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ABSTRACT 

An experimental study was conducted using flow visualizatio« 
techniques to investigate the nature of the boundary l^yer on a 
helicopter rotor. Hovering said forward flight data were obtainedj 
however, efforts were concentrated on hovering when unanticipated 
boundary layer behavior was revealed. The prifflary flow visualiata- 
tion technique involved the use of ammonia injected into the 
boundary layer at the leading edge. The blade surface was chemi- 
cally coated, and as the aumonia 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 somewhat diffuse pattern. Similar traces were found over wide 
ranges of pitch angles and rotor speeds. It is hypothesized that 
a standing laminar separation bubble exists on the blade surface 
aft of the peak pressure position. No indication of any separa- 
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 fundamental limitation on the performance and utility of the 
helicopter is related to the onset of "stall" on the retreating blades. 
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 tne 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 physical 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.1 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 increased. 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 lift and 
drag analysis of rotors has been questioned.2 Ordinarily, in calculat- 
ing the lift 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 primary 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.3 Tip vortex-induced flows exists.4 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, 
and reversed flow occurs in the inboard regions of the retreating blade. 

«ygMMX? *****'' 
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Very rapid angle-of-attock change« occur, which can lead to unuiual 
pressure gradient actions In the boundary layers.3   Periodic stall 
flutter on retreating blades ha« also been subject to recent Intensive 
study.8 

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.    Greater understanding of the bound- 
ary layer actions would aid those efforts to produce better airfoils 
for helicopters, or those programs which 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 stut'y 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.    Aa the studies on 
flow viiualization 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 vfill be presented in the following sections. 



The experimental phase of the work included studiea of «ultftblef 
flow-measuring methods as well as the development of the rotor and flow 
channel test apparatus* Initial efforts were directed toward obtaining 
a satisfactory method for flow visualization* 

BOUNDARY LAYER FLOW VISUALIZATION 

The lack of experimental data on the rotor boundary layer ii largely 
due to the compound problems of boundary layer measurement and Instrtaaen- 
tation in a centrifugal field* Meaningful boundary layer measurements 
must be made at heights on the order of 0*010 inch, thus Iflposlflg many 
practical problems on the experimenter* In addition, large centrifugal 
forces are present, being as high as hOOO g's at the tip of a typical 
tail rotor,4 Many materials used for flow visualization are unsatlfl- 
factory for use in centrifugal fields because !*helr densities, quite 
different from that of air, cause them to experience a greater outward 
force. Wool tufts, some chemicals, smoke, and oil are cowaon vlsualläBft- 
tion devices, but they may be unreliable for flow visualization In high 
centrifugal fields* They also tend to average out potentiaUy li«$wtaiit 
actions in the boundary layer* Subliming chemicals, such as acenaphthene, 
are useful for locating transition lines* Some studies of flew direetlen 
have been conducted using these chemicals with vortex or disturbance 
generators* These vortex generators act by triggering a local turbulence 
behind the generator, and this turbulence tends to move back with the 
local airstream. This resulting turbulence causes an accelerated rate 
of sublimation of the chemical coating* The region from which the coat- 
ing is removed indicates the direction 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 
(15^29), and questions can arise as to the proper Interpretation of 
the turbulence trace when they are used to indicate flow direction In 
high "g" fields. 

It 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 basic 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, react with a chemically 
coated surface of the rotor blade airfoil In such a way that the trace 
made on the surface, if visible, would provide an indication of the 
local flow direction* Several chemicals were considered In a prelimi- 
nary screening process* The following Is a listing of some tf the chem- 
icals considered* In all these cases the reaction of the chemicals to 
NMa was considered and is listed with the chemical. 



Methyl Red - «lowly tumea yellow 

tirmphertyl ßlue - turned blue quickly with a very dlatinct trsue 

fhyml Blue - turned purple but the trace was not sharply defined 

Although these chemicfll» indicated some promlfle for use as surface 
eotttlngg, It was decided to investigate the possible use of the ordinary 
blue-line er "Ofcalld" blueprint reproduction method, In this method 
the "blueprint" paper has been coated with a chemical which reacts 
quickly to aaiiiionla vapor. If the paper Is exposed to ammonia, its color 
changes from yellow to a blue-black color. The use of pretreated paper 
and a technique as proven as the "Ozalld" azo method appeared to be very 
«ttmjtlve, and an intensive study was starred. In addition, since the 
«elecular weight of «atnonia Is close to that of air (a ratio of 17!29)> 
It should not be affected markedly by the centrifugal force field, 

niiidonla-Ago Streak Process 

Literature review revealed that the anmonia-azo method of flow 
visualisation was first used by Ruden in 1937 and more recently (in 
196^) by Johnson in the study of centrifugal compressors.6 The chemis- 
try of the reaction involves the joining of a diazonium salt and a 
naphthol coupling component to form a diazo or azo dye. The reactants 
are yellow, and the products are a dark color. For this reaction to 
proceed, a basic pH Is necessary and  e ammonia provides this. A 
typical reaction Is shown in Figure 2, 

