pursued to a point where the increase in accuracy could
justify the procedure in the first place.

The most general form for which preserves linearity
g e p b

in the inversion equations (16} is the form q = +xg_ + C,
4 e Y P
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where ) and C are constants,. This form should have been tried
out for the present calibration, but was not, because we were

not thinking clearly at the time. What was tried, with some

success, was the form 4, = 9, + C, Thus
9 = UsinpB, - Vcosp, +C,
' (21)
qez = Usin B, + Vcos B, + C,
and
~
(qe - Cp) cos B, + (qe - Cy) cos B
2 1
U =
sin (B, + Bg)
' y (22)
(qe - Cy) sin B, - (qe - C,) sin Py
2 1
VvV = .
‘ sin (B, + Bz2) )
Practical Example, -- Given a commitment to Equations (17),

(18), (21), and (22), wire calibration requires the determination of
five wire parameters for each wire., Two of these parameters,
and C, are needed to connect (U, V) with d- The other three, A, B,
and n, are needed to connect q, with e® /AT,

Figure 33 shows the raw material of the post-test wire
calibration for wires 1.-0, L-1 in terms of the relationship between
the two Nusselt numbers N = e® /AT. Similar global response
curves have recently been published by Tutu and Chevray (1975) and
by Willmarth and Bogar (1977). The six symbols in the figure

represent six different tunnel speeds. The two or three trajectories
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Figure 33.

Raw data from one X-array (wires L-1, L-0)
frompost-test calibration. Quantity N= e?/AT is dimensional,
with units of volts®/°C,

Six different symbols refer to six
different values for tunnel dynamic pressure. Different curves
with same symbol are for different values of K =wR/u

@
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with the same symbol represent different rotorr speeds, The
data along each trajectory are an average over 256 revolutions
and represent from one to three minutes of observation. The
entire calibration required a little less than two hours, mostly
spent waiting for the tunnel to reach equilibrium after a change
in tunnel speed,

In Figure 33, probe motion is from right to vleft along
each trajectory. The extremities of the curves illustrate the
probe behavior when the relative flow approaches + 45 degrees
to the probe axis. The voltage from the wire in nearly normal
flow is then large and essentially constant, while the voltage
from the wire in nearly parallel flow goes through a minimum,
The disturbance at the left in some of the curves is caused by
passage of the probe through the narrow airfoil wake. This
disturbance, and the disturbance from the wake of the preceding
rotor arm, were eliminatéd by restricting the calibration range
to frames 35-100, which are located as indicated in Figure 3la,
Within this range, only even-numbered frames were processed,
The wire response, as represented by e®*/AT, was averaged for
each frame before processing, to take ad&antage of the low
dispersion in wire voltage (about 10 to 20 millivolts . rms) which
is typical of data obtained during successive revolutions under
calibration conditions.

The location of a given‘frame along the probe arc was
calculated from KEquation (11} of Section 4.1 above. As indicated

in Figure 29, the relative velocity at the probe is the vector
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resultant of the known tunnel velocity from Figure 32 (assumed
temporarily to be horizontal) and the known tangential rotor
velocity wR, with R taken from Table 5. The five wire param-
eters  were determined simultaneously for each wire over the
whole of the calibration range as the values which minﬁnized
the dispersion in e®/AT in the ‘parametric equations (17) and
(21). Table 7 shows the values obtained (after a bootstrap
correction for flow angle as‘ described below). Note that the
effect of the extra wire parameter C is to fnake the intercept
A negative and to reduce the exponent n to about half its usual
value. The angles p listed in the table are the ones used in all
subsequent processing. They are first evaluated with respect
to a tangent to the probe arc, as indicated in Figure 3lc, and
are also listed after an adjustment of 5,64 degrees to account
for nominal probe offset angle. With one exception, the adjusted

values for B are reasonably close to 45 degrees.

Table 7

WIRE PARAMETERS (POST-TEST CALIBRATION)

Wire L--0 L-1 L-2 L-3
A (volts?/°C) -. 13967 -.30794 -.68115 - 34816
B (volts2/°C)/(m/sec)”  .28098  .39324 75557  .43348
C (m/sec) 3.30117 5.10370 4.81404 5,25060
n .24273  .20569  .13560  .20125
B (deg) 50. 61 33.69 50. 72 37.98
B +5.64° (deg) - 44,97 39. 33 45,08 43, 62

*A direct optical measurement of the angle between the two wires of
each probe agreed with values calculated from Table 7 within one
degree. At least one of the wires was noticeably not straight,
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There is one detail which was not important for the
calibration, but which was perfected using the calibration for
the sake of greater efficiency in later processing of the main
bulk of the measurements. The velocity components (U, V)
were actually resolved not along the tangent and radius, but
along effective probe axes for which the two angles (3, and Py
were equal. The main objective was to insure symmetry in the
acceptance criterion; simplification of Equations (22) was a side
benefit. For a perfect probe, the effective axes would be rotated
clockwise in Figure 3lc by b5.64 degrees; For our real probes,
symmetry in.ﬁ required rotation through an effective angle 8
which was worked out with the aid of Figure 31c and Table 7.
For arm 1 (L-0, L-1), this rotation § was 8.46 degrees clock-
wise, and for arm 2 (L-2, L-3) it was 6.37 degrees clockwise.
At an intermediate stage of processing of the calibration data,
any frames were discarded for which the flow angle relative to
these effective axes waé outside the range + 30 degrees,

After inversion of the calibration voltages to obtain U and
V, the probe velocity wR was resolved into the same effective
axes and subtracted., A final rotation produced the desired

components of absolute velocity in tunnel coordinates;

u

1

(U - wR cos 8)cos ($-8) + (V + wR sing) sin (g - 8)
(23)

<
N

(U - wR cos §) sin (y§ -8) -(V +wRsing)cos ( - 8)

