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ABSTRACT

An experimental and analytical study was conducted on the nature
of rotor blade boundary layers and flow over rotor blade tips. The
experimental study of boundary layers was conducted using a model
rotor and included both hovering and forward flight conditions. Flow
visualization using an ammonia trace technique and hot-wire anemometry
were used to determine the boundary layer flow., Both chordwise and
spanwise velocity distributions were obtained through the boundary
layer. Velocity profile data were obtalned at selected chordwise
and spanwise locations. The profiles obtained appeared to be
consistent with boundary layer behavior. In hovering, the boundary
layer flow in the vicinity of a separation bubble was mapped out.

The analytical phase of the study was based upon a three-
dimensional application of the momentum-integral techniques of
handling boundary layer analysis. The study was directed at the
hovering condition and included consideration of NACA 0012 and
) NACA 0015 sirfoils, The solutions obtained were found to agree
; quite well with a prior numerical analysis and to correlate reasonably
r well with the hot-wire data obtained from the experimental work.

WSS . e et |, -

; The study of flow over the tip of a rotor blade used the ammonia
trace technique. Five different tip shapes were tested in hover

over a range of rotor speeds. Tests with the square shaped tip
indicated the presence of secondary vortices at the end face of

‘the rotor blagde.
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I. INTRODUCTION

1,1 GENERAL BACKGROURD INFORMATION

The design of rotor blades has relied heavily upon the use of two-
dimensional airfoil data, By assuming that individual blade elements
produce lift independently, a so-called "blade element theory" was de-
veloped in the early stages of rotor design, With this theory, it was
possible to make estimates of the rotor thrust and power requirements
without requiring a thorough knowledge of the mechanisms by which 1lift
and drag were being produced. Since that time, many refinements to this
theory have been incorporated into rotor designs, including tip vortex
effects, wake interaction, and nonsteady flow effects; however, the
reliance upon two-dimensional airfoil data has not been eliminated.

Experimental rotor data have given indications that rotor lift
coefficients much greater than those predicted by two-dimensional air-
foil data exist in certain regions at the rotor disk plane., Additionally,
the onset of blade stall has been qualitatively determined to occur at a
higher blade loading condition than expected two-dimensionally. Since
blade stall limits the performance of the helicopter because of increased
power requirements, aircraft roughness vibration, and control loads, a
knowledge of the mechanism by which rotor blade stall develops is needed.
Blade stall, however, depends on the nature of the boundary layer which
exists on an airfoil,

For a helicopter in steady forward flight, many actions occur
simultaneously which tend to promote three-dimensionality and time
dependence within the rotor boundary layer. The primary action is
the chordwise boundary layer flow in the presence of a given chordwise
pressure distribution. A secondary flow, the spanwise flow component,
exists. This secondary flow forces the total boundary layer flow to
be examined as a vector quantity having magnitude and direction. The
magnitude and direction of the flow at the edge of the boundary layer
are continually changing, as do the spanwise pressure gradients which
exist, The fluid particles within the boundary layers mey experience
centrifugal and Coriolis accelerations caused by rotation. Compressible
flow effects can occur near the tips of the advancing blade, and a re-
versed flow occurs in the inboard regions of the retreating blade. Very
rapid changes in angle of attack can lead to umusual pressure gradient
actions in the boundary layers. Periodic stall flutter on retreating
blades has also been given recent intensive study. To further compli-
cate the flow, the blades interact with their own tip vortices from the
preceding revolution.

The simultaneous occurrence of all of these actions has made

rotor boundary layers so complex that until recently, investigation
of the very nature of these boundary layers has been discouraged.
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This investigation was initiated to examine the basic.nature of the
boundary layers on a rotor blade in hovering and forward flight.

A second phase of this investigation wis directed toward seeking
an understanding of the flow around helicopter rotor blade tips. ‘
Because of the nature of the gemeration of 1lift of a rotor blade. a
strong vortex is trailed from the region of the tip. This vortex can
influence the blade boundery layer flow and the performance of the
rotor itself, In an effort to further the understanding of the basic
flow phenamena over the tips of helicopter rotors, an experimental
program vas conducted with the following objectives:

1., To investigate the development of the flow around the |
tips of helicopter rotor blades from surface flow
visualization of the boundary layer, and to define the '
point of inception of the vortex on the tip.

2. To determine the effects of the ahape of the tip on
the flow around the tip.

3. To measure the effects of tip shape on thrust and
torque coefficients of the rotor. ' |

1.2 APPROACH TO THE BOUNDARY LAYER STUDY IN HOVERING

The investigation consists of an adalytical phase and an experimental
phase directed toward determining the basic nature of a boundary layer
on a helicopter rotor in hover. : \

The analytical phase of the work consists of applying momentum-
integral techniques to the solution of the three-dimensional boundary °
layer problem. Initially, the flat plate or zero pressure gradient case
was considered., Then, following 4 successful solution to this case, the
method was extended to include nonzero pressure gradients and airfoils
of finite thickness with blunt leading edges. Due to the complexity of |
the potential flow, only airfoils at zero 1ift were examined. The solu- '
tion 1is presented for a flat plate, an RACA 0012 airi’oil and an RACA 0015
airfoil, The analytical solution obtained by this method is compared
with the full computer solution obtained by Dyyer and McCroskey. ,

The experimental phase consists of hover tests using The Ohio State
University hcver stand. The investigation employed three experimental
techniques to measure flow and pressure cha.racter:lstics on the rotor
blades.

1

The first experimental technique involved a flow visualization
process developed at The Ohio State University. The technique is an
ammonia-azo process which allows visual observation of the flow direc- |
tion near the surface of a rotating airfoil,



The second experimental technique involved the use of miniature
diaphragm pressure transducers submerged within the blade surface,
These transducers were used to measure the surface static pressures
ut various blade positions and hover conditions.

The third and most informative experimental technique employed
hot-wire anemometry. Dual sensor probes were mounted at various dis-
tances above the blade surface of the rotor blade to indicate the
magnitude and direction of the local flow,

The experimental data are compared with existing two-dimensional

data where possible. A comparison of the theoretical model and the
hot-wire data is made for the zero lift condition.

1.3 APPROACH TO THE TIP VORTEX STUDY

! The tip vprtex'ltudy concentrated on the behavior of air flow in the
vicinity of the blade surface near the tip of the blade, The ammonia-azo
process vas used throughout this study to provide flow visualization,
Ammonia vapor was passed through small orifices in the tips and over a
diazonium salt solution sprayed onto the tips, The ammonia, flowing with
the local air streamlines, left dark traces on the tips which were then
phot.ogra;phed.

1,4 APPROACH TO THE STUDY OF BOUNDARY LAYERS
IN FORWARD FLIGHT

. ' The study of forward flight operations was concerned with the experi-
mental determinations of the boundary layer and surfaceé pressure distri-

+ butions, No attempts were made to study tip vortex flow. The rotor
blades used and the instrumentation techniques were essentially the same
as those used in the hovering boundary layer studies described in Section
1.2. RNo theoretical work was performed for the forward flight case,

R e > q s ARG



II. ANALYTICAL BOUNDARY LAYER STUDY--HOVER

2,1 INTRODUCTION

Although the boundary layer theory formulated by L. Prandtl in
1904 is of great importance in practical aerodynamics, the difficulties
presented by the nonlinearity of the boundary layer equations has
limited the classes of solutions to flows which exhibit special symmetry.
Most of the cases which have been treuted to date are two-dimensional in
character; solutions of three-dimensional boundary layer flows are quite

rare,

One of the practically important types of three-dimensional boundary
layer flows is the flow on rotating blades such as turbine, helicopter,
and propeller blades, In the case where the blade is rotating steadily in
an incompressible fluid, the boundary layer flow is governed by the chord-
wise and spanvise pressure distributions and the centrifugal and Coriolis
accelerations, These actions couple the chordwise and spanwise equations
of motion and force them to be solved simultaneously.

The theoretical portion of this study involves the development of
an approximate method for calculating the laminar boundary layer flow
over a cylindrical blade which is rotating steadily about an axis per-
pendicular to its leading edge,

2.1,1 Bgviev of Literature

Many investigators have made notable contributions to the field
of rotating boundary layer flows. The assumptions and results of a
few of these researchers are summarized below,

In order to examine the boundary layer flow, the inviscid or
potential flow that serves as an outer boundary condition to this
region of flow must be known. Sears! found a simple but powerful
transform that derives the potential flow for the rotating cylinder
fram the two-dimensional chordwise potential flow across the same
cylindrical section. The original result was for the case of infinite
blades rotating steadily without circulation; however, Sears and
Fogarty? and McCroskey and Yaggy> have extended this solution to
include the effects of translation of the axis of rotation (forward
nigt)xt) and circulation about the cylindrical section (rotors with
1lift).

Following the potential solution by Sears, a number of his
co-workers began examining the boundary layer of a cylindrical blade
rotating steadily in an incompressible fluid. Among these were
Fogarty, Tan, Graham, Rott, Smith and Liu. In each case (except
Graham) the curvature of the blade was neglected and the surface
normal was assumed to be parallel to the axis of rotation,
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Fogarty* uncoupled the motion equations by introducing the
assumption of small cross-flow, or that W/U << 1. His results
indicated that the effects of rotation were small; however, his
assumptions limited the validity of his theory to several chord
lengths from the axis of rotation where the flow is nearly two-
dimensional.

Tan® removed Fogarty's assumption of small cross-flow by expanding
his solution in powers of x/z and obtaining successive approximations
. to the differential equations for the case of a rotating flat plate.
Unfortunately, this leads %0 the solution of a large number of
differential equations and thus involves a great amount of work to
obtuin accurate results at large distances fram the leading edge.

Grahaa® employed the small cross-flow assumption and then used
nomentum-integral techniques to obtain approximate calculations of the
boundary layer on rotating cylinders. Due to the small cross-flow
assuwmption, the chordwise mamentum-integral equation became identical
to the standard two-dimensional flow case. This forced the separation
point (based on zero chordwise velocity gradient at the wall) to

coincide with two-dimensional calculations. Graham's solution did

R LI —

i serve to estimate the cross-flow profile shape for a number of
examples including that of a circular cylinder and a laminar airfoil
section,

Rott and Smith” followed the technique employed by Tan® and
examined the wedge-type flows characterized by the Falkner-Skan
{ potential flow. Calculations were obtained for both positive and
negative chordwise pressure gradients. The results indicated span-
wise outflov for all cases; however, the greatest outflow was found
for retarded flow.

Liw® further camplicated the problem by allowing the axis of
rotation to be arbitrarily located with respect to the leading edge
of the blade, A perturbation procedure was set up expressing the
velocity components in terms of locations on the blaie and location
of the axis of rotation relative to the blade, Folluwing a great
amount of algebraic manipulation, the equations were formulated and
numerical solutions were obtained through the (x/z)? order terms.
The results indicated that the development of the boundary layer from
the leading edge of a flat plate is apparently independent of the
location of the axis of rotation. For the case of a cylindrical
blade of small thickness, the deviations of the results fram infinite-
cylinder flow are found to be caused mainly by the modification of
the outstanding pressure gradient due to the location of the axis of
rotation.




Banks and Gedd® used momentum-integral techniques to calculate
the boundary layer on a flat sector with a linear adverse external-
velocity gradient. The effects of rotation were found to postpone
separation of the tangential boundary layer flow. This is one of the
clearest indications of the stabilizing nature of rotation on the
boundary layer.

VelkofflC performed an integral analysis and was the first to
include the effect of translation, His results indicated a general
thinning of the boundary layer for an outward radial flow and
thickening for an inward radial flow,

The first major contribution to the analysis of three-dimensional
boundary layers on helicopter rotors in forward flight was made by
McCroskey and Yaggy>. They performed a regular perturbation expansion
of the unsteady, three-dimensicnal incampressible boundary layer
equations for small cross-flow. The results reveal that the effects
of rotation can be large in regions of incipient separation, but

elsevhere, the boundary layer generally resembles the viscous :low over
a swept wing., The detailed structure of the spanwise flow was found to
depend upon whether the primary flow i3 accelerating or decelerating.

A direct numerical integration of the three-dimensional or
two-dimenaional time-degendent boundary layer equations was performed
by Dwyer and McCroskey.>! The three-dimensional hove: analysis
included the flow near the hub for thin airfoils and circular cylinders.
The time-dependent investigations simulated the unsteady effects
occurring in forwvard flight on the outer portions of the rotor. A
brute-force method was used assuming velocity profiles and iterating
until a local solution was obtained. Each major action was examined
independently to determine the order of magnitude of its contribution
to the boundary layer flow,

Young and Williams? and Young> conducted a theoretical study
to determine the effects of rotation, downflow, and forward flight
on the development of the laminar boundary layer on a helicopter rotor.
An 11.9-percent-thick symmetrical Joukowski airfoil was examined. The
essential feature of the analysis was the scaling of the chordwise
coordinate so that the separation line is invariant with span and time.
The transformed equations were expanded in an agymptotic series in span
and solved by the Hartree-Wormsley method. The effects of rotation
were found to delay separation the greatest amount near the axis of
rotation. Forward flight caused an oscillation about this separation
line, so that the delay is greatest in the first and fourth quadrants.

Beyond the above-listed investigations, little, if anything, has
been done to explain why actual rotors have been observed to perform
better than would be expected on the basis of steady-state, two-
dimensional section characteristics of the blades as illustrated by
Himmelskamp!* and Harris. *
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2.1.2 Coordinate Systems

The present analysis is restricted to blades which are rotated
about an axis normal to the axis of the blade, The blade is assumed
infinitely long so that there are no end effects. The coordinate
system is shown in Figures 1 through 3. The blade chord lies in the
X-Z plane with the Z-axis located at the blade leading edge. The
Y-axis is the axis of rotation and is located at the leading edge of
the blade. The axes are fixed with respect to the blade so that they
rotate with constant angular speed, . Note that they form a left-
hand coordinate system so that the standard two-dimensional terminology,
u and v for the primary flow and w for the cross-flow, may be retained.
The z-axis is chosen to coincide with the leading edge in conformity
with the usual practice in boundary layer analysis, Typically, in two-
dimensional boundary layer studies of a flat plate, the boundary layer
is assumed to start from the leading edge, and hence the coordinate
system is located there, In studies of airfoils the coordinate system

Figure 1, Coordinate Systems,
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usually is located at the leading edge stagnation point, as has been
the case with the previous analyses conducted of rotor blade boundary
laysrs indicated previously.

For boundary layer calculations, it is necessary to define the curvi-
linear surface coordinate system (x,y,z). The z axis coincides with the
elements of the cylinder while the x and y axes are parallel and perpendic-
ular to the blade surface, respectively, as shown in Figure 2, The
boundary layer velocity components corresponding to the curvilinear
coordinate system (x,y,z) will be denoted by (u,v,w).

The relationships between the Cartesian and curvilinear coordi-
nates can be obta.ned from Figure 2 and are given below,

x

X -j-o cosa dx - y sina (1)
x

Y -Io sina dx ¢+ y cosa (2)

=3 (3)

The angle a(x) represents the slope of the surface of the airfoil with
respect to the X-axis or midchord line,

2.1.3 Boundary Layer Equations

The boundary layer equations are obtained fram the three-
dimensional Navier-Stokes equations for a viscous incompressitle fluid.
Throughout this analysis, the flow is assumed to be laminar, Fogarty*
presents a derivation of these equations that is valid over the region
of the blade where the blade surface is nearly normal to the axis of
rotation, This means that the equations are not valid near the stagna-
tion point of an airfoil-shaped blade, This restriction was not imposed
by Graham,® and thus the essential steps of her derivation are described
below,

The time dependence in the Navier-Stokes equations, since the
blade is rotating steadily, is eliminated by using coordinates fixed
to the blade, With this transformation, centrifugal and Coriolis
accelerations appear. In a second transformation, the equations are
written in curvilinear coordinates x,y,z, where x and z 1lie on the
blade and y is normal to the surface. (See Figure 1,) These
Navier-Stokes equations are reduced to boundary layer equations by
the usual assumptions consistent with confining the viscous effects
to a thin layer over the blade surface. That is, within this layer
of thickness, 8, the following orders of magr.itude are assumed,

x = 0(1) , u = 0(1)
y = 0(3) v = 0(3) 8 = 0(v)
z = 0(1) v = 0(1) E

9




Then if the radius cf curvature of the blade surface is large campared
to the boundary layer thickness, the following boundary layer equations
are obtained by neglecting terms 0(3) and higher:

uuy ¢ vu ¢ wu, - 20w cosa - %x cosa = P,/ ¢ vuyy (4)
- Ku? ¢ 20w sina + Q'x sinag = -py/p | (5)

2
uw, ¢ "y ¢+ ww, ¢+ 20u cosa - 072 - -pz/p + wyy (6)

vhere K is the blade surface curvature. In like manner, the contimuity
equation becomes

Uu ¢v ¢+w =90 ;(7)
X b4 z ‘

Since the left-hand side of equetion (5) is O(1), the oressure
can vary at most by an amount O(8) within the boundary layer. It is
reasonable then to neglect this variation and determine the pressure
solely by the potential flow outside the boundary layer. (An identical
argument is made for two-dimensional equations governing the boundary
layer flow over a curved surface,)

The easiest way to determine the relationships between the pressure
gradients p_ and p  and the potential velocity camponents U and W is
to examine ¥he bouﬁdary layer equations near the outer edge of the
boundary layer. In this region it may be assumed that v = 0, 3/dy = O,
u=U, and v = W, 80 that equations (4) and (6) become '

20W cosa - 2%x cosu

“Py/p = UU, ¢ WU

= UU_ + WN Ntx cosa . (8)
x X

- - oz & :
Pz/p U'x + "z + 20U cosa - Qz
= Uy ¢ vmz - 022 (9)

e —



The second portione of equatiods (8) and (9) follow from the potential
flow solution given in section 2.3.1 as equation (71)., Substitution of
the pressure gradient expressions into equations (4) and (6) yields the
following f;nal form of, boundayy layer equations:

uu, ¢+ vu ¢ wu, - 20w cosa = Ullx * vguz - 20W cosa

x |
* vu,, (10)
uw_ * wy * wz,¢ 23u cosa = wa'o \mz + 2QU cosa
i
& wyy (11)

2.1.4 Momentum-Integral Fquations

Because of the great difficulties involved in solving equations (7),
(10), and (11), an alternative approximate method was examined, In this
approximate method, the boundary layer equations are not satisfied at
each point in the boundary layer; instead, the average value of each
equation across the bounda.ry layer is maintained, The essential steps
of the derivation of the three-dimensional momentum-integral equations
. are described belov.

The y-canponent of the boundary layer velocity, v, is eliminated
from equations (10) and (11) by ma.king use of the contimuity equation
(7) in the ‘following form:

; | ¢y
‘ vse -}o Cux+wz) dy (12)

Then equations (10) and (11) are integrated across the boundary layer
fromy =0 toy=h, vhere h is a constant such that h > 5. After
making the following standard definitions for displacement and momentum
thicknesses and shear stresses,

i



Gx--o(l-%)dy s, = (1-%)(1)'
w-fiha-p o efoaa-p o |
wefoda-pe e sflja-pe

i
Tox “ ¥ %-;.}Iy-o Yoz © %’,--o (13)

the momentum-integral equations may be written in the form given below.

/12 9 * L '
-E(U ox) + —az(UW exz) + UUx Bx + “x cz ‘tox/p (14)
—°(uwe )+—°(w‘e)+uu 6.0\"1 6.-1 /p (15)

ox 4 4 oz z zZ X z 2 0z

Equations (14) and (15) will be referred to as the momentum-
integral equations throughout the remaining sections. The solution
of these equations will indicate an averaged behavior of the boundary
layer flow.