In the actual use of the amtBonia-azo process, the chemically 
coated paper was fastened to the «urface of the airfoil being tested, 
Either rubber cement or double-sided tape was utilized. Ammonia vapor 
was released through small orifices located at the surface. The paper 
was pricked at these orifices to allow the passage of the ammonia. 
During the major portion of the test program, the ammonia vapor was 
produced by bubbling air through an ammonium hydroxide solution. The 
vapor was then carried through plastic 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 diagram of the aiomonia-feeding apparatus, the hover stand, and 
the airfoil Is shown in Figure 3. The setup is seen to be a fairly 
simple one. Metering was used, and the pressure was regulated to assure 
a low exit velocity of ammonia to prevent disruption of the boundary 
layer at the ammonia orifice. The pressure level in the reservoir was 
h«ld| In most cases, to a few Inches of water pressure. In the higher 
rotor speed runs, reservoir pressure of the air supply had to be raised 
to values as high as 2 feet of water In order to obtain the desired 
traces on the rotor airfoilj during pulsed valve operations, the line 
pressure of WH3 was held at approximately 3 psi. 
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After injectlo« Into the boundary layer, the aamonla 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 on the paper, which should be indicative of 
boundary layer flow, 0uch 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 other 
pressure transducers to study the flow field on the surface, 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 cowplete region. The ammonia trace tech- 
nique, however, provides information all along the path of the amtuonla, 
and fairly large regions of flow can be studied with a few traces. 

Since 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 solenoid to control the ammonia 
efflux was installed underneath an MCA 0012 airfoil. The airfoil and 
solenoid were mounted in a two-dimensional, low-turbulence wind tunnel 
with an ammonia generator similar to that shown in figure 3. Tests 
were conducted using a Reynolds number of h,22 x 105 and a free-stream 
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 airfoil 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 diffuse toward the rear 
of the airfoil. No sharp demarcation occurred along the traces in the 
chordwise 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 w is found 
that good traces couxd be made in 200 ms without greatly sacrificing 
the length of a trace. (The average trace length on the 7-lnch chord 
was 3 Inches at 0 ■ 0',) Traces were discernible with valve speeds as 
great as 50 ma, but these were faint and were not consistently obtain- 
able. 

Heat and moisture accelerate the formation of dlazo dye, and some 
tests were run 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 Is 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 
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critlciflin Is that no boundary layer proflUi are obtalnad btcaua» only 
the flow direction itnmedlately next to the aurface ia rtcordad. Illli 
could lead to confuelof If the flow had a reveraal, aa ahown In ftfura li, 

In spite of the disadvantages naned, 'h.s proctaa flvta ticalltnt 
records of flow paths and at a very low coat. Thoufh not aophittleaitd, 
the method can prove very useful Information and can aarve M ih§ prt» 
llmlnary to more intricate teating methoda. 

Chemical Sublimation Method 

To provide for a reference between data taken In thia ai"tf|r and 
data from other investigations! several chemical sublijaat^on iaata wara 
run. The use of chemical sublimation In locating the point of tranal* 
tlon between laminar and turbulent flow over an alrfbil haa ba«n vtli 
established and documented by reaearchera in the ho1»  and early jO'».7 

Chemicals considered during thia study Included dissolved blphtnyl| 
fluorene, and acetiapiithene. The most aatlafactory technique utillied 
a 10-percent solution of acenaphthene [CioHeCC^)«] dlaaolred Ir ace- 
tonp, which was sprayed on the airfoil aurface. Care waa exarolaad to 
ensure than an even layer of the chemical waa deposited over the aur- 
face. If the coating is uneven, it is possible that a mialnitrprffia« 
tlon could result. The sublimation time of the chemical coating la a 
function of the temperature, humidity, free-stream velocity, and tur- 
bulence of the flow. The turbulence la a particularly important factor 
in the rate of sublimation, and it is this rapid removal of the coat lag 
due to turbulence that makes the sublimation technique valuobla. 

HOTQB BUDE  TE8TS 

Two major series of tests were conducted using the amsKinla-aao 
technique on rotor blades. The first sequence, which wae quite eaten- 
slve, Involved rotors in a hovering condition, and the aecond aequance 
involved a rotor In forward flight in a large flow channel. 

Hover Tests With ^-Inch-Chord Blade 

The Initial tests using the trace technique were conducted uaing a 
two-bladed teetering model rotor mounted on a hovering teat rig. 
Figure 5 shows the test rig with the model rotor mounttd. Th« rotor 
utilized a 6-foot-diameter NACA 001^ blade section with saro tvlat, and 
a 'i-itich chord. The pitch angles could be adjusted over a wld« range. 
The blade was constructed using a steel tubular spar aa the primary 
structural member, with a pine leading edge, a 1/32-inch-thick plywood 
chordwlse web in the aft portion of the blade, •«ml balaa wood block« I,« 
fill out the contour. The oroas section of the b'.ad» la llluatratod In 
Figure 6. The ammonia vapor for tha hover teata saa ganeratad In a 
manner analogous to that described previously. Air Tram the laboratory 
high-pressure air supply was passed through a cooaMrclal-gaa regulator 



Figure k.    Flow Reversal in a Boundary Layer. 
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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 amnonia 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 a rotating transfer ring at the base of the rotor 
stand drive shaft. The anmonia-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- 
amnonia mixture to the desired location. Two techniques were used to 
duct the ammonia from the spar to the orifice. In 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 72fo 
radius 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 "Ozalid" 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 rpra of the 
rotor had been reached, the bypass valve was actuated and ^he ammonia- 
air mixture was allowed to pass out the lines to the orifices in the 
blades. The time for malting 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 anmonia 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 simultaneously with a given flow rate and air pressure set- 
ting. Consequently, several of these testa 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 + 25c were covered. 