The assumption of a horizontal calibration flow led
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to systematic small discrepancies in the fit of the calibration
data to King's law, Equations (17). These discrepancies were
removed by a bootstrap procedure in which the direction of the
calibration flow was inferred for each calibration arc from the
overall calibration rather than the local one (details are given
in Section 6.2 of CCW), The inferred flow angles were typically
one degree or less away from the horizontal and were essentially
independent of rotor speed and tunnel speed. It is by no means
certain that these angles are real; i.e., that they are not
caused by a defect in the formulas (21) for effective velocity d,
at large relative flow angles. Moreover, the bootstrap proce-
dure reveals only the non-constant part of the error in flow
direction, Any constant error would be absorbed in the effective
wire angles B and would affect equally all of the data obtained
by inversion, either for the calibration flow or for the main
experiments., If the angles are real, they sugvgest that thé free-
stream flow resembled the flow in a very slow contraction, In
any future application of the flying-hot-wire technique we would
certainly attempt to measure the flow direction in the calibration
flow directly.

4,3 Drift in Wire Parameters

Our experience duringthese experiments confirms a basic
facf of hot-wire anemometry, which is that no two wires ever
behave in quite the same way. . The wire pbarameters are sub-
ject to continuous and often erratic drift, and also to occasional

sudden discontinuities. A hot wire ages. Its surface condition
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and even its geometry change because of oxidation, thermal
distortion, dirt accumulation, and particle impact. The associa-
ted electronic circuits also drift, because of sensitivity to changes
in ambient temperature or otherwise. The wires used for the
main measurements were new and uncooked, and their properties
were far from constant during the 21 hours of their use. Con-
siderable time was spent in struggling with this problem of
drift. Whatever success was achieved was due to the fact that
a particular set of measurements, called a benchmark file,
was repeated at frequent intervals throughout the experiments,

Use of Benchmark Files, --Figure 34 shows the location rel-

ative to the airfoil of the several data arcs of the main ex-

periments, The usable portion of each arc begins at frame 35,

Figure 34, Location of probe trajectories for main experi-
ments., Arcs extend from frame 35 to frame 120,
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Table 8

SUMMARY OF TAPE FILES FOR MAIN EXPERIMENTS

File Time X Y First
No. (min) (cm) (in.) frame Remarks
1 0 75 16,016 79 '
2 10 100 23,000 40 Benchmark
3 22 80 17.084 40
4 29 81 17,084 40
5 39 82 17,084 40
6 47 83 17.084 40
7 54 84 17.084 40
8 63 85 17.084 40
9 70 86 17.084 40
10 79 87 17.084 40
11 87 88 17.084 40
12 94 89 17.084 40
(13) 105 100 23.000 40 Benchmark
14 111 90 17,084 40
15 148 91 17.084 40
16 155 92 17.084 40
17 162 93 17.084 40
18 169 94 17. 084 40
19 176 95 17.084 40
20 182 96 17.084 40
21 189 97 17.084 40
22 195 98 17.084 40
23 201 99 17.084 40

24 209 100 17.084 40
(25) 216 100 23,000 40 Benchmark
26 224 100 22,000 40
27 230 100 21,000 40
28 236 100 20,000 40
29 243 100 19. 000 40
30 249 100 18,000 40
31 260 100 17.000 40
32 267 100 16.000 40
33 273 100 15,000 40
34 280 100 14, 000 40
35 286 100 13,000 40
36 292 100 12,000 40
(37) 302 100 23.000 40 Benchmark’
38 310 100 11.000 40
39 317 100 10.000 40
40 323 100 9. 000 40
41 330 100 8. 000 40
42 336 100 11,500 40
43 343 100 12.500 40
44 350 1060 . 13,500 40



File
No.

45
46
47
48
49
50
(51)
(52)
53

54
55
(56)
57
58
59
60
(61)

62
63
(64)
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

81
82
83
84
(85)

Time
(min)

356
364
382
388
395
403
412
423
432

441
453
463
471
482
494
504
550

559
573
585
596
607

- 616

626
635
643
652
661
669
677
684
690
696
702
715
722
728
735
740
747
758
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Table 8 (continued)

X Y First
{cm) (in.) frame Remarks

100 14, 500 40
100 15.500 40
100 16.500 40
100 17.500 40
100 18.500 40
100 19.500 40
100 23,000 40 Benchmark
80 . 17.084 40 Repeat of file 3
79 16.870 80 Error in tunnel temperature at
revolution 1954
78 16. 655 80
77 16, 441 80
75 16.016 79 Repeat of file 1
73 15,596 78
71 15.184 78
69 14,780 77
67 14, 381 76 Followed by tunnel shutdown
67 14, 381 76 Repeat of file 60; discontinuity
for wire L,-0 at rev 207;
parity error in record 253
65 13.989 75
63 13.605 75
100 23,000 40 Benchmark
61 13.228 74
59 12, 858 73
57 12.495 73
55 12.139 72
53 11,788 71
51 11.443 70
49 11.103 70
47 10.770 69
45 10. 443 68
45 10. 343 68
45 10.243 69
45 10.143 69

45 10.000 69

45 9. 850 69 .

45 9. 700 70

45 9, 550 70

45 9.400 70

45 g.250 70

45 9.100 71

45 8.900 71

100 23.000 40 Benchmark
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to avoid wake interference, and ends at frame 120, to avoid
large relative flow angles. There are 85 data fileé, which are
listed in sequence in Table 8. Of these, 76 are distinct. The
other nine (marked by parentheses in the table) are duplicateé,
mostly benchmark files.