2.2 METHOD OF SOLUTION

Since solutions of the three-dimensional momentum-integral
equations are rare and quite camplex, it would seem appropriate to
examine the ability of these equations to accurately describe three-
dimensional boundary layer flows.

Although the validity of the momentum-integral method is well
establighed in two-dimensional boundary layer flow, the use of this
method in three-dimensional boundary layer flow demands the assumptions
that the velocities in the boundary layer preserve, essentially, the
corresponding directions at the stream lines in the external flowl®,
This demand is compctible with the requirement that only a weak
secondary flow exist in the boundary layer. A portion of the effort

12
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in this analysis was devoted to making predictions of boundary layer
separation. Near separation the primary flow is diminished and the
secondary flow becomes proportionately stronger, For this reason, the
results of a three-dimensional momentum-integral analysis can only be
used qualitatively to predict separation,

This limitation near flow separation does not imply that an
integral technique is worthless in this flow recion, Before this
technique can be criticized, the alternative techniques must be
thoroughly examined. For example, a finite difference technique
could be applied to the complete Navier-Stokes equations similar
to Dwyer and McCroskey.!! However, as separation is approached
and the differences (derivatives) become larger and larger, the
grid spacing would need to be lessened to a point where the calcula-
tions would no longer be possible without great expense, Thus, even
the so-called "exact" methods of solution of boundary layer problems
have drawbacks near separation,

2.2.1 Extension of the Pohlhausen Technique

Pohlhausenl? was first to introduce a general method of solution
of the two-dimensional momentum-integral equation. A complete descri%
tion of the method in a more modern form is presented by Schlichting;
however, a brief outline of the Pohlhausen method will follow.

First, the two-dimensional momentum-integral condition results in
the following single, ordinary differential equation.

dex *
""a;‘: (20 Sl Tox/p 2

The technique introduced by Pohlhausen was initiated by assuming a
velocity profile function which contained an undetermined parameter.
The parameter was determined at each location on the wall surface by
solving the ordinary differential equation (16),

In contrast, the three-dimensional momentum-integral condition
results in two partial differential equations, (38) and (39). The
extension of Pohlhausen's technique for three dimensions involves
assuming profile functions for the two velocity components, u and w,
vwhich may contain a total of two undetermined parameters. These
parameters are subsequently determined by solving the partial differ-
entir® 2quations over the wall surface, The following sections are
devoi.u to the systematic definition of the velocity profile functions
and the two profile parameters, the derivation of the partial differ-
ential equations, and the integration technique employed to obtain a
solution to these equations,

13
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2.2.2 Velocity Profiles

The momentum-integral method hinges on an approximate description
of the velocity profiles within the boundary layer. To insure that :
the approximate velocity profiles closely represent those that actually 1
occur, & number of conditions derived from the differential equations d
(k, 5, 6) and boundary conditions are imposed at the surface as well ]
es at the junction with the external flow, Those conditions satisfied j
in this analysis follow,

Conditions at the surface:

u=20 w=20

o AL 2 _1/1 _ 02
“w'v(sﬁc'“””) "w'V(spz “)

Conditions at the junction with the external flow:

u==U w=W
u =0 -

y wy °
Yyy = Wy =0

e e 5 i et i e R e

These conditions insure that, at both edges of the boundary layer,
the approximate velocity profiles have the appropriate behavior. Con-

sequently, the greater the number of conditions, the better the approxi-
mation,

The accuracy of the approximation is also dependent to some extent
on the characteristic parameters selected by the investigator since
these parameters allow the profiles to assume different forms. 1In
two-dimensional boundary layer problems, it is conventional to use
some measure of the boundary layer thickness as one such parameter.,

In three-dimensional boundary layer problems, there are two such
profiles which have directed some Investigators into choosing two
thicknesses defining the distances above the surface at which the
u="UU e,ndlg = W, respectively. One such investigation was performed |
by Cooke. On the other hand, if it is assumed that a single boundary i
layer thickness defines a certain viscous region, that is, that both {
velocity profiles are equally thick, then it is logical to seek the

second parameter at the other extremity of the boundary layer; for ex-

ample, many investigators, such as Prandtl® and Taylor,”® have chosen

the ratio of the wall frictional forces, In the present analysis, a

single boundary layer thickness, §, and a wall shear stress parameter,

€, were selected to represent the growth of the boundary layer on a

o A R b i b
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rotating cylinder. The wall shear stress parameter will be defined by
the boundary conditions imposed at the surface.

The velocity profiles for the chordwise and spanwise components
of boundary layer flow follow.

= F(n) + A, G(n) + B, H(n) (17) ;

cis

= F(n) + A, G(n) + By H(n) (18)

=<

The following definitions are in order.

ne=y/s
F(n) = 2n - 2n® + n* = 1 - (1+#n)(1-n)?

6(n) = #(n - 3n* + 3n® - n*) = 2 (1-m)°
H(n) = 2(n - 6n® + 8n* - 3n%) = 2n(1+3n)(1-n)° (19)
The profile parameters A, By, Ao, and Bo are functions of the boundary

layer parameters § and e, and the potential flow according to the
following relations:

UU, + WW 2
QU v
W
B] U € (21)
Uu, + WW 2
A, = < z 2 ) (11 (22)
aw v
By =y e (23)
To simplify the presentation as much as possible, the following 3

definitions will be used.

h;(x,z) = (A%x cosa - px/p)/ml = (UUx + me)/ﬂU (24)
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h,(x,2) = (A%z - p /p)/aM = (UU_ + WN_)/aW . ()

g,(x,z) = -W/U .' B @6)*

8, (x,2) = U/W . | . 1)
A = Q8%/v , | o (26)

Thus, equations (20) through (23) may be written in the simplified
form given below:

A [REE A -
: (29)
=h, A By = B, €

i

The profile shape parameters A, and A, evolve directly from the
second boundary conditions at the surface, These conditions are
obtained by evaluating the chordwise and spanwise Navier-Stokes
equations at y = 0, and are analogous to the condition used by

. Pohlhausen'” in the development of a general two-dimensional
momentun-integral method outlined earlier.

These paremeters allow the shape of the velocity profiles to be
influenced by their corresponding pressure gradients and will be
referred to as "Pohlhausen" profile shape parameters. For example,
if the pressure gradient is strongly adverse, these parameters will
force the profiles to contain inflection points' that are found in
exact two-dimensional flows and are expected to occur in certain
three-dimensional boundary layer flows.

The "symmetry" in the ¢ portiéns of the profile representations
of the chordwise and spanwise velocities was not accidental. Indeed,
the first attempt at calculating the boundary layer on a rotating
flat plate at zero incidence incorporated profiles, quite similar to
those used by Prandtl.l® In this initial analysis, ¢ was defined as
the ratio of the spanwise to the chondwise wall shear stresses and
was inclvded only in the spanwise profile. This led to "nonsymmetric"
forms for the two profiles. Numerical integration of the equations
was performed and the results were campared with those. of previocus
investigators. Near the leading edge.of the flat plate tpe resulis

16



compared favorably; however, at a value of x/z = 0.5, the solution
indicated that a singularity may exist. These calculations were then
repeated using rotating polar coordinates where ¢ was defined as the
ratio of the radial to the tangentidl wall shear stresses. In this
case the numerical integration was stable for all values of x/z.

Since the calculations canno* depend upon the coordinate system
used to represent the physical problem, it was apparent that the
differences in the results must be attributed to the two definitions
of the parameter ¢. TqQ confirm these conclusions, ¢ was defined to
be the ratio of the radial to the tangeni.ial wall shear stresses;
however, the calculations were made using a Cartesian coordinate
system, This forced the chordwise and spanwise profiles to be
"symmetric" with respect to the parameter ¢, The results were jden-
tical to those obtained using polar coordinates, as would be expected.

The velocity profile functions given by equations (17) and

(18) are generalizations of those used for the initial flat plate
analysis. For this reason, ¢ is no langer the ratio of radial to
tangential wall shear stresses unless A = O, Further discussion of
this parameter for a flat plate is included with the results,

2.2.3 Formulation of the Mathematical Equations

The mathematical problem was formulated as follows, The momentum-
integral equations, (14) and (15), have allowed the choice of two free
parameters in the velocity profiles, These parameters are 5, the
boundary layer thickness, and ¢, a wall shear stress parameter. Through-
out this analysis, A = 82/v, a dimensionless form of boundary layer
thickness, will be used in place of 5 for the first parameter,

Sublstitution of the velocity profile expressions, equations (17)
through (19), into the equations (13) ylelds the following polynomials
for the displacement and momentum thicknesses and the wall shear
gtresses: .

B 1
.-_x-_s.-L -l

S o T "5k (30)
i R S SRS TR TN Sy
By 315 (1 STt AL U 77 S L 71

L ) (31)
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'm“:’.-ﬁ%ﬂaﬂwms A.A.'%%;S 3)
(32)
2 s 1 1
L I v LR P (33)
3.’!. 37 (.1 16 19 5 .
" T W\ " qr At - M
- 208 B‘
/7 "2 (34)
%x . 37 55 7
tz‘.T-m(l’mh"ﬁA’Q%B"%B‘
-I%%Alsa']%'%haal'ms A,A,-%%-;B‘B.)
Tox = :; '2(1’1—;“1’51) (36)
t.. 8
‘oz'ﬁ"z(l’ﬁ'ﬁa”:) (37)

Note that the "symmetric" forms of the two velocity profiles
force symmetry in the above expressions., For example, J _ can be
obtained fram ¥,, by interchanging subscripts 1 and 2. £X

Substitution of equations (30) through (37) into the two momentum-
integral equations results in a pair of equations from which
A and ¢ are to be obtained as functions of x and z, After a great
amount of algebraic manipulation, the equations were writtem in the

following form:
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¢+ f A o f ¢ ¢+f ¢, f (38)

. £, (39)

vhere the functions f{s are rather complicated functionx of x, z, 4,
€, and the potential flow, These functions are listed below:

]
f..'g("x"“:nf) (40)
'] ] J
f,. "% [tn .2 ( Moy by ‘J‘A‘?)] (b1)
w,
f‘.OZEA"s-'—; (b2)
3' 1)
et (e )

-

Ux 7Y "x e ('l 'ut "
fios-28| 2T, T o XT e a_oa,_)
v ¥y b Wy b, Wy, )]
Q 9A, X (u, TR TR
W, . g W, g ]
1 LA xz - %, xz °S,
'“‘[ETax ’o(ao, TR az)

* 2 ?ox (W)

- 2 A8

*
DIx
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£0 " % [tzx * 2 (A‘ 7A:_x ¢ A ?ﬁ)] (43)

v
(l’ .2 A —) (46)

U p 4 X
f"-ZEA(u-u—‘—Ousra—) (47)

f!o'z%Algm (48)

2.2.4 Numerical Integration Technique

Equations (38) and (39) may be described mathematically as two
coupled, quasi-linear, first-order, partial differential equations,
The solutions of these equations involve the determination of the
functions A(x,z) and ¢(x,z). These two functions cannot be determined
explicitly due to the nonlinearity of the differential equations.

For this reason, un approximate integration technique was developed
which determines values of A and ¢ at a discrete number of locations
on the blade surface. This technique will be described in detail,
since it provides the results for the theoretical analysis portion of
thi. .t“@o

The grid network used throughout this analysis is illustrated in
Figure 4, A uniform spanwise grid spacing, Az = 0.5 chord, was chosen
to provide a reasonable number of spanwise locations for data interpo-
lation., The spanwise locations were located fram 0.5 chord to

20
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20 chords to map the flow over the entire portion of a typical rotor
blade, The singularity of the flow in the vicinity of the axis of
rotaticn prevents calculations at spanwise positions near z = 0., This
was not considered to be a drawback to the results, since most rotors
do not extend their blade gsections into this region due to inefficient
1ift production in the hub interference area., The chordwise grid spac-
ing, Ax, was continually adjusted to maintain a specified computing
accuracy during the numerical integration,

The problem was formulated as an initial value problem, The
values of A(0,z,) and €(0,z;), where z; denotes the distance to the
1th gpanwise g‘id point, are knowr fram power series expansions for
small x discussed in section 2,2.5, For example, for a sharp leading
edge blade, both A(0,z;) and €(0,z;) vanish for all spanwise grid
points. The values of A (0,z,) and ¢ (O,zi) can also be evaluated
fram these power series. With the 1e§ding edge values known, the
calculations may be stepped a distance Ax in the chordwise direction
by using equations (38) and (39) to calculate A,(0,z) and €,(0,z,)
and employing a Runge-Kutta integration routine,

With the values A(Ax,z,) and e(ax,z,) known, the next step beccmes
more camplicated since Az(b"zi) and ¢, é"’zi) are no longer known as
they were at the leading edge. To determine these new values of Az
and €, 8 numerical curve-fitting routine was developed. Once

O, (0x5z,) and ¢,(Ax,z,) are known, equations (38) and (39) are

again u}ed to calculate A (ax,z;) and €,(px,24). Then the Runge-Kutta
integration routine steps the calculations to a distance of 2Ax from
the leading edge. Repetition of these calculations results in an

approximate solution to the momentum-integral equations.

The numerical integration along the chordwise direction at each
spanwise grid point was performed on an IBM 360/75 camputer. An
IBM application program was selected from the System/360 Scientific
Subroutine Package., This subroutine, labeled IHPCG, uses Hamming's
modified predictor-corrector method for the solution >f general
initial-value problems.?! It is a fourth-order integration procedure
which can estimate the local truncation error at each step and
properly adjust the step size gx. Hamming's predictor-corrector
nethod itself is not self-starting; therefore, DHFCG employs a special
Runge-Kutta procedure to obtain starting values, IHPCG is a double-
precision subroutine which carries at least sixteen significant digits
throughout all calculations, Double precision was required primarily
for initiating the calculations near the stagnation point of blunt
leading edge blades where the equations are singular.

A numerical differentiation routine was developed to calculate Az
and €, at each chordwise position. A typical spanwise variation of
the parameter A for a rotating flat plate is illustrated in Figure 5
for fixed chordwise positions., The variations are greatest for small
values of z, In order to employ a standard polynomial least-square

22
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curve fit routine, it was convenient to first invert ‘he parameter and
then apply a curve-fitting technique., In this manner, the following
approximation was used:

N I

- nzl LS 'rn(z) | (50)

D>

vhere T,(z) 1s the Tchebychef polynomial of order n, and ap is the
coefficient of Tp(z) determined from a least-square-error criterion.
To obtain Az, equation (50) was differentiated, yielding

N . .
A = 'A’ 2 a T'(Z) (51)

The parameter ¢ had a similar variatiop with span,and consequently
€5 was determined according to an expressior. equivalent to equation

gl). The standard deviations for the curve fit expressions ranged
om 10> to 10-5 for both A and ¢,

2.2.5 Leading Edge Starting Values

At the leading edge, the flow is two-dimensional in character and
the solutions become identical to the two-dimensional momentum-integral
solutions. In solving equations (38) and (39) for A, and ey, the result-
ing right sides of both equations are quite complex., To evaluate the
nature of the solution in the vicinity of the leading edge, e power
series approximation technique was employed. The form of these series
varies widely depending upon whether the airfoil has a "sharp" or a

"blunt" leading edge.

For the case of a sharp leading edge, the first terms in the series
representations of the functions A and ¢ are as follows:

A = 34,0540 x/z + 0(x?) (52)

c = -0.907491 x/z + 0(x?) (53)
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These series expmiom were used to evaluate Ay and ¢, at the leading
edge, Beyond the leading edge, the complete forms of equations (38)
and (39) were evaluated to obtain Ay and ey.

The blunt leading edge case was more difficult since the right
sides of the equations for A, and ¢y at the leading edge are indeter-
minate; that is, the numeratora and denominators vanish at the stagna-
tion. line along the leading edge. Once again, a power series expansion
was used and the first terms were eva.luated and given by equations (5u4)

and (55):

7.05232 @ 0(x?) (54)

4" Ux(o ,l)

' z W__(0,2)
c = (,~o.os7asn + 0,102213 —== )-’z-‘-+ 0(x*) (55

Ux(0,2)

For the blunt leading edge airfoil, the initial value of A and the
initial chordwise slope of ¢ depend upon the form of the potential
flov’ and consequently the shape of the blade surface at the leading

.edge.

|

However, the calculation of the value of A, near the leading edge
requires the second term in the r series expansion, The algebra
involved in computing this secon2 term is rather complex; thus, a second
and more approximate method was used, . First, calculations were initiated
with Ax(xe,z) = O, where Xc 18 a small value of x on the order of x/c of
0,01, The complete expressions were used for x > x.. The stability of the
computer solution for such a calculation is illustrated in Figurc¢ 6 by
examining the variation in Ay. From the power series method, it is known
that the second term in the power series expansion of A is of order x°
as shown in equation (54). Thus, Ay should start with zero at the lead-
ing edge and vary linearly for x < x.. The slope of this linear portion
of curve was then determined by extrapolating the well-behaved portion
of the curve back to the origin., :The second set of calculations was
initiated with the slope of Ay for x < x. being forced to foilow the
extrapolated slope shown on Figu.re 6 in the region 0.0 < x/¢ < 0,01,
The results of this second calculation show some excursion from the ex-
trapolated slope in Figure 6 in the region of 0,01 < x/c < 0,03, How-
ever, aft of x/c of 0,03 the results appear to be independent of any
instability or excursion from the extrapolation slope since both runs

agree quite acc\;ra.tely.

In sumary, it was found that considerable insight to the analysis
could be obtained from a power series solution in the vicinity of the
leading edge; however, the major disadvantage of the power series method
is the vast amount of algebraic manipulations that must be performed.

|
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Figure 6, Stability of Numerical Technique Near the
Stagnation Line of an NACA 0012 Airfoil,
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2.3 POTENTIAL FLOW SOLUTION

The potential flow solution can be viewed as & solution to
Navier-Stokes equations, equation (4) through (6) for the special
case where viscous effects are neglected. In this type of idealistic
flow the "no-slip" condition at the blade surface is relaxed and the

convective motions of the flow are governed solely by the existing
pressure gradients.

Although the potential flow is, at best, a first approximation for
air flows, it is important since it represents the outer condition for
the viscous flow. This potential solution must be matched by the
boundary layer solution at the outer edge of the boundary layer,

i
|
{

2.3.1 General Solution of Sears

The potential flow solution for the case of an infinitely long
cylinder, steadily rotating about an axis normal to it, was first
solved by Sears.! The results are given by equations (56) through

&58), which are the three components of the putential velocity along
he Cartesian coordinates shown in Figures 1 through 3.

e Rk

3

U= qz ‘a'% (56)
V = qZ -g% (57)
W=a(¢ - 2X) (58)

The function ¢(X,Z) denotes the velocity potential for plane, steady
flow past the cylinder placed in a parallel stream of unit speed.

For this analysis it is necessary to have the potential velocity
components along the curvilinear or boundary layer coordinates. To
obtain approximate expressions along these coordinates, a portion of
the derivation presented in Sears' paper will be repeated to make the
recessary adjustments to the curvilinear coordinate system.

