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ABSTRACT

An experimental study was conducted using flow visualization
techniques to investigate the nature of the boundary layer on &
helicopter rotor. Hovering and forward flight data were obtained;
however, efforts were concentrated on hovering when unsnticipsted
boundary layer behavior was revealed, The primary flow visualiza-
tion technique involved the use of smmonia injected into the
boundery layer at the leading edge. The blade surface was chemis
cally costed, and as the ammonia moved with the loc&l airflow, it
formed a trace on the surface indicative of the boundary lsyer
flow. The hovering traces initially moved chordwise along the
surfece, and then abruptly turned outward, A short distence lsater,
the traces moved inward and then continued aft along the blsde in
a somewhat diffuse patterr.. Similar traces were found over wide
ranges of pitch angles and rotor speeds., It .s hypothesized that
& standing laminar separation bubble exists on the blade surface
aft of the pesk pressure position, No indication of any separs-
tion bubbles could be found on the forward flight traces.

An exploratory study of the possible use of ordinary claw-
type pressure probes was undertaken to determine whether such
probes could provide an indication of the flow in the boundary
layer of a model rotor,
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INTRODUCTION

A fundemental limitation on the performance and utility of the
helicopter is related to the onset of "stall" on the retreating bledes.
This stall limits the performance of the helicopter because of increased
power requirements, aircraft roughness, vibration, and control loads.
Blade stall, however, depends upon the nature of the boundary layer
which exists on an airfoil. Relatively little information on the nature
of the boundary layers on rotor blades has existed until quite recently.
The complexity of the rotor blade motion, the flow field, and the fluid
mechanic equations involved has tended to discourage research into the
nature of the rotor blade boundary layers. The purpose of the investi-
gation reported herein was to initiate study into the physicel nature
of these boundary layers.

Perhaps the most descriptive means of indicating the limitations
imposed upon the helicopter speed potential because of stall is through
the use of the Stuart plot.! A typical plot is shown in Figure 1. In
that figure the shaded area on the left indicates the retreating blade
stall limitation; the shaded area on the right, the compressibility
limitation. Usually, the stall limit line is established as a certain
angle of attack above two-dimensional stall for the particular airfoil
considered. If the stall limitation line could be moved upward, then
the speed potential of' the helicopter could be increaged. A second
area in which aerodynamic improvements would be important is in the
profile drag of the airfoils. Since the profile drag, as well as stall,
is the result of the viscous actions in the boundary layer, it is nec-
essary to understand as much detail of the rotor blade boundary layer
as possible.

Recently, the validity of the assumptions made in the 1lift and
drag analysis of rotors has been questioned.® Ordinarily, in calculat-
ing the 1ift and drag on the rotor, one assumes that only the component
of flow normal to the blade span axis is important. Hence, only that
component is used in calculating these forces, and all possible influ-
ences of radial flow or centrifugal field effects in the boundary layer
are disregarded. In the case of lift forces at high angles of attack
or drag forces, the neglect of the secondary sections may not be justi-
fied.

The scope of the action which may occur in rotor boundary layers
is quite broad. The primasry action is the chordwise viscous flow in
the presence of the given chordwise pressure distribution. Flow com-
ponents exist in both the chordwise and the spanwise directions. The
magnitude and direction of the local velocity vary around the azimuth
and along the blade span, as do the spanwise pressure gradients which
exist.® Tip vortex-induced flows exists.®* The fluid particles within
the boundary layer can experience centrifugal and Coriolis effects.
Compressible flow effects can occur on the tips of the advancing blade,
&nd reversed flow occurs in the inboard regions of the retreating blade.
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Very rapid angle-of-attack changes occur, which can lead to unusual
pressure gradient actions in the boundary layers.® Periodic stall

flutter on retreating blades has also been subject to recent intensive
study.S

From the foregoing enumeration of actions which relate directly to
boundary layer behavior, it is apparent that many interactions do indeed
exist and that detailed studies of rotor boundary layers should prove
to be a fruitful field of research, (reater understanding of the bound-
ary layer actions would aid those efforts to produce better airfoils
for helicopters, or those programs vhich seek to use boundary layer
control of jet flap devices to increase rotor performances.




APPROACH

The study of the boundary layer behavior on a helicopter blade was
initiated by a review of the possible ways to observe the boundary layer
experimentally. This review led to the adoption of chemical trace
methods of flow stuly as a logical technique. Concurrently, review of
analytical methods for rotating boundary layers was undertaken, and this
review led to an attempt to modify available theory. As the studies on
flow visualization progressed during the program, design and fabrica-
tion of a test stand and flow channel were initiated. Exploratory
studies of the chemical trace techniques were conducted in a small low-
turbulence tunnel as well as on a rotor hover stand. Subsequent to this
effort, extensive tests were conducted on two rotors in hovering and on
a model rotor in the flow channel, Detailed consideration of these
areas of endeavor will be presented in the following sections.



EXPERIMENTAL METHODS OF FLOW. VISUALIZATION

TR

1 The experimental phase of the work included studies of suitable
flow-measuring methods as well as the development of the rotor and flow
3 channel test apparatus. 1Initial efforts were directed toward obtaining
a satisfactory method for flow visualization.

BOUNDARY IAYER FLOW VISUALIZATION

The lack of experimental date on the rotor boundary layer is largely
due to the compound problems of boundary layer messurement &nd ingtrumetia
tation in a centrifugsal field. Meaningful boundary layer measurenents
mst be made at heights on the order of 0,010 inch, thus impositg maty
practical problems on the experimenter. 1In addition, large centrifugal
forces are present, being as high as 4000 g's at the tip of a typical
tail rotor.? Many materisls used for flow visualization are unsgatig-
factory for use in centrifugal fields because their densities, quite
different from that of a&ir, cause them to experience & greater outward
force. Wool tufts, some chemicals, smoke, and oil are comnon visualizes
tion devices, but they may be unrelisble for flow visualization in high
centrifugal fields. They also tend to average out potentially important
actions in the boundary layer. Subliming chemicals, such ag acensphthene,
are useful for locating transition lines., Some studies of flow direction
have been conducted using these chemicals with vortex or disturbénce
generators. These vortex generators act by triggering & local turbulence
behind the generator, and this turbulence tends to move back with the
local airstream, This resulting turbulence causef an accelerated rate
of sublimation of the chemical coating., The region from which the coat=
ing is removed indicates the directinn of the boundary layer flow., In
using this method, one must assume that the turbulence zone reveals the
direction of the undisturbed boundary layer. ‘The subliming chemicals,
however, have molecular weights of more than five times that of air
(154:29), and questions can arige as to the proper interpretation of
the turbulence trace when they &re used to indicate flow direction in
high "g" fields.

1t was decided to search for chemical trace techniques which might
overcome some of the limitations of the various probe methods or the
subliming chemical technique. 'the bagic concept involved the injection
of a tracer gas into the boundary layer, which would then move with the
boundary layer, This tracer gas would, in turn, resct with & chemically
A coasted gurface of the rotor blade airfoil in such & way that the trace
] made on the surface, if visible, would provide &n indicaition of the
] local flow direction, Several chemicsls were congidered in & prelimd=
nary screening process., The following is a listing of some c¢f the chems
icals considered. 1n all these cases the reaction of the chemi-als to
NH, was congidered and is listed with the chemical.

= mqm;ﬂﬂ”mm '



Methyl Red - slowly turned yellow
Bromphenyl Blue = turned blue quickly with a very distinct trace
Thymol Blue ~ turned purple but the trace was not sharply defined

Although these chemicals indicated some promise for use as surface
coutings, it wag decided to investigate the possible use of the ordinary
blue=1ine or "ozelid" blueprint reproduction method. In this method
the "blueprint! paper has been costed with a chemical which reacts
quickly to ammonis vapor, 1f the psper is exposed to ammonis, its color
chaniges from yellow to a blue=black color. The use of pretreated paper
and & technique as proven a8 the "0zalid' azo method sppeared to be very
sttractive, and an intensive study was star.ed, 1In sddition, since the
molecular weight of ammonis 1s close to thet of air (& ratio of 17:29),
it should not be affected markedly by the centrifugal force field,

nmtionig=Azo ftreak Process

literature review revealed that the ammonis-azo method of flow
visualization was first used by Ruden in 1937 and more recently (in
1964) by Johnson in the study of centrifugal compressors.® The chemis-
try of the reaction involves the joining of a diazonium salt and a
naphthol coupling component to form & diazo or azo dye, The reactants
are yellow, and the products are & derk color. For this reaction to
proceed, & basic pH is necessary and e ammonis provides this. A
typical resction is shown in Figure 2,

In the actual use of the smmonia-azo process, the chemically
coated paper was fagstened to the surface of the airfoil being tested.
Either rubber cement or double~gided tupe was utilized. Ammonia vapor
was released through small orifi:es located at the surface, The paper
way pricked at these orifices to allow the passage of the smmonia.
buring the major portion of the test program, the smmonia vapor was
profiuced by bubbling air through &n smmonium hydroxide solution, The
vapor was then carried through plagtic tubing directly to the airfoil,
in the case of the two-dimensional tests, and to a transfer ring, in
the case of the tests using the rotor stands.