The main events of the main experiments were the pre-
test calibration, the horizontal, vertical, grazing, and boundary -
layer traverses, the post-test calibration, and two vertical
traverses through the wake with the probe fixed rather than
flying., The pre-test calibration was intended to anchor one
end of the drifting data. However, at different times in the
course of this calibration, three of the four wires showed sudden
small changes in response, No way was found to pull the data
together, and the pre-test calibration had to be discarded,

There remained the post-test calibration. Drift was
ignored when these calibration data were processed as described
under "Practical Example' in Section 4.2. As a normal pre-
caution, one early calibration run was duplicated at the end.
Excellent repeatability was found for three of the four wires.
The fourth wire, L-2, showed a change of about 0.002 in e®/AT.
If this change was sudden, it did not occur while calibration data
were being recorded. The associated error in velocity or angle
was small enough to be neglected,

The benchmark files are represented by the lowest arc
in Figure 34. The traverse position was always X = 100 cm,

Y = 23 inches (See Figure 26 above for the traverse geometry).
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The key to control of drift was the determination of the mean
velocity along the portions of the benchmark arc which lay out-
side the turbulent region, The various Qvire parameters could
then be established for Files 2, 13, 25, 37, 51, 64, and 85, and
could presumably be established for all other files by linear
interpolation in time. Execution of this strategy required
several months, and is described here only in outline.

The basic assumption, designed to be checked a osterio;'ii_,
was that the wire parameters changed continuously and linearly
with time during the 5.3-hour period spanning the last two
benchmark runs (Files 64 and 85) and the post-test calibration.
The procedure is illustrated in Figure 35. It became apparent
early in this procedure that the two wire parameters B and §
could be held constant at the calibrationAvalues listed in Table 7
above. Only variations in the wire parameters A, C, and n had
to be accounted for, The wire parameters obtained from the
calibration (the star symbols in the figure) were first used td
invert the data for the last benchmark run, File 85. TFor sim-
plicity, since the benchmark data in question lay outside the
turbulent region, a mean Nusselt number e®/AT was defined for
each wire for each frame of data using the mean square voltage.
The velocity field thus determined for the benchmark arc was
then treated as if it were a known calibration flow, and wire
parameters were inferred for File 64. The values obtained
in the case of wire L-1 and L-2 are shown by the triangles

connected by a dashed line in Figure 35. To enforce the
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Figure 35, Drift in wire parameters A, C, and n with time,
Open symbols: wire IL-1. Solid symbols: wire L.-2, Star:
calibration value., Triangles connected by dashed lines: first
approximation for last two benchmark runs. Circles connect-
ed by solid lines: final values for all benchmarkruns. Flagged
symbols show location of local adjustments described in text.
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assumption of a constant drift rate, the wire parameters for the
two benchmark runs were next displaced upward or downward to
lie on a line through the wire parameters from the post-test
éalibration‘ (the latter parameters were placed in time at the
midpoint of the calibration period). This process defined new
wire parameters for File 85 and eventually also for File 64.
Iteration continued until there was no further change. Given
the final velocity variation along the benchmark arc, wire
parameters for the remaining benchmark files could then be
calculated as shown by the circles connected by a solid line in
Figure 35. The variation of the parameters with time was found
to be monotonic, reasonably smooth, and large,

Since the wires did not necessarily have to be on the
same arm, four Wi’re arrays were available for this process of
determining. the velocity along the benchmark arc., All combina-
tions were tried, and the final version of the benchmark process-
“ing was actually done with wires I.-1, L-2, which were on
different arms but which showed the most consistent overall
behavior (in spite of the slight problem v}ith fepeatability during
the post-test calibration for wire 1.-2). ' The small difference in
arm radius of 0.064 cm (see probe 2 on arm l and probe 1 on
arm 2 in Table 5) was accounted for by using the mean radius.

Glitches. -- The main measurements were made with a
steady rhythm which was broken only once, between Files 60 and
61, when some adhesive tape holding several pressure lines to

the tunnel floor came loose and had to be replaced. The tunnel
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was shut down briefly., So was the rotor, because the moving
probe was manifestly dangerous to a man in the test section.
This shutdown was followed immediately, perhaps as punishment,
by the appearance of the only parity error on the main data
tapes (in record 253 of File 61) and also by a large discontinuity
of about 100 millivolts in the response of wire L.-0 (at revolution
207 of File 61), This discontinuity is displayed in Figure 36,
The remedy was to discard the early part of File 61 for the
wire pair 1L.-0, L-1 and to apply the éame procedure used for
the benchmark files, That is, the velocity determined by the
wire pair L-1, L-2 outside the turbulent region in File 61 was
taken as a calibration fléw for the other two wires for File 61
and then for the duplicate File 60 which preceded it. |

At this stage the wire parameters were determined for
all four wires for all 85 data files. These parameters were
used with proper wire pairs in a pseudo-inversion of the whole
of the data,. each frame again being represented by four mean
values of e®/AT as in the benchmark processing already describ-
ed. When mean velocities from the two probes were cofnpared
frame by frame and overall, three slight difficulties appeared
elsewhere in the data.

The vertical traverse (Files 25-51 in Table 8) was a
round trip which went from one edge of the flow field to the
other and returned, stopping at intermediate positions. For
several typical frames, the interleaved data were found to be

smooth and consistent for arm 1 (wires L-0, L-1) but not for



109

TIME, min

Figure 36. Discontinuity in voltage for wire I1.-0 at revolu-

tion 207 of File 61. Data shown are for frame 110, outside

the turbulent region. :
arm 2 (wires L.-2, L-3). The latter array was therefore recal-
ibrated at File 44, the point of maximum discrepancy, using the
velocity indicated by arm 1. The same procedure was used for
File 4, inasmuch as a comparison of duplicate Files 3 and 52
showed good repeatability for arm 1, but not for arm 2. In the
.grazing traverse (Files 52-73 of Table 8), the velocity indicated
by the two probes showed a maximum discrepancy at File 73. In
this case there was no reason to prefer one array over the other,
so both were recalibrated at File 73 using the same procedure
as for benchmark files (i.e., using the velocity derived from
wires L-1, L-2). The points corresponding to Files 4, 44, 60,
and 61 are shown flagged in Figure 35,