Tn any coordinate system rotating with the blade, the potential
flow must satisfy the following expressions:

divi=0 (59) 3
|
curl § = 2 & (60) ~§
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vhere T is the velocity vector relative to the rotating blade and &
is the angular velocity vector of the blade. Equation (59) is the
expression for continuity while equation (60) expresses the fact that
the potential flow is irrotational with respect to some nonrotating
set of coordinates,

Using the equations developed by Mager®? for representing equations

§5J93- and (60) in terms of orthogonal curvilinear coordinates, the
ollowing four equations were obtained;

U

X XV -
Ky + Vy + T+ky + Wz 0 (61)
Wy - Vz = Zﬂx = 28 sina (62)

Wx

Uz - T+ky - zny = 20 cosa (63)
v

X -y - X a2z =0
Txy y Ty 2 ()

K is the curvature of the blade surface and may be represented in terms
of the physical data by the following equation:

- . do -
K n (65)

The assumption imposed at this point in the analysis is that the
redius of curvature of the blade is large in comparison to the
boundary layer thickness, or that 1/ >> 8. Also, the primary use
of the potential flow is to provide the outer condition for the boundary
layer flow; therefore, the region of interest in the potential flow
is restricted to that region very near the blade surface. With this
in mind, equations (61) through (64) can be simplified to equations (66)
through (69) by assuming that 1 + Ky = 1 and V= O:

U +V +W =0 (66)
x y z

Wy = 20 sina (67)
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U, - Wx=20cosQ (68)
U, = 0 (69)

One further assumption made in the analysis is that the spanwise
flow component, W, is not a function of 2z, From equation (67), it can
be seen that this implies that sin(, which is satisfied only by thin
airfoils, is very small, Near the leading edge of blunt airfoils, this
assumption is not valid; however, the magnitude of the spanwise flow in
this assumption will not greatly affect the results of the momentum-
integral technique.

One major result of the preceding assumption may be observed by
examining equation (58). The potential function ¢, even in curvilinear
coordinates, is only a function of x and y because there was no "mixing"
of the z coordinate in the coordinate transformations. Thus, with the
assumption that W, ~ O, the spanwise potential flow becomes solely a
function of the chordwise coordinate, With this in mind, the contimuity
equation for the potential flow becomes

——a R

Ug+ Vy =0 (70)

and the irrotational flow condition results in the following single
component condition:

U, - W, = 20 cos @ (71)

The contimiity equation expresses the fact that if a pressure
gradient exists in the chordwise flow, the resulting acceleration or
deceleration of the primary flow will necessarily be balanced by a
deceleration or acceleration in the flow normal to the surface, It
must be reemphasized that in a momentum-integral analysis, this poten-
tial velocity component normal to the surface is completely neglected,

i Thus, the contimity equation is not satisfied for the potential flow.
An intuitive physical description of equation (71) is that it guarantees
that the potential flow relative to fixed coordinates has no component
of rotation about the y-axis.
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2.3.2 Flat Plate (Zero Pressure Gradient)

1

The simple case of a flat plate blade at zero angle of attack
provides an ideal starting point for this analysis. Sublequently,
additional effects of pressure gradients and blade thickness will be
included. The potential flow for this case is almost trivial, since
without viscous effects and a pressure gradient, the flow is not
influenced by the presence of the blade.

Therefore, the potential streamlines are circles relative to the
rotating coordinates, and the velocity components are as follows:

U=aQ: . " (12)

W= -0x | | - (13)

The chordwise profile can be obtained from eqtlxa.tiotlx (56) by }ecognizing
that ¢ =1, The spanwise profile can be_ obtained from equation (71)
by recognizing that a = O, ‘ '

2.3.3 Flat Plate (Adverse Pressure Gradient)' .

Prior to examining an airfoil with thickness, it was recognized
that for many airfoils the two-dimensional chordwise velocity is
decelerated at approximately a constant rate over the aft 50 to
70 percent of the airfoil. To make the progression from a flat plate
to an airfoil less abrupt, the second case examined in this study is
that of a flat plate with a linearly decelerating chordwise flow.
For this case, the chordwise velocity camponent, U, is given by the
form 2 1

U= Qz (1 - kx) (74)

where k is to be taken as a given constant. The spanwise caﬁponent,

W, is obtained by integrating equation (71) while assuming that
a = O, This spanwise camponent is given by equation (75):

We-ax (lﬁé-kx) (75)
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2.3.4 NACA 0012 at Zero Incidence

The most common method used to calculate the two-dimensionsl poten-
tial flow about an airfoil was introduced by Theodorsen.,?® This method
involves the complex transformation of an arbitrary airfoil shape into
a circular cylinder using approximate numerical techniques. The poten-
tial flow calculations for an NACA 0012 using this method have been
tabulated by Abbott and von Doenhoff.”* The chordwise velocity profile
was obtained from this latter reference and is plotted in Figure 7. The
abscissa is the distance from the leading edge along the airfoil contour,

Since these data were obtained using an approximate numerical
technique, only a discrete number of data points are known; however,
a solid curve is indicated. Unfortunately, the momentum-integral
analysis requires that the first two derivatives of this velocity
component be supplied, as well as the velocity itself. Since U/0z is
such a rapidly varying function of z near the leading edge, a polynamial
curve fit routine cannot match this data without many oscillations
ebout the curve. These oscillations would produce first and second
derivatives that could be in error by an order of magnitude. To
maintain a "smooth™ func*ional curve fit trat would produce continuous
derivatives with a minimum amount of numerical calculations, the
following technique was developed.

The solid line in Figure 7 can be grossly approximated by two
straight lines. The first line would pass through the origin and
represent the two-dimensjional potential velocity in the vicinity of
a stagnation point as given by equation (76):

[ U -
Y A, x (76)

The second straight line would be analogous to the potential flow of
section 2.3.3. This represents a linearly decelerating flow and may
be given by equation (77):

ug - A’x * A' (77)

The Kutta condition at the trailing edge which forces the velocity to
return to zero be jgnored in this approximation, since the laminar
flow should separate prior to reaching this point.

In general, the actual velocity distribution is a combination of
these two straight lines. It was proposed that the complete curve
(varring the trailing edge) could be approximated by the following
cambination of the above straight lines:
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2= A xfc Y4 (A x/c + M) - e (78)

When x is small, the second half of this expression is small

and the first half is approximately A;x. Also, when x is large, the
first half of this equation is small and the second half is approx-
imately Agx + As. In order to determine the best set of coefficients
Ay, Ag, As, Oy, and G to match the 0012 velocity distribution, the
following conditions were enforced:

a:;c(ﬁ%)ll'ﬂ = 70.0

(E‘ll')lr'- . -0.267 x + 1,245 )
d U =

m(h‘:‘)':—.lss 0

(l&)l x=,133 ° 1.188

The coefficients satisfying conditions (79) are as follows:

A, = 41,0 a, = 38,42
A, = -0.267 a, = 23.32 (80)
A, = 1,245

The final functional representation of the chordwise velocity distri-
bution for an NACA 0012 airfoil at zero lift is given by equation
(78) with the coefficients defined in (80), This approximation is
Plotted as a broken line in Figure 7. The agreement is accurate to
within 2 percent over the major portion of the distribution. The
accuracy is much better than this for the adverse pressure gradient
region which is most critical for boundary layer calculations.

In order to determine an expression for the spanwise profile,
equation (71) must be integrated, To accomplish this integration,

cosa must be represented in a functional form, The data for cosa
were obtained from the expression given by NACA which represents the
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thickness distribution for an NACA 0012 airfoil. This expression is
1isted by Abbott and von Doenhoff.?* The data are plotted in Figure 8.
The form of this data resembles that of the velocity distribution

data in Pigure 7., This prompted the use of the same form for the
functional curve fi:. as given by equation (78)., In this case, the
following conditions were enforced:

327E(°°’“) Ix-o = 63,02

cosa |, = -0.014 x + 1.004
(81)
d_(cosa) | -0
ax/c x=, 315

cosa 'x-.SlS = 1.0

The coefficients satisfying conditions (81) are as follows:

L -1.406 o, = 19.91

A. s '0001‘ G‘ - 6‘017 (&)

A, = 1,004

The approximate functional curve fit is also showvn in Figure 8. 1The
accuracy of this was found to be within 1 percent of the actual
surface data,

With both U and cosa given in expliecit functional forms, the
spanwise velocity camponent was determined by mechanically integrating
equation (71), All necessary derivatives of these functions were ob-
tained by differentiation of the approximate expressions,

2.3.5 NACA 0015 at Zero Incidence

Because of the similarity of the NACA 0015 airfoil to the NACA
0012 airfoil, the chordwise potential flow distribution may be
spproximated by the same functional form that is given by equation
(78). The conditions imposed to obtain the coefficients are as

3



follows:

(

) ' L -0.364 X ¢ 1.323
X e

) | ag = 60-0

.gln-
Rl

T
mle

&.

U
(E | ye. 150 0 (83)

—
Rl

) | x=.150 =1:233

With these conditions, the coefficients were calculated and listed as
follows:

A, = 35.71 a, = 31.79
A’ Ll '0036‘ 03 - 18.35 (8&)
Ay = 1.323

Once m‘ both the theoretical data obtained from Abbott and
von Doenhoff 2% and the approximate functional curve fit are plotted
in Figure 9. The accuracy was found to be within 2 percent over the
major portion of the distribution. The functional fit of cosa for

the NACA 0015 was forced to satisfy the following conditions:

(85)
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The coefficients in equation (78) were obtained from these conditions
and are given below:

A, = -0,201 a, = 8.96
Ay = -0.021 ay, = 40,32 (86)
A, = 1,007

The accuracy of this approximation is agproximately 2 percent over the
major portion of the curve (see Figure 10).

2.4 BOUNDARY LAYER RESULTS AND DISCUSSION

The analytical boundary layer results are presented in four sections,
each representing a different blade shape or potential flow., Reference
is made to the analytical calculations of Dwyer and McCroskey'! as much
as possible, Their data were obtained through a combination finite
difference-relaxation technique applied directly to the complete Navier-
Stokes equations, For this reason, their results do not reflect the
assumptions that were necessary in this analysis with regard to the
derivation and method of solution of the momentum-integral equations,
Therefore, the comparisons with the data of Dwyer and McCroskey'l may
be interpreted as an investigation of the accuracy of the momentum-
integral method for three-dimensional rotating boundary layer flows,

2.4,1 Flat Plate, Zero Pressure Gradient

The boundary layer equations ‘or a rotating flat plate exhibit
symetry with respect to the variable x/z. The momentum-integral
equations for this case can be reduced to ordinary differential equa-
tions for A(x/z) and e(x/z). Therefore, the numerical differentiation
routine discussed in section 2.24 for solving the general partial
differential equations is not needed for the rotating flat plate
problem. This similarity presents an ideal check on the accuracy of
this differentiation routine since the spanwise derivatives can be
calculated exactly according to the following expressions:

9 o X
& T 8 (87)

€= 3¢ (88)



The flat plate problem was solved twice, First, simdlarity was
emloyed and the resulting ordinary differential equations were solved.
Second, similarity was ignored and the numerical differentiation
technique was used to calculate spanwise derivatives. The results of
these two solutions agreed to within less than 1 percent, This accuracy
check gives support to the overall technique employed to solve approx-
imately the partial differential equations.

A physical picture of the lines of similarity is shown in Figure
11. Lines of constant x/z are rays emanating fram the origin or axis
of rotation. All of the results for the flat plate case are presented
graphically by plotting each parameter versus x/z. From these plots,
the boundary layer data can be examined over the camplete blade surface,
A small value of x/z could be interpreted as either a position near
the leading edge (x = 0) or a position at a large distance from the
axis of rotation along the span (z +«), Likewise, a large value of
x/z could mean a large value of x or a small value of z, Thus,
Figure 11 must be kept in mind throughout the interpretation of the
analytical results,

The variation in the parameters A and ¢ over the flat plate surface
is shown in Figure 12, The square of the boundary layer thickness is
illustrated by the furction A, while ¢ is related to the r¢ 1o of the
radial to tangential shear stresses according to equation (89):

c=or A O (89)
Too

As x/z becomes greater than 1.3, the toundary layer begins to thin
instead of the usual steady growth observed in two-dimensional flows.
This thinning may be attributed to the strong camponent of centrifugal
force in the x-direction which exerts a strong stabilizing force on
the primary flow. Since ¢ is a mixture of physical parameters and the
boundary layer thickness parameter, it is difficult to attach a great
deal of physical insjight to the variation of ¢,

Figures 13 and 14 present the distributions of the velocity profile
parameters over the surface of the flat plate rotor blade. The
Pohlhausen parameter in the chordwise velocity profile (A;) is
continually increasing. This is indicative of the fact that rotating
flows with zero pressure gradient experience an acceleration due to the
x-components of centrifugal and Coriolis forces. The value of A>, the
Pohlhausen parameter in the spanwiase velocity profile, is negative and
quite large near the leading edge (x/z = O). This will promote a
reverge-flow region in the spanwise profile near the leading edge.
Farther aft of the leading edge, Ao decreases in magnitude and this
reverse-flow region may disappear., A similar variation is observed
for the shear parameters §, and B,; however, the signs are reversed,
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This indicates that B; has a decelerating effect on the chordwise flow
while B> has a stabilizing effect on the spanwise flow. The symmetry of
the profile parameter definitions for the flat plate case forces A, = A,
and Bl = Bz at X/ﬂ’o =1,

The total effects of the profile parameters are best observed by
examining the chordwise and spanwise velocity profiles at various posi-
tions on the blade, Figure 15 illustrates the chordwise velocity pro-
files for x/z values of O, 1, and 2, The ordinate used in this figure
and in all suhsequent velocity profiles is a stretched boundary layer
coordinate yAsuix/Qz. It is a standard grouping of physical constants
that is used for nearly all two-dimensional flat plate analyses.'® Near
the leading edge, the velocity profile is the standard two-dimensional
profile, The primary or chordwise profiles show decreased boundary
layer thickness or become "fuller" as x/z is increased. This indicates
that the fluid in the lower portion of the boundary layer is being
accelerated, Again, it is the centrifugal force that promotes this
acceleration, The effect is greater for large values of x/z because
the x-component of centrifugal force increases with increasing x/z.

The secondary or spanwise profiles in Figure 16 are quite unlike
the primary flow profiles, as is expected by the large differences in
the values of A, and A, near the leading edge, Indeed, the spanwise pro-
file does exhibit a flow reversal near the leading edge. The spanwise
velocity is normalized with the absolute value of the potential spanwise
velocity. This normalization allows the retention of positive profiles
as outlfow and negative profiles as inflow. Near the leading edge, the
centrifugal force pumps the lower levels of the boundary layer outward.
However, the major portion of the boundary layer is still governed by
the potential flow, W, which pulls the spanwise profile inward, As the
value of x/z becomes large, the centrifugal force vector shifts to
accelerate the chordwise flow and the spanwise outflow is decreased,
until the outflow completely disappears. In this region, both the span-
wise and chordwise velocity profiles become similar in form and appear
to be quite stable,

The velocity profiles on a rotating flat plate are compared with
those of Dwyer and McCroskey'! in Figures 17 and 18 for a position near
the leading edge (x/z = 0.0083) and a position considerably aft of the
leading edge (x/z = 0,7). The symbols shown represent the analytical
solution of Dwyer and McCroskey and are used for ease of comparison,
These comparisons represent the first indications that the momentum-
integral method is reasonably accurate for predicting the flow over a
rotating flat plate., The agreement with Dwyer and McCroskey!! is good.
The profiles match those of the authors with a little better accuracy
for x/z = 0,7 than for x/z = 0,0083, This is reasonable since the flow
1s being accelerated due to rotational effects and the momentum-integral
method is known to give better results in two-dimensional accelerated
flows.
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A second camparison with Dwyer and McCroskey's results for a flat
plate 1is made in Pigure 19. In this figure, the ratio of the chord-
wise shear stress to the equivalent two-dimensional wall shear stress

(tox/7p) 18 plotted versus x/z. For two-dimensional flow over a flat
plate using the momentum-integral method, the shear stress is given
by equation (90):

2une
Tp = (90)
B %
Thus, this 3near ratio is given by the following equation:
T 8 A
ox _ B
-;; r(l*ﬁ* B,) (91)

where 85/8 is the ratio of two-dimensional to three-dimensional boundary
layer thickness.

The two methods shown on Figure 19 agree to within 3 percent for
x/z > 0,8, It was shown by Dwyer and McCroskeyl!! that a fourth-order
perturbation analysis was accurate only for x/z < 0.,5; beyond t!is value
of x/z, the perturbation solution diverged very rapidly. The momentum-
integral technique, representing an averaged boundary layer behavior,
maintains the correct trend through much larger values of x/z.

The direction of the boundary layer flow near the surface is indi-
cated by the ratio of the spanwise and chordwise wall shear stresses.
This ratio is plotted in Figure 20. More accurately, "oz/"ox represents

the slope of the limiting streamline on the blade surface according to
equation (92):

dz w _ Yoz
(&), gl (52)

The subscript s is used to indicate that the derivative is taken along
a surface atreamline., Figure 20 shows that the flow near the surface
is outward for x/z < 0.92 while for x/z > 0.92 this flow is inward,
Thus, at x/z < 0.92, the spanwise velocity profile is a separation
type profile where the velocity gradient at the wall is zero, This
does not mean that flow separation occurs in the two-dimensional

sense, since t,, represents only one component of the wall shear
stress vector,
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In general, the rotating flat plate results have shown that the
momentum-integral method provides an accurate and stable technique
to the solution of the three-dimensional rotating boundary layer
problem,

2.4b,2 Flat Plate, Adverse Pressure Gradient

The flat plate results are by no means conclusive evidence of the
power of the momentum-integral technique. Since most airfoils exhibit
an adverse chordwise pressure gradient, au cecond case is now considered,

This hypothetical potential flow is included in this analysis as a
bridge between the simple case of a flat plate airfoil which has zero
pressure gradient and the complex case of a real airfoil which has sur-
face curvature and a variable pressure gradient,

In this second case, the airfoil is still assumed to have a sharp
leading edge; however, the chordwise potential flow is to be linearly
decelerated according to equation (74)., The value of k was chosen to
give a deceleration similar to that of an NACA 0012 airfoil. Thus, from

section 2,3.4, k was chosen to be 0,267.

Figure 21 indicates the location of flow separation on a rotating
flat plate airfoil which has a superimposed linearly decelerated poten-
tial flow., The stabllizing effects of rotation tend to delay the point
of separation from the normal two-dimensional case,

The definition of the point of separation of three-dimensional
boundary layer flows has long been a controversial subject. Since
universal agreement has not been reached, the definition for separa-
tion used throughout this analysis 1s that point where the chordwise
wall shear stress vanishes, This definition is compatible with that
used by Dwyer and McCroskey,!l!

For this case, the similarity described by equations (87) and (88)
is not applicable, Thus, the numerical differentiation technique
described in section 2.2.4 was necessary for the solution presented
in Figure 21,

The results of the linearly decelerated flow case are indicative
of the results obtained by Banks and Gadd.® Their analysis also in-
cluded a linearly decelerated flow; however, the deceleration was
along the tangential, not the chordwise, direction, The tangential
component of the potential flow in their analysis is given by equa-

tion (93):

U = Qr(1-ke) (93)
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Using equation (93) and assuming that the radial component of
potential velocity was zero, similarity with respect to 6 is maintained.
The results® indicate that for values of k less than 0,548, the boundary
layer was campletely stabilized againat separation.

Since 6 = tan® (x/z), equation (93) indicates that for a fixed
value of x, the adverse pressure gradient effect decreases for
increasing values of z., This was a convenient choice since the favor-
able effects of rotation decrease with increasing values of z. This
could explain the complete stabilization of the boundary layer reported
by Banks and Gadd.® The linear adverse pressure gradient examined in
this study does not exhibit this trend as can be observed by the differ-
ences in equations (74) and (93).