A diasgram of the ammonia-feeding spparatus, the hover stand, and
the airfoil 18 shown in ¥Figure 3. ‘'The setup is seen to be a fairly
gimple one. Metering was used, and the pressure was regulated to assure
8 low exit velocity of ammonia to prevent disruption of the boundary
layer at the ammonis orifice, ‘the pressure level in the reservoir was
held, in most cases, to a few inches of water pressure, 1In the higher
rotor speed runs, reservoir pressure of the air supply had to be raised
to values a8 high as 2 feet of water in order to obtain the desired
traces on the rotor airfolly during pulsed valve operstions, the line
pressure of NH, was held at approximately 3 psi,

e A M e



Yigure 2. TYormmation of Diazo Dye.
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After injection into the boundary layer, the ammonia will mix
quickly with the air in the region of the orifice and will be carried
along with the local airflow, As it diffuses to the surface, it will
leave a permanent trace or the paper, which should be indicative of
boundary layer flow, Buch a trace also should provide an indication
of gross effects of the flow outside the boundary layer, It is inter-
esting to note that if one uses hot wires, pitot tube probes, or oiher
pressure transducers to study the flow field on the surfae, data are
obtained from only one point at a time., When such probes are used, it
is necessary to mount a large number of them in the fluid stream in
order to provide data over a complete region, The ammonia trace tech-
nique, however, provides information all along the path of the ammonia,
and fairly large regions of flow can be studied with a f'ew traces,

ince one of the primary objectives of the study was the boundary
layer on the retreating side of the azimuth, short release times were
required, and it was necessary to determine the transient response,time
of the method, To do this, an electric solennld to control the ammonia
efflux was installed underneath an NACA 0012 airfoil. The airfoil and
golenoid were mounted in a two-dimensionsl, low-turbulence wind tunnel
with an ammonis generator similar to that shown in Figure 3. Tests
were conducted using & Reynolds number of 4,22 x 105 and a free-gtream
velocity of 90 fps, An oscillograph recorded the time that current was
supplied to the solenoid. ‘The ammonia was introduced into the boundary
layer through orifices located at the leading edge of the alrfuil and
at two other positions on the airfoil surface, All preliminary two-
dimensional tests were conducted at zero or low angles of attack., A
trace obtained under these conditions consisted of a narrow dark line
aft of the orifice which tended to become more dif'fuse toward the rear
of the airfoil, No sharp demarcation occurred along the treces in the
chordwige direction to indicate the presence of any unusual boundary
layer occurrence.

The preliminary tests were run over a wide range of injection
times, ranging from several seconds to milliseconds, It wis found
that good traces couid be made in 200 ms without greatly sacrificing
the length of a trace, (The average trace length on the 7-1inch chord
was 3 inches at ¢ = 0°,) Traces were discernible with valve speeds as
great ag 50 ms, but these were faint and were not consistently obtain-
lblen

Heat and moisture accelerate the formation of diazo dye, and some
tests were ruh with the ammonia heated to boiling, The necessary time
of exposure was noticeably reduced, but the hot ammonia can be extremely
irritating,

One pertinent disadvantage of ammonia-azo flow visualization is
that no information i1s obtained about the velocity of the boundary
layer flow, However, this could be obtained if high-speed movie equip-
ment were mounted to record the rate of paper development, Another



criticism is that no boundary layer profiles are obtained beceuse only
the flow direction immediately next to the surface is recorded. This
could lead to confusion if the flow had a reversal, as shown in Pigure b,

In spite of the disadvantages named, th.s process gives excellent
records of flow paths and at a very low cost, Though not sophisticeted,
the method can prove very useful information and can serve ag the pre-
liminary to more intricete testing methode.

Chetttical Bublimation Method

To provide for a reference between data tuken in this strdy and
data from other investigations, several chemical sublimation tests were
run, ‘The use of chemical sublimation in iocating the point of tranei-
tion between laminar -and turbulent flow over an airfoil has been well
established and documented by researchers in the 4O's and early 50's.”
Chemicals considered during this study included dissolved biphenyl,
fluorene, and acenapithene, The most satisfactory technique utiliged
a 10-percent solution of acenaphthene [Cyole(CHa)a) dissolved ir ace-
tona, which was sprayed on the airfoil surface, Care was exercised to
ensure than an even layer of the chemical was deposited over the eur-
face, 1If the coating is uneven, it is possible that a misinterpreta-
tion could result, The sublimation time of the chemical coating 1s a
function of the temperature, humidity, free-stream velocity, and tur-
bulence of the low, The turbulence is a particularly important factor
in the rate of sublimation, and it is this rapid removal of the costing
due to turbulence that makes the sublimation technique valuable,

ROTOR BLADE TESIB

Two major series of tests were conducted using the ammonia-ago
technique on rotor blades, The first sequence, which was guite exten.
sive, lhvolved rotors in a hovering condition, and the second sequence
involved a rotor in forward flight in a large flow channel,

Hover Tests With L-Inch-Chord Blade

The initial tests using the trace techaique were conducted using &
two-bladed teetering model rotor mounted on a hovering test rig.
Figure 5 shows the test rig with the model rotor mounted. The rototr
utilized a 6-foot-diameter NACA 0015 blade section with rero twist, and
a l-inch chord, The pitch angles could be adjusted over a wide range.
The blade was constructed using a steel tubular spar as the primary
structural member, with a pine leading edge, a 1/32-inch-thick plywood
chordwise web in the af{ portion of the blade, and balsa wood blockse t
f111 out the contour, The cross section of the b'ade {s illustrated in
Figure 6. The ammonia vapor for the hover tests ras generated in a
manner analogous to that described previously., Air from the laboratory
high-pressure air supply was passed through a commercial-gas regulator
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Figure 6. U4-Inch-Chord Blade Cross Section.
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to reduce its pressure and to control the flow rate. The air leaving
the regulator entered a bypass valve which could either dump the air

or direct it onward to the ammonia system. The air leaving the bypass
valve entered the container of ammonia hydroxide, where it bubbled
through and agitated the ammonia solution., The air-gas mixture was
then directed to & rotating transfer ring at the base of the rotor
stand drive shaft. The ammonia-air mixture then passed up through the
hollow rotating shaft, out a lateral port at the top of the shaft, and
directly into the root end of the hollow blade spar. Holes were drilled
into the blade spar at various spanwise locations to deliver the air-
amonia mixture to the desired location. 71wo techniques were used to
duct the ammonia from the spar to the orifice., 1In the initial tests,

a small plastic tube was inserted into the spar from the bottom side of
the blade and then inserted into a drilled hole to the leading edge of
the blade. The one orifice made in this manner was located at the 72%
redius position. The second method consisted of drilling holes directly
from the leading edge of the blade into the hollow spar at a series of
selected radial positions. Hypodermic-needle tubing was then pressed
into each drilled hole and cemented in place. These orifices were
located at positions from 20% to 90% radius in 10% increments.

During the tests, a sheet of "0Ozalid" paper was fastened to the
rotor blade, and holes were pricked into each orifice location. The
ammonia system was set into operation by opening the pressure regulator
and setting a given flow rate, using a standard rotameter. Prior to
each data run, the bypass valve was placed in the dump position so that
no ammonia would be sent into the blade. When the desired rpm of the
rotor had been reached, the bypass valve was actuated and ghe ammonia-
air mixture was allowed to pass out the lines to the orifices in the
blades. The time for meking the traces was varied from a few seconds
to several minutes.

Testing was conducted with both heated and unheated ammonia. Heat-
ing the ammonium hydroxide offered some improvement in obtaining good
traces and reducing the duration of ammonia-air flow; however, the dif-
ferences were not great. The primary factor of importance was the
necessity to maintain the strength of the ammonium hydroxide solution
at a high level. It was found that if many runs were conducted, or
the ammonia solution were old, few if any good traces could be obtained.
A supply of fresh ammonia usually corrected such difficulties.

In conducting the hover tests with the eight holes located along
the leading edge, it was not possible to obtain good traces at all
positions simulteneously with a given flow rate and air pressure set-
ting. Consequently, several of these tests were run with the orifice
holes plugged in sequence until traces had been obtained at all radial
positions.

The rotor speeds used in this sequence ranged from 200 to 800 rpm,
and pitch angles from -15° to + 25° were covered.
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Tests With T7-Inch-Chord Blades

: One of the primary areas of concern with the boundary layer on
rotor blades is in the retreating side of the azimuth. Consequently,
it was necessary to devise a technique which would provide for ammonia-
azo traces on the retreating blade over a limited angle of rotation of

¥ g the blade.

To accomplish the testing on a retreating blade, it was decided
tn devise a method of pulsing the ammonia vapor over the selected
azimuth., Tests with the solenoid valves in the two-dimensional tunnel
had indicated that traces could be obtained for single pulse times as
short as 50 ms, but they were faint. It was believed that if suitable
valving could be arranged, the ammonia flow could be pulsed in a repet-
itive fashion at a particular azimuth of the blade to get sufficiently
distinct traces to allow interpreta®~ion of the boundary layer flow
direction. The basic assumption in such a process is that the external
airflow and boundary layer flow will be repetitive during each revolu-
tion. It was anticipated, nonetheless, that the method would provide
an averaged trace over the selected azimuth, This would provide useful
first-order data where none had been available, The azimuth angle over
which the ammonia would be emitted was planned to be variable.

13
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DESIGN OF EQUIPMENT

ROTOR SYSTEM

The rotor system for the forward flight tests was designed to
operate either as a two-bladed teetering rotor or as a counterweighted
single-bladed rotor. Figure 7 illustrates the general layout of the
rotor considered. It was decided to utilize the single-bladed config-
uration in the study of the boundary layer in forward flight. The hub
and yoke were machined frcm a solid steel block. Provisions were incor-
porated for a counterweight whose radial position could be varied to

- provide proper balance to accommodate various changes in the mechanism

installed in the blade. The blade was designed as & built-up structure
using a laminated birch leading-edge spar, a full-length steel strap in
the leading edge, and a rib with plywood-covered aft section. The
blade structure is shown in Figure 8. The blade was attached to the
yoke by means of a steel-fork fitting., The spindle of the fork passed
through the hub yoke. The blade pitch angle could be set by turning
the steel fork into the desired position. A graduated scale was incor-
porated in the hub yoke to facilitate blade pitch setting.