After these three repairs, the mean velocities in labora-

tory coordinates obtained from the two probes were in agreement
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everywhere within one or at most two percent of the reference
velocity. After the full inversion process was carried out, as
described in the next Section 4.4, one additional error was found
in File 53. For both arrays, the turbulence level in the free
stream was abnormally large for this file, indicating a lack of
homogeneity in the populations, Inspection revealed that the
tunnel temperature for revolution 1954 was recorded with the
wrong sign by the data system, so that AT was in errof by
about 50° C. - The four-revolution record containing the offending
revolution was discarded, and the inversion of this file was
repeated. |

4.4 Data Inversion

Data Preparation, -- Inversion required application of

Equations (18), (22), and (23) in sequence to each voltage pair
obtained from a given wire array. The result was a sample of
the instantaneous velocity vector in tunnel coordinates for the
specified file, frame, and probe. Effects of slow changes in
atmospheric conditions on the wire parameters A, C, and n
were automatically compensated for by use of dimensioned‘vari—
ables and by use of benchmark files as fiducial files. During
the main experiments, the tunnel temperature and reference
Vélocity (in the form of reference dynamic pressufe) were re-
corded only as O.l6—»second averages over each revolution (see
under "Editing'' in Section 2.5 above). In the case of tunnel
temperature, slow changes within a file were taken into account

by using this local average in the calculation of the Nusselt
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numbers e®/AT. To obtain the reference velocity required to
put the data in dimensionless form after inversion, however, th§3
average dynamic pressure over the entire file was used, together
with the corresponding constant value for air density (typically
1.138 x 107° gm/cc at 24, 3°C and 72.9 cm Hg). There were
two related reasons, one inadvertent, for this procedure, The
time constant for the pressure-measuring system was relatively
long compared to the rotor period, so that use of the local
average for Qref’ which had an rms dispersion of about 0.2
percént, would by itself tend to dissociate the two variables
(voltage and velocity) and increase the dispersion in the hot-
wire dé,ta.. The inadvertent reason emerged during the data
reduction, after discovery of an interaction between the two
differential manometers measuring Qref and P, Both trans-
ducers had Ptoof connected to one side. The pressure-scanning
system ran in the automatic mode throughout the hot-wire
measurements, switching to a new channel about every 20 seconds.
When there was a large change in Py from one channel to the
next, the pressure transient caused by volume adjustment in the
associated transducer was detectable for two or three seconds
as a spike in the signal for Q‘ref' Instead of finding and dis-
carding (or bridging)the contaminated sections of data, we chose
to use the average of Qref over the entire file, There was no
sensible secular drift in Qref’ and the spikes had a negligible
effect on the average. One adverse effect of this choice, however,

was to suppress even slow changes in q_ . (cf. Figure 36 above)
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and thus to increase slightly the dispersion in the hot-wire data.
Where this dispersion was already very small, as in the free
stream, the increase was by as much as a factor of two. The
interaction effect just described is apparently well known to
tunnel operators, and we would have been well advised to use a
single fast, de;dicated transducer for measurement of Qref'

Execution, -- The inversion process for the main experi-
ments used the same algorithms which were earlier applied to
calibration data in Section 4.2. FEach voltage pair yielded a
relative velocity vector (U, V), with units of m/sec, in effective
probe coordinates. These vectors were treated as a homogeneous
population of 2048 samples for each frame and each probe. The
individual vectors were not saved., Only the mean vector and
the double, triple and quadruple products of fluctuations were
saved, Two passes were made through each population, one
to obtain the mean and one to calculate the fluctuations and their
products., This method substituted intermediate disc storage for
the double-precision arithmetic which is usually required when,
for example, mean and variance are determined in a single
pass. For economy, the two final operations described by
Equations (23) (i.e., subtraction of the relative velocity due to
probe motion, and rotation of the resulting absolute velocities
into tunnel coordinates) were carried out after ensemble averag-
ing rather than before,

Except for a trivial quantity of data discarded from Files ‘

61 and 53 {see under "Glitches' in Section 4.3 above), the number
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of voltage pairs inverted was 2 x 85 x 2048 x (120 - 35 + 1) =
29,941, 760. The inversion operation required about seven hours
of core time in an IBM 370/158 computer (about one millisecond
per inversion). We submit the results, which are preserved
on 2 x 85 x 86 = 14, 620 punched cards, as the raw data of the
present research.* A few of the cards for the last benchmark

file are listed here, to show the format;

85 A8 1 0 0 10030 666 35 =11 138 0 0 0 0 0 00 0
85 89 1 00 10175 686 40 =12 41} 0 0 0 0 0 n 0 0
RS 90 1 1 0 10375 733 46 <10 44 0 0 0 0 0 0 0 n
B5 91 1 1 6 10626 865 4R -8 40 0 0 0 0 0 0o 0 0
RS 92 1 9 0 10913 113 65 =11 49 -1 0 0 0 0 o 0 0
85 93 1 2046 0 1272 243 1787 =133 38} 106 =14 2 =1 114 -8 9 =2
85 94 1 1974 0 —1464 ~717 1048 235 56% 27 16 16 23 37 11 10 6
B5 95 1 2035 0 <954 -734 1459 545 A7S 66 48 44 57 72 31 25 20
85 96 1 2040 0 -68 ~441 2175 9791284 143 88 69 T9 163 69 52 44
BS 97 1 2043 0 1086 -—13 3056 14321758 187 112 79 87 282 1331 96 761
B85 98 1 2045 0 2752 641 4981 22592324 167 77 24 28 669 283181 1261
85 99 1 2047 0 52346 1458 7262 300152531 =572-273~221-149 1320 550311 1911
85100 1 2016 0 8261 2184 7087 26791944 —-2071-808=-589-322 1825 710370 2111
85101 1 1497 0 10387 2690 2444 878 728 ~1119-411-239-158 745 273147 88
85102 1 518 0 11035 2785 334 121 211 -163 =81 -52 =39 119 .60 34 21
5103 1 89 0 11165 2771 87 -1 81 -26 =T =2 =5 18 4 1 1
85104 1 11 0 11209 2748 29 =13 57 ] [} 0 =1 0 0 0 0
85105 1 2.0 11274 2722 21 =12 S0 ] 0 0 -1 0 n 0 n
85106 1 n 0 11322 2697 17 =10 4% 0 0 0 0 0 0 0 0
85107 1 0 0 11386 2676 15 ~9 44 0 0 0 0 0 0 0 0
85108 1 0 0 11456 2857 15 -9 43 d 0 0 0 n n o n