2.4.3 NACA 0012 at Zero Incidence

The third case considered in this analysis was that of an NACA
0012 airfoil ac zero angle of attack. The potential flow for this
airfoil was discussed in section 2.3.4. This airfoil shape is used
for a number of helicopter rotors and was also used throughout the
experimental portion of this study. Only analytical results will be
presented here; the experimental camparisons will be discussed later
in section 1IV.

Again, similarity is not present for this case as it was for the
flat plate, zero pressure gradient example. The boundary layer solu-
tions for an airfoil with thickness presented the problem of initiating
the calculations at the stagnation line along the leading edge. The
power series method, coupled with the numerical technique discussed
in section 2.2.5, was used to alleviate the singularity problems in
this region of the blade.

Chordwise and spanwise velocity profiles are shown in Figures 22
and 23 for a rotating NACA 0012 airfoil. The results of the momentum-
integral analysis are plotted as solid lines for a chordwise position
x/c = 0,6 and spanwise positions of z/c = 1 and z/c = @, This latter
spanwise position corresponds to the two-dimensional chordwise flow
profile which will be examined first.

The stabilizing effects of rotation are again depicted in the chord-
wise profiles, since the profile at z/c = 1 is considerably "fuller"
than the equivalent profile at z/c = o, The results of the finite
difference solution by Dwyer and McCroskey'l are included for comparison.
While their results are for identical spanwise positions, their chord-
wise position was at x/c = 0.63. The comparison is still quite good,
especially for the z/c = 1 case, It is ironic thai the momentum-
integral method appears to be more accurate for the three-dimensional
rotation case than for the two-dimensional nonrotating case, This can
be resolved since the three-dimensional flow has the added stability
of the centrifugal and Coriolis accelerations, In fact, the chordwise
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shear stress was actually increasing at x/c = 0,6 and z/c = 1,0,
Therefore, the two profiles in Figure 22 represent a decelerated
flow at z/c = » and an accelerated flow at z/c = 1,

' The spanwise profile at x/c = 0.6 and 'z/c = 1,0 is shown in Figure
, 23, The data fram Dwyer and McCroskey!! are again included for compar-
ison, The spanwise flow exhibits considerably more outflow than was
observed in the profiles on a rotating flat plate. This greater out-
flow can be attributed to the deceleration in the chordwise potential
flow. As the chordwise flow slows down, continuity must still be
preserved; tHerefore, the spamrise flow acts as a flow relief and

reduces the rate of boundary layer growth,

The separation line determined fram ‘he momentum-integral analysis
for the 0012 airfoil is illustrated in Figure 24, This is the first
real discrepancy hetween the results of Dwyer and McCroskeyll and those
presented i{n this study. The two-dimensional asymptote from the
momentm-integral anal¥s:ln occurs at x/z = 0,77 while that reported
by .Dwyer and McCronkey occurs at x/c = 0,70. The delaying effect
of rotation appears to be quite similar for both methods, which indi-
cates that the two-dimensional separation lines are displaced,

- The reason for the disagreement in the two-dimensional separation
lines is unknown to the authors, The potential flow used by Dwyer and
McCroskeyl! was not described in detail, and it is not known how the
derivatives of the potential flow canponents were obtained. To check
the capability of the momentum-integral analysis to predict separation,
calculations were made for two-dimensional flow over a circular cylinder.

i The results indicated that laminar separation on the circular cylinder
occurs at an angle: of 107.5° fram the stagnation point. The value
reported by Schlichtingl® as a so-called "exact" location of laminar
separation is 108.8°. This value was obtained by a power series method
which included terms through x*!. This example gave strong evidence
that the momentum-integral analysis could predict separation to within
1 percent of the "exact" vdlue.

' This is not considered to be conclusive evidence that the separation

line on an NACA 0012 airfoil is at x/c = 0.77. Indeed, there could

. be same discrepancy in :the a.ssumed potential flow for this analysis

‘and that of Dwyer and McCroskey. !

Since simila.rity does not exist on the airfoil, the ratio of the
chordwise wall shear stress to the equivalent two-dimensional shear
stress must be presented in two separate figures.

, ]
In Figure 25, this shear ratio is presented for a fixed chordwise

position and a variable spanwise position. The chordwise positions

are at x/c = 0.6, 0.7, and 0.75 for the moméntum-integral analysis

while the data’ fran Dwyer and McCroskey'l are at x/c = 0.63. For large

values of z, x/z -0, this shear ratio approaches unity. As the
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55

b DR e AN I

R S e AT



spanwise location is decreased, the shear ratio grows, indicating that
the rotating flow is not approaching separation as fast as the nonrota-
ting case,

The analytical results of Dwyer and McCroskeyll at x/c = 0,63 com-
pare quite favorably with the momentum-integral results at x/ c= 0.7,
This agreement can be explained by examining the separation lines in
Figure 24, At x/c = 0.63, the results of Dwyer and McCroskey'! are with-
in a distance of 0,07 c of the 2-D separation point. At x/e¢ = 0.7, the
momentum-integral analysis is also within a distance of 0.07 c¢ of the
2-D predicted separation point. Therefore, it is not unusual that the
shear ratios from the two analyses agrez at these two different chord
positions,

In Figure 26, the shear ratios are plotted for fixed spanwise loca-
tions and variable chordwise positions, The discrepancy between the
results in this analysis and those of Dwyer and McCroskey'! at z/c =1
can again be traced to the difference in the predicted two-dimensional
separation points, The rapid rise in the shear ratio for increasing x
(for fixed z you move directly along the chord) is indicative of the fact
that the two-dimensional chordwise wall shear vanishes at a smaller value
of x than the rotating three-dimensional shear.

Aside frcm the reported displacement of the two-dimensional separa-
tion line, the three-dimensional momentum-integral analysis was found to
agree quite well with the more complex method of Dwyer and McCroskey'!
for the NACA 0012 rotating boundary layer calculations,

2,44 NACA 0015 at Zero Incidence

The final case considered in this analysis is an NACA 0015 airfoil,
The momentum-integral technique was proven to be a useful analytical tool
by comparing the results of sections 2,4.,1 and 2.4.3 with those of Dwyer
and McCroskey.'®' Since the NACA 0015 airfoil is also used on a number
of helicopter rotors, a small portion of the boundary layer results for
this airfoil are included.

The chordwise and spanwise velocity profiles are shown in Figures 27
and 28, respectively. The results are quite similar to those for the
0012 airfoil, The chordwise profile for z/c =» and x/c = 0,6 more nearly
resembles a separation profile near the blade surface than the correspond-
ing profile in Figure 22, The region of spanwise outflow appears to
persist for a greater distance above the surface than for the 0012 airfoil.

The location of the separation line for the 0015 airfoil is presented
in Figure 29. The results from the 0012 airfoil are included for compari-
son, The 0015 airfoil is thicker and has a steeper chordwise pressure
gradient, as illustrated by the potential flow calculations in sections
2.3.L and 2.3.5. Therefore, the boundary layer separates at a smaller
value of x/c on the 0015 than on the 0012 airfoil. Since Dwyer and
McCroskey did not consider a 0015 airfoil, no comparison can be made
with their results for this case,
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III. EXPERIMENTAL STUDIES OF ROTOR BOUNDARY LAYERS--HOVER

The experimental portion of this research.was designed to be a pre-
liminary study of the feasibility and usefulness of three experimental
techniques for the study of bounda.ry layer behavior tip flow and was not
intended to be a conclucive study. The study included flow visualiza-
tion, surface static pressure data, and boundary layer flow magnitude
and direction data.

3.1 TESTING EQUIPMENT '

3.1.1 Rotor Stand Test Module

The rotor tedt stand used to simulate model rotor hover conditions
is shown in Figures 30 and 31, A single-blade rotor was used throughout
this study. The rotor is powered:by two air motors which are' connected
to a 100-psi supply line through a control valve, The rotor speed is
controlled by regulating the air flow rate to these motors. A tachometer
is connected to the rotor shaft by a timing belt to prevent slippage

rerrors, A hollow drive shaft permits electronic instrumentation cables

to be fed from the rotor hub instrumentation systems to the slip-rlng
unit at the base of the rotor stand, Cables are attached to the station- -
ary portion of the slip-ring unit and fed through an electrical conduit
to the data console located behind the safety wall., The slip-ring unit
consists of fifteen rings and uses carbon 'graphite brushes,

3.1.2 Rotor Blades

_All of the rotor blades used had the sé.me construction and were orig-

" 'inally the same length. Rotor tests were comducted in a'flow channel

during latter stages Of this study. Because of the limitations of the
test section'size, a reduction in the length of the rotor blades was
necessary. ;

To minimize the mutual ‘interference between various pieces of instru-
mentation, threc separate blades were fabricated. Each blade was designed
to incorporate the instrumentation required to obtain one type of experi-
mental data, The blades were constructed with birch forward sections and
balsa trailing sections, The physical data for the three rotor blades
are given in the table on page 63.

The flow visualization rotor blade is shown in Figure 32, This
blade was constructed for use in a tip flow study.®> The ‘screws near

‘the tip permit interchangeability of blade tips.
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Figure 32. Rotor Blade for Flow Visualization
Studies.
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PHYSICAL ROTOR DATA

?
Description e
Visualization Pressure Velocity
, O NACA 0012 NACA 0012 | NACA 0012
Span (ft) 4.0 3.50 | 4.0
Chord (ft) 0.75 0.75 | 0.75
Twist (deg) None None None
Disk Area (ft?) 50,2 38.5 50.2
Solidity 0.059 0.0682 0.059
el | wg 193 | e
Lock Number 2.12 1.61 1.82

3.1.3 Pressure Transducers

The pressure transducers utilize semiconductor type strain gages
bonded to stainless steel diaphragms and are designed to operate in
severe environments. The range of each transducer is 0-25 psia, over
which the linearity and hysteresis were quoted at *0,5 percent of full
scale,

In order to remove the pressure transducers after completirn of
tests, a mounting pad was constructed for each transducer; the typical
transducer-pad assembly is shown in Figure 33. The transducers were
epoxied onto the pads in such a way that the diaphragm was cantilevered,
This prevented the transducer from sensing the strain of the blade.

The pad is then attached to the rotor blade with a single screw. In
this manner, the transducer was mechanically attached to the rotor blade
and could be removed easily.
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Figure 33. Pressure Transducer and Mounting Pad
Assembly,
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Figure 34 illustrates the transducers during the mounting process.
On the right, the transducers are visible, including the wiring and
gsolder tabs. On the left, the transducers have been covered with thin
strips of veneering. Each strip was individuelly tailored and in each
a small hole was drilled prior to attachment with epoxy. After all of
the veneering strips were cemented in place, the blade surface was
smoothed using very fine sand paper. Finally, the small pressure taps
above the transducers were covered and the blade was painted to assure
a smooth surface. Although the steps outlined in the mounting procedure
were brief, mounting was a very tedious task due to the ease with which
the thin diaphragms could be damaged.

The sensitivities of the transducers vary from 1 mV/psi to 2 mV/psi.
The output signals that must be transmitted through the slip rings are
on the order of 1 mV. Since the available slip-ring unit has a back-
ground ring noise of this same order, signal amplification was required.
An amplifier package consisting of twelve amplifiers, one for each
transducer, and a power regulator for controlling the input transducer
power was constructed and is shown in Figure 35. The transducers were
paralleled for common power, This amplifier unit was mounted on the
rotor hub for signal amplification prior to signal transmission by
the slip rings.

3.1.4 Hot-Wire Anemometers

The anemometers used to measure velocities are constant tempera-
ture or constant resistance anemometers,

The anemometer probe consists of a fine wire sensor whose resist-
ance is a linear function of temperature., This probe is incorporated
as one leg of a Wheatstone bridge network, Let us assume the bridge
is balanced, Then, if the sensor temperature changes, the bridge will
be unbalanced and a voltage will be present across the output terminals
of the bridge. This voltage is amplified by a high-performance d-c
differential amplifier. The signal is then fed into a single-ended d-c
amplifier for additional gain. This final amplification stage also acts
as a d-c level power amplifier since it is placed in a Darlington con-
figuration with a third amplifier, Finally, the current from the output
of the Darlington pair is fed to the bridge with a sign to cause the
resistance of the prohe to change and balance the bridge network. The
anemometer output voltage is an indication of the power required to
balance the bridge. The value of probe resistance which balances the
bridge can be adjusted by varying the value of the potentiometer used
as the bridge leg adjacent to the probe. This leg is termed the "over-
heat" resistor since its value determines the difference between the
probe temperature and ambient temperature at zero flow,
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Figure 34, Pressure Blade Showing Transducer Mounting
Technique,
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Figure 35. Amplifier Package for Twelve Pressure Transducers.
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As was the case with the pressure transducers, the slip-1ing noise
would mask the anemometer signal unless the aforementioned amplification
was mounted on the rotor hub., Thus, only the printed-circuit boards
used in the commercial anemometers were purchased., Two of these boards
were customized into a dual anemometer package that could be mounted
on the rotor hub (see Figure 36). The two boards were mounted vertically
facing one another to minimize centrifugal effects,

The operation of the anemometer depends on the heat transfer
characteristics between the sensor and the stream being measured.
These heat transfer characteristics cause the output voltage to be a
nonlinear function of stream velocity at the sensor. As a result, the
anemometer is extremely sensitive to low velocities and has a very low
sensitivity for high velocities. For boundary layer measurements, a
wide range of velocities will be encountered; therefore, linearizers
were incorporated to make the sensitivity nearly uniform over the

complete velocity range (see Figure 37).

The first hot-wire probe that was used in this study was a boundary
layer X-configuration probe. This probe is shown in Figures 38 through
40, The probe was designed to be mounted above the blade surface with
the sensors extending into the boundary layer. The X-configuration of
the two sensors is clearly defined in Figure 39. This planar orien-
tation of the two sensors is standard for measurement of both flow
magnitude and direction except for the vertical spacing between the
two wires. Standard probes have a spacing of 0.05 inch while the wires
for this probe were placed as close as physically possible and are
shown in Figure 40 to be about 0.009 inch. The photographs in Figures
39 and 40 have an amplification of about 40.

This probe was calibrated and tests were initiated on the hover
stand. After a few minutes of operation, the sensors were found to
be destroyed. New wires were placed on the probe, the probe was
recalibrated, hover tests were initiated, and again the sensors were
destroyed. After examining the sensors under a microscope, the damage
in each case was observed to be a break in the wires at the center of
the X, This indicated that either the wires came in physical contact
or there was sufficient electronic interference to burn the wires.

To eliminate both of the methods in which the wires were believed
to be damaged, a second type probe was ordered, This probe was identical
to the first except that the wires were placed in a V-configuration
instead of an X-configuration. This permitted the wires to be placed
at the seme vertical height,which eliminates the measurement error due
to the sensors being located at two different boundary layer heights.
This V-configuration is shown in Figure L1 with a magnification of
about 20, The wire-to-wire interference for this type of probe is
considerably reduced., All of the anemometer data reported was obtained
from this V-configuration probe. All of the hover data was obtained
with a single set of sensors on the V-probe,
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Figure 39. X-Configuration With About 40X
Magnification.




Figure 40. Side View of X-Probe Showing Wire
Spacing.




Figure 41, V-Configuration With About 20X Magnification

3.2 CALIBRATION SYSTEMS

3.2.1 Rotor Stand

The hover stand rotor speed was monitored by a tachometer which
was driven by the rotor shaft. The following technique was used to
calibrate an accurate scale for the tachometer.

A gear was mounted on the rotor shaft,and a magnetic pickup was
rigidly attached to the rotor stand and placed within approximately
1/8 inch of the gear teeth. As the gear teeth pass by the magnetic
pickup, they cut magnetic field lines and generate small pulses of
electrical current. The frequency of these current, or voltage, pulses
can be related directly to the rotor speed.

The pulse frequency could be obtained from an oscilloscope trace
of the pulses and a visual count; however, this makes it very difficult
to set a desired rotor speed. For this reason, an electronic EPUT
(events-per-unit-time) counter was incorporated into the calibration.
This meter electronically counts the number of pulses for a preset time
period and presents the results on a digital display.
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With this technique, the rotor speed was calibrated within an
accuracy of 0,5 percent; however, during testing it was not possible
to maintain a desired rotor speed more accurately than approximately
+2 percent.

3.2.2 Pressure Transducer

The pressure transducers were calibrated a mumber of times using
three different techniques.

First, the transducers were calibrated by the mamufacturer before
they were mounted on the specially designed pads, This calibration was
performed in a pressurized chamber and was presented as full-scale out-
put millivolts, The calibration was performed at three temperatures
from 30°F to 130°F in order to attest the accuracy of the temperature
compensation network, Although it varies for each transducer, the maxi-
mum sensitivity drift with temperature was only 0.0l mV/°F, while the
sensitivity magnitudes varied from 1 mV/psi to 2,5 mV/psi.

A second calibration was performed prior to submerging the trans-
ducer-mounting pad assemblies in the rotor blade, The transducers were
recalibrated in a pressurized container shown in Figures 42 and 43. The
container was sealed by "o-rings" and the cables were removed through a
tubing connection in the side. The pressure was controlled by a needle
valve while the chamber pressure was recorded by a static pressure port
and a mercury or water manometer. A vacuum pump was also used to com-
plete the calibration from -8 psig to +8 psig. The results of this
calibration were within 2 percent of the data supplied by the mamufacturer,

Because of the complexity of the transducer-mounting and subsequent
surface smoothing, a third calibration was performed, This calibration
was conducted after vhe transducers were mounted in the rotor blade sur-
face and surface smoothing was completed, This final calibration tech-
nique is depicted in Figure M&, where a tee-connection is shown at the
upper part of the drawing., Plastic tubing was connected to each of the
upper arms of the tee, One tube led to the manometer and the other tube
led to the vacuum supply line, A piece of pliable rubber tubing was
placed on the bottom leg of the tee, This rubber tubing could be pressed
against the blade surface and a vacuum could be maiatained within the
tee-connector. Using this device, the transducers could be individually
calibrated at any time prior to, or after, the tests,

The results of this final calibration are presented in Figure U45
for a typical transducer., Since all of the transducers were mounted on
the upper surface of the blade (the suction side), only negative gage
pressurer were ured during this calibration., The slope of the straight
line drawn through the data points was determined by a least - square-error
method., The data are linear to within 1 percent, and the transducer
sensitivities were invariably repeatable to within 2 percent,

75




Figure 42,

Pressure Transducer Calibration Chamber,
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Figure 43,

Pressure Transducer Calibration Apparatus,
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Finally, the complete transducer electronics system was checked
during each calibration,

3.2.,3 Hot-Wire Anemometer

In order to calibrate a V-configuration probe which is to be used
for measurement of flow magnitude and direction, it is necessary to
have a laboratory standard flow with a known magnitude and direction,

To produce such a standard flow, the device shown in Figure 46
was designed, constructed and calibrated. The body consists mainly of
a cylindrical chamber made from 4-inch aluminum pipe with a nozzle at
one end, The chamber has a vertical plate to deflect the incoming
flow, a set of five screens to reduce turbulence, and two ports to
measure chamber pressure and temperature. The .10zzle is conical with
flared inlet and exit regions. The exit diameter is 0.375 inch.

A probe positioning device is shown attached to the top of the
nozzle, The V-configuration probe is mounted in the small clamp
directly in front of the nozzle., The flow direction relative to the
probe body can be adjusted by rotating the probe, A protractor was
mounted on the horizontal plate above the positioning device to record
the probe's angular position, The speed of the flow at the nozzle
exit 1s controlled by the needle valve located in the 100-psi supply
line, An air filter was instelled in this supply line to maintain a
clean supply of air. Since considerable effort was spent calibrating
this nozzle, Appendix I contains a discussion of the method and results
of this calibration.