The rotor blade section used was an NACA 0015 airfoil. The blade
chord was 7 inches, and the overall rotor diameter was 6 feet. The
design tip speed for this rotor was 300 fps, which corresponded to a
rotational speed of 955 rpm. The blade airfoil contour was carefully
controlled. A series of computer-developed gage points was established
for the airfoil templates, which were then located using a tape-
controlled mill. The final templates were then hand-finished to the
final shape. The airfoil was milled to shape, where possible, and
hand-finished to final contour. Specific attention was given to avoid-
ing any flat spots on the airfoil surface. The airfoil surface is con-
sidered to be within $0.010 inch of the desired airfoil contour and
closer than that value over the more critical leading edge. The air-
foil surface was finished by spraying a series of pase coats on the
surface, by final sanding, and by spraying a finish coat of flat black
paint. The orifices on this blade were located at the leading edge at
61.5%, Th%, and 87% radius.

VALVE SYSTEM

The valve to pulse the ammonis in the blade must meet some strin-
gent requirements. The desired characteristics for such a valve system
include short duration of opening, good sealing when closed, minimum
restriction to gas when open, controllable open time, controllable
azimuth position of pulse, light weight, and compactness to fit in a
small rotor blade. The smallest electrical valve considered and tested
had too slow a response time, it was slightly too large and toco heavy
for the rotor application.
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Mechanicel valve arrangements were then considered. Two types of
valves were designed &nd tested; i.e., & Spool valve and & poppet valve.
The poppet valve seemed to provide better results and was used for the
majority of the forward flight tests conducted. A Schemstic of the
overall valving arrangement is shown in Figure 9. The valve system is
composed of the following elements: & poppet valve in the blade; &
pivot link at the center of rotation, and & cam assembly at the bottom
of the rotor mast:. The operation of the unit cén be most clearly seen
by study of the actions of the elements shown in the figure. As the
rotor rotates, the cam rotates. The cam lobe engéges the cam roller
follower; moving it outward. The cam roller motion caiuses the rocking
link to push up on the push rod slider; which in turn drives the main
push rod upward. The pivot link then &cts to pull the blade valve red
inward,; which unseats the poppet valve. This in turn allows ammofiis
vapor to flow through the valve and to the orifices located in the
leading edge of the blade,

In order to evaluste the performance of the entire valve system
ammonis flow system; & breadboard setup was designed and congtructed
(see Figure 10). In this test arrangement the actual valve drive coi=
ponents (including the cam; rocking link, all push rods; and the valve
itself) were included. As can be seen in the figure, the cam is
rotated by the output of the speed reducer. The speed reducer 8186
drives a rotating cylinder by means of the chain. This cylinder is
covered with a sheet of "Ozalid" paper, and it translates along its
axis as it rotates. As the cam is rotated, the valve is actuated., The
ammonia vapor from the ammonié supply is released through the valve
each time the cam lobe strikes the follower, The ammonis vépor is
carried by a short length of tubing, similar to that used in the model
blade, to an orifice which is directed at the '"ozalid" paper on the
cylinder. Since the cylinder rotates at 12/25 of the speed of the caim,
the short puffs of the ammonis released by the valve describe & helical
pattern on the "Ozalid" paper. In operation, cam speeds from 200 to
more than 1000 rpm were used to simulate the operating range of the
model rotor. It was necessary, however; to replace the gteel main push
rod with a hollow, large=diameter aluminum tube. Tests using & strobe
light had shown that the natural first bending frequency of the steel
rod fell within the desired operating range. The breadboard tests of
the ammonia valve system indicated that the ammonia vapor pulsed gatis=
factorily. Study of the traces on the "Ozalid" paper revealed that the
traces extended over an azimuth of approximately 25° at 500 rpm to
approximately 50° at 1000 rpm. The traces were distinct and very
repetitive. Based upon these results, the entire valve system was
installed in the model rotor assembly.

The hover test stand used in the initial tests of the L=inch=chord
blade and the sublimation tests shown in Figure 5 consists of & heavy
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base support and a rigid stationary stand pipe, The rotor drive shaf't
is hollow and runs through three sets of bearings, 'The drive system
consists of a de electric motor conhected by a "V¥" belt to the bottom
of the rotor shaft, The ammonia transfer ring 1s located just above
the pulley, ‘The tachometer im located at the base of' the rotor mast.
The rotor is located approximately 7-feet above the floor of the labo-
ratory and is surrounded by two layers of chain-link fence. The diam-
eter of the fence is 10 feet, 1t 18 beleived that the rotor airflow is
not aft'ected significantly, insofar as boundary layer studies ere con-
cerned, by either the ground plene or the presetice of the fence enclo-
sure. The speed control of the rotor was achieved by means of variable
armiture and field resistors.

FLOW CHANN

In order to provide the test conditions to study the rotor bound-
ary layer in forward flight conditions, a flow channel capable of air
speeds up to 100 fpe wae designed and fabricated, A schematic of the
chahnel is shown in Figure 11, 1In this arrangement, the air enters
from the left and passes through two screens, The irst screen is
1/4-inch mesh hardware cloth used as & safety screen to prevent inad-
vertent entry of foreign objects into the flow channel, The second
screen is a 16-mesh ptainless-steel screen incorporated to provide some
reduction in the turbulence of the tunnel, 'The air then is accelersted
through a convergent entrance gection prior to entry into the test
section, The test section is 4 feet high, B feet wide, and B feet long.
The model rotor is located at the center of the test section, The air
leaving the rectangular test section passes through a transition sec-
tion and a safety screen, and then ihto the fan asmembly. Following
the fan, the air is passed through & conical diffuser and is exheusted
into the test room, The fan assembly consists of & set of variable
inlet vanes, the rotor of the fan, & 150-hp ac motor, and a set of
ptator blades, The fan apsembly is a commercial axial-flow fan designed
for industrial drying or cooling tower operation. It was choseh foor
the flow channel because of & combihation of low cost and ease of
installation and operation., The airflow rate and corresponding tunnel
velocity is varied by controlliing the blede angle of inlet gulde vanes,
Buch angle control is achieved by means of & reversible electric motor
drlve contiected to the vanes.

The return alr pasees both through the room in which the flow
chahnel is located and through large double doors to the outside of
the building, A large door is opened aft of the exhaust of the tunnel,
and large doors are opened near the inlet of the channel, 1In this
manner, an adequate airflow and suitable air exchange are provided.
The desigh test section speed of 100 fps wes readily reached with a
significant reserve capability in flow rate and power still remaining,
The assembled flow chahnel im showh in Figures 12 and 13,
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Figure 12. The Assembled Model Rotor Wind Tunnel.
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ROTOR DRIVE SYSTEM

The boundary layer studies in forward flight require a test facil-
ity which can properly duplicate helicopter rotor operation over a
broed range of conditions. The large flow channel was designed to
provide a uniform airflow over a range of velocities up to 100 fps.
Likewise, the rotor mounting and drive system must be adaptable to a
range of airflow speeds, rotor speeds, and rotor thrust values. To
accomplish this, the rotor drive system shown in Figure 14 was designed
and fabricated. Figure 15 shows the assembly. The rotor to be tested
is mounted atop the drive shaft, which is carried in the stationary
mast. The stationary mast is connected to the drive assembly, and this
entire unit can be rotated about the mast pivot to achieve the desired
value of drive shaft inclination. This inclination, or mast tilt, is
controlled by means of a long lead screw and can be adjusted between
runs.

The power for the rotor is obtained from a 10-hp air motor which
is connected by "V" belts to the rotor drive shaft., The speed of the
air motor is controlled by means of a standard air-pressure regulator.
The speed of the unit is monitored through the use of an electronic
counter and is considered to be accurate to within 1%. The air motor
and belt assembly, as well as the stationary mast, are mounted upon
the tilting frame. The entire assembly tilts as a unit to the main
frame when the lead screw is turned. This tilting frame in turn is
mounted to the main frame by means of the mast pivot pin. The main
frame in turn is mounted to the floor on rubber blocks. The rubber
blocks are so chosen to ensure that the operating frequencies are
ebove the natural frequency of the entire assembly. The proper
blocks were chosen during preliminary tests, using various vibration
measuring techniques.

FORWARD FLIGHT AMMONIA SYSTEM

The ammonia transfer system is similar to that described for the
hover stand. During some runs, the transfer riig was located below
the base of the stationary mast. However, because of somewhat erratic
behavior of the system, a second transfer ring was designed and fabri-
cated. This second unit was located on top of the rotor. It consisted
of a rotating housing, a central nonrotating shaft, and two leather
seals to prevent leakage of ammonia. The nonrotating shaft was
restrained by means of a cable leading to the sidewall of the flow
channel. The ammonia was brought into the transfer ring by tubing from
the *top of the test section.