*These punched cards have been lodged with the Large-scale Aero~
dynamics Branch, Flight Systems Research Division, NASA Ames
Research Center. It is likely that they will be used for special
purposes which are not satisfied by the results of the further pro-
cessing described in Section 5.3 below. For example, they are the
only surviving source of information about velocities and turbulence
quantities obtained from the two probes separately.

NOoODOOO
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The cards may be read with the aid of Table 9, which interprets
one card quantitatively, All velocities are normalized with ief
(whose standard value is 27.13 m/sec), and all velocity com-
ponents are resolved in tunnel coordinates; i.e., as u,v in‘the

notation of Figure 26 above.

Table 9

CODING OF PUNCHED CARDS (RAW DATA)

Card Variable Divide ‘

columns name Value by To get

1-2 NFILE 85 FILE 85

3-5 NFRAME 97 FRAME 97

6 blank

7 NARM 1 ARM 1

8 blank : ’

9-12 NINT 2043 2048 <yY>=10.9976

13-14 NEPS 0 2048 Fraction of samples with
lel > 30° (see Figure 29);
if NEPS > 99, punch 99

15 blank

16-20 1U 1086 10%  <u>/q = 0.1086

21-25 v - -13 1 <v>/q_oc = -0.0013

26 blank re

27-30 1U2 3056 105 <u'u'>/(q__.)? =0.03056

31-35 Iuv 1432 g <u'v'>/(qref)2 = 0.01432

36-39 V2 1758 1 <v'v'>/(q§zf)2 = 0.01758

40 blank

41-45 1U3 187 105 <u'u'u'>/(q f)a = 0.00187

46-49 1U2v 112 g <u’u'v'>/(qref)3 =0,00112

50-53 IUV2 79 . <u’v‘v'>/(qref)3 = 0.00079

54-57 V3 87 2 <V'V'v'>/(qref)3 = 0.00087

58 blank re

59-62 U4 282 10°  <u'u'u'u'>/(q g)* =0.00282

63-66 U3V 133 2 <u*u'u'v'>/(qref)é = 0.00133

67-69 1y2va 96 L <u'u'v'v'>/(qref)4 = 0.00096

70-73 IUV3 76 t <u'v'v'v'>/(q’ £)* =0.00076

7476 IV4 101 2 <v'v'va'>/(qf‘(‘jf)‘L = 0.00101

77-80 blank



115

V. ANALYSIS OF DATA

5.1 Probe Interference

Observed Effects, -- At an early. stage of data processing,

it became apparent from an inspection of intermittency data that
there was a serious problem with probe interference. Our
original expectation was that the passage of the rotor arm
through the fluid would add a local increment of momentum in
the direction of probe motion, but that the effect should be small
because the affected fluid would move a substantial distance (two
meters or more, in the case of the free stream) between succes-
sive probe passages. There is strong evidence that the effect
just described was small, as expected, and that a different kind
of in‘cerference was acting, arising from the extreme sensitivity
of separation to slight changes in the external pressure field.

. Although the obstacle presented to the flow by the rotor hub was
physically small, the drag was an appreciable fraction of the
drag of the airfoil itself, and the blockage effect was substantial.
The associated changes in velocity outside the boundary layer
varied with rotor position and worked with strong leverage on
the separation pfocess.

The effect is best documented in terms of the surface
pressure on the airfoil. All during the main hot-wire measure-
ments, which required about seven hours of recording, the
pressure-scanning system was running in the automatic mode,

completing a cycle about every half hour (see under 'Pressure
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Instrumentation'’ in Section 2,2 above). The difference between
repeated measurements of any one surface pressure was found
to be strongly correlated with the streamwise position of the
traverse system and almost independent of the Vertical position.
Some evidence on this point is shown in Figure 37 for thé
pressure orifices nearest the trailing edge of the airfoil. A
complete quantitative record of the effect at midspan is gi\.fen
in Table 10, For each pressure orifice, the quantity ACp is
the increment between a smoothed curve of Cp against rotor
position and the literal (i.e., unsmoothed) value of Cp from
Table 2. Support for the assumed mechanism of blockage by
the rotor hub is provided by the solid points in Figure 37. These
points were obtained during two vertical hot-wire traverses
through the wake, with the rotor clamped. They confirm that
it was traverse position, and not probe rotation, which governed
the magnitude of the effect. As further confirmation, surface
pressures for the rear part of the airfoil have been corrected,
using Table 10, for the various traverse positions associated
with the pitot-static measurements of Table 3 and Figure 22,
The correction for each pressure orifice was calculated using
the rotor position for the nearest pitot~st‘atic—tube location, = The
results are plotted as the solid points in Figure 22a. The agree-
ment between surface and external data is excellent, indicating
that there was, in fact, no éubstantial pressure difference across
the boundary layer.