12 



Tests With 7-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 anmonia- 
azo traces on the retreating blade over a limited angle of rotation of 
the blade. 

To accomplish the testing on a retreating blade, it was decided 
to 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 ^0 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 interpretation 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 azimuthangle over 
which the ammonia would be emitted was planned to be variable. 
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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 from 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 a 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 oase 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^, lH,  and 07%  radius. 

VALVE SYSTEM 

The valve to pulse the ammonia 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 too heavy 
for the rotor application. 
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Figure 7. 7-Inch-Chord., Single-Blade Rotor 





Mechanical valve arrangements were then considered. Two types of 
valves were designed and tested} i,e,, a spool valve and a poppet valve, 
The poppet valve seemed to provide better results and was used for the 
majority of the forward flight tests conducted, A schematic of the 
overall valving arrangement is shewn in Figure 9» Ihe valve system is 
composed of the following elements! a poppet valve in the blade, a 
pivot link at the center of rotation, and a cam assembly at the bottom 
of the rotor mast, The operation of the unit can 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 engages the cam roller 
follower, moving it outward, The cam roller motion causes the rocking 
link to push up on the push rod slider, which in turn drives the main 
push rod upward. The pivot link then acts to pull the blade valve rod 
inward, which unseats the poppet valve, This in turn allows ammonia 
vapor to flow through the valve and to the orifices located in the 
leading edge of the blade. 

In order to evaluate the performance of the entire valve system 
ammonia flow system, a breadboard setup was designed and constructed 
(see Figure 10), In this test arrangement the actual valve drive com" 
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 also 
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 ammonia supply is released through the valve 
each time the cam lobe strikes the follower, The ammonia vapor 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 cam, 
the short puffs of the amnonia released by the valve describe a 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 steel main push 
rod with a hollow, large-diameter aluminum tube, Tests using a 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 satis-
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, 

HOVER TEST STAND 

The hover test stand used in the initial tests of the Û inch-chord 
blade and the sublimation tests shown in Figure 5 consists of a heavy 
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base «upport and a rigid Btationary stand pipe. The rotor drive shaft 
li hollow and runa through three sets of bearings, The drive system 
consists of a dc eledtric motor connected by a "V" belt to the bottom 
of the rotor shaft. The «unmonia transfer ring is located Just above 
the pulley. The tachometer is located at tha 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. It is beleived that the rotor airflow is 
not affected significantly, insofar as boundary layer studies are con- 
oeined, by either the ground plane or the presence of the fence enclo- 
sure. The speed control of the rotor was achieved by means of variable 
armiture and field resistors. 

FLOW CHAIOTL 

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 fps was designed and fabricated, A schematic of the 
channel is shown in Figure 11. In this arrangement, the air enters 
from the left and passes through two screens. The first screen is 
l/h-inch mesh hardware cloth used as a safety screen to prevent inad- 
vertent entry of foreign objects into the flow channel. The second 
screen is a 16-mesh stainless-steel screen incorporated to provide some 
reduction in the turbulence of the tunnel. The air then is accelerated 
through a convergent entrance section prior to entry into the test 
section. The test section is h  feet high, 8 feet wide, and 8 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 into the fan assembly, following 
the fan, the air is passed through a conical diffuser and Is exhausted 
into the test room. The fan assembly consists of a set of variable 
inlet vanes, the rotor of the fan, a 150-hp ac motor, and a set of 
stator blades. The fan assembly Is a commercial axial-flow fan designed 
for Industrial drying or cooling tower operation. It was chosen for 
the flow channel because of a combination of low cost and ease of 
installation and operation. The airflow rate and corresponding tunnel 
velocity is varied by controlling the blade angle of inlet guide vanes. 
Such angle control is achieved by means of a reversible electric motor 
drive connected to the vanes. 

The return air pascas both through the room in which the flow 
channel 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. In this 
manner, an adequate airflow and suitable air exchange are provided. 
The design test section speed of 100 fps was readily reached with a 
significant reserve capability in flow rate and power still remaining. 
The assembled flow channel is shown in Figures 12 and 13. 
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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 
broad 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 1^- 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 stationaxy 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 
above 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 ring was located below 
the base of the stationaxy 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 conmerclal high-pressure tank 
of Nil-, was produced.    A needle valve was installed on the tank to meter 
the amount of amnonia, 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 NH3 gaseous system, the traces were 
obtained more consistently.    In order for the aimonia-azo reaction to 
proceed properly, it Is necessary to have sufficient moisture and 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 NH3 gas technique were a flow rate 
of 0.0^ 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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EXPERIMEMTAL PROCEDURE 

EXPERIMENTAL PROCEDURE FOR 7-INCH-CHORJ 
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 h- 
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. Ammonia traces were run both with the blade valve 
operating and with the valve bypassed. The purpose of using the valve 
during the hover tests was to evaluate the overall operating character- 
ietics 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 valve discussed previously. When the poppet 
valve was installed and tested in a hovering state, it operated satis- 
factorily. Good ammonia 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 bypassed. The purpose was to ascertain if 
boundary layer behavior would be similar to that of the U-inch-chord 
blade during hovering tests. The techniques of supplying ammonia and 
applying the sensitive paper and the general conduct of these tests was 
essentially the same as those with the It-inch-chord blades. The method 
used was the bubbling of air through the NH4OH solution. The outside 
weather conditions in all of the 7-inch-chord hover tests were hot and 
humid, and consequently good traces were obtained consistently. 