In the forward flight tests, two methods of obtaining ammonia were
utilized. The initial tests were conducted using the same technique
as used in the hover tests; i.e., air was bubbled through a heated
NH4OH solution. Because of the somewhat erratic results obtained with
this method during forward flight tests, the system was modified to use
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ammonia gas directly. In this method a commercial high-pressure tank
of NH, was produced. A needle valve was installed on the tank to meter
the amount of ammonia, which was measured by means of a rotameter. A
pressure gage was installed in the line to measure supply pressure to
the transfer ring. With the NH, gaseous system, the traces were
obtained more consistently. 1In order for the amonia-azo reaction to
proceed properly, it is necessary to have sufficient molsture snd rela-
tively warm temperatures of the air stream. It was found that on cold,
dry days, traces were difficult to obtain; whereas on warm, humid days,
dark and distinct traces could be obtained within 15-20 seconds running
time, Typical conditions for the NH; gas technique were a flow rate
of 0.04 cfm, a pressure of 3 psi, and test times from 30 seconds to

2 minutes. The test times depended primarily on the prevailing weather

conditions.
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EXPERIMENTAL PROCEDURE

EXPERIMENTAL PROCEDURE FOR 7-INCH-CHORD
ROTOR TESTS (HOVERING

The hovering tests using the 7-inch-chord blades were essentially
conducted in a manner similar to that previously described for the 4=
inch-chord blades. The tests of the 7-inch-chord rotor, however, were
conducted using the rotor drive stand designed expressly for use in the
large flow channel. Ammonis traces were run both with the blade valve
operating and with the valve bypessed. The purpose of using the valve
during the hover tests was to evaluate the overall operating cheracter-
istics of the valve system in the rotor. It was quickly found that the
initial design using a spool valve was inadequate; this knowledge led
to the redesigned poppet velve discussed previously. When the poppet
velve was installed and tested in & hovering state, it operated satis-
factorily. Good ammonie traces could be obtained on the blue-line
paper in a manner of 20 to 30 seconds'! time with the valve operating.

A separate sequence of tests was run using the 7-inch-chord blades
in hovering with the valve bypessed. The purpose was to ascertain if
boundary layer behavior would be similar to that of the L-inch-chord
blade during hovering tests. The techniques of supplying ammoniae and
applying the sensitive paper ard the general conduct of these tests was
essentially the same as those with the L-inch-chord blades. The method
used was the bubbling of air through the NH40H solution. The outside
weather conditions in all of the 7-inch-chord hover tests were hot and
humid, end consequently good traces were obtained consistently.

The test sequence included a blade pitch angle range of 6 = 0° to
6 = 20° and a rotor speed range from 200 to 1,000 rpm. It was necessary
at the higher operating speeds to selectively plug up some of the holes
in the blade end thus obtain a complete set of traces by conducting
several runs., The ammonie flow rates ranged from 0,03 cfm to 0,10 cfm,
and pressures of up to 24 inches of water were used.

METHOD OF FLOW CHANNEL OPERATION

To obtain traces during the forward flight sequence, the following
method wes generally used:

First e flight condition was selected., A computer progrem for
various rotor thrusts and gross weights indiceted the necessary values
of pitch angle and shaft tilt angle, The blade pitch angle wes set,
and then the mast angle was set using e precision clinometer. The
rotor was then brought up to the desired rotor speed, Once the speed
was stabilized, the tunnel motor wes engeged and the tunnel was brought
to speed. When the desired tunnel velocity and the rotor speed were
stabilized, the ammonia (NH,) valve was set to give the desired flow
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rate and pressure, A stopwatch was uded to determine the time of the
amnonia flow, After the predetermined time had elapsed, the ammonis
valve was closed, The rotor and tunnel continued to run at the eetab=
lished condition until all the ammonia in the line was clebred, This
usually required an additional 20 seconds. At this point, the tunhel
was stopped and the rotor speed was reduced to zero, The blade traces
were then inspected. Tn some cases, reruns were necessary to obtain
a satisfactory trace,

To obtain information at various agimuth positions &% & specific
flight condition, the cam lobe was rotated to various positions around
the azimuth, and & trace was teken at each position. Usually four
azimuth positions (at 0°, 90°, 180°, and 270°) were tested, In sotne
cages, traces were taken at 30° intervals,
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RESULTH OF HOVER TEBIB
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the hover tests with the beinch-chord blades provided some results
which directly af'fected all subsequent work in this study., Consequently,
gpecific emphasis is placed upon the Cindings with the l-inch-chord
bledes and upon the interpretation of the results, The digcussions of
this section include congideration of sublimation tests, ammonia-azo
results, boundary layer step studies, discussion of' the mechanliems
involved, and possible spanwige ['low effects,

Chemical Bublimation Test Results

Bublimation tests were run to provide a suitable reference between
this work and that done by others in this field., All sublimation tests
were conducted using the rotor that had a conatant, Leinch-chord with
no radial twist., The airfoil shape used was an NACA 0015 profile, A
Jsfoot radius gave a maximum tip Reynclds number of 2.62 x 10%, The
piteh angle, ¢, was varied from -15° to more than 20°, All the chemi-
cal sublimation tests were done at LOO rpm, The location of the tran-
sition to turbulent flow for three pitch angles is shown in Figure 16,
Pransition points for a radius of 72% and various pitch angles are com-
pared with those of Tanner and Yaggy® in Figure 17. The Reynolds
number used in Tannerts tests was 1.1 x 10®, 1In spite of the large
difference in Reynolds numbers, the correlation of these tests results
with Tanner's is very close for high pitch angles. For pitch angles
of less than B*, there is & greater difference, but the trends of the
data are pimilar, The correlation cf the data suggests that the loca-
tion of transition may depend cn the pitch angle more than the Reynolds
nuber, Also plotted in Figute 17 are the results from Rel’, Y, showing
transition for two-dimensionrl gymuetrical airfoils. In those teste,
airfoils with thickness ratios of 9, 12, and 18 were tested, and the
data have been interpolated for an NACA 0015 airfoil. The Reynolds
nutiber used was 1.7 x 108, and the airfoil had 4 chord of 6 feel,
Although it was predicted by Banks and Gadd!® that rotation delays the
occurrence of transition, data from the sublimation tests did not con-
firm this,

The results of rotating sublimation teets proved to be useful,
#ince the tranditioan location was shown to correapond with other data
in #pite of the lower Reyholds numbers uged in there testas.

4= 1)
When the amtonia ig released from the leading edge, Lhe resulting
traces often show a gevere discontinulty., This can Le seen in Figure 18

for a piteh angle of 10° and a rotational speed of LOO rpm, The
amtonin-avo traces are ghown with the leading and tralling edges of
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" Figure 18, Amnonia Trace Showing Discontinuity for the heIneh«Chord

Blade at 729 Radius. Iy = 13.5%, Lp = 30% Chord, LOO vpm,
g = 10".
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the blade marked and the direction of the blade tip indicated. To
attempt to correlate and interpret this unusual trace behavior, the
start of a discontinuity was located at the chord length where the flow
first starts to deviate from a streight chord line (designated by L).
Similarly, the end or reattachment was placed at that point where the
flow had completely returned to the same streight chord line (designated
as Lo). For example, the discontinuity in Figure 18 covers the distance
from 13.5 to 30% chord using this criterion. Because of different radii
in these discontinuities, it is difficult to locate these points with
precision, especially with pitch angles in the 0° to -10° range. How-
ever, it is felt that this criterion to locate the discontinuities is
useful in the interpretation. Other examples of traces at 72% radius
showing this A pattern can be seen in Figures 19 and 20. The length

and location of the ammonia discontinuity changed very slightly with
rotational speeds of 200, 300, and 4OO rpm. A trend for discontinuities
t> be located farther back on the chord and to stay unattached longer
with slower speed was noticed, but the differences involved were gen-
erally less than 3% chord. To show the time development of an ammonia-
azo trace, a series of tests was conducted at a pitch angle of 5° and
40O rpm. Traces that were exposed for 1, 5, 20, and 180 seconds are
shown in Figure 21.

There is strong correlation between the reattachment of an ammonia-
azo trace and the transition of the boundary layer to turbulence. The
point of transitior and the length of discontinuities versus pitch angles
are plotted in Figure 22 to show this correlation. There is an average
difference of only 6% chord between the point of transition and the end
of a discontinuity. This difference is extremely small when the error
in locating a discontinuity is considered. The reattachment of the
ammonia appears to correspond closely with the occurrence of transition.,

SEPARATION BUBBLE

Baged upon study of the ammonia traces and the sublimation data,
it was hypothesized that a standing vortex or separation bubble asso-
clated with transition occurs on the blade and causes the discontinuity
seen. The occurrence of separation bubbles in two dimensions has been
discussed by McCullough and Gault and others.};!2 The pattern of a
separation bubble is shown in a somewhat exaggerated drawing in
Figure 23.

The chordwise pressure distribution is an important factor in
determining the location of boundary layer transition. Since the end
of an ammonia-azo discontinuity corresponds closely with the point of
transition, the start of a discontinuity was examined for correlation
with the chordwise pressure distribution. The correlation that was
used is based upon the location at which the pressure is 90% of its
maximum value; the results are also plotted in Figure 22. Correlation
is quite good for pitch angles of less than 10°, At higher angles,
the start of a discontinuity " 1gs behind the 90% precsure location.
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Figure 22. Comparison of Ammonia-Azo Discontinuity and Transition
Point for Various Pitch Angles.
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The chordwise pressure distributions for 5° and 10° pitch angles are
plotted in Figure 24, The locations of transition (based on sublima-
tion tests), of ammonia-azo discontinuities, and of 90% of th: maximum
pressure are superimposed on these plots.

If & Beraration bubble is present, the majority of the fluid will
go over the vortex and be reenergized by gaining momentum from the free
stream, the presence of an accelerating profile caused by the bubble,
and the asbsence of surface friction over the length of the bubble. As
a result of these three factors, the flow will reattach to the surface
and a turbulent boundary layer will exist.!® The bubble causes two
stegnation points, s, and By, to be present at either end of the vortex.
They should not be confuged with the stegnation point which occurs at
the leading edge of the airfoil. It should be noted that s; corresponds
to the initial separation point, and sy corresponds to the point of
reattachment.

By virtue of a defective orifice, an important confirmation of the
presence of a separation bubble was made., The orifice split the trace
into two distinct lines as the ammonia left the leading edge. The
fluid went through the expected discontinuity, but when it reattached,
the trace was still split (see Figure 25). The main stream of air
could not have been involved with the outward flow at the discontinuity
because it would have been mixed in the process. The fluid turning
outward is not from the main airflow, but ratiier from a smaller amount
agsociated with the stagnation points at either end of the vortex.