Some further evidence is shown in Figure 38, in terms of
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Figure 37. Effect of rotor position on surface-pressure coef-
ficient at midspan. Quantities shown should be added to pres-
sure coefficients from Run 87 (Table 2). Scale for x (rotor)
specifies chordwise position of rotor hub in cm, measured -
from leading edge of airfoil. Open symbols: from main flying-
hot-wire experiments. Solid symbols: from two vertlcal trav-

erses with clamped rotor,
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Figure 38, Effect of rotor interference on wake thickness.

Dependent variable is chordwise component of turbulent ener-
interpolation in corrected raw data.

gy, evaluated by linear
Station is x = 98,86 cm (IX = 93; see Equations (25) ).
Vertical traverse
Horizontal traverse
Grazing traverse
Boundary-layer traverse

X 4+ 00

the distribution of one of the Reynolds normal stresses across

the wake at a station slightly downstream from the trailing edge

of the airfoil,

The values plotted were obtained by linear inter-

polation in the raw data (after applying a correction described in

Section 5.2 below).

from the two probes were first averaged,

Linear interpolation means that the data

and then the wvariables
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x, y, and <u'u'> were interpolated ‘1i.nea.r1y for adjacent frames
lying on opposite sides of the station x. The flow measured
during the vertical and horizontal traverses (the symbols g and
o in Figure 38), with the rotor well downstream, is clearly
not the same flow measured during the grézing and boundary-
layer traverses (the symbols + and x ). In the latter case the
boundary layer and wake are thinner, and the turbulence is less
energetic, despite the fact that the probe is passing close to
the airfoil surface near or ahead of separation., The reason
is that the velocity perturbation from the rotor hub in the most
upstream positions has reduced the pressure gradient over the
rear part of the airfoil (cf. Figure 22a), and separation has
moved rearward, The effect was not two-dimensional; the
required corrections to Cp at - and £-span were found to be
only 60 to 70 percent of the required corrections at midspan.

A Partial Solution, -- The scheme used to cope with this

problem of blockage was to discard the hot-wire data for the
part of each grazing or boundary-layer arc downstream of the
last grazing or first horizontal arc. Thus the symbols + and

x disappear from Figure 38, The original justification for

this procedure emerged from a study of contour plots of inter-
mittency factor, These showed that the boundary -layer thickness
and wake thickness were sensibly the same for the two traverses
which were exempted from the purge just described. The sur-
viving arcs are shown in Figure 39. DBecause inspection of

the raw data revealed slight traces of wake interference near
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Figure 39. ILocation of probe trajectories for main experi-

ments, after downstream portion of grazing and boundary-

layer traverses have been deleted (cf. Figure 34), Arcs

extend from frame 40 to frame 115. Small white rectangle

shows region used for area interpolation. Large rectangle

shows maxirnum extent of grid used for processed data.
frame 35 and slight traces of excessive flow angularity near
frame 120, the arcs (except for those truncated as just described)
now run from frame 40 to frame 115 inclusive, The first valid
frame of each arc has been noted in Table 8 above. A com-
parison of Figures 34 and 39 shows that the scheme ocutlined
here has sacrificed much of the redundancy of the original data,
~although two traverses at different angles remain in the import- .
ant region of the separation bubble.

It is evidently necessary to think of the boundary layer

and wake in the present experiments as corresponding to a
gradually changing pressure distribution on the airfoil as the

traverse and rotor move downstream. The pressure distribution

for any traverse position can be obtained by adding the increments
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Acp in Table 10 to the pressure coefficients in the éame table.
The problem can be ignored (in the seﬁse that the data for
different arcs are in satisfactory agreement) when the rotor is
at or downstream of X = 80 cm (x = 109 oam in airfoil coordi-
nates), This is the position which marks the beginning of the
horizontal traverse. The main part of the separation bubble
can be taken as interference-free, buf the boundary layer up
to separation can not.

This problem was not foreseen, Most of the int.erference
was presumably caused by the cylindrical excrescences which
are visible on the rotor hub in Figure 2. On one side was a
shaft extension whose purpose was to move ~'che rotor blades
away from the strut and to provide for cable bracing (see
Section 3.1 of CCW). On the other side was a commercial
mercury-slip-ring assembly whose dimensions were thought not
to be under our control. If the problem had been foreseen, use
of custom components and use of flow control near the rotor
hub could probably have reduced the blockage effect to a much
lower level. |

5.2 Global Correction to the Data

Our original intention was to perfect the hot-wire data by
exploiting three elements of redundancy. The first element was
the use of two probes and the duplication of certain measurements,
This element was exploited fully in Section 4,3 in dealing with
drift in the instrumentation., The second elemenf was the fact

that measurements were made while passing through some parts
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of the flow in the two or three different directions displayed in
Figure 34. This element was practically nullified by the rotor
interference effects which have just been described in Section
5.1 and which required deletion of an important fraction of the
hot-wire data. The third element was the expectation that inter-
ference effects shouldbe nearly the same for the surviving hot-
wire measurements and for the pitot-static measuréments docu-
mented above in Section 3.3 and Figure 22. Thus these measure-~
ments should agree,

Observed Errors.,-- We were aware, during the processing

described under '""Use of Benchmark Files" in Section 4.3 above,
that the velocities being obtained along the benchmark arc were
too low by about three to four percent at the intersections of -
the benchmark arc with the pitot-static traverse lines which lie
above and below the airfoil in Figure 22b. The discrepancy was
nearly independent of the particular wire pair being used. It was
not removed by assigning a later and perhaps more realistic time
to the post-test calibration points (the stars in Figure 35; for
timing, see Table 1 of CCW). A plausible explanation of the
discrepancy is that the benchmark velocity field was character-
istic of only a small fraction of the total wire calibration, being
nearly equivalent to one of the trajectories in Figure 33, Thus
the observed error of about two percent in (U, V) may have been
incurred when wire parameters for' the total calibration were
used for inversion. This hypothesis was not tested directly,

because its adoption could only lead to chaos in the values



125
assumed by the wire parameters, An alternative explanation of
the discrepancy might be that the drift curves at late times in
Figure 35 were not well enough represented by straight lines

over the large time interval involved.