The test sequence included a blade pitch angle range of 9 = 0° to 
0 ■ 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 and thus obtain a complete set of traces by conducting 
several runs. The ammonia flow rates ranged from O.03 cfm to 0.10 cfm, 
and pressures of up to 2k  inches of water were used. 

METHOD OF FLOW CHANNEL OPERATION 

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

First a flight condition was selected. A computer program for 
various rotor thrusts and gross weights indicated the necessary values 
of pitch angle and shaft tilt angle. The blade pitch angle was set, 
and then the mast angle was set using a precision clinometer. The 
rotor was then brought up to the desired rotor speed. Once the speed 
was stabilized, the tunnel motor was engaged and the tunnel was brought 
to speed. When the desired tunnel velocity and the rotor speed were 
stabilized, the ammonia (NH3) valve was set to give the desired flow 
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rate and pressure.    A stopwatch was uded to determine the titne of the 
ammonia flow.   After the predetermined time had elapsed, the awmohla 
valve was closed,    The rotor and tunnel continued to run at the et tab» 
lished condition until all the ammonia In the line was cleared•    Thia 
usually required an additional 20 seconds.    At thia point, the tunnel 
was stopped and the rotor speed was reduced to zero.    The blade tradea 
were then inspected.    Tn some cases, reruns Were neceaaary to obtain 
a satisfactory trace. 

To obtain Information at various aeimuth poaitiona a'i a specific 
flight condition, the cam lobe was rotated to various poaitiona around 
the azimuth, and a trace was taken at each poäitlon.    Uaually four 
azimuth positions  (at u0, 90°,  l80o, and 270°) were teated.    In aome 
cases,  traces were taken at 30°  intervals, 
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RtmTB OF HOVER TESl'B 

ijlJBUli'Tfl WITH ^'HfOH-.CHOBfr BMPEB IM HüVEH 
mmim)imai&.m!*m 

Th« hovet* testa with the *+-inch-chDrd blades provided snme rsiulti 
which directly affected all flubaequent work In this study. Comequently, 
«peolfle e«5)ha«la la placed upon the flndlnge with the l*-inch-chord 
bladea and upon the Interpretation of the reaulta. The dlacuailom of 
thil aectlon Include conalderatlon or aubllmatlnn teatB, aiimonia-aeo 
reaulta, boundary layer atep etudlea, dlaouaBion ol' the medianIsma 
involved, and poaalble apanwlae flow effecte. 

Ohetnical flubllmatlon Teat Reaalta 

Bubllttfttion teata w^re run to provide a suitable reference between 
thil work and that done by others In thia field. All lubllmatlon teat« 
were conducted ualng the rotor that had a oonatant, ^-inch-chord with 
no radial twiat. The airfoil ahape uaed waa an NAGA 0015 profile. A 
3-foot radiua gave a maxlmun tip Reynolds number of 2.6? x lü9. The 
pitch angle, 0, waa varied from -15° to more than 20". All the chemi- 
cal iUbliittfttion teata were done at 1+00 rpm. The location of the tran- 
iitiott to turbulent flow for three pitch anglea Is shown In Figure 16. 
franiltion points for a radius of 72i  and various pitch angles are com- 
pared With those of Tanner and Yaggyb In Figure 17. The Reynolda 
number used in Tanner'a testa waa 1.1 x 10^. In spite of the large 
difference in Reynolds numbers, the correlation of these tests reaulta 
With Tanners is very close for high pitch anglea. For pitch anglea 
Of less than 6', there la a greater difference, but the trends of the 
data are almllar. The correlation of the data suggests that the loca- 
tion of transition may depend en the pitch angle more than the Reynolds 
number. Also plotted In Figure 17 are the results from Ref. 9, showing 
transition for two-dimensional symmetrical alrfolla. In thoae teata, 
airfoila with thlckneaa ratios of 9, 12, and Ifty were tested, and the 
data have been interpolated for an NAGA 0015 airfoil. The Reynolda 
number used was 1.? x lO6, and the airfoil had a chord of 6 feet. 
Although it was predicted by Banks and dadd10 that rotation delays the 
occurrence of transition, data from the aubllmatlon testa did not con- 
firm this 1 

The results of rotating sublimation tests proved to be useful, 
Since the transltlo.i location was shown to correspond with other data 
in spite of the lower Reynolds numbers used In these tests. 

Awmonift-ABo Traces 

When the anmonia is released from the leading edge, the resulting 
traces often show a severe discontinuity. This can be seen In Figure 1(3 
for a pitch angle of 10* and a rotational speed of koo rpm. The 
attmonla-aeo traces are shown with the leading and trailing edgea of 
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BLADE TIP | 

Figure I8i Ammonia Trace showing Discontinuity for the l*-Inch-Chord 
3 lade at 72$ Radius. 1* = 13.5$» L2 = 30$ Chord, Uoo rpm, 
6 * 10®. 
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the blade narked 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 straight chord line (designated hy l^). 
Similarly, the end or reattachment was placed at that point where the 
flow had completely returned to the same straight chord line (designated 
as La). 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 ajtmonia discontinuity changed very slightly with 
rotational speeds of 200, 300, and kOO  rpm. A trend for discontinuities 
tD 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 
1+00 rpm. Traces that were exposed for 1, 5» 20, and l80 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 transition 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 

Based upon study of the ammonia traces and the sublimation data, 
it was hypothesized that a standing vortex or separation bubble asso- 
ciated with transition occurs on the blade and causes the discontinuity 
seen. The occurrence of separation babbles in two dimensions has been 
discussed by McCullough and Gault and others.11>12 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 anmonia-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 ' \gs behind the 90^ preusure location. 
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Figure 20.  Traces for l|-Inch-Chord Blade, 72^ Radius at ^00 rpm and 
Various Values of 0. 
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The chordwise pressure distributions for 5° and 10° pitch angles are 
plotted In Figure 2k.    The locations of transition (based on sublima- 
tion tests), of amnonia-azo discontinuities, and of 90^ of th > maximum 
pressure are superimposed on these plots. 