The authors of Ref. 1l have indicated that the flow over a rotor
is mathematically similar to that on a deltco-shaped wing. ‘his wing,
however, is known to have standing vortices n=ar its leading edge under
certain conditions (Figure 26).!2 Thus, it seems possible that under
rotation, separation bubbles are present on the NACA 0015 rotor which
may be similar to those found on swept wings.

BOUNDARY LAYER STEP STUDIES

As the fluid spproaches a geparation point in the boundary layer,
it decelerates and eventually leaves the airfoil., Such a geparation
can be avoided by changing the shape of the surface on which the separa-
tion occurs. If a cusp is put on the surface, the fluid will leave
the wall tangentially with a finite velocity, and one stagnation point
will be eliminated from the usual standing vortex flow pattern
Figure 27). A stable vcrtex is formed behind the cusp and prevents the
separation of the flov elsewhere on the blade, In this manner, the
position of laminar separation and trangition can be controlled.

The flow over an aft facing step is an epproximation to the flow

over a cusp and hag been studied by Tani.'® The flow is not actually
tangent when it leaves the surface and there may be several vortices,
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BLADE TIP

Figure 25. "Dual™ Trace for b-Inch-Chord Rlade, 72% Radius at 30U rpm
and 0 = 10° With Boundary Layer Trip at L. 14 = 13.5%
lo = 25% Chond.
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but the step has the important characteristics of the cusp; that is,
thete is only one stagnation point of the main stresm, the standing
vortex is present, and separation can be controlled by the step. The
cusp and step are coipared with the normal airfoil shown iv. Figure &7.

To study the action of the ammonia trace technique with & khown
separation, a step of 0.013-inch height was located at 204 chord on
the blade. Both ammonia-azo and chemical Sublimation tests were vun
at 5° and 10° pitch angles. A comparison of the ambonia-azo traces
for 5° and 400 rpm, with and without the step being present, is shown
in Figure 28. For no step, the “Catward flow" trace beging gradually
at 219 chord and reattaches at 43% chord. The step causes separation
at 204 chord} the trace reappears at 3%¢ chord. This indicates that
the step produces a standing vortex with ohe reattachment stegnation
point, moves the discontinuity from its original pesition, and alters
ite shape. The rirst part of the "A" discontinuity is gone because ho
stagnation point is there to produce cutward flow. A spanwise trace
similar to the second half of a regular discontinuity does oceur after
the step. The distance that the flow is unattached was shorter, probe
ably because the step produces a more condentrated vortex. ‘the results
of the tests with the step give strong assurance that separation
bubbies are respornsible for the discontirunities seen,

Chemical sublimation tests with a pitch angle of 5° and %00 vpm
were run to find the transition point behind & step. The step was
again located at 204 chord and was O.0L3 inch high. Chenical sublimae
tion did not occcur before the step or for the 6§ chord just after the
step. ALt of the 264 chord point, sublimation did oceur, the flow
before the step is in the laminar regime. In the 6§ chord region after
the step, the flow ay not be laminary but becauss the reverse flow in
& stan’ing vortex is sbout one-fourth of the free-stream veloeity, 'S
the chemical does not sublime. The primary flow then reattaches, with
the turbulent boundary iayer causing the chemical to sublime over the
rest of the airfoil.

The shape of the discontinuity that occcurved can best be described
as an inverted VW or & A.  fhe following wechanism i& hypothesiced for
the shape seen. As the ammonia vapor is injected inte the boundary
layer at the nose of the airfoil, it is carried aft by the main stream
of the flow. At first it forms & dark, distinet, and narrow trace,

As the flow in the boundary layer with the ammonia passes the peak
pressure position, it feels the adverse pressure gradient., ™z fluid
particle veloeity decreases, and the velocity profile changes rapidly
to that of a “separation profile.™ fThen the forward separation point
{s reached, ard at this point the fluid velocity and shear stress weay
the surface are essentially sero. In this reduced veloeity region
ahead of the separation point, the fluid particlet containing the

s




(A) Iy = 21%, Lo = L3%
(B) L = 20%, Io = 3L%

Figure 28. Comparison of Ammonia-Azo Trace With and Without Surface Step
at 400 rpm and 6 = 5°.

L6




amionia are subject to both the outward spanwise pressure gradient and
the centrifugal force. The inner layers of the boundary layer tend to
move outward under the actions of these forces. As they do so, the
ammonia diffuses to the surface and leaves the forward portion of the
discontinuity--an outward-moving trace.

It is considered, however, that a significant portion of the
ammonia in the upper layers of the boundary layer or in the potential
flow just above the boundary layer is carried by the main stream over
the separation bubble in a chordwise direction. This flow then returns
to the surface aft of the bubble at the reattachment point, where
again the chordwise fluid velocities are quite low. The local surface
flow includes some forward or reverse flow toward the bubble, as well
as some outflow which results from the action of either centrifugal
force or spanwise pressure gradients., The combined effects of outflow
and reverse flow could account for the shape of the aft portion of the
discontinuity. This situation is depicted in Figure 29.

A limited amount of testing was done with boundary layer fences
on the rotor to determine if significent spanwise flow was involved in
the discontinuity patterns.!® One-inch fences, similar to fences used
in swept wings, were placed both inboard and outboard of the ammonia
orifice. It was found that with the fences on the blade, the traces
retained the same inverted V pattern as found previously (Figure 30).
However, a change was noted in the trace after the discontinuity.
Those runs made with the fence located on the outside had a noticeable
effect on the trace path. With a fence placed l-inch outside the
orifice, the flow after a discontinuity was parallel to the chord line
instead of curving inward, as had been found with the traces from the
L4-inch-chord blade. More tests are necessary to reach any precise con-
clusion, but it is believed that the straight fence acting in the
curved streamline flow may cause the change. Tests could be made in
which the fence had the same curvature as the circular streamlines.

SPANWISE VARIATION WITH L-INCH-CHORD BLADE

To determine the boundary layer flow in hovering at various posi-
tions along the blade, tests were conducted with the L-inch-chord
blade with orifices located at 10% radius positions along the leading
edge. Typical results are shown in Figures 31 through 33. Each
figure presents data for a specific rotor rpm at five pitch angles.
Study of all traces at § = 5° reveals that the A pattern is evident in
most traces from 40% R through 80% R, The increased speed from
40O rpm to 600 rpm seems to have little effect on the form of the cor-
responding traces at the various radius positions. The evidence indi-
cates the presence of a standing separation bubble at .approximately
the same chordwise location for a given radius station and @ as the
rpm is changed.
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AMMONIA IN INNER LAYERS OF BOUNDARY LAYER

AMMONIA CARRIED OVER BUBBLE

(A)

VELOCITY COMPONENT CAUSED
y BY VORTEX REVERSE FLOW

| | VELOCITY COMPONENT CAUSEDI
\ BY CENTRIFUGAL EFFECT
-
]
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Figure 29, Possible Factors Involved in the Shape of
’ the Ammonia-Azo Trace.
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If one examineg the 6 = 5° set of traces at any of the values of
rpm, it can be seen that a fairly regular change in the discontinuity
exists from the inboard to the outboard region. The width of the A
pattern is generally wider and siightly farthe:; aft in the inboard
region of the blade. The A pattern is quite narrow and distinct in
the outboard traces. In the 400 rpm, 6 = 5° set of data, the transi-
tion line as obtained from the sublimation tests is shown. Reasonably
good agreement is achieved, Transition occurs just aft of the dis-
continuity, as had been indicated by the comprehensive tests at 72%
radius.

The changes in the pattern with radius can, however, be the result
of two separate actions. First, the tangential velocity and Reynolds
number are increasing linesrly with radius; this fact could result in
the slight movement forward and the somewhat shorter bubble as indicated
previously. Secondly, at a fixed 6 and rpm, because of a varying down-
wash angle for an untwisted blade, a slightly different local angle of
attack will exist along the blade span. For example, in the case of
6 = 5°, the angle of attack at 80% R will be 2.5° and the angle of attack
at 40% will be 1.5°. These angles have been calculated using a simple
hovering strip analysis. Thus, it can be seen that the changes in the
pattern may be due to both velocity and angle of attack influences.

The existence of the discoutinuity in the ammonia-azo boundary
layer traces is also evident at the other pitch angles. Considering
the three sets of data at 6 = 10°, it can be seen that the A shapes
are still evident. The A has moved forward and is sharper, as would
be expected with the increased angle of attack. At the higher angles,
the peak pressure near the nose of the airfoil is closer to the lead-
ing edge and is greater in magnitude; thus, laminar separation can
occur sooner. In general, comments similar to those for the @ = 5°
case can be made for the @ = 10° traces. The correlation of the
acenaphthane transition line for the 2 = 10° and 4OO rpm case is
reasonable, although in this case the transition line passes near or
through the bubble at most positions. .

Considering the 9 = 15° set of traces, it is readily apparent that
the discontinuities have moved farther forward on the airfoil, where
they tend to show up as a single spike. In thae inboard regions of the
blade, the spike is loceted outboard of the main trace. In scame of the
outboard traces, the spike extends inward. Aft of the spike, the traces
fram 40% R to 70% R tend to move on a straight line in a direction away
from the circular streamlines. Similar patterns can be seen in the
traces at other values of 9. One would normally expect that the flow
would tend to follow the external potential flow lines. For a hovering
rotor, these would be the circular arcs drawn through each leading edge
orifice location. The reason for this large ocutflow aft of transition
18 not clear at this stage of the investigation. Same possible factors
come to mind. It 48 possible that the steeper velocity profiles of
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turbulent flow could be more affected by centrifugal force. It 1s also
possible that the presence of the rotor hub could cause some radial out-
flow velocity because of its action as a crude centrifugal pump. This
latter action, however, should be confined to the innermost traces, and
it is doubtful whetner the hub influence could extend out as far as the
50 or 60% radius positions.