The V-configuration probe calibration was performed by setting a
nozzle exit velocity and recording the output voltages of each anemom-
eter at probe angular positions from -45° to +U45' in increments of 5°.
A complete calibration involved repetition of this process for a mumber
of exit velocities to cover the range expected during testing.

An attempt was made to correlate the results of this calibration
with the "cosine" law used by Champagne, Sleicher and Wehrmann®® with
a single wire probe. After many unsuccessful attempts of correlation
with this simple law, it was concluded that another method must be
used to maintain the accuracy of the calibration. A numerical tech-
nique was developed to correlate the calibration data,

Figure 47 illustrates the V-configuration denoting the left sensor
as B and the right sensor as A. The stream velocity is of magnitude V
and approaches the probe with an outflow angle y. The components of
velocity normal to sensors A and B are denoted by V, and V., respectively.
These velocities may be related to the flow magnitude V a.nR direction y
by equations (94) and (95):
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Sensor B Sensor A

Figure L7, V-Configuration Hot-Wire Probe Geometry.,
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V, = V cos(45°-Y)

A {
Y (94)
-';_2- (cosy + siny) 9
VB = V sin(45°-v)
= ¥ (cosy - siny) |
V2 (95)
Rearranging these expressions yields
VA-VB
V siny = . (96)
V,+V.
V cosy = A=S (97)
2

vhich can be solved directly for the flow magnitude and direction in
the form given by equations (98) and (99):

V,-V ¢ V,+V. e

A"'B At'B

-[(22) - (%) ] 2
V,-V
« AR

tany VasVp (99)

Since linearizers were incorporated into the calibration, the
camponents of velocity Va and V, are approximately proportional to the
output voltages of anemometers A and B. With this in mind, the output

voltages were grouped according to equations (98) and (99) and the
following definitions were made:
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VA-VB VA’VB) . :
V-MAGNITUDE = e + < ' 8
[ ( % ) \"7 s
Va=V, '
- A B H |
V-DIRECTION YA*VE ' _ (99)

where v, and vp are the output voltages of anemometers A and B, respec-
tively- }
]

Calibration produces a data array of voltages v, and v, for variOus
values of flow magnitude V and .flow direction Té correfate these
results, the voltage parameters V-MAGNITUDE and V-DIRECTION were calcu-
lated according to equations (98) and (99). ‘'Also, the flow magnitude
was dimensionalized into the wire Reynolds number defined by :

1
|
|

Re = V4 ' (200)
w v, g . o
where d is the wire diameter. ' .
1

A camputer program was devised to automa.tica.lly berform a complete
correlation of the resulting-calibration data. This includes a regres- '
sion analysis for subsequent data interpolation and camputerized plot-
ting of the data to show "goodness of fit", These plots are included

in Figures 48 through 52. The solid lines in these figures represent
the regression curve-fit, while the symbols are the calibration data,

Figure 48 illustrates the variation: of these voltage parameters
with wire Reynolds numbers and flow direction. During calibration,
the flow direction is fixed and the probe is rotated; therefore,
Figures 48 through 52 refer to 7 as the probe body a.ngle.

Figure 49 illustrates the variation of V-MAGNITUDE with wire
Reynolds number. The variation of these data about a single straight
line indicates that V-MAGNITUDE, while primarily a linear ﬁmction of
Rew, has a slight variation with the probe body angle. '

Flgure 50 illustrates ‘the variation of V-DIRECTION with the ‘probe
body angle, Again, V-DIRECTION is primarily a.function of probe body
angle; however, the data scatter indicate a slight variation with wire
Reynolds number. If each wire identically obeyed the "cosine" law,
V-DIRECTION could be represented as the tangent of the probe body
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angle, Therefore, Figure 50 wou)1 be a unique tangent curve, not a
band of curves as were obtaine’ in the actual calibration,

Figures 51 and 52 aie cross-plots of Figures 49 and 50. They
represent the secondary vartations of V-MAGNITUDE «nd V-DIRECTION.
These two figures best illusirate the accuracy of the regression
analysis,

During data reduction, the regr.ssion analysis was solved in
reverse. That is, the numerical curve-fit equations were solved for

values of Re' and 7 vhen given the voltages VA and vB.

3.3 TESTING PROCEDURES

3.3.1 Visualization Tests

The ammonia feed apparatus used for the visualization tests is
shown in Figure 53. The pressurized tank of gaseous ammonia was
bubbled through a liquid ammonia solution and then fed to the top of
the rotor stand shown in Figure 31. The ammonia then passed through
a transfer ring, through a tube inserted in the rotor blade , and out
the small orifices in the blade surface.

The technique used in these tests is almost identical to that
described by Velkoff, Hlaser and Jones.?’ The only difference is that
the tests in this study incorporated a revolute film while those of
Velkoff, Blaser and Jones”’ used regular ozalid paper. The revolute
film comes in a variety of colors, has a more uniform ccating of
diazo dye, is more easily attached and removed from the blade, and
gives a more permanent trace than the ozalid paper,

The surface traces are obtained by bringing the rotor to the
desired hover condition and forcing ammonia to flow into the rotating
boundary layer by opening the valve on the tank of gaseous ammonia.
After the trace is formed, the valve is closed, the rotor is o upped,
and the plastic revolute film is removed. This film represents a
permanent surface trace for the set rotor conditions of the test.

3.3.2 Pressure Measurements

Each preessure transducer has a nonzero output voltage at atmos-
pheric pressure condition. This offset voltage can vary from test date
to test date due to barometric pressure variations, To account for
this possible variation, the offset voltages were determined prior to
testing and were checked during the conduct of any series of tests,
During the actual teating, the offset voltages were found to remain
constant, The values of this voltage were subtracted from the pressure
transducer outputs to represent surface pressures above the barometric
ambient pressure,
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The ambient temperature, barametric pressure, and wet-bulb temper-
ature were recorded during each test to determine the local air density.
The air density was used to calculate the local free-stream dynamic
pressure and subsequently dimensionalizc the data into pressure coeffi-
cient form.

All of the pressure data were obtained at 800 rpm and consisted
of three consecutive independent tests.

3.3.3 Velocity Measurements

The velocity measurements represent the most significant experi-
mental contribution of this study; thus, the anemameter testing proce-
dure will be examined in detail.

The V-configuration probe was mounted above the blade surface and
oriented as shown in Figures 5S4 and 55. Figure 54 illustrates the
probe as it is viewed from the rotor blade tip. The anemometer ampli-
fier package can be seen in the background. Tigure 55 shows the probe
as seen {rom the blade leading edge. The plane of the V-configuration
sensors 18 set parallel to the blade surface by the apparatus plctured
in Figure S56. It consists of a traversing microscope and associated
mechanism to attach the microscope rigidly to the blade., By viewing
the probe and probe surface simultaneously through the 100X lens of
the microscope, the probe could be aligned accurately.

The vertical pousition of the probe is adjusted by rotating a nut
attached on the bottom surface of the blade., A lock nut was used to
maintain a fixed probe position during the tests. After the probe was
locked in the desired position, the traversing microscope was used to
measure the perpendicular distance from the blade surface to the sensor
plane, This traversing mechanism permitted a readability to the nearest
0.0001 inch. Measurements were made from 0.l inch to 0.002 inch to
cover the camplete boundary layer flow.

The tests were conducted in the following sequence., The chordwise
and spanwise positions were chosen and the probe was aligned at this
surface position by the technique jist described, The probe was set at a
position near 0.1 inch to represent a condition outside the boundary
layer. At this probe position, tests were conducted at four rotor
speeds (100, 200, 300, and 40O rpm) and four pitch angles (0°, 5°,
10°, and 15°). The probe was then lowered and tests were repeated until
data was obtained across the entire boundary layer. This sequence of
tests required the fewest adjustments of the probe and minimized the
possibility of accidental probe damage from contact with the sensors.
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3.4 TEST RESULTS AND DISCUSSION

3.4,1 Ammonia Surface Traces

The ammonia visualization traces give an indication of the flow
direction in the lower portion of the boundary layer. The traces are
shown in Figures 57 through 59. The data in these figurer were obtained
at a pitch angle of 12° and rotor speeds of 250, 700, and 990 rpm,
respectively. Data at pitch angles of 13.5° and 15° are presented in
Appendix II; however, these data only serve to confirm the results of
the data in Figures 57 through 59.

The leading and trailing edges are marked in each figure, Ori-
fices were located at chordwise positions of 0, 5, 10, 15, 20, 25, 30,
35, 40, 50, 60, and 75 percent chord (at spanwise positions of 50, 60,
70, 80, 90, and 99 percent radius.) In some of the data, traces were
not formed at the orifices near the trailing edge. Because of the
large negative pressures on the upper surface near the leading edge,
most of the ammonia would escape in this region.,

The 250 rpm data at 50 percent radius indicate a region of outflow
fram 5 to 10 percent chord. This action is similar to that reported
by Velkoff, Blaser and Jones,Z’ in which flow discontinuities were
hypothesized to be standing leminar separation bubbles. No discon-
timiities can be observed at any of the other radial positions for any
of the rpm conditions tested., Since the discontinuity is believed to
be a laminar flow phenomenon, it disappears when the flow transitions
prior to the formation of the separation bubble. The tip Reynolds
numbers corresponding to 250, 700, and 990 rpm are 0.66, 1.83, and
2.59 million, respectively. This indicates that the local free-stream
Reynolds number at the location of the discontinuity was 0.33 million.,
A1l other data have higher Reynolds numbers.

The traces at 60 and 70 percent radius at all of the rpm conditions
indicate a small amount of outflow in the region prior to the 25 percent
chord position. The flow appears to be very stable over the complete
blade, Even the flow following the discontinuity is well behaved and
appears to be strongly attached to the airfoil.

The flow near the tip has a strong tendency to flow inward. This
action is caused by the motion of the tip vortex. This tip vortex is
created by unequal pressures on the upper and lower surfaces which
cause a net flow around the tip from lower to upper surface. The
effect of this spanwise tip flow is not evident at the 99 percent
radius trace until about the 20 percent chord positions. This
could indicate that the tip vortex is being formed in the first 20 per-
cent chord.2s

In summary, the ammonia trace visualization date only indicate
the overall gross flow effects. At Reynolds numbers below 0.33 million,
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these data indicate the occurrence of standing laminar separation
bubbles., It is hoped that this flow phenomenon can be examined
using the hot-wire technique,

3.4,2 Surface Static Pressurcs

The surface static pressure data are shown in Figures 60 and 61,
These data were obtained at 800 rpm and pitch angles of O, $5°, $10°,
and $15°, The pressure transducers were located at 5, 10, 15, 20, 35,
and 50 percent chord stations at both 70 and 93 percent radius posi-
tions on the blade., Since transducers werc located only on the upper
surface, the negative pitch angles were used to indicate the pressure
on the lower surface of the blade, The data are presented in pressure
coefficient form,

The solid curves are theoretical two-dimensional pressure distribu-
tions. In order to calculate this two-dimensional distribution, the
local angle of attack for each hover condition had to be estimated,
This estimation was made using simple blade element theory as described
by Gessow and Myers,“® and does not include the three-dimensional
effects of the rotating case,

Figure 60 presents the data at 70 percent radius. The pressure
coefficients are greater than the two-dimensional theory in the region
from the leading edge to the 25 percent chord position, Aft of this
position the data fall below the two-dimensional theory. This same
trend occurs on both upper and lower surfaces,

The data at 93 percent radius are illustrated in Figure 61. At
this location, the data aft of the 25 percent chord position on the
upper surface of the blade also fall below the theory. The pressure
coefticients near the leading edge are not greatly underestimated by
the two-dimensional theory. The effects of tip proximity could be
evident in the 93 percent radius pressure data.

The number of transducers used greatly limited the usefulneis of
the results, With only six transducers per spanwise position, it was
difficult to accurately define the chordwise pressure distriiutions.
Data were taken only on the forward half of the airfoil since it was
felt this was the most important region. However, the data in Figures
60 and 61 indicate the ssw® trends as the two-dimensional theory. Again,

it is not known how accurate this comparison should be since the accuracy

of the theory is questionable,

3.4.3 Boundary Layer Velocity Data

Velocity data were obtained with the hot wires for spanwise sta-
tions of 72 and 92 percent radial stations. Rotor speeds of 100 and
L4LOO rpm were run. Tests run at the 72% radius station included pitch
angles of 0, 5, 10, 15 degrees, and at chordwis~ locations of 10, 15,
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20, 25 percent chord. Tests run at 92% radius included pitch angles of
0 and 5 degrees and chordwise locations at 15 and 25 percent., Typical
data obtained are shown in Figures 62 and 63 and are discussed exten-
sively in this section, Added velocity data may be found in Appendix
Iv,

Figures 62 and 63 represent boundary layer velocity data at a fixed
spanwise position of 72 percent radius, fixed pitch angle of 10°, and
rotor speeds of 100 and 40O rpm. The graphs from left to right repre-
sent increasing chordwise positions of 10, 15, 20 and 25 percent chord,
The top row of graphs are chordwise velocity profiles, the middle row
are spanwise velocity profiles, and the bottom row are outflow angles,
Since all of the measured velocities are nondimensionalized by their
corresponding experimental potential flow component, the experimental
values of the chordwise potential flow U and the spanwise potential flow
W are also listed at each position, The data are all plotted versus
actual vertical distance above the blade surface.

First, the data at 100 rpm will be examined, At 10 percent chord,
the chordwise profile exhibits a linear region near the surface and
then rapidly approaches the potential flow value, The spanwise flow
exhibits a slight ovarshoot type of profile, The outflow angle varies
from a small value at the outer edge of the boundary layer to a rela-
tively large value near the surface, This large outflow may be attributed
to the centrifugal pumping action which occurs as the air particles be-

come trapped in the boundary layer,

The top row of graphs depicts the development of the chordwise
boundary layer. The profile becomes less and less "full” as the chord-
wise position is increased from 10 to 20 perceant chord. At 25 percent
chord, the chordwise profile seems to have inherited a new shape. This
chordwise boundary layer development can be explained as follows,

It appears that a laminar separation bubble is standing on the
rotor blare in the vicinity of 20 to 25 percent chord for the hover
conditions in Figure 62. The best indications of the existence of a
separation bubble are the separation profile shape at 20 percent chord
and the much "fuller” profile that occurs just 5 percent chord down-
stream. These data indicate that a very abrupt change occurred between
20 and 25 percent chord.

The typothesis for explaining the data in Figure 62 follows. The
chordwise flow is laminar at 10 percent chord; however, tLc steep
adverse chordwise pressure gradients observed in Figures 60 and 61 are
decelerating this flow., By the time the flow reaches the 20 percent
chord position, the chordwise camponent of the wall shear stress has
almost vanished. A laminar separation takes place shortly after the
20 percent chord position is passed. When the flow separates, it gains
momentum from the free stream and reattaches as a turbulent boundary
layer. Therefore, the chordwise profile observed at 25 percent chord
ir u turbulent flow profile.
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Next, the spanwise profile development can be observed as the flow
progresses along the chord from 10 percent to 25 percent, In the reduc-
tion of the data, all velocity measurements are normalized by dividing
by the free-stream velocity. The free-stream velocity is shown with
each curve, In the case of the spanwise data, the magnitude of this
velocity is very small and difficult to measure, Consequently, scatter
in the data may be present when the value of W is quite small, The
spanwise profile at 10 percent chord indicates a very small amount of
overshoot, prior to approaching zero near the surface. As the flow
progresses to 15 percent chord, this profile shape becomes rather
"jagged", which may be due to experimental error. However, at 20 per-
cent chord, the data indicate an extremely smooth profile which exhibits
a large amount of overshoot. This illustrates that as the chordwise
flow approaches a separation profile, the spanwise flow is greatly
accelerated to maintain contimuity within the boundary layer., This
spanvise relief permits the rotating boundary layer tc remain thinner
than the associated two-dimensional boundary layer. At 25 percent the
spanvise velocity profile shows a little overshoot very near the wall.

The ammonia trace data of Figure 57, and the vast amount of similar
data reported by Velkoff, Blaser and Joues,27 was interpreted only after
the hypothesis of the existence of laminar separation bubbles on the
~otating airfoils., Although this hypothesis was consistent with every
trend that was illustrated by the ammonia data, it was still not a
proven fact. The data of Figure 62 present a significant contribution
to the support of the laminar separation bubble hypothesis., First, the
chordwise profiles indicate laminar separation and turbulent reattach-
ment, which was discussed at length by Velkoff, Blaser and Jones,Z’
Next, the almost instantaneous increase in the spanwise outflow at 20
percent chord (the vicinity of vanishing chordwise wall shear) is very
reminiscent of the ammonia discontimuities.

The ammonia trace "surface streamlines" actually turn sharply out-
ward away fram the potential streamlines at the discontinuities. The
outflow angles in Figure 62 also corroborate this trend in the ammonia
data. The outflow angle is actually a measure of the angle between the
chord line and the streamline at a given boundary laycr height. For
example, in Figure 62 at 20 percent chord, the outflow angle reaches a
peak value of about 36° at approximately 0.007 inch fram the blade
surface, while the outflow angle is only about 3° at 0.050 inch from
the blade surface. Again, this large outflow in the boundary layer is
indicative of the ammonia trace discontinuities.

Figure 63 presents data at the same 9 as Figure 62, but at 400 rpm.
At this speed, the boundary layer thickness is considerably smaller;
therefore, fewer data points were obtained within the boundary laywr,
The results at 400 rpm do not indicate the existence of a laminar separ-
ation bubble. This increase in Reynolds mumber has probably initiated
transition prior to laminar separation, as was observed with the ammonia
traces, The rather rapid growth in the boundary layer thickness can
8till be observed in the chordwise velocity profiles,
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'When using a hot wire for velocity measuremenis close to a solid
boundary, errors may he introduced if the effect of the boundary on the
rate of heat loss; from the wire is 1§nored. To account for this heat
loss, the experimental data of Wills<® were used. Wills obtained
experimental data on various diemeter wires in a known boundary layer
flow. ‘His data were then used to calculate correction factors for heat
losses to the surface, For constant-temperature wires, this correction
factor was. found to bé¢ a function of the ratio of distance from the
surface to the wire radius. This coryection factor was lifted from

Wills?® and was incorporated into the hot-wire data reduction scheme to
account for wall proximity heat losses a.m assoclated velocity measure-

, ment errors,
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IV. COMPARISON OF ARALYSIS AND EXPERIMENTS--HOVER

This section compares the analytical and experimental portions of
the study for which calculations and measurements were made for a rotating
NACA 0012 airfoll at zero 1lift.

The experimental hot-wire data at 8 = 0° (zero 1lift condition) were
obtained at spanwise locations of z/c = 3,87 and z/c = 4,92, The chord-
wise locations at which velocity profiles were obtained are indicated
in Figure 64, The relationships between z/c and percent radius are
shown along with the relationships between x/c and percent chord, At
z/c = 3.87, the Reynolds numbers based on the blade chord are 0,158,
0.316, 0,474, and 0.632 million, which correspond to rotor speeds of
100, 200, 300, and 400 rpm, respectively. At these rotor speeds, the
Reynolds mumbers at z/c = 4,92 are 0,185, 0,369, 0.554, and 0,739 million,
respectively,

Percent
Percent 2 el
Chord X/ _/7 492 92
15 .165_/
25 265
_/7 —3.87 72
10 .115/
15 165
20 219
25 265
/ AXis

of
/_ Rotation

Figure 64, Location of Hot-Wire Data on Rotor Blade,
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Figures 65 through 70 present chordwise velocity profiles on a
rotating NACA 0012 airfoil at zero lift. By plotting versus the
"gtretched" boundary layer coordinate, y v{0z ;Hvxs, used in the
analytical study, the data at different rotor speeds or Reynolds
numbers can be cambined into a single graph. The s80lid line in each
of these figures indicates the velocity profile predicted by the
momentum-integral analysis.