If a seraration 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 absence 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.13 The bubble causes two 
stagnation points, a^  and sg, to be present at either end of the vortex. 
They should not be confused with the stagnation point which occurs at 
the leading edge of the airfoil. It should be noted that B^  corresponds 
to the initial separation point, and S2 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 rather from a smaller amount 
associated with the stagnation points at either end of the vortex. 

The authors of Ref. Ik have indicated that the flow over a rotor 
is mathematically similar to that on a delto-shaped wing, .'his wing, 
however, is known to have standing vortices n?«»- its leading edge under 
certain conditions (Figure 26).i3 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 approaches a separation point in the boundary layer, 
it decelerates and eventually leaves the airfoil. Such a separation 
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 tangentialiy with a finite velocity, and one stagnation point 
will be eliminated from the usual standing vortex flow pattern 
Figure 27). A stable vertex 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 transition can be controlled. 

The flow over an aft facing step is an r.pproxination to the Mow 
over a cusp and has been studied by Tani.ls The flow is not actually 
tangent when it leaves the surface and there nay be several vortices. 
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but the step has the Important characteristics of the cusp} that Is* 
there is only one stagnation point of the main stir->»> the standing 
vortex is present, and separation can be controiled by the step. The 
cusp and step are collared with the normal airfoil shovn iv. Figure 2?. 

To study the action or the amonia. trace technique with a known 
separation, a step of 0,013-inch height was located at 20# chord on 
the blade. Both aiMnonia-azo and chemical sublimation teste were run 
at 5® and 10® pitch angles, A comparison of the awwonia-aeo trace* 
for 5* and kOO rpm, with and without the step being present* is shown 
in Figure 28. For no step, the \itward flow* trace begins gradually 
at 21$ chord and reattaches at !*3# chord., The step causes separation 
at 20# chord; the trace reappears at 3kf chord, "Otis indicates that 
the step produces a standing vortex with one reattachment stagnation 
point, noves the discontinuity from its original position, and alters 
its shape. The first part of the discontinuity is gone because no 
stagnation point is there to produce outward flow, A spanwise trace 
similar to the second half of a regular discontinuity does occur after 
the step. The distance that the flow is unattached vas shorter* prob-
ably because the step produces a more concentrated vortex, The results 
of the tests with the step give strong assurance that separation 
bubbles are responsible for the discontinuities seen. 

Chemical sublimation tests with a pitch angle of 5® and VOO rpm 
were run to find the transition point behind a step, The step was 
again located at 20# chord and was 0,013 Inch high. Chemical sublima-
tion did not occur before the step or for the 6$ chord just after the 
step. Aft of the 26# chord point, sublimation did occur, the flow 
before the step is in the laminar regime, m the 6# chord region after 
the step, the flow .ay not be laminar; but because the reverse flow In 
a staring vortex is about one-fourth of the free-stream velocity,1* 
the chemical does not sublime, the primary flow then reattaches, with 
the turbulent boundary layer causing the chemical to sublime over tne 
rest of the airfoil. 

DISCMSSIOK OF IKVBKTSD TRAO&S 

the shape of the discontinuity that occurred can best be described 
as an inverted or a A, The following mechanism is hypothesised for 
the shape seen, As the ammonia vapor is injected into the boundary 
layer at the rose of the airfoil* it is carried aft by the main strewn 
of the flow. At first it foms a dark, distinct, and narrow trace. 
As the flew in the boundary layer with the ammonia passes the peak 
pressure position, It feels the adverse pressure gradient, the fluid 
particle velocity decreases, and the velocity profile changes rapidly 
to that of a '"separation profile,** then the forward separation point 
is reached, and at this point the fluid velocity and shear stress near 
the surface are essentially aero, m this reduced velocity region 
ahead of the separation point, the fluid particles containing the 
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I BLADE  TIP ! 

(B) WITH AFT-FACIN6  STEP 

(A) Li = 21^, IG - 1+3^ 
(B) Li = 20^, IG - M 

Figure 28.   Conqparison of Aranonia-Azo Trace With and    Without Surface Step 
at 1*00 rpm and 0 ■ 5°. 
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anmonia 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 significant spanwise flow was involved in 
the discontinuity patterns.16 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 1-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 
^-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 U-INCH-CHORD BLADE 

To determine the boundary layer flow in hovering at various posi- 
tions along the blade, tests were conducted with the U-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 0 = 5° reveals that the A pattern is evident in 
most traces from kOf, R through 80^ R. The increased speed from 
kOO 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 0 as the 
rpm is changed. 
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AMMONIA IN INNER LAYERS OF BOUNDARY LAYER 