A Correction, -- Lacking a sound explanation of the dis-

crepancy, we chose to prepare for further processing by making
a global correction to the raw hot-wire data. Spécifically, we
increased the relative velocities (U, V) everywhere by exactly two
percent, The correction was mechanically simple. It had to be
made after applying Equations (18) and (22) but before applying
Equations (23). The procedure therefore began with recovefy of
tangential and radial relative velocities (U, V) in m/sec from the
dimensional version of the absolute velocities (1, v) in tunnel co-
ordinates., The latter were already stored on punched cards as
official raw data, as described under '"'Execution'" in Section 4,4
above., Equations (23) with § = 0 were first solved for (U, V);

thus

U = ucos g +v sin § + wR
(24)

V. = u sin g “'?COSF‘

The values obtained for (U, V) from these equations were multi—»
plied by 1.02, reconverted to (u,v) using Equations (23) with

8 = 0 directly, and again made dimensionless. Dime.ﬁsionless
products of fluctuations from the punched cards were simply

multiplied by (l.OZ)S, where s was the order of the product.
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The magnitude of the correction just described was chosen
to force agreement between the mean hot-wire data and the pitot-
static data at certain points. These are the sixteen free-stream
points (marked by parentheses in the last column of Table 3) for
which the full total pressure was felt by the pitot-static probe
and the error in probe angle was less than four degrees. The
agreement in the magnitude of the velocity, after correction of
the hot-wire data, is within a fraction of one percent in all
cases, on both sides of the airfoil and for values of q/qref from
1,0 to 1.4, Elsewhere in the flow, the hot-wire data have also
changed., In the free stream, the flow angles have changed
‘by as much as one degree at the extremities of the probe arcs.
In the separation bubble, the dimensionless mean velocity has
changed in magnitude by about 0.02, and in angle by unknown
amounts, The Reynolds stresses and higher moments, however,
have merely been multiplied everywhere by constant factors close
to unity.

5.3 Smoothing and Interpolation

Area Interpolation, -- The data of the present experiment

are defined at points which are closely spaced from the point of
view of an experim‘enter, but which might be considered sparse
and awkwardly placed from the point of view of a numerical
analyst. We have therefore carried out some further processing
to serve the needs of users whose interest is primarily in tur-
bulence modeling. One objective was to redefine the data on a

rectangular grid which is sufficiently fine to satisfy the analyst



127

without driving the data beyond their real accuracy. Moreover,
because discrepancies will inevitably arise in any comparison of
measured and calculated quantities, we considered it important
to judge the accuracy of the measurements independently of their
use. A second objective was therefore to examine the spatial
derivatives which play a role in the mean continuity and momen-
tum equations and in the definition of mean spanwise vorticity.

The need for some better interpolation scheme became
apparent when the question of probe interference was first studied
in terms of contour plots based on linear interpolation in the
uncorrected raw data, Many of the contours showed local waves
where probe arcs crossed contours at a shallow angle. More-
over, there was no hope of estimating spatial derivatives with
acceptable accuracy where these were large., A better inter-
polation scheme was required., The one proposed here has
served quite well, and may be adaptable to other research when-~
ever there is a need to convert sparse data to a finer and nﬁore
regular grid system.

Level Curves, -- The starting point for the interpolation was

the information on punched cards characterized as ''raw data' at
the end of Section 4.4, The raw data were first reduced to the
partial set depicted in Figure 39 to bypass the interference
problem discussed in Section 5.1. The correction described in
Section 5.2 was then applied to the raw data., Each variable
was next averaged for the two probes fér each frame, and the

value obtained was assigned to the position calculated using the
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mean probe radius. All velocity components were rotated into
airfoil coordinates to obtain u, v and products of their fluctua-
tions, Duplicate files, including.benchrna;rks, were represented
by a éingle average file., In principle, these operations and all
subsequent. ones could be duplicated or modified by any interested.
party. However, the processing was both tedious and expensive.
The final results have therefore also been made available on
punched cards, in which form they will be characterized as
"processed data'!, *

The rectangular grid system used for processed data was
aligned with the airfoil chord. The mesh size was one centi-
meter in the chordwise direction and 0.2 centimeters in the
crossﬂogv direction. Integer grid indices IX and 1Y were re-
lated to the coordinates x and y of Section 4,1 and Figure 26 by

IX =1 + (x - 6,86)
(25)

IY = 1 + 5(y + 12.41)

where x and y are in centimeters. The range of the grid was
IX = 1(1)175 and IY = 1(1)296. The outline of the corresponding
rectangle, 174 cm by 59 cm, is shown superposed on the airfoil

and on the probe arcs in Figure 39.

#As of this writing, these cards have not yet been punched.
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‘Each of the fifteen (dimensionless) experimental variables

<u> <u'u'> <u'u'u'> <u'u'u'u'> <7v>
<v> <u'v'> <ulu'v'> <u'u'u'v' >
<v'v'> <u'v'v'> <u'u'viv'>
<viviv! > <u'viviv!>

<viviviv! >

was treated separately. In what follows, the symbol z(x,y) can
refer to any one of these variables. A small rectangle having its
long dimension oriented parallel to the chord line (i, e., parallel to
the general direction of the boundary layer and wake) was centered
on each of the thousandsof data points in succession. The
rectangle finally used Was 10 ecm by 3 cnd, the 3-cm dimension
being chosen so that at least three data arcs would be involved
in the downstream part of the wake region, where the traverse
displacement between arcs was 0.5 inches. This rectangle is
shown to scale as the white area near the trailing edge of the
airfoil in Figure 39, Other data points were then sought within
the rectangle such that the value of the dependent variable z
differed from the value at the center point by no more than a
specified increment.* For chordwise mean velocity, for example,
the two values of z = <u >/qref could not differ by more than 0. 1.