Particularly interesting traces are those at 80% R for 400 and 600
rpn. These indicate that a dual action exists. First, same ammonia
tends to move inward siortly aft of the nose, and the remainder moves
aft. It is apparent if a bubble exists, some new action 1s occurring
in the region near the bubble. Secondly, since the trace continues aft,
the flow must still be reasorably well attached to the surface and full
"stall" ha: not yet occurred. Because of the wide, rather fuzzy nature

of the aft trace, it would appear that a turbulent boundary layer exists.

The trace in this region tends to follow the circular streamline.

For several test conditions, the traces near the £ip move inwardly
relative to the reference circular streamlines. This action is consid-
ered to be similar to that reported by Tanner and Yaggy;® that is, the
motion 1s the result of the radial inflow on the upper surface induced
by the tip vortex. Substantiation comes from considering the 90% R
traces at 500 rom. As 6 increases from 5° to 15°, the inward motion of
the tip trace increases markedly. At low pitch angles, the tip vortex
ig weak; and with increasing 6, the vortex strength and the correspond-
ing spanwise inflow should also increase.

If we now consider the traces at the highest values of 9, 17°
and 20°, it is evident that a fairly regular cra.e pattern exists in
the more inboard traces. These traces are similar to traces at lower
vidlues of 6. The outboard traces, however, are more unusual and are
not consistent in their pattern. It appears that some type of "stall"
pattern has developed at the higher angles , although it does not seem
to be regular. As discussed previously, somewhat lower angles of
attack should exist in the inboard regions of the rotor blade, and
bence the stall may be delayed. It is also possible that actions
similar to those reported by Himmelskeamp for propellers mey be active.l”
In those tests, it was found that steady-state 1ift coefficients which
exceeded the values that normally would be expected could be reached

in the inboard reglons of the test propellers.

The outboard patterns of the traces at the high values of @
indicate both inboard and outboarc movement of the ammonia tracer gas.
It can be seen that some traces move directly aft along the blade
chord, indicating that the boundary layer may still be attached over
that particular spanwise region of the blade. A possible explanation
for the various inward and outward splkes lies in the nature of the
spanwise pressures near the nose of the blade. If one would consider
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the 60% R, 70% R, and 80% R traces at 9 = 17° and 500 rpm, it can be
seen that the middle trace at 704 R goes directly aft and apparently
the flow is attached over a large distance of the chcrd. Likewise, at
60% R the flow seems attached, The trace at 804 R is discontinuous
and moves inward in a marked fashion. The flow ncar 70% R appears to
be attached; and with a high angle of attack, very high peak negative
pressures will exist on the airfoil. Consider now the flow at the 80% R
radius position. If "stall" has occurred, the peak pressures near the
nose are drastically reduced. Thus the fluid particles containing
ammonia feel the effects of the low pressure inboard in the region of
70% R, This pressure differential causes a radially inward motion of
fluid particles along the edge of the separation line, &nd the inward
moving trace at 804 R results.

A similar argument can be used to explain the apparent unrelated
directions of the traces in the outboard regions of the blades at
other positions and test conditions. Local regions of stalled and
unstalled flow will exist simultaneously. It should be noted, hovever,
that the effects of the pressure gradient at these high angles of
attack are more significant than the influence of centrifugal force.
The similarity of the inward-moving traces and the outward-moving
traces, even in the presence of a very strong centrifugal field, tend
to indicate the predominant influence of the spanwise pressure gradient
under conditions close to stall.

Before concluding this section on the spanwise actions of the L-
inch blade in hovering, it is necessary to interpret some of the traces
where ammonia leakage occurred., A typical situation can be seen on the
traces for 500 rpm, 6 = 10°, and at 50% R and 60% R, Long, gray, dif-
fuse smears can be seen that appear to emanate from the actual boundary
layer traces. These smears are, unfortunately, the result of leakage
of ammonia vapor under the blue-line paper. The ammonia vapor would l
then tend to diffuse through the paper and develop the upper side of
the paper. Wherever such long, very diffuse smears exist, they should i
be discounted since they do not represent boundary layer behavior.

HOVER TESTS WITH 7-INCH CHORD BLADE

The series of tests of the T-inch-chord blade in the hovering
condition revealed ammonia-azo traces that were quite similar to those
found with the L-inch-chord blade. Data from a typical run are shown in
Figure 34, which depicts the trace at @ = 8° and 200 rpm., The orifices
are located at the leading edge and at 61.5% R, 74% R, and 874 R. The
similarity to previous results is apparent. However, a comparison
should be made with a higher rpm condition for the L-inch blade in
order to maintain similar Reynolds numbers.

Figure 35 illustrates the effect of increasing angle of attack for
the 7-inch chord-blade at 400 rpm. The general trends resemble those
found at 600 rpm with the smaller chord. The discontinuity movee
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Figure 34. Amonia-Azo Trace for the 7-Inch-Chord Blade at 61.5% R,
4% R, and 87% R, 6 = 8°, and 200 rpm.
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forward, and the width of the discontinuity becomes very short or dis-
appears completely as the angle of attack is increased.

It is interesting to note that at a 6 of 15°, no outward or radial
spike appears near the nose. Apparently, the transition to turbulent
flow occurs quickly without a significant bubble forming. The trace
in the laminar region extends only about } inch and is narrow and quite
dark. Then suddenly the trace becomes much wider and traverses the
surface toward the trailing edge in an increasingly diffuse pattern.
The traces after transition display another characteristic similar to
that found with the L-inch-chord blades. The outboard trace tends to
move gradually inward in the aft region, while the most inboard trace
tends to move outbnard of the circular arc streamline direction. At
LOO rpm and a 6 of 20°, it can be seen that traces exist only in the
region close to the nose of the airfoil. The traces at 6 = 20° indi-
cate a full chord separation.

In order to illustrate the effect of a change in speed on the traces,
Fgure 36 presents data for 6 = 5° at 200, LOO, 600, 800, and 1000 rmm.
The traces at 200 and 400 rpm are quite similar to each other, although
same evidence exists that the outward deflection of the trace moves for-
ward with the higher speeds. Above 400 rpm, the aft portions of the
traces become less and less distinct. Attempts to obtaln better defined
traces in the aft region of the chord were generally unsuccessful.
Various airflow rates and pressures of the ammonia system were tried,
and ammonia solution temperature was raised to boiling values. The
length of time of ammonia exposure was increased to several minutes in
same cases. The traces near the nose of the airfoil became quite dark,
but the aft traces in almost every case seemed to be relatively un-
affected by the variations in procedure. If the data shown in Figure 36
had been taken in the region of high o, and if full trailing-edge separ-
ation had occurred, then the lack of effect on the aft traces might be
readily explained. At present, it can only be speculated that at the
higher speeds, sufficient turbulent diffusion is taking place to carry
.the ammonia into the free stream rather than to the surface.

The final data to be considered fram the 7-inch-chord hover tests
1llustrate the influence of a change in speed at a high pitch angle.
Figure 37 presents traces for 0 = 15° at 200 rpm and 40O rpm. It can be
seen that distinct A patterns are formed near the leading edge at 200
rpm, whereas the patterns are not present at 4OO rmm. It would seem
that at the higher speed, the Reynolds number has increased sufficiently
to allow transition to turbulent flow to take place Just ahead of, or
just at, the bubble. Thus no pattern appears. In such a case it would
be expected that stall should tend to occur in a classic fashion with
gradual turbulent separalion progressing from the trailing edge. Exami-
nation of Figure 35 for 9 = 20° reveals, however, that the separation is
camplete across the entire chord. Because traces are not available for
small step increments of 6 between 15° and 20° for this airfoll, a better
determination of the nature of stall during rotation for this case can

not be made.
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DISCUSSION OF STALL

In view of the nature of the ammonia-azo traces found and the
possible existence of a standing bubble, it is considered logical to
examine the nature of ordinary two-dimensional stall, Three types of
stall are considered to exist.

1. Trailing-edge stall (preceded by movement of the tur-
bulent separation point forward from the trailing edge
with increased incidence).

2. Leading-edge stall (abrupt flow separation near the
leading edge, generally without subsequent reattachment).

3. Thin-airfoil stall (preceded by flow separation at the
leading edge with reattachment at & point which moves
progressively rearward with increasing incidence).

The sequence of events preceding "leading-edge stall" is of interest
since, accordin§ to Crabtree, this type of stall is associated with a
"short" bubble,*® '

At a fixed free-stream Reynolds number, "leading-edge stall"
occurs when, as the angle of incidence is increased, the bubble grad-
ually contracts. However, upon further increase in incidence the
bubble suddenly "bursts" and the flow may or may not reattach to the
airfoil surface. Reattachment further downstream will create & much
larger bubble than before. Close examination of Figures 31 through 33
reveals that, as the pitch angle increases, the discontinuity moves
toward the leading edge and its length tends to decrease until
eventually, at the outboard location, the trace abruptly ends very
near the leading edge.