AMMONIA CARRIED OVER BUBBLE 

(B) 

^VELOCITY COMPONENT CAUSEC 
BY CENTRIFUGAL EFFECT 

, "> VELOCITY COMPONENT CAUSED 
{ ! BY VORTEX REVERSE FLOW 

Figure 29.    Possible Factors Involved in the Shape of 
the Ammonia-Azo Trace. 
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If one examinee the 0=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 slightly farther aft in the inboard 
region of the blade. The A pattern is quite narrow and distinct in 
the outboard traces. In the kOO rpm, 0=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 72^6 
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 linaarly with radius; this fact could result in 
the slight movement forward and the somewhat shorter bubble as indicated 
previously. Secondly, at a fixed 0 and rpn, 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 
0 = 5% the angle of attack at 8056 R will be 2.5° and the angle of attack 
at kcfa 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 discontinuity in the ammonia-azo boundary 
layer traces is also evident at the other pitch angles. Considering 
th«> three sets of data at 0 = 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 0=5° 
case can be made for the 8 =  10° traces. The correlation of the 
acenaphthane transition line for the 3 = 10° and kOO rjm case Is 
reasonable, although in this case the transition line passes near or 
through the bubble at most positions. 

Considering the 9 = 13"  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 toe inboard regions of the 
blade, the spike is located outboard of the main trace. In some of the 
outboard traces, the spike extends inward.  Aft of the spike, the traces 
fron hot, R to 70% R tund 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 0. 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 outflow aft of transition 
is not clear at this stage of the investigation. Some possible factors 
come to mind. It is possible that the steeper velocity profiles of 
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turbulent flow could be more affected by centrifugal force.    It is also 
possible that the presence of the rotor hub could cause some radial out- 
flaw 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 6036 radius positions. 

Particularly Interesting traces are those at 80^ R for hOO and 600 
rpn.    These Indicate that a dual action exists.    First,  josne ammonia 
tends to move Inward shortly aft of the nose, and the remainder moves 
aft.    It Is apparent If a bubble exists,  some new action Is occurring 
In the region near the bubble.    Secondly, since the trace continues aft, 
the flow must still be reasonably well attached to the surface and full 
"stall" hac 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 tip move Inwardly 
relative to the reference circular streamlines.    This action is consid- 
ered to be similar to that reported by Tanner and Yaggy;8 that is, the 
motion Is 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 rpm.    As 9 Increases from 5° to I?0, the inward motion of 
the tip trace Increases markedly.    At low pitch angles, the tip vortex 
is weak; and with increasing 0, the vortex strength and the correspond- 
ing spanwlse inflow should also increase. 

If we now consider the traces at the highest values of e, 17° 
and 20°, it is evident that a fairly regular trace pattern exists in 
the more inboard traces.    These traces are similar to traces at lower 
values of 0.    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 
hence the stall may be delayed.    It is also possible that actions 
similar to those reported by Himmelskamp for propellers may be active.17 

In those tests, It was found that steady-state lift coefficients which 
exceeded the values that normally would be expected could be reached 
In the Inboard regions of the test propellers. 

The outboard patterns of the traces at the high values of e 
indicate both inboard and outboard 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 spanwlse region of the blade.   A possible explanation 
for the various Inward and outward spikes lies in the nature of the 
spanwlse pressures near the nose of the blade.    If one would consider 
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the 60^ R, 70^ R, and 80^ R tracea at 0 = 17' and SOO rpm,  it can be 
seen that the middle trace at 70^ R goes directly aft and apparently 
the flow is attached over a large distance of the chord.    Likewise» at 
60^ R the flow seems attached.    The trace at 80^ R is discontinuou« 
and moves inward in a marked fashion.    The flow near 70^ R appear« to 
be attached; and with a Mgh angle of attack, very high peak negative 
pressures will exist on the airfoil.    Consider now the flow at the 805t R 
radius position.    If "stall" has occurred, the peak pressure« near the 
nose sure 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» and the inward 
moving trace at ßO^ R results. 

A similar argument can be used to explain the apparent unrelated 
directions of the traces in the outboard regions of the blade« at 
other positions and test conditions.    Local regions of stalled and 
unstalled flow will exist simultaneously.    It should be noted, hovevei, 
that the effects of the pressure gradient at these high angle« 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 action« of the k- 
inch blade in hovering,  it is necessary to interpret some of the trace« 
where ammonia leakage occurred.    A typical situation can be «een on the 
traces for 500 rpm, e = 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 aBmonia vapor would 
then tend to diffuse through the paper and develop the upper side of 
the paper.    Wherever such long, very diffuse smear« exist, they should 
be discounted since they do not represent bcindary layer behavior. 

HOVER TESTS WITH 7-INCH CHORD BLADE 

The series of tests of the 7-inch-chord blade in the hovering 
condition revealed ammonla-azo traces that were quite similar to those 
found with the ^-inch-chord blade.    Data from a typical run are shown in 
Figure 3^, which depicts the trace at 0 » 8° and 200 rpm.    The orifices 
are located at the leading edge and at 6l.5^ R, 7^6 R, and 87^6 R.    The 
similarity to previous results is apparent.    However, a comparison 
should be made with a higher rpm condition for the U-inch blade in 
order to maintain similar Reynolds nuribers. 