At each location on the blade, the experimental data indicate a
"fuller" profile than the analytical calculations. The analytical
calculations assumed that the flow was laminar. Due to variations in
the blade surface roughness, the actual flow may be transitioning, or
even turbulent. If this were the case, the profiles within the boundary
layer would be "fuller" than the corresponding laminar flow profiles.

Another point must be made regarding the limitations of the
analytical solutions. One of the major controlling factors in making
boundary layer calculations is the potential or inviscid flow. This
region dictates whether a flow even occurs; however, its most important
contribution is the acceleration or deceleration of the boundary layer
flow. Throughout all of the analytical calculations, this potential
flow was obtained from theoretical, two-dime'.sional calculations. Any
inaccuracies occurring in the potential flow would alter the displace-
ment thickness and ultimately the wall shear stress distribution. The
disagreement between theory and experiment in Figures 65 through 70
could indicate an inaccuracy in the assumed potential flow,

Except for Figure 66, the experimental chordwise velocity data
congregate quite well for the range of Reynolds numbers presented.
Figure 66 indicates a considerable amount of data scatter. The data
presented in this figure represent the very first rotor hot-wire data
obtained in this study. Since the probe was positioned by visually
viewinp . 2 probe through the microscope, the consistency of the data
dependea grcatly on the technique used while adjusting the probe height.
After this first profile was completed, the consistency of the data
appears to be much improved, as indicated by Figures 65, 67, 68, 69,
and 70,

The spanwise profiles are compared in Figure 71 for a chordwise
position x/c = 0,115 and a spanwise position z/c = 3.87. The results
indicate that no comparison can be made between experimental and
theoretical spanwise profiles. Very near the blade surface, the
theoretical profile is moving toward the experimental data; however,
it soon reverses its direction. The theoretical profile is primarily
inflow while all of the experimental data indicate outflow.

The inconsistencies of Figure Tl can be explained by examining
the location of the axis of rotation in each case. Throughout the
analytical study, the axis of rotation was placed at the blade leading
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edge, as shown in Figure 1, to simplify the mathematics and to compare
results with other investigators. The rotor blades used in the experi-
mental portion of this study were rotated about their quarter-chord
positions. This seems like a very minor point; however, the spanwise
flow is less than 10 percent of the total flow in the positions near
the leading edge where measurements were made, For this reason, the
direction of this spanwise flow is very sensitive to small changes in
the geometry.

For example, the potential streamlines of an NACA 0012 airfoil can
be closely approximated by circular arcs near the leading edge of the
blade, as shown in Figure 72, Since all of the experimental data was
obtained in the region in front of the quarter chord, the experimental
spanvise potential flow is outward while the analytical spanwise poten-
tial flow is inwvard., This explains why the momentum-integral profile
shown in Figure 71 reverses ite direction, The lower portion of the
boundary layer is still pumped outward due to the large component of
centrifugal force; however, the upper portion of the boundary layer is
governed principally by the inward potential flow. This analytical
curve in Figure 71 would be greatly changed if the direction of the
spanwise potential flow were reversed.

A possible explanation for the differences in the analytical and
experimental chordwise profiles can be deduced with the aid of Figure
71. The experimental spanwise flow is ocutward as indicated in Fifure
T1. Outflow in a rotating system creates an equivalent favorable
pressure gradient, All but the bottom level of the analytical profile
is inflow as indicated in Figure 71, and inflow in a rotating system
creates an equivalent adverse pressure gradient. These effective favor-
able and adverse pressure gradients, due to the Coriolis forces, could
tend to create the differences in the chordwise profiles that were indi-
cated in Figures 65 through 70.
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straight chord line

circular arc about
axis at quarter-chord

circular arc about
axis at leading edge

> 4 rotation axis for

expeririental study
o N\ (quarter- chord)
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analytical study
(leading edge)

Figure 72, Approximate Potential Streamlines on a
Rotating MACA 0012 Airfoil Near the
Leading Edge.
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V. TIP FLOW STUDY--HOVER

5.1 BACKGROUND

5.1,1 Flow Over Tips

The flow over the tiys of a wing of finite span leads to the forma-
tion of tip vortices,®»®' Similar vorticee spring from the tips of
helicopter rotor blades, The interaction of this tip vortex flow with

the toundary layer near a blade tip forms the basis for the study
presented in this section.

5.1.2 Previous Experimental Studies

Several experimental studies have been conducted in recent years
to investigate the nature of the flow over the tips of helicopter
blades (or fixed-wing airfoils) and the influence of tip design on
rotor performance.

A report published in 1968 by Richard F. Spivey>? discusses the
results of two- and three-dimensional wind tunnel tests and flight
tests conducted on helicopter rotor tips at Bell Helicopter Campany.
The report discusses the effects of profile, camber and planform on
1ift, drag, noise, etc, Pressure distribution data were obtained on
a square-tip stationary airfoil at different yawed positions in a
wind tunnel. Smoke flow tests were also conducted in hovering, and it
was found that the tip vortex was in the same position on the upper
surface of the tip as indicated by the pressure distribution data in
the wind tunnel. Surface oil flow tests were also conducted on full-
scale helicopter rotors, and results were consistent with the previous
tests. The results of these tests show that the vortex is not moved
outward by centrifugal force or pressure gradients on a rotating blade
in hover, but remains in the same relative position as in nonrotating
blade wind tunnel tests. The surface oil flow tests may not be con-
clusive because of the vast difference in the density and viscosity
of the oil and the air flowing over the oil.

Spivey’“ also describes studies made with mcdified tip shapes
including swept-forward, swept-aft, and others, Pressure distribution
data were obtained in stationary wind tunnel tests; also, surface oil
flow tests were conducted. The swept-aft tip was considered to be ad-
vantageous because it provides compressibility relief similar to a
swept-wing aircraft. Finally, flight tests were performed, based on
the results of the wind tunnel tests, using a 70° swept-aft tip, and
it was found that a 3-percent decrease in power was required in for-
ward flight. Most of the emphasis® was on the effects of tip design
on rotor performance. While some pressure distributicn iata were ob-
tained, very little information on the flow direction vt various points
on the tip was presented,
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Another report on the subject of the flow over wing tips was pub-
lished by Piziall and Trenka in Jamuary 1970 at Cornell Aeronautical
Laboratory.>> They describe two-dimensional wind tunnel tests performed
on an NACA 0012 airfoil with six different tips. The primary source of
data was smoke flow which was allowed to pass over the blade tip and was
photographed. Oil flow on the surface was also used, The greatest con-
tribution of this report®> is the set of photugraphs showing the air flow
pattern over the tips and vortex formation, These photos show thLat the
most severe tip vortex is generated with the square tip. The oil flcw
tests were used to show flow patterns on the airfoil surface, and tr, some
extent, this objective was achieved., The greatest restriction on the
results of this report is that the tests were nonrotational, The behavior
of the flow over the tips during rotation will differ to same extent due
to the three-dimensional effects and centrifugal forces,

A third recent report on the subject of flow over tips was published
in June 1970 by W. A, Spivey of Bell Helicopter Company and G. G, Morehouse
of NASA Ames.>' This report describes tests performed on three tip shapes
in a wind tunnel and on the tail rotor of a helicopter, Acenaphthene
flow visualization was used in the tests. Pressure distribution data
and 1ift-drag data were also obtained, Full-scale tests were also con-
ducted on the main rotor of a helicopter. The acenaphthene sublimed from
the tip surface according to the amount of local skin friction present.

In this manner, regions of separation, laminar boundary layer, etc.,
could be observed. However, local flow direction at various points on
the tip could not be seen from this teat procedure,

Some of the conclusions reached in this report were: (1) at low
Mach number and low Cj, the swept-tip rotors perform better than square-
tip rotors; (2) at low Mach number and high Cy, the square-tip rotor is
superior; and (3) at high Mach numbers and high Cj, swept-tip rotors are
better than the square-tip rotor.

While all of the above reports contribute something to the knowl-
edge of the flow over the tips of airfoils and the effect of tip shape
in rotor performance, none of them clearly shows the direction of the
air flow at various points on the tip during rotation., Piziali and
Trenka3® give the best information regarding the flow over the tip, but
it primarily shows the air flow pattern after the flow has left the
tip. The oil streak flow technique used by previous experimenters to
show the flow direction on the tip surface may be questionable in
rotation where centrifugal effects play a large part,

5.2 EXPERIMENTAL PROGRAM

5.2.1 Test Facility and Instrumentation

All tests were conducted on the rotor test stand located at The
Ohlo State University (see section 3.1.1). For the tip study, the
following additional information is pertinent,
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Power to drive the rotor was supplied by two Gast air motors and
transmitted through two V-belts from each motor to pulleys at the bottom
of the shaft (Fig. 73). A small cantilever beam arrangement was employed
to transmit the torque from the pulleys to the shaft, This was done to
provide a convenient place to locate a strain gage for torque measure-
ment (Fig. 74).

Thrust measurement was obtained through SR-4 strain gages mounted
on steel hoops which were stretched by the thrust force, The stcel
hoops were mounted between two plates at the top of the mast; the top
plate was free to move vertically, and was constrained only by the two
steel hoops (Figs. 75 and 76). The thrust force pulled upward on the
top plate, thereby stretching the hoops and generating a strain gage
voltage, The thrust and torque voltages were transmitted to the con-
trol panel through electrical slip rings located at the very bottom of
the shaft, A digital voltmeter (DVM) was used to display the voltage.
All strain gages required a 20-volt input and contained four 350-ohm
resistance elements, The output of the strain gages was on the order
of 0 to 30 millivolt.

The ammonia azo system used for the tip flow visualization, de-
scribed in section 3.3.1, is similar to that used previously.>® The
ammonia transfer ring used in all ammonia tests is mounted on top of

] the hub and is shown in Figure 77.

Rotor s)eed was obtained ‘rom a tachometer. A notched belt connected
to the rotor shaft drove an electrical generating device which was wired
to the tachometer to indicate the rotor speed (Fig. 73).

5.2.2 Rotor Tip Design and Fabrication

| Five tip designs were selected for study. Each tip had a 9-inch
chord and was designed to be interchangeable with a 9-inch chord model
blade with an NACA 0012 profile. The blade was 38-13/16 inches long
from the center of rotation to the interface between the blade and the
tip. Figure 78 shows the end of the blade without a tip.

Tip No. 1 is a square tip as shown in Fijure 79, It is formed by
simply cutting off the blade in a plane perpendicular to the radius,

Tip No. 2, shown in Figure 81, is defined by rotating the blade
cross section about the chord and thereby sweeping out at the body of
revolution, This tip forms a reference for comparison with other tips.

| A swept-aft tip was selected for the design of Tip No. 3 shown in

Figure 83. Its shape is formed by extending the leading edge of the air-

foil rearward at a 45° angle to intersect the trailing edge. This tip

| has been studied previously and is known to produce high and uneven
pressure concentrations,>®

118



Figure 73, Pulleys and Belts at Base of Rotor S

Figure 7h4. Torque Measuring Device,
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Figure 75. Thrust Measuring Device.

Figure 76. Thrust Ring and Strain Gages.
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Figure 78.

Figure 79.

Blade

With Tip Removed.

Top View of Square Tip (No. 1).




Figure 80. End View of Square Tip (No. 1).

Figure 8L, Top View of Standard Tip (No. 2).

123

|
|
|
£
| O ——




Figure 83,

Top View of Swept-Aft Tip (No.
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Tip No. 4 is trapezoidal in shape and is shown in Figure 84, It
was chosen because it approaches the idealized elliptical tip shape but
is much easier to fabricate.

Tip No., 5, Figure 85, known as the cusp tip, was chosen because
there had been some encouraging results from previous tests.

A second blade with a 7-inch chord containing a standerd tip was
also investigated, The tip on this blade was not removable.

Tips 1 and 2 were cut from blocks of sugar pine. A groove approxi-
mately 3/16 inch wide and 1/8 inch deep was milled inside these two tips
near the outer edge. Small holes (~.O4 in.,) were drilled approximately
1/2 inch apart on the top, end, and bottom of each tip so that each
hole intersected the groove. A larger hole (3/16 in.) was drilled
from the interface of each tip into the groove. This hole aligned
with the aluminum tube in the blade to provide a flow path for the
ammonia into the tip. A short piece of "Tygon" tubing was inserted-
between the hole in the tip and hole in the blade to prevent ammonia
from leaking to the surface through the blade-tip interface. A piece
of aluminum 1/8 inch by 1 inch was epoxied into the rear of each tip
to provide for the tongue of the tongue-in-groove joint previously
described. Another piece of aluminum was epoxied into the front of
each tip to provide for a groove portion of the forward joint.

Tips 3, 4, and 5 were cut from balsa wood. Aluminum inserts were
epoxied into these tips to provide for joints in the same manner as
for tips 1 and 2. To provide for added strength, tips 3 and L were
covered with aircraft quality cloth, Tip No. 5 was covered with fiber-

glass cloth. A1l tips were finished with white lacquer and sprayed with
a clear polystyrene Q-dope. The Q-dope was used to protect the paint
from the methyl alcohol used to remove the diazo sensitizing solution
applied prior to each test, Without the Q-dope, the alcohol was found
to remove the lacquer after repeated applications.

To provide for a good seal between the tips and the blade, a sili-
cone sealant was applied to the mating wood surfaces and around the
Tygon tubing before each tip was fastened to the blade.

5.2.3 Description of Tests

5.2.3.1 Flow Visuallization, Flow visualization tests were
conducted with each tip to provide a visual indication of the flow
direction of the boundary layer at various points on the tips. The pro-
cedure consisted of injecting small amounts of ammonia gas into the
boundary layer through many tiny holes in the tip. Before each test,
the tip was sprayed with a solution containing diazonium salts, which,
when exposed to ammonia, changed color from yellow to black or dark blue,
After the desired pitch angle was set and the rotor brought up to speed,
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igure 84, Top View of Trapezoidal Tip (No. 4),




ammonia vapor from each hole left a distince trail or “‘race on the sur-
face of the tip., Upon examination of these traces, one could get a
good indication of the direction of the flow in the boundary layer all
over the tip., Experience was required to know how long to pulse the
ammonia to get good traces, Too short pulses left too faint traces;
too long pulses made traces run into each other. Therefore, consider-
able variation in the quality of the traces was realized in the test
: series, as will be seen upon examination of the photographs,

The ingredients for the sensitizing solution consisted of a vehicle
(similar to clear shellac), citric acid, coupling component, and diazon-
ium salt. The follawing arounts of each were mixed in making a batch
of solution for a test seriles:

Vehicle 100 cc
Citric Acid 2 grams
Coupling Component 1/z gram

' ‘ a pulse of ammonia was released and expelled through the holes. The
|
l Diazonium Salt 2 grams

The vehicle made the chemicals stick to the tips., The diazonium salt
and coupling component (napthol) formed the dark-colored azo dye upon
exposure tc ammonia, The purpose of the citric acid was to prevent the

i diazo and coupling component from forming the dye prematurely. Good
| results were obtained using the above combination of ingredients; however,
} it was not necessary to have precisely those amounts for good results,

! After the sensitizing solution was prepared, it was applied to the tip
prior to each test using a small hand-held sprayer,

Photographs were taken of the traces following each test, Usually,
two photos were taken per test, one showing the upper surface and end
and the other showing the lower surface and end. The traces were then
removed from the tip by wiping with a cloth containing methyl alcohol.

The camera used to photograph the traces was a 35-mm single-lens
reflex camera with a built-in "spot end average" light meter, Kodak
Tri-X film with an ASA rating of 40O was used, Lighting was provided
by two 150-watt flood lights located approximately L5° in tront of and
behind the tip at a distance of approximately 2 feet. The camera was
hand held., The minimum distance between camera and tip was 18 inches
due to focusing limitation of the camera lens (50 mm f/2). However, in
photographing the larger tips, the camera was held farther away (20 to
{ 24 in,) to capture the entire' tip.

. 5.2.3.2 Thrust and Torque. In obtaining thrust and torque

{ data, the bridge outputs were first zeroed at O rpm. The rotor was then
dbrought up to the desired rpm and thrust and torque outputs were re-
corded, Problems with thrust zero shift were encountered during testing
caused by mechanical "hang-up" in the bearings. Zero shifts were found
to occur when running tests with increasing rpm followed by decreasing
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rpm, The "hang-up” or hysteresis occurred only when the thrust load
changed from increasing values to decreasing values, Consequently,

all data were run with increasing rpm only for all the tips tested,
Therefore, the thrust data can be considered to be useful for comparing
the effects on thrust of changes in tip shape., The absolute values of
thrust, however, may be of limited usefulness, The thrust values, in-
cluding the effects of hysteresis,are within :5% over the entire range.
The thrust values for pitch ranges from 8 to 16° pitch are within :3%
including hysteresis. The thrust values for increasing measurements
only are considered to be within :2% when used for comparison, The
torque values when corrected for the influence of torque-thrust coupling
are considered to be accurate to within +2%,

The torque-thrust coupling was caused by the transmittal of torque
through the thrust rings from the bottom plate to the upper plate, The
thrust device was designed so that the torque would be tranamitted by
the four rods between the two plutes (Fig. 75). Nevertheless, the torque
exerted a twisting effect on the rings which produced an apparent thrust
output which increased with torque., This coupling effect was measured
by applying known torques to the rotor and recording the thrust reading
and used to correct for the torque effect before the thrust coefficients
were calculated, The magnitude of the torque-induced thrust output was
at most 2.4 pounds of thrust out of 81.1 pounds, or less than 3 percent,

5.3 RESULTS

5.3.1 Flow Visualization

In general, good results were obtained using the flow visualization
technique previously described. The flow traces were usually sharp and
well defined. However, under certain conditions, the traces sometimes
became furzy and poorly defined. The biggest problem encountered in ob-
taining goou traces was getting the ammonia to flow through all the holes
in the tip simultanecusly. Due to the pressure difference between upper
anc lower surfaces at high pitch angles, the ammonia tended to flow out
through the holes in the upper surfaces, and not out the holes in the
lower surface, If the ammonia pressure were increased to the point where
flow was obtained through the holes in the lower surface, excessive
amounts of ammonia would be expelled from the holes in the upper surface,
thereby ruining the traces on the upper surface. This problem was solved
by inserting small tips of wooden toothpicks into the holes in the upper
surface after satisfactory traces were obtained on the upper surface.