Reexamination of Figure 22, which correlates the discontinuity
length with pitch angle, reveals that the decrease in discontinuity
length with increased pitch is very suggestive of the events preceding
leading edge stall. Recently, Crabtree’® snd Gaster'? have given
evidence that one of the controlling factors of bubble behavior is
that of the pressure difference across the bubble. It is generally
known that a characteristic of most separated flows is that of a con-
stant pressure region. The pressure difference referred to by these
investigators is that which would occur along the length of the bubble
in the absence of the bubble. Typical pressure distributions with the
presence of a bubble are shown in Figures 38 and 39. The chordwise
location of these bubbles can be detected from the small step in the
pressure distribution where the pressure remains epproxiiately con-
stant aft of the pressure peek. Direct comparison with the ammonia
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traces cannot be made since the airfoil section, Reynolds number, and
incidence angles are not the same and since no pressure data were taken
in this study. However, the pressure distribution across the trace
discontinuity is expected to follow the same trend as that seen in
previous figures.

One of the major concerns in this study was the low Reynolds numbers
attained. The maximum Reynolds number at which a discontinuity in the
flow was observed was about 6.3 x 105, This is much smaller than that
found on typical full-scale helicopters near the rotor tip. However,
in Figure 40, the pressure distribution at the 75 and 55% radial posi-
tions of the UH-1A helicopter in hovering is presented.l® The results
show a pressure-step pattern very similar to those in Figures 38 and
39. The free-stream Reynolds number at the blade tip for this flight
test was 5.8 x 10°.
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RESULTS OF FORWARD FLIGHT TESTS

The T7-inch-chord blade was operated in the flow channel at three
advance ratios to determine the nature of the ammonia-azo traces in a
simulated forward flight condition. Advance ratios of u = 0.2, 0.25,
and 0.30 were run. Rotor speeds included 500, 650, and 800 rpm. The
armmonia valve was set to operate at various positions around the azimuth,
The azimuth angle at which the poppet valve was open was the same
throughout the series of tests and corresponded to that used in the
static evaluation of the ammonia valve system. Runs were made on days
of uigh humidity. The ammonia flow conditions for almost all the traces
were: a flow rate of 0.04 cfm, 2-3 psi line pressure of the NHy gas, and
2 minutes duration. In same cases, repest runs were made to verify the
traces obtained. The data obtained are presented in Figures 41 through
45, which summarize the traces obtained; the conditions are listed in
the table on page T71. All test conditions listed utilized a mean hover
1lift coefficient of Cry = 0.6, and the flat plate area for the equiva-
lent helicopter was adjusted for each rotor speed used. It should be
noted that only the outer two traces were active. The inboard orifice
line became disconnected within the blade during the forwvard flight runs
and could not be repaired vithout major rework.

Consider Figure 41, the 500 rpm case, and the u = 0.20 condition.
It can readily be seen that the traces for y = 0°, 90°, and 180° are
reguler aend indicate attached flow. No clearly delineated A patterns
or splkes appear in the traces to indicate the presence of any boundary
layer bubble. At 0°, the two traces indicate a slightly outboard motion.
This is expected since the crossflow at this azimuth is radially outward.
Some small indication of a change in the shape of the trace is evident
at about the 20% chord position of the airfoil, but no clearly defined
discontinuity exists. At 90°, the long traces are regular and indicate
some increased inward curvature near the tralling edge. It is of inter-
est to note at this position (90°) that additional short traces amanate
from the orifice which do not seem to be related to the main trace. The
exact reason for these additional traces is not clear. At the 180°
position, the two main long traces at 4% and 87% indicate an orderly,
well-defined flow over the blade surface. It should be noted that these
traces, particularly the more inboard trace at 7&%, show a strong ten-
dency to turn more rapidly inward near the trailing edge of the blade.
The large inward curveture of the entire trace is considered to result
from the cambined effect of the forward velccity plus the rotation.
That is, it simply reflects tlie usual net flow in the form

Vg=f0r+Vesiny

The reference trajectory based on this equation is shown with each
trace.
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8imulated Yorwvard Fli Treces at 500 rpm and
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Fig. 42 - Simulated Forward Flight Traces at 650 rpm and Every
90° Azimuth. r/R = .74 and .87
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Figure 43. Simulated Forward Flight Traces at 800 rpm and
Every 90° Azimuth. r7R = .74 and .87

68




\

e 2 = I A— e ]
e
e i - 4 : TS el
, ; .
K — K 4[ | \\\\\\ I ‘ -~
. SRV S ] e
120° 150° 180° 210°
— — | v 1 = ———/=— [— S
| e ol e N
_________ ) P S ',( N
| |
—_— A J — = | e

240° 270°  300° 330°

Figure L4. Simulated Forward Flight Traces at 500 rpm, u = 0.3,
and Every 30° Azimuth. r/R = .74 and .87

69



L S
Py
~
=
. -
-y
,”
b
-
-
P
2 i., {
y —
Y

—

I150°

240°

Figure 45.

I80°

270°

70

300°

r/R= .74 and .87

330°

Simulated Forward Flight Traces at 650 rpm, p = 0.3,
and Every 30° Azimuth.

A N e gl A Ml e .. A il 10 -




i
i
v
Y
|4
i
¥

FORWARD FLIGHT TEST CONDITIONS

Rotor Speed Azimuth of Pulse
Figure (rpm) Advance Ratio (degrees)
41 500 0.20, 0.25, 0.30 0, 90, 180, 270
L2 650 0.20, 0.25, 0.30 0, 90, 180, 270
43 800 0.20, 0.25, 0.30 0, 90, 190, 270
Ll 500 0.30 0 to 360 in 30° increments

45 650 0.30 0 to 360 in 30° increments

If one considers one of the primary results of McCroskey's analy-
sis of rotor boundary layers (i.e., that the boundary layer direction
is largely dominated by the potential flow), then the traces obtained
are reasonable and consistent with McCroskey's conclusions.? That is,
the long, continuous traces mark the direction of the local potential
flow above the boundary layer. NHz gas that has been injected into
the airstream at the nose of the airfoil may penetrate into the free
stream. As this gas is carried along by the free stream, and as the
blade moves by at Qr, the free stream particle motion (the particle
contains some NHs) describes the trajectory due to the net velocity,

r + V sin §y. If the flow is attached to the surface of the blade,
some of the NHz can diffuse to the surface of the blade, react with
the coated paper, and leave the trace. Thus, it appears that the long,
continuous traces are indicative of the trajectories of the free-
stream particles as well as the attached flow. Based on the foregoing
reasoning, it is suggested as a preliminary hypothesis that the addi-

tional short traces may be due to NH; gas which remains in the boun-
dary layer aft of the point of injection.

A more obvious possible explanation of the secondary traces at
the nose would be that they are caused by valve leakage. If that
were indeed the case, then similar traces would have been found at
the 0° position, where none can be seen. Also, other tests with the
valve open continuously indicated that a more fanlike trace exists.

If we next consider the 500 rpm, p = 0.20 trace at ¥ = 270°, it
is obvious that the trace at 74% R is no longer similar to the pre-
ceding traces. Instead of being relatively continuous and well
defined to the trailing edge, it exhibits the tendency to spread
rapidly from the orifice as it moves aft. The trace then becomes very
diffuse and does not reach the trailing edge of the blade. If one
now examines the corresponding 270° traces for increased advance
ratios in this same figure (u = 0.25 and p = 0.30), it is apparent
that these traces also do not extend aft in the consistent fashion
shown previously. Additional runs using longer exposure times did
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not provide any well-defined traces over the aft portion of the
blades at the various advance ratios.

In considering these retreating blade traces, one notes immediately
the absence of the circular arc shape found in the trace at 90°; in
addition, the traces at the higher advance ratio show rather clear tend-

‘encies to move outward along the blade span. All traces seem to be

reasonably well defined over the forward portion of the chord and extend
to at least the 50% chord point; at p = 0.20, they extend further aft
than this. If one recalls the trace stall patterns on these blades in
the hovering condition as indicated in Figure 35 or those for the 4-inch-
chord blades, it was found that at high angles the traces were discon-
tinuous. The traces turned sharply inward or outward near the leading
edge. Such stall trace patterns would tend to predict a "leading edge"
stall with fully separated flow over the blade surface. Generally no
traces, diffuse or otherwise, appeared after the "stall discontinuities"
in hovering. Examination of the retreating blade traces in Figure 41
reveals that the traces move aft in a rather orderly though diffuse
fashion. This indicates that the airflow remains attached over the
forward portion of the blade chord on the retreating side, even though
high angles of attack were reached. The angles of attack for the re-
treating blades in Figure 41 (u = 0.3), as calculated from simple theory,
are 12.5° at T4% and 13.6° at 8T%.

It appears that the nature of "stall" is different in the retreat-
ing blade case from what it appears to be for the hovering case. At
the Reynolds numbers used in the tests, stall in hover seems to result
from a leading-edge separation, analogous to a sharp-edged airfoil stall.
In the retreating blade case, the stall may be similar to the "soft"
stall which occurs with gradual separation of the turbulent boundary
layer from the trailing edge. It is not possible with the data avail-
able from the present work to comment on the possible effects of high &
on the nature of the ammonia-azo traces.

If one next considers the traces in Figures 42 and 43, it can be

observed that the general patterns of all the traces at any particular
azimuth are quite similar to those at the p = 0.20 and 500 rpm case.
The curvatures and secondary traces may change somewhat, but no markedly
different actions are found. Plotted on the traces are the free-stream
trajectory lines. It can be seen that the ammonia traces tend to follow
these trajectories.

Figure L4 for 500 rpm and Figure 45 for 650 rpm present traces for
B = 0.30 taken at 30° increments around the azimuth. No really new
phenomena are indicated, but the figures serve to prdvide a picture of
how the traces vary around the azimuth. Considering Figure 45, follow-
ing the Th% trace and starting at y = 0°, it can be seen that at ¥ = 0
the trace is relatively short and well defined and moves outward. At
v = 30° it is located somewhat outward from a circular arc. The traces
from 30° to 180° are regular and consistent. There appears a gradual
onset of the secondary short trace from the orifice. 1In the forward
quadrant, the secondary trace becomes more predaminant; by y = 2h0g,
it is of equivalent magnitude to the original primary trace. The
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retreating side of the disk tends to show only short diffuse traces
tending to move outwardly. The pattern of the traces around the azimuth
when viewed as a whole seems to be consistent.