Figure 33 illustrate« the effect of increasing angle of attack for 
the 7-inch chord-blade at ^00 rpm.    Tne general trend« resemble those 
found at 600 rpm with the smaller chord.    The discontinuity moves 
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Figure 3k.    Amnonia-Azo Trace for the 7-Inch-Chord Blade at 61-5^ R, 
^ R, emd 87* R,  9 = 8°, and 200 rpn. 
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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 0 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 it-inch-chord blades. The outboard trace tends to 
move gradually inward in the aft region, while the most inboard trace 
tends to move outboard of the circular arc streamline direction. At 
UOO rpm and a 0 of 20°, it can be seen that traces exist only in the 
region close to the nose of the airfoil. The traces at 0 = 20° indi- 
cate a full chord separation. 

In order to illustrate the effect of a change in speed on the traces, 
Figure 36 presents data for 0 = 5° at 200, 1+00, 600, 800, and 1000 rpn. 
The traces at 200 and kOO rpm are quite similar to each other, although 
some evidence exists that the outward deflection of the trace moves for- 
ward with the higher speeds. Above kOO rpn, the aft portions of the 
traces become less and less distinct. Attempts to obtain 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 amnonia exposure was increased to several minutes in 
some 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 a, 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 from the 7-inch-chord hover tests 
Illustrate the influence of a change in speed at a high pitch angle. 
Figure 37 presents traces for 0 = 15° at 200 rpm and U00 rpn. It can be 
seen that distinct A patterns are formed near the leading edge at 200 
rpn, whereas the patterns are not present at kOO rpm. 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 separation progressing from the trailing edge. Exami- 
nation of Figure 35 for 0 = 20° reveals, however, that the separation is 
complete across the entire chord. Because traces are not available for 
small step Increments of 0 between 15°  and 20° for this airfoil, 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 anmonla-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 a point which moves 
progressively rearward with increasing Incidence). 

The sequence of events preceding "leading-edge stall" is of Interest 
since, according to Crabtree, this type of stall Is associated with a 
"short" bubble.18 

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 a 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, Crabtree18 and Caster12 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 chordwlse 
location of these bubbles can be detected from the small step In the 
pressure distribution where the pressure remains approxii-ately con- 
stant aft of the pressure peak.    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 «as 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 kO, the pressure distribution at the 75 and 55^ radial posi- 
tions of the UH-1A helicopter in hovering is presented.19   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 106. 
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Figure kO.    Chordwise Pressure Distribution on a Full-Scale 
Helicopter Rotor Blade - Ref.  19. 
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RESULTS OF FORWARD FUGHT TESTS 

The 7-inch-chord blade was operated in the flow channel at three 
advance ratios to determine the nature of the amnonia-azo traces in a 
simulated forward flight condition.    Advance ratios of u  - 0.2, 0.25, 
and 0.30 were run.    Rotor speeds included 300, 650, and 800 rpn.    The 
anmonia valve was set to operate at various positions around the azimuth. 
The azimuth angle at which the poppet valve was open was the sane 
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 liigh humidity.    The ammonia flow conditions for almost all the traces 
were: a flow rate of 0.0k cfm, 2-3 psi line pressure of the NH? gas, and 
2 minutes duration.    In some cases, repeat runs were made to verify the 
traces obtained.    The data obtained are presented in Figures Ul through 
k3, which summarize the traces obtained; the conditions are listed in 
the table on page 71.    All test conditions listed utilized a mean hover 
lift coefficient of CL^ = 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 forward flight runs 
and could not be repaired vithout major rework. 

Consider Figure Ul, the 500 rpm case, and the u 3 0.20 condition. 
It can readily be seen that the traces for \|f ■ 0C, 90°, and l800 are 
regular and Indicate attached flow.    No clearly delineated A patterns 
or spikes 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 
seme Increased Inward curvature near the trailing edge.    It is of inter- 
est to note at this position (90°) that additional short traces ananate 
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 l80o 

position, the two main long traces at 7k% 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 T^t, show a strong ten- 
dency to turn more rapidly inward near the trailing edge of the blade. 
The large inward curvature of the entire trace is considered to result 
from the ccmbined effect of the forward velocity plus the rotation. 
That is, it simply reflects the usual net flow in the form 

VR = fir + V sin \|r 

The reference trajectory based on this equation is shown with each 
trace. 
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FORWARD FLIGHT TEST CONDITIONS 

Figure 
Rotor Speed 

(rpm) Advance Ratio 
Azimuth of Pulse 

(degrees) 

1+1 500 0.20, 0.25, 0.30 0, 90, 180, 270 

1+2 650 0.20, 0.25, 0.30 0, 90, 180, 270 

^3 800 0.20, 0.25, 0.30 0, 90, 190, 270 

1+1+ 500 0.30 0 to 360 in 30° increments 

1+5 650 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 tha boundary layer direction 
is largely dominated by the potential flow), then the traces obtained 
are reasonable and consistent with McCroskey's conclusions.14 That is, 
the long, continuous traces mark the direction of the local potential 
flow above the boundary layer. NH3 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 Or, the free stream particle motion (the particle 
contains some NH3) describes the trajectory due to the net velocity, 
Or + V sin \|r. If the flow is attached to the surface of the blade, 
some of the NH3 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 NH3 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, (i = 0.20 trace at ? = 270°, it 
is obvious that the trace at 7^jo 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 (n = 0.25 and n = 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 9°° j 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 n = 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 U-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 1+1 
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 1+1 (M- = 0.3), as calculated frcm simple theory, 
are 12.5° at 7*+$ and 13.6° at 87$. 