The ammonia was again pulsed and thereby forced to flow out of the holes
in the lower surface. This procedure was repeated as rany times as
necessary until good traces were obtained from all the holes in the

tip. Usually, two or three runs were required at high pitch angles
(above 8°) to obtain the desired traces. The question of what effect
the toothpick tips had on the flow field around the tip should be
considered. Actually, the answer to this question was provided by the
traces themselves. Only when a trace was 50 long that it ran into the
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following hole which contained a toothpick tip could any ~ffect be ob-
served, (Por example, see Fig. 89.) The traces from the lower surface
wrappesd around the tip and impinged on the toothpick tips (now removed)
which were inserted into the holes on the tip and left a flow pattern
similar to the classic flow over a cylinder, The traces which did not
reach the toothpick tips exhibited no abnormalities, so it 1s assumed
that the portion of the traces which did not impinge on the toothpick
tips are unaffected by the tips and would appear the sanme if no tooth-
picks were present,

5.3.1.1 Square Tip. The first series of flow visualization
tests was performed with the square tip. Tests were conducted at 400
rpm and pitch angles from O to 16° in 2° increments to define the effect
of pitch angle on the flow over the tip, The photographs obtained from
this test series are shown in Figures 86a through 86r. Pictures of both
upper and lower surfaces are presented, The lower surface p.ctures may
be interpreted as results for negative pitch angles. The figures show
that relatively little change in the flow pattern occurs for 2° charges
in pitch angle, Therefore, all subsequent tests were conducted in 4°
increments, namely, O, b, é, 12 and 16°,

The photos at 0° pitch angle reveal that the flow pattern is virtu-
ally the same on the upper and lower surfaces, as would be expected,
The traces on the end of the tip flow almost straight back, The direc-
tion of the traces on the upper surface is interesting to study as the
pitcil angle is changed from zero, The first two or three traces flow
somevhat outward; the next four flow inward slightly; the next five flow
almost straight back; and the last three sho: a tendency to flow outward,
Figure 86g (6° pitch) shows the drastic change in flow direction between
the seventh and eighth hole on the upper surface, The truces in front
of the eighth hole flow gently inward, but the traces in the following
holes showed a marked tendency to flow outward. The point where the
flow changes direction from inward to outward on the upper surface is
clearly a function of the pitch angle, For example, Figure 860 (14°
pitch) shows the break point to be between the fifth and sixth holes.
Following i{s a summary of this trend,

First Hole on Upper Surface

Pitch Angle, Degrees To Exhibit Qutward Flow
0 13th
2 10th
4 8th
6 8th
8 Tth

10 Tth

12 6th

1k 5th

16 5th
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Figure 86a. Top View of

Square Tip at 400 rpm and 0°

Pitch Angle,

Figure 86b, Bottom View of S

quare Tip at 40O rpm and 0°
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Figure 86c. Top View of Square Tip at 400 rpm and 2° Pitch Angle.

Figure 86d. Bottom View of Square Tip at 400 rpm and 2° Pitch Angle.




Figure 86e,

Figure 86f.

Top View of Square Tij

Bottom View of Square

132

Tip at 400 rpm and 4° Pitch Angle.
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Figure 86g.

Top View of Square Tip at 40O rpm and 6° Pitch Angle.

Figure 86h.

Bottom View of Square Tip at 40O rpm and 6° Pitch Angle.

133




Figure 86i. Top View of Square Tip at 400 rpm and 8° Pitch Angle.
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i Figure 86j. Bottom View of Square Tip at 400 rpm and 8 Pitch Angle.
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Ficure 862. Bottom View of Square Tip




Figure

Figure 86n. Bottom View of Square Tip at
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Figure 86p.

Bottom View of Square Tip
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Figure

of Square Tip

at 400 rpm

Bottom View of Square Tip at 40O r

and 16

Pitch Angle.
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The breek-point position was plotted as & function of pitch angle in
Figure 87, This plot clearly shows the influence of pitch angle on
break-point position,
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Figure 87. Point at Which Traces Change Direction From
Inward to Outward on Upper Surface of Square

Tip Versus Pitch Angle,

The traces on the underside of the tip do not exhibit the same
trends as those on the upper surface. The flow traces on the lower
surface at angles of attack of 0, 2, L4, and 6° exhibit essentially the
same flow pattern. The first four traces show slight outflow; the flow
then turns and proceeds chordwise, and finally starts turning inward.
As pitch angle increases, the degree of outflow on the lower surface
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increases, as observed by comparing Figure 86b with 86r., Almost all the
traces at pitch angles from 10 to 16° show outflow on the lower surface,
The explanation for the reversal of the flow direction {rom inward to
outward on the lower surface between low and high pitch angles can be
found by considering the relative magnitudes of pressure gradient (lower
to upper surface) and free-stream (dynamic) pressure, As pitch angle
increased, the pressure gradient from lower to upper surface increased
to the point vhere it overcame the free-stream dynamic pressure, and
thereby dictated the flow direction.

The final, and perhaps most interesting, trend in these
photos is the pattern of the traces on the end of the tip. At O’ pitch
the traces flow straight back; at slightly positive pitch angles (2, b,
6°), the traces flow slightly upward, as would be expected due to the \
pressure difference between upper and lower surface. However, at pitch
angles of 8° and above, a surprising flow pattern is revealed. The
flow starts upward as before; but at the same distance back from the
leading edge that the flow on the upper surface turned outward, the
traces on the end of the tip suddenly turn downward. Then, the traces
again turn upward farther downstream. The point where the flow turns
from upward to downward is essentially the same function of pitch angle
that was observed in the flow on the upper surface, The physical explana-
tion for the flow pattern will be discussed in a subsequent sectlion.

Additional tests were conducted with the square tip at rotor speeds
of 500 and 600 rpm to determine the effect of Reynolds number on the
flow pattern over the tip. Figures 86m, 88a, and 88b show the flow
pattern at 400, 500, and 600 rpm at the 12° pitch angle. The three
photos show that the point at which the flow on the upper surface turns
outward and the flow on the end turns downward is at the same location
for the three different speeds; namely, at the sixth hole from the
leading edge. Comparison of individual traces fram photo to photo
reveals that they are virtually identical. The only difference is a
subtle change in the angle of the traces on the end of the tip, which
can be seen from careful comparison of Figure 86m and 88b., One '
interesting point is that the sixth hole from the leading edge
does not exhibit any significant trace, whereas the holes in front of
and in back of this hole show good traces. This may indicate that the
boundary layer is separated from the surface momentarily at the point
where the flow changes direction. This will be discussed further in
a subsequent section. Since these tests demonstrated that rotational
speed over the range 400 to 600 rpm had no significant effect on the
flow pattern, most of the tests on the subsequent tips were conductel
at 500 rmm .

5.3.1.2 Standard Tip. The next tip tested was the
so-called standard tip. The tests were conducted at 0, L4, 8, 12, 16
and 18° and 500 rpm. Results of these tests are presented in Figures
89a through 89m. At 0° pitch angle (Figs. 89a and 89b), the traces flow '

1
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‘Figure 88a. Top View of Square Tip at 500 rpm and, 12° Pitch Angle ' |

Figure 88b. Top View of Square Tip at 600 rpm and 12° Pitch Angle.
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Figure 89a, Top View of Standard Tip at 500 rpm and 0° Pitch Angle.

Figure 89b. Bottom View of Standard Tip
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at 500 rpm and 0° Pitch Angle.
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Fizure 389c.

Figure 89d.

Top View of Standard Tip at 500 rpm and 4° Pitch Angle.

Bottom View of Standard Tip at 500 rpm and 4

o

Pitch Angle,




Figure 8%e.

Top View of Standard Tip at 500 rpm and 8° Pitch Angle.

Figure 89f.

Bottom View of Standard Tip at 500 rpm and 8° Pitch Angle.
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Figure

89¢
89¢.

89h.

Top View of Standard Tip at 50(

Bottom View of Standard Tip at 500 rpm and 12°
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Fiegure 891.

Ton View of Standard Tio at 500 rpm and 16° Pitch Angle.

Figure 89j.

Bottom View of Standard Tip at 500 rpm and 16° Pitch Angle.
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Figure 89m,

End View of Stander
Pitch Angle.
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almost straight back and do not exhibit any anomalies, The traces on
the end of the tip show a slight tendency 'to flow upward; this is most
likely due to a small error in setting the pitch angle slightly above
0°, For pitch angles from 4 to 18°; the traces reveal flow patterns
of a similar nature.:  Figure 89c shows the upward flow on the end of
the tip; this becomes more and more pronounced.at higher pitch angles
(as shown in Figs. 89i and 89m) due to the increasing pressure gradient
fram the lower to upper surfaces. Figure 893 clearly shows the flow
pattern fram the bottom surface around the underside of the tip. (Note
the effect of the toothpick tips on some of the traces at the outer row
of holes.) The traces reveal a definite "roll-up" of the lower surface
boundary layer around the tip. This roll-up begins very near the
leading edge at high pitch angles (above 8°). Figure 89m shows that
the flow over the tip is in the form of a spiral, and the traces from
"the lower surfaces are almost continuous with thore emanating from the
end of the tip.

The flow pattern on the upper surface of the tip is shown in
Figure 891, The traces from the first four or five holes flow inward;
the trates then change direction and flow almost straight back as they
did in the case of the square tip; finally, the last five or six holes
exhibit outward flow., The change in flow direction on the upper sur-
face becomes more discernible at higher pitch angles, and is only
slightly evident in Figure 89c (4° pitch angle). Again, as in the
case of the square 'tip, there is a tendency for the change in flow
direction to move toward the leading edge with higher pitch angle,
although jft is not as pronounced as for the square tip.

Figures 89f and 8%h show flow traces on the underside of the tip
at 8° and '12° pitch angle. , There is an apparent change in the flow
direction at or near the sixth hqle from the leading edge in Figure 8of.
The flow ahead of this point appears to go in a more outward direction
thal. the traces ifollowing this hole. This same effect is observable
from Figure 8%h. Note that the trace from the sixth hole is definitely
not parallel to the traces emanating from the hole in front of and in
back of it. Moreover, at the ninth hol¢ *here is another clear change
in the direction of tne flow, and the traces following the ninth hole
are all essentially parallel. The explanation for these apparent

. changes in flow direction is not known at this time,

Another series of tests was conducted with the standard tip at
1000 rpm and pitch angles of O, 4, 8, 12 and 16°. The results of these
tests are presented in Figures 90a. through 90j and show essentially the
same flow patterns as those for the tests conducted at 500 rpm. This
supports the earlier statement that Reynolds number has relatively
little effect on the flow pattern. One difference noted between the
traces at 500 and 1000 rpm can be seen by comparing Figures 89%h and 90h.
.The lower surface, traces reveal a change in flow direction at the
eighth hole in Figure 90h (1000 rpm), whereas this change took place
at the 'sixth and ninth holes in Figure 8%h (500 rpm). The traces in
Figures 90j, k and £ are smeared somewhat due to the diazonium salt
solution's "running" during rotation,
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5 3.1.3 Swept-Aft Tip. The next tip tested was the swept-

aft tip. A series of tests was conducted at 500 rpm and pitch angles

of 0, 4, 8, 12 »nd 16°. Again, the traces on the lower surface may be
interprgted as those for negative angles of attack. Figures 9la through
91j present the results of these tests. These photos show evidence of
inflow in almost every case, both on the upper surface and lower sur-
face. The inflow appears greatest near the leading edge and near the
end of the tip. Pitch angle has a mich cmaller effect on the flow
pattern than for the two previous 1i.35. Ffor example, compare Figure
9la with 9lg. ,There is some tendency for greater inflow on the upper
surface with increa81ng pitech angles, and for a lesser inflow on the
lower surface with higher pitch angles. This is consistent with the
previous statement that the pressure gradient increases the tendency
for flow from the lower surface to the upper surface. The traces on
the lower surface are sharp and clear, whereas the traces on the upper
surface are fuzzy and more diffuse, especially at high pitch angles.
This result is indicative of the nature of the flow in these regions,

. i.e., the flow on the upper surface is probably separated and highly

turbulent (see Fig. 91i) while the bounddry layer is probably well
attached on the lower surface due to:the high pressure in this region.
It is interesting to note the flow pattern in Figure 9lg near the
first holes following the leading edge. There are faint traces which

‘éhow that some "spanwise" flow is occurring near the leading edge.

5.3.1.4 Trapezoidal Tip. The fourth tip tested was the
trapezoidal tip. A test series was conducted at 500 rpm and pitch
angles of O, 4, 8, 12 and 16°. Photographs of these tests are pre-
sented in Flgures 92a through 92j. Figures 92a, c, e, g, and i, which
shoy the upper surface at each pitch angle, reveal inflow which in-
creases near the end of the tip. No unusual flow patterns are evident
from these photos, The last two traces in the outermost row in Figure
921 start,to turn slightly outward near the trailing edge. The traces
from the inner two rows of holes on the lower surface flow virtually
straight back in all cases, and show essentially no effects due to the

.tip. The traces emanating from the outer row of holes on the lower

surface exhibit essentially the same flow patterh that was observed
from the 'standard tip; namely, a rolling-up effect which increases

- greatly with pitch angle. 'This result is reasonable since the end of

the trapezoidal tip is very similar to the standard tip.

+ 5.3.1.5 Cusp Tiﬁ. The fifth tip configuration which was
investigated was the cusp tip. Again, a series of tests was con-
ducted at 500 rpm and.pitch angles of O, 4, 8, 12 and 16°. Photo-
graphs of these test results are presented in Figures 93a through

93j. The traces on the upper surface (Figs. 93a, C, €, & i) show
that the flow direction chahges from straight back or slightly outward

to inward at the point' where the length of the tipi decreases sharply
(near the seventh hole from the leading edge). The traces-over the
outer row of holes on the upper surface reveal flow separation at the
12 and 16° pitch angles. The traces on the lower surface are somewhat
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Figure 91lb.

Bottom View of Swept-Aft T
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at 500 rpm and O°

Pitch Angle.,

Pitch Angle.




Figure 9lc.
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Figure 91d.

Top View of Swept-Aft Tip at

Bottom View of Swept-Aft
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Tip at 500 rpm and b
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500 rpm and 4° Pitch Angle.

Pitch Angle.




Figure 91f Bottom View of Swept-Aft Tip at 500 rpm and 8° Pitch







Figure 91j. Rottom View of Swept-Aft Tip at 500 rpm and 16° Pitch Angle.
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Figure 93b. Bottom View of Cusp Tip at 500 rpm and O° Pitch Angle,
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" Figure 93c. Top View of!Cusp Tip at 500 rpm and 4° I—ifch Angle,
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Figure 93d. Bottom View of Cusp Tip at 500 rpm and 4° Pitch Angle,
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Figure 93e,

Figure 93f,

Top View of Cusp Tip at 500 rpm and 8° Pitch Angle.

Bottom View of Cusp Tip at 500 rpm and 8° Pitch Angle,
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Figure 93g. Top View of Cusp Tip at 500 rpm and 12° Pitch Angle.

Figure 93h. Bottom View of Cusp Tip at 500 rpm and 12° Pitch Angle.
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Figure 93i. Top View of Cusp Tip at 500 rpm and 16° Pitch Angle,

Figure 93j. Bottom View of Cusp Tip at 500 rpm and 16° Pitch Angle.
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more clearly defined, The inner row reveals outflow which increases
significantly with higher pitch angles., (Unfortunately, the last
three or four holes in the inner row did not function.)

In general, little additional information is revealed about the
nature of the flow around the tip in these photographs., The effects
of the lower-to-upper surface pressure gradient are evident as seen
by the inflow and outflow,

5.3.1.6 Seven-Inch-Chord Standard Tip. Tu. last tip investi-
gated was another standard tip; instead of a 9-inch chord, this blade
and tip had a 7-inch chord. Figures 94a to 94j present the traces ob-
tained from tests conducted at 500 rpm and pitch angles of 0, 4, 8, 12
and 16°. In general, the flow patterns are similar to those of the
9-inch-chord tip. However, the holes on the upper and lower surfaces
of the 7-inch tip are not as close to the end of the tip as in the case
of the 9-inch tip. Therefore, the flow patterns are not as similar as
might be expected. For example, the outflow on the underside of the
tip does not appear as pronounced for the 7-inch tip., Only at 12 and
16° pitch angles does the roll-up process become evident, The flow
patterns on the upper surfaces are quite striking at 12 and 16° pitch
angles, The change from inflow to outflow is clesrly evident at the
ninth hole from the leading edge. When the traces at 12° pitch obtained
from the 9-inch tip are compared with those from the 7-inch tip, it
appears that the change from inflow to outflow occurs over a shorter
length, and the region of straight-back flow is not evident., Again,
caution must be used before drawing any conclusions from the comparison
because the holes on the 7-inch tip were not as close to the end of
the tip as those on the 9-inch tip., The flow patterns may actually be
more similar than indicated due to the disparity in hole location,

5¢3.2 Thrust and Torque

The thrust and torque data were converted to coefficient form,
and Cr vs Cq curves were plotted from these data for each tip. The
following equations were used to calculate Cp and CQ:

T

- 101
CT an‘-’lQRP ( )

CQ = pnR2 (AR )2R (102)
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Top View of 7-Inch-Chord Star
and 0° Pitch Angle.

Figure 94b., Bottom View of 7-Inch-Chord Standard Tip at 500
rpm and 0° Pitch Angle.
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Figure 9kc. 1Top View of 7-Inch-Chord Standard Tip at

500 rpm and 4° Pitch Angle.

Figure 94d, Bottom View of 7-Inch-Chord Standard Tip at
500 rpm and 4° Pitch Angle.
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Figure Qle,

Top View of 7-Inch-Chord St:

and 8° Pitch Angle.
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Figure 9Lf,

Bottom View of 7-Inch-Chord
and 8° Pitch Angle.
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Standard Tip at 500 rpm
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Bottom View of 7-Inch-Chord Stand
and 16° Pitch Angle.
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Figures 95a through 95e show the C_, vs C, data. The symbols represent
the actual data and the curves rep?esentheast-squares best fit of the
function Cg = b + mCr,3/2.

The coefficients m and b represent the slope and intercept of the
straight line of C, vs Cq° 2. After obtaining m and b, the curves of
Cq vs Cp were cons ruc?e from the above equation. The form of the
function C, = b + mC,3/2 is based on simple blade-element theory as
derived byQGessow ang Myers.®® The assumptions in this theory include
ideal blade twist and a constant profile drag coefficient. All of the
fitted curves had correlation coefficients of better than 0,99 with
respect to the actual data, These curves will be discussed further in
a subsequent section,

5.1 DISCUSSION OF RESULTS OF TIP STUDY

5.4.1 Flow Visualization

Figures 86k and 864 show typical flow patterns on the square tip.
Three different flow regions are discernible; namely, the region from
the leading edge to approximately 30 percent chord, another region
from 30 percent chord to about 70 percent chord, and finally, the last
30 percent chord. 1In the Jirst region the flow on the upper surface
exhibits inflow, the lower surface outflow, and the traces on the end

of the tip reveal upward flow, These traces indicate a general flow
from the lower to the upper surface, or in other words, a tendency
for the air on the lower surface to roll up around the tip and spill
over onto the upper surface. This phenomenon is due to the pressure
gradient which exists vetween the upper and lower surfaces.

In the second region, the flow on the upper and end surfaces re-
verses direction while the flow on the lower surface does not change
significantly, A possible explanation of this is that a spiral-shaped
vortex is generated on the tip and starting to peel away from the tip
at the beginning of the second region, The vortex turns in a counter-
clockwise direction as viewed from the rear. Hence, by the time the
vortex is in the second region, the flow adjacent to the upper and end
surfaces is outward and downward, as indicated by the traces.

Figure 96 is an attempt to depict the nature of the flow over the
square tip in the three regions discussed above, A section view is
shown for each region, Section A-A shows that the air flows relatively
contimiously from lower to upper surfaces. In the second region
(Section B-B), vortices are being generated and are creating outward
and downward flow adjacent to the upper and end surfaces, resvectively.
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Figure 95a. CT Versus CQ for'Squa.re Tip,
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Figure 95c. CT Versus C‘Q for Swept-Aft Tip.
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Cq = 9.00010 + 0,783 cp?/2
O DATA FROM TRAPSZOIDAL TIP
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' Figure 95d. C'I’ Versus CQ for Trapezoidal Tip.
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Figure 95e, CT Versus CQ for Cusp Tip.
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An envelope of air surrounding the vortices is also shown, Finally,
in Section C-C, the outflow and inflow on the lower and upper surfaces
are very saall; how ver, some upward flow persists on the end of the
tip.