To study the possible nature of the actions at 270° for higher
advance ratios, tests were made at 650 rpm with the pitch angle increased
to 15.5° and with a negative (forward) shaft tilt of 15.5°. Figure Lba
utilized an ammonia gas pressure of 3 psi for 3 minutes, and Figure 46b
illustrates the trace for a pressure of 0.5 psi for 3 minutes. The
high-pressure trace is darker and more diffuse in the aft portion of
the trace, but there is little significant difference between the two
traces. These traces closely resemble the previous y = 270° traces for
lower blade loadings. The primary reason for using the two flow pres-
sures was to determine if a change in the ammonie flow out of the orifice
would result in a substantial change in the trace pattern. At least
from these tests it did not.

Figure 47 illustrates the trace obtained by using the same pitch
angle and tilt as in the last figure but for an advance ratio of 0,3k.
This trace has the same esppearance as the others taken at ¥ = 270°, It
seems likely that the flow is attached near the nose of the airfoil
and may possibly be separating on the aft portion.
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u=0.34

Forwvard Flight Trace at High Advance Ratio
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CONCLUSIONS

The use of the ammonia-azo trace technique provided a valuable
insight into the nature of the boundary layer of a hover rotor. The
technique itself is simple and inexpensive to use and could well be
applied to other fluid flow visualization needs. The particular dis-
continuities found in the traces are believed to indicate the presence
of a standing "bubble." The discontinuities were found to move for-
wvard with increasing Reynolds number, and their width would decrease
vith increased pitch angle. This behavior is similar to that expected
for bubbles on two-diuensional airfoils. Of particular interest is the
fact that such bubbles may exist over a wide range of Reynolds numbers,
since evidence was found which indicates the presence of such a bubble
on & full-scale helicopter rotor in hovering. The ammonia-azo traces
at high pitch angles indicate that the stall of the NACA 0015 airfoil
in hovering tends to become similar to :ne "sharp leading edge" type
of stall.

On the other hand, the forward flight traces on ‘he retreating side
indicate that the flow remains attached over the front side of the air-
foll, even at high angles of attack. Thus, it would appear that retreat-
ing blade stall initially, at least, occurs as a classic trailing edge
gradual separation. In a qualitative way, then, this finding tends to
agree vith the concept that the stall of the retreating blade is delayed
because of a effects. It is also very interesting to note that no indi-
cation of any separation bubbles could be found from close examination

of the forward flight ammonia traces. Whether this absence of a bubble
is a result of the short characteristic time involved in the boundary
layer around the rotor or of same gross turbulence effects is not known
at this stage of investigation.
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RECOMMENDATIONS

Because of the utility of the ammonia-azo trace method, it is
believed lcgical to use the technique at significantly higher Reynolds
numbers in hovering. The existence of standing bubbles and their nature
is sensitive to Reynolds number, and thus the study should attempt to
reach Reynolds numbers approaching those used on actual full-scale
rotors. Concurrent with such work, more precise instiumentation using
boundery-layer probes or hot-wire probes should be used in conjunction
| with the ammonia technique to determine the local flow patterns in the
! ' neighborhood of the trace discontinuity. Surface pressures should also
3 he measured to determine if the expected "flat spot" on the chordwise
i pressure distribution occurs near the discontinuity, as would be ex-

f pected for a two-dimensional bubble.

The range of advance ratios used in any future testing should be
increased up to .t least a value of yu = O.4, and higher if possible.
Coupled with this should be higher blade loadings.

A particularly important facet of any new ammonie trace work
should include releasing ammonia out of a matrix of surface holes
j distributed both spanwise and chordwise. I1If short ammonia release
] times were used, a picture of the velocity direction over an entire
region of the blade surface could be cbtained.

The ammonia trace technique could also te applied to the evalua-
tion of airfoils other than the NACA 0015. Typically, airfoils such
as the NACA 0012 and NACA 23012, or modifications to them, could be
studied to determine whether standing bubbles exist. Of specific
interest to the airfoll designer would be the effect of now droop on
the existence of the bubble.

The smmonia trace technique could also be useful in studies of
the flow near tlic tips of rotor blades. If the ammonia is injected
into the surface flow, it will be carried along by the vortex roll-up
and could leave a trace of the direction of the local flow. This
could provide a useful tool in the study of the flow around various
tip shapes.
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APPENDIX
B IA ROB

An exploratory study of the possible use of ordinary claw type
pressure probes was underteken to determine whether such probes could
provide an indication of the flow in the boundary leyer of the model
rotor blade. Figure 48 illustrates the experimental installation of
the probe. The claw probe itself was fabricated of 0.04O" 0.D. and
0.030" 1.D, stainless-steel tubing. The two forward-facing arms of
the probe are simply open-end, total head tubes whose axes are at 90°
to each other and 45° to the main axis of the probe. During installa-
tion, the main axis was carefully aligned in the chordwise direction of
the rotor blade. The arms of the probe were connected by means of
small-diameter tubing to a differential inclined manometer. If the air
flcw moves directly aft along the blade chord and along the main axis
of the claw probe, then the impact pressure in each arm is the same
and no differential pressure will exist. If the airflow is inclined
from the axis of the probe, a differential pressure will occur and this
can be read on the inclined manometer. The probe itself was located
directly in contact with the surface of the blade and hence would tend
to give an indication of flow at a height of 0.020". It must be recog-
nized that eny boundary layer probe of finite dimension will be subject
to errors due to shear flow at low Reynolds numbers. However, it is
believed that differential readings can provide valid data on the nature
of flow inclination relative to the chordline of the blade.

A question may arise as to the effect of centrifugal force on any
readings taken with a pressure gage located out on a rotor blade. 1In
this present work, the ends of the arms of the probe are essentlally at
the same radial position, and the centrifugal pressure change in each
pressure lead will be the same. Thus, by measuring differential pres-
sure; the effects of centrifugal force are essentially cancelled out.

Because of the inherent time lag, such as that found in a pressure
system of this kind, valid data can be taken only in a hovering condi-
tion where steady-state conditions can be reached. Consequently, no
attempts were made to take pressure measurements under forward flight
conditions.

In order to use the claw probe, it was necessary to calibrate the
probe as mounted on the blade surface. This cali ration was accomplished
by mounting the blade on the rotor drive stand in the rotor wind tunnel
and yawing the blade through a series of positions. The arrangement is
illustrated in Figure 49. The tunnel speed was established, the blade
angle was set to 0°, the tlade was positioned in yaw relative to the
air system, and a reading of differential manometer pressure was
taken. In order to allow the deta to be useful at various air speeds,
the data obtained were nondimersionalized by dividing by the dynanic
pressure. The calibration curve of the claw probe is shown in
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Figure 50. It can be noted that the central portion of the curve is
quite linear. As a consequence of this, the modified calidbretion curve
shown in Figure 51 was prepared for use in reducing the pressure data
taken during test to effective angle of flow.

A test was then run with the model rotor in a hovering condition
with the blade angle at 0°. A range of rotor speeds up to 500 rym wes
covered. The differential pressure readings are shown in Figure 52.

The curve gives a strong indication of being parabolic in form. The
data points were nondimensionalized and are presented in Pigure 53. If
there were no effect of rotation, then the points should tend to fall

on a horizontal line. The data points in this figure indicate a slightly
decreasing differential pressure with increasing speed. It should also
be noted that the average pressure is positive, indicating that the fluid
pressure is greater in th: ovter arm of the clav probe. Using the modi-
fied calibration curves of Figure 51. the foregoing pressure data were
converted to flow angle ard are preosented in Figure Si. The data points
in Figure 54 seem to indicate that a significant outflow exists. The
data also indicate that there is a decreasing outflov angle with in-
creasing speed of rotation.

Because of the exploratcry nature of the tests conducted and the
very limited effort expended using probes as contrasted to the extensive
efforts using the amnonia technique, it is not considered possidble to
draw any significant conclusions fram the probe data. It does not seem
likely that a flow angle of approximately 10° exists as a general rule
on the model blade. The reason for the apparent 1C° angle would seem
to lie in the instrumentation and prrcedure. If such an outflow angle
does indeed exist, it is believed that it must be rather local in its
effect. This conclusion is based upon the results of the ammonia trece
work reported in the body of this report. However, the data obtained
with the probe are reported in this appendix for campleteness. It is
believed that further work with pressure probes should be conducted,
particularly in conjunction with hot wire or hot film proves, in order
to determine more precisely boundary layer flov direct:on.
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flight Jata were obtained; however, efforts were concentrated on hovering when
unanticipated boundary layer behavior was revealed. The primary flow visualization
technique involved the use of ammonia injected into the boundary layer at the leading
edge. The blade surface was chemically coated, and as the ammonia moved with
the local airflow, it formed a trace on the surface indicative of the boundary layer
flow. The hovering traces initially moved chordwise along the surface and then
abruptly turned outward. A short distance later, the traces moved inward and then
continued aft along the blade in a sumewhat diffuse pattern. Similar traces werc
found over wide ranges of pitch angles and rotor spdpds. It is hypothesized that a
standing laminar separation bubble exists on the blade surface aft of the peak pres-
sure position. No indication of any separation bubbles could be found on the forward
flight traces.

An exploratory study of the possible uses of ordinary claw-type pfeuure probes was
undertaken to determine whether such probes could provide an indication of the flow

in the boundary layer of a model rotor.( )
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