A straight line was drawn connecting each such pair of points,

- % This increment in all cases was the same as the contour interval
used in Figures 42-46 below.
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and linear interpolation was used to derive a value for z at any
grid lines which lay between. In effect, short line segments
were thus found, of length 5 cm or less, which lay close to a
level curve of the surface z(x,y). To simplify bookkeeping, the
set of several thousand data points was first sorted in order of
increasing x, and the interpolation process was carried out from
left to right. Consequently, data to the left of the center point
were always among previously processed data.

Guard Lines.-- One complication appeared in the neigh-

borhood of maxima or minima in z, since the end points used
for interpolation might lie on different .slopes of a ridge, wvalley,
or saddle of the surface z(x,y). Use of the normal increment
might then result in a kind of cut-and-fill operation near extrema
in z., The remedy was to examine primitive contour plots ob-
tained from raw data, and to construct guard lines in appropriate
places. If the two data points destined for interpolation lay on
opposite sides of a guard line, they were used only if they both
fell within a specified small distance from the guard line (typi-
cally 0.2 cm).

Thinning and Fitting, -- This interpolation process was

not very sensitive to details, and details are therefore not

spelled out numerically. We Were quite satisfied with the results,
which were obtained in the form of a large and acceptably smooth
array of data along each grid line at constant x. This array was
finally thinned, so that no more than two interpdlated data points

appeared in any one-millimeter interval in y. The two surviving
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points were the ones for which the original end values of z
were closest to each other. At the end of this process, the
number of data points along any grid line was increased by an
order of magnitude over the number obtainable by the original
process of linear interpolation along data arcs.

Finally, a fitting and smoothing operation was carried out
over an interval of 2 cm in y centered on each grid point. Near
the edges of the experimentally defined part of the flow, fhe
interval was symmetrically enlarged as necessary until at least
12 data points were included. The fitted curve was a cubic.
Only the value of z and its first derivative at the grid point
were saved,

These procedures are illustrated by Figures 40 and 41,
The variable is <u'u' >  Figure 40 shows contour lines obtained
by linear interpolation along probe arcs in the (corrected, aver-
aged, rotated) raw data to obtain profiles at constant x, followed
by linear interpolation in y. The impfovement obtainable by

area interpolation and smoothing is evident when these contours

Figure 40, Contour lines for <u'u'>as obtained by linear
interpolation in raw data. Heavy dashed lines are guard lines
used during area interpolation. '
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Figure 41. Comparison of data for <u'u' >/(qref)5atx =98. 86 cm

(IX = 93) as obtained by different methods of interpolation. Open
symbols: same as in Figure 38. Crosses: result of area inter-
polation, after thinning to obtain a maximum of two points per
millimeter in y. Solid line: fitted curve.
are compared to the final ones in Figure 44 below, and is much
more striking for higher moments, Figure 40 also shows the
location of the three guard lines which were found to be neces-
sary for this particular variable,
Figure 41 is a plot of the same variable <u'u'> as a

function of y at x = 98.86 cm (IX = 93), near the center of the

separation bubble. The open symbols are identical to the ones
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shown previously in Figure 38, The crosses are the data ob-
tained by area interpolation and thinning. The solid line is the

fitted curve.

Discussipn,-—Figures 42, 43, 44, 45, and 46 are contour

plots of the fifteen experimental variables listed under '"'Level
Curves'' above. The plots display the richness of the present
data, but they say little about accuracy. We believe that the
absolute accuracy of the data is within 0.02 in the case of the
dimensionless mean-velocity 'components, and within 5 percent
in the case of the Reynolds stresses, with progressively de-
creasing accuracy in the higher moments. The flow angles
are relatively uncertain, partly because such uncertainty is
inherent in hot-wire anemometry and partly because of the
almost arbitrary correction made to the daté in Section 5,2,
The quality of the description obtained for the mean flow could
be tested by constructing a stream function, but this has not
yet been done. In fact, the flying-hot-wire data have not been
connected to the airfoil surface at all. Neither has the ultimate
calculation, the calculation of static pressure by integration of
the full Reynolds equations, so far been attempted.

The present research was commissioned primarily to
provide data for use in modeling of turbulent flow. The issues
in turbulence modeling are as varied as the modelers, The
main problem in modeling is closure, which means simply
making the number of equations equal to the number of dependent

variables, While a knowledge of high-order correlations may
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not always be necessary for this purpose, such knowledge can
also serve a different purpose in studies of probability distri-
butions for turbulent fluctuations (cf. the putative relationship
between flatness factor and intermittency).

The present data may also allow a fresh examination of -
at least two other important concepts in turbulence. One is. the
observed near-constancy of the correlation <u'v' >/<u'u'>%<v"v' >%
for a wide variety of flows; the other is the validity of a scalar
eddy viscosity, as epitomized by a nearly constant value for the
ratio <u'v' >/0<u>/dy.

More modest purposes may also be served. For example,
one of the most useful aﬁd well-established concepts in'aero—
dynamics is the theory of thin airfoils. Stall is essentialiy a
departure from this theory caused by viscous effects, It may
be that some simple modification of thin airfoil theory, includ-
ing particularly the Kutta-Joukowski condition, can be found to
account for first-order effects of separation and bubble closure
on effective chord, camber, and angle of attack. ‘In any event,
the present data are submitted as a coﬁprehensive and perrﬁa—
nent addition to the experimental literature of separating turbu-

lent flow.
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