It appears that the nature of "stall" is different in the retreat-
ing blade case frcm what it appears to be for the hovering case. At 
the Reynolds numbers used in the tests, stall in hover seems to result 
frcm 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 frcm the trailing edge. It is not possible with the data avail-
able frcm the present work to comment on the possible effects of high a 
on the nature of the ammonia-azo traces. 

If one next considers the traces in Figures 1+2 and 1+3, 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 rpn 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 1+1+ for 500 rpm and Figure 1+5 for 650 rpm present traces for 
H - 0.30 taken at 30° increments around the azimuth. No really new 
phenomena are indicated, but the figures serve to provide a picture of 
how the traces vary around the azimuth. Considering Figure 1+5, follow-
ing the 7trace and starting at \|r = 0°, it can be seen that at t - 0 
the trace is relatively short and well defined and moves outward At 
t~ 3° - ^ c a t e d somewhat outward from a circular arc. The traces 

3 0 to 1 8 0 are regular and consistent. There appears a gradual 
onset of the secondary short trace from the orifice. In the forward 
quadrant, the secondary trace becomes more predominant; by y = 2l+0 
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 65O rpm with the pitch angle increased 
to 15.5° and with a negative (forward) shaft tilt of I5.50.    Figure hSa. 
utilized an ammonia gas pressure of 3 psi for 3 minutes, and Figure kÖb 
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 \|f = 270° traces for 
lower blade loadings. The primary reason for using the two flow pres- 
sures was to determine if a change in the ammonia flow out of the orifice 
would result in a substantial change in the trace pattern. At least 
from these tests it did not. 

Figure kj  illustrates the trace obtained by using the same pitch 
angle and tilt as in the last figure but for an advance ratio of 0.3^. 
This trace has the same appearance as the others taken at \|f = 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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CONCLUSIONS 

The use of the amnonia-azo trace technique provided a valuable 
Insight  into the nature of the boundary layer of a hover rotor.     The 
technique itaelf is aimple 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- 
ward with increasing Reynolds number, and their width would decrease 
with increased pitch angle.    This behavior is similar to that expected 
for bubbles on two-diaensional 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 a 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 became similar to   ;he "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- 
foil, «ran 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 with 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 aanonia 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 some gross turbulence effects Is not known 
at this stags of investigation. 
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RECOMMENDATIONS 

Because of the utility of the ammonia-azo trace method, it is 
believed logical 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 instrumentation using 
boundary-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 
be measured to determine if the expected "flat spot" on the chordwise 
pressure distribution occurs near the discontinuity, as would be ex- 
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 n = O.k, and highsr if possible. 
Coupled with this should be higher blade loadings. 

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

The ammonia trace technique could also be 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 airfoil designer would be the effect of now droop on 
the existence of the bubble. 

The ammonia trace technique could also be useful in studies of 
the flow near the 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 

STUDY OF USE OF CLAW TYPE BOUNDARY LAYER PROBES 

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 the model 
rotor blade.    Figure k8 illustrates the experimental installation of 
the probe.    The claw probe itself was fabricated of 0.0^0" CD.  and 
0.030" I.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 U50 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 
new 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 
frca 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 any 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.     In 
this present work, the ends of the aims of the probe are essentially 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 at; 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 ky.    The tunnel speed was established, the blade 
angle was set to 0°, the blade was positioned in yaw relative to the 
air system, and a reading of differential manometer pressure was 
taken.    In order to allow the data to be useful at various air speeds, 
the data obtained were nondimer sionalized by dividing by the dynanlc 
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 Bodifled calibration cum 
shnvm in Figure 31 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 rjm was 
covered.    The differential pressure readings are shoim in Flfire 52. 
The curve gives a strong indication of being parabolic in for».    The 
data points were nondinensionalieed and are presented in Figure 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 
b« noted that the average pressure is positive, Indicating that the fluid 
pressure is greater in the outer a?» of the claw probe.    Using the aodi« 
fled calibration curves of Figure 51» the foregoing pressure data vert 
converted to flow angle and are presented in Figure '^.    The data points 
in Figure 51* seem to indicate that a significant outflow exists.    The 
data also Indicate that there is a decreasing outflow angle with in- 
creasing speed of rotation. 

Because of the exploratory nature of the tests conducted and ths 
very limited effort expended using probes as contrasted to ths extensive 
efforts using the asmonia technique, it is not considered possible to 
draw «my significant conclusions froa the probe data.    It does not »em. 
likely that a flow angle of approximately 10* exists as a general rule 
on the model blade.    The reason for ths apparent 1C* angle would SMB 
to lie in the instnoentatlon and prrcedure.    If such an outflow angle 
does indeed exist, it is believed that it «ist be rather loesd in Its 
effect.    This conclusion is based upon the results of the asmonia trace 
work reported in the body of this report.    However, the data obtained 
with the probe are reported in this appendix for ccapleteness.    It la 
believed that further work with pressure probes should be conducted, 
particularly in conjunction with hot wire or hot film probes. In order 
to determine more precisely boundary layer flow direction. 
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>An experimental study was conducted using flow visualization techniques to investi- 
gate the nature of the boundary layer on a helicopter rotor.    Hovering and forward 
flight data 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 stymewhat diffuse pattern.    Similar traces wero 
found over wide ranges of pitch angles and rotor speeds.    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 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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