Figures 89g and 89h show a typical flow pattern observed with
the standard tip. The greatest difference between the traces observed
with this tip and the square tip is that this tip does not exhibit any
change in flow direction on the end surface, The traces emanating
from the lower surface and end flov smoothly and contimiously over the
tip. The only flow direction changes appear on the upper surface,

Figure 97 shows two section views of the standard tip in an attempt
to depict the nature of the flow pattern, Section A-A shows a section
prior to flow reversal on the upper surface, The boundary layer flow
is contimuous f>om lower to upper surfaces, In Section B-B, however,
which is in the region of outward flow on the upper surface, a vortex
is generated on the upper surface and resul'ts in outward flow adjacent
to the upper surface,

Thus, the primary difference between the flow over the square tip
and that over the standard tip is the nature of the flow field near the
end of the tip. The square tip generates a vortex on the end (at moder-
ately high pitch angles), whercas the stundard tip does not produce
this vortex. Both tips show vortices on the upper surface at moderately

high pitch angles,

5.4,2 Thrust and Torqgue

Referring again to Figures 95a through 95e, since the O vs Cq
curves fall so closely together, it is difficult to determine vhich
tips are better than others by trying to compare curves. llowever, an
indication of the relative performance of the tips is provided by the
factor m calculated previously. The m represents the slope of the CQ
vs 01’/ curve., Therefore, the higher the m, the more torque required
for a given thrust, The lower the m, the better the aerodynamic per-
formance, The tips are listed according to the value m as follows:

Tig No. Shape L)
A Trapezoidal 0.783
2 Standard 0.907
1l Square 0.912
5 Cusp 0.968
3 Swept-Aft 0.971
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Sketch of Typical Flow Patterns Around
Standerd Tip.

185



The m of the trapezoidal tip is mich lower than for the other four
tips; the square and standard tips are nearly equal, as are the cusp
and swept-aft tips. These results are most likely due, in part, because
in calculating Or and CQ» the radius of the blade was taken from the
center of rotation to the very tip of the tip., Tips 1 and 2 were nearly
the same length, and Tips 3, 4, and 5 wvere all the same length, How-
ever, most of Tip 5 and much of Tip 3 did not extend to this maximum
radius, but were swept back or cut away, Tip 4, on the other hand,
had a relatively small amount of tip cut away,
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VI, EXPERIMENTAL BOUNDARY IAYER STUDY--FORWARD FLIGHT

The experimental forward flight studies include flow visualization,
surface pressure, and velocity measurements. Since the boundary layer
velocity data obtained in the hover mode provided the most significant
boundary layer information, the primary effort throughout this portion
of the study was concentrated on the use of the hot-wire technique in
making forward flight velocity measurements.

6.1 TESTING EQUIPMENT

The testing equipment used for the forward flignt measurements in-
clude a flow channel, a rotor drive system, and a pulse valve, All
instrumentation used for the hover tests was simply transferred to the
flow channel area for these measurements, All rotor blades were cut
back to 3.5-foot radius for the forward flight tests due to limitea size
of flow channel,

.6.1.1 Flow Channel and Rotor Drive System

The flow channel used throughout this portion of the study is
shown in Figure 98. The test section is 4 feet high, 8 feet wide and
8 feet long. The channel test section velocity range is 0-100 fps.
The rotor drive system is mounted beneath the test section,and the
rotor shaft extends into the center of the test section. A thorough
description of this flow channel and rotor stand is presented by
Velkoff, et al.3®

Figure 98, Flow Channel Used for Forward Flight Simulation Tests.
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The electroni:: cables were fod through the hollow rotor shaft just
as they were for the hover stand. A slip-ring unit was used to transmit
the electronic signals to the stationary data recorders.

6.1.2 Ammonia Pulse Valve

The visualization tests in the forward flight rotor conditions

require that the ammonia be injected into the boundary layer at a
specified azimuth position. A pulse valve was constructed for this
specific purpose and is shown in Figure 99. The valve consists of two
circular disks, one which rotates and one which remains stationar .
A small hole was drilled i each disk at positions such that the holes
will align once per revolution of the moving disk. A Teflon ring was
inserted between the rotating disks to allow pressure sealing without
exceszive vearing of the disks.

6.2 CALIBRATION SYSTEMB

6.2.1 Flov Channel and Rotor Drive System

The airspeed at the flow channel test section was measured with
a standard Pitot-static probe.

The rotor speed was mon tored by the method that was used to
calibrate the hover stand tachometer as discussed in section 3,2.,1. In
this manner, no calibration, as such, was required, since this method
of measuring rotor speed is accurate to wvithin 0.5 percent. The
inability to maintain a given rotor speed during the test resulted in
a net rotor speed measurement error of approximately ¢l percent.

6.2.2 Valve

The pulse valve used for the forward flight ammonia visualization
studies must produce a pulse of extremely short duration. For example,
at a rotor speed of LOO rpm, the rotor makes one revolution during a
time period of only 150 milliseconds. Therefore, if the ammonie is to
be injected into the boundary layer during a blade rotation of 15°
azimuth, the pulse must have a duration of only 6.3 milliseconds, which
is a very stringent requirement for a mechanical valve.

The pulse valve, shown in Figure 99, was calibrated by fixing tae
lower disk, rotating the upper disk and supplying air to the rotating
portion by a transfer ring. The valve exit line was connected to the
flov visualization rotor blade. A hot wire was positioned above a
typical orifice,and the upper disk of the valve was rotated by an
electric motor and a belt drive.
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Figure 99. Ammonia Pulse Valve Used in Forward Flight
Visualization Tests.,
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The controlled variables of this calibration were the rotation
speed, the line pressure supplied to the valve, and the distance between
the valve and the orifice under investigation.

Figure 100 illustrates the pulse duration versus supply pressure.
Data are presented at distances from valve to orifice of 32 inches and
Ll inches and rotation speeds of 500 rpm and 1000 rpm. At supply pres-
sures of about 2 inches of mercury, the pulse durations vary from
about 2.5 milliseconds to 4.5 milliseconds to 6 milliseconds. The
general trend indicates that the pulse duration increases with increasing
supply pressure., As would be expected, the pulse duration also decreases
with increasing rotation speed. The distance between the valve and the
orifice seems to have a small effect on the pulse duration.

In general, Figure 100 indicates that the valve can produce pulses
of sufficiently narrow pulse width to produce visualization data within
a blade rotation of about 15° azimuth.

Even though the pulse width is sufficiently smell, a second ques-
tion was posed with regard to the useability of the pulse valve. This
question involved the measurement of the time required for the pulse
to travel from the valve to the orifice, which is termed the delay time
of the pulse. Figure 101 illustrates the variation of the delay time
of the pulse versus distance from valve to the orifice in question.
The data were taken at a valve rotation copeed of 500 rpm and supply
presswes of 10 and 20 inches of mercury. Considerable data scatter
is present; however, the trend of increasing pulse delay time with
increasing distance is evident. The dashed line illustrates the calcu-
lated delay time based on the assumption that the pulse is travelling
at the local sonic velocity. The experimental data indicate longer
delay times than the sonic theory., This could be due to the fact that
the pulses are not travelling at exactly sonic velocity and must move
around corners in the tubing within the blade,

A typical pulse is shown in Figure 102. This pulse was recorded
with the air supply reservoir set at 2 inches of mercury gage pressure,
a rotation speed of 500 rpm, and a distance of 32 inches from the valve,
The pulse is shown on the upper beam while the lower beam illustrates
the time at which the valve was first opened. The peak volocity of the
pulse is about 1.0 fps. For this pulse, the delay time is 4.6 milli-
seconds while the pulse duration is about L milliseconds.
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6.3 TESTING PROCEDURE

The flow channel tests were conducted in the manner discussed by
Velkoff, et al,®® First, a flight condition was selected. A computer
program for various rotor thrust loadings and gross weights indicated
the necessary values of blade pitch angle and shaft tilt angle., The
rotor was then brought up to speed, the wind tunnel was started, and
the test section velocity was set at the desired value, At this point,
the tunnel simulation of the desired forward flight condition was com-
pleted and one of the three types of boundary layer tests could be
initiated.

6.3.1 Visualization

The ammonia pulse valve was mounted on the rotor hub. The ammonia
was fed through the top of the flow channel test section to the port
on the top disk of the valve which was held stationary during the tests;
however, it was rctated between tests to allow investigations at various
azimith positions. The ammonia would then pass through the valve as
a pulse once every revolution of the blade at the desired azimuth
position. Throughout these tests, the revolute film was used to record
the surface traces. Since the ammonia is pulsed for very short time
periods in the forward flight tests, the length of time required for
the formation of a dark trace was considerably longer than for the
hover tests where the ammonia was released continuously.

6.3.2 Pressure Measurements

The forward flight pressure measurement procedure is similar to
the hover test procedure except that the data had to be continuougly
recorded. Thus, a light beam oscillograph was used in place of a
digital dc voltmeter. The oscillograph was calibrated before each
sequence of tests with a standard supply voltage.

In addition to continuous recording of the pressure data, a time
marker was needed to indicate the position of the blade. A magnetic
pickup was positioned near a small s¢rew on the rotor shaft. This
pickup produced a small once-per-revolution voltage pulse. This pulse
vas used to operate a reed relay which was placed in series with one
of the transducer outputs. Therefore, whenever the blade passed a
certain azimuth, a break could be observed in the output of this
transducer. This method was used because there were no spare light
beams specifically for time markers.

6.3.3 Boundary Layer \ielocity Measurements

i
The forward flight velocity measurement procedure is similar to
the hover test procedure. Once again, the data had to be recorded
continuously on the light beam oscillograph. For these tests, only
two channels of the oscillograph were in use. This allowed the use of
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a separate channel to record the blade position marker. Throughout
these tests, the direct output of the magnetic pickup was used for
this indicator.

All of the forward flight velocity data were obtained at a mean
rotor 1ift coefficient of C.5 and advance ratios of 0.2, 0.25, and 0.3.
The rotor speed was fixed at 400 rpm and the tunnel aircpeed was
monitored to vary the advance ratio. Data were obtained in the following
sequence,

The blade position was chosen at which a velocity profile was
desired. The probe was located at this position by viewing the sensors
through the traversing microscope mechanism discussed in the hover test
procedure. The forward flight condition was chosen and the tunnel-
rotor combination was started. When the systems reached equilibrium,
the data were recorded on the oscillograph, This process was repeated
until all of the desired flight conditions were completed. Then, the
probe was lowered and these flight conditions were repeated. In this
manner, the probe adjustments were kept to a minimm. Data obtained
in this manner may exhibit a slight scatter due to inaccuracies in
reproducing the flight coniitions; however, this was not considered
to be as important as maintaining sensors on the hot-wire probe,

The test equipment used in the forward flight velocity measure-
ments is shown in Figure 103.

6.4 TEST RESULTS AND DISCUSSION

6.4.1 Ammonia Surface Traces

Several rms were made in forward flight using the ammonia trace
technique. In c-der to secure traces, run time with ammonia flowing
was varied from a few seconds up to 3 mimutes duration. No visible
traces were found for the shorter run times. A typical trace that was
obtained with the pulse valve system is shown in Pigure 104. This
trace is for the condition of 4LOO rpms, u = 0.3, C, = 0.5, and ¥ = 180°.
At this azimuth one would expect the ammonia trac:' to form as single
lines moving inboard fram each hole or to form two distinct traces as
shown for ¥ = 180° in Pigure L4l (Ref. 36). Figure 104, however, reveals
a fan-shaped trace with no clear indicaticn of a preferred direction of
flow, All ather traces taken with the pulte valve at various azimuth
positions revealed similar fan-shaped traces emanating from each chord-
wise orifice. Although tests were repeated with various run times and
ammonia supply pressures, the results were unchanged.

Since all the traces obtained were fan-shaped independent of the
azimuth position, the ammonia trace data were not considered to be
usable, It appears that the ammonia gas remaining in the lines from
the pulse valve to the orifice could have issued from the orifice
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Figure 103,

Test Equipment Used During the Forward Flight
Hot-Wire Velocity Measurements,
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over a much greater atimuth than had been predicted from the extensive
pulse width calidbration tests. If the ammonia left the orifice for a
longer duration, then the changing flov angle due to forward flight
would result in the fan-shaped traces actually observed, A poesidble
reason for the increased time of aamonia flow from the orifice is bde-
lieved to be the existence of residual ammonia in the line and the vary-
ing pressure fi~1d on the surface of the blade. As the blade rotates
around the atimuth, the local dynamic pressure and angle of attack vary
consideradbly, with the result that the blade sur{ace pressure varies
periodically. In turn, the outlet pressure Trom an orifice varies;
this can cause the ammonia to flov from the hole in response to that
pressure. Regions of lov blade pressure can induce added eaission of
the ummonia, Thus, with the pulse valve system, it is possible for the
effec .ive pulse width to be spread out over a considerable azimuth of
a rotor revolution, This action negates the effectivencss of the pulse
valve approach. As a consequence, forward flight testing with the
azmonia trace technique was terminated,

6.4,2 Surface Static Pressures

The pressure pickups and their physical locatisns on the blade
were unchanged from the hover stand tests. The surface static pressures
wvere recorded contimuously on the light beam oscillcgraph. The mean
values of the surface pressure vere also recorded from a digital volt-
meter., The surface pressure data were reduced mamually by reading data
points from the oscillograph trace, Since a considerable amount of
oscillation wvas found in the data, a mean line was faired through the
data and the mean value wvas recorded. The data wer« then processed to
obtain the results in the form of pressure coefficient, C,, at various
chordwise positions, Upon review of this Cp data, 1t became evident
that Cp at any selected azimuth position varied greatly and did not
represent the expected pressure variation along the chord, Data were
exarined at several azimithal positions, but the same irregularities
wvere found., As a consequence, the validity of the pressure data in the
forvard flight regime wans considered to be questionable, and no data
are presented,

Prior to test, careful rework of the pressure sensing elements and
of the entire blade surface had been made to insure that the entire
system wvas working properly. Folloving recheck and rework, each pres-
sure gage was recalibrated using the methods describel on the hovering
pressure data, A possible factor that could contribute to the erratic
results obtained is the relatively lov dynamic pressures involved {n
these particular tests, With lowv dynamic pressure, the gages used are
relatively inrensitive, since they were rated as 0-25 psia gages., The
range of pressures on the blades, however, was of the order of li psia
to 15 psia. Thus, the gages were used over only a very small portion
of their range., Any zero shift of a gage due to temperature, mounting
or centrifugal field effects could have a very marked influence on the
absolute values of pressures of the individual gages, and this factor
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could contribute to the erratic results found. The more satisfactory
operation of these gages in hovering than in forward flight can be ex-
plained by the fact that to get good pressure data,high hover rpa values
vere used, In the tunnel tests, such higher rotor speeds were difficult
to use at high advance ratios,

6.4.3 Boundary layer Velocity Data

The hot-wire data obtained during the simulated forward flight

rotor conditions were recorded on light-sensitive paper. The traces
represented output voltages of the two anemometers. Thesc traces were
examined and a typical cycle was chosen. This cycle wvas divided into

a number of equally spaced sections at which the voltages were deter-
ained. These voltages were converted to velocity magnitude and direction
-n the hover hot-wire data. This data reduction scheme required many
man-hours; therefore, only a limited amount of data are presented in

a continuous azimuth form; but coneiderable data are given at specified

azimuth positions,

The continuous data are illustrated in Figures 105 and 106. These
data were obtained at a blade surface position of 15 percent chord and
63 percent radius. The rotor speed was LOO rpm and the flow channel
air vealocity was 28 fps. The advance ratio for these data wvas u = 0.2.

Figure 105 {llustrates the variation in the magnitude of the local
velocity vector versus azimuth posiiilon of the blade. Data are presented
at two heights above the blade surface. The data at y = 0.0918 inch
is indicative of the potential flov outside of the boundary lay:r, while
the data at y = 0.0108 inch is indicative of the flow near the center
of the boundary layer. The solid curve was calculated from the theo-
retical chordwise and lsa.nvue camponents of the free-stream velocity

given by equations (103) and (104):
Us.r/R+usiny (103
{R
i’-ucost+k3 (10%)
(IR

The subscript e refers to the free-stream ccnditions, A\ is the inflow
ratio, and 8 i{s the flapping angle. The inflow ratio and the flapping
angle vere determined from a uniform downwvash, first harmonic blade
elemenit analysis.
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The general shapes of both curves representing experimental data
are very similar to the free-stream theoretical curve. The mean veloc-
ities of the three curves are approximately 132, 96, and 76 fyps,
respectively, from highest to lovest curves. The potential flow data
have a larger mean value due to the acceleration of the flow across the
upper surface of the airfoi{l at an angle of attack. At y = 0.0108 inch
above the surface, the probe was deep enough in the boundary layer to
indicate a mean velocity lover than the free streasm.

The local flowv direction, or outflov angle, is shown in Figure 106
versus azimuth angle. Again the data are presented for y « 0.0918 inch
and y « 0.0108 inch to indicate the flow outside and inside tic boundary
layer. The theoretical free-stream outflov angle was also calculated
from equations (103) and (104) and is included in this figure. The
experimental data again follow the same trend as the free-stream theory;
hovever, a number of additiomal effects are evident. First note that
the peak outflov angle, as {llustrated by the experimental data, occurs
at about 300° azimuth wvhile theory predicts the outflow to peak at 360°
or downvind. This effect could be becsuse the flow at the downvind
position has passed through the hub region vhere the instrumentation
unit has added to the usual flow interference. At ¢ = 180°, the data
tend to indicate a smaller inflov angle than free-stream theory. Since
this pouvition {s upstream of the rotor hudb region, there is no inter-
ference; hovever, since the rotor plane i{s tilted, this could indicate
that the streamlines curve to flow down through the rotor disk.

Examining the experimental data of Figure 106 from e boundary
layer viev reveals that ithe flov within the boundary layer exhidbits an
outflov angle vhich is generally larger than the corresponding angle

outside the boundary layer. This action is forcing the boundary layer
flov outward vwith respect to the loca' free-stream flow.

Additiom] hot-wire data obtained in the flow chamnel are pre-
sented in Figures 107 through 115 at azimuth positions of O, 90, 180,
and 270°. All data were obtsined at 63 percent radius; chordwise
positions of 15, 20, and 25 percent; and advance ratios of u = 0.2,
0.25, and 0.3. These data are presented in a form similar to the
hover data.

Aside from a few data points, the chordwise velocity profiles are
reasonadbly smoota. The spamwise profiles are very erratic at the
conditions vhere the potential spamwise component, W, is mmall. This
may be attributed to the fact that the dat: vere made dimensionless by
dividing by this potential camponent which tends to amplify the experi-
mental data scatter. The scale for the outflow angle is negative for
¥ = 180°, since the flow is inward in this region.



HLINWIZVY .O/z2

(S33493Q)
31ONV

MOT41LNO

Mim
34084
A LIDO13A
3ISIMNVYES

n/n

34094
ALIDOT3A
3SIMQEO-D

"2°0 = T puw ‘pIoy) Y51 ‘OMTPEM $€9 3% wIwg A3Fd0TaA LOT »amP14
o081 006 O
OH O.N 0 Ofv: O.N.. o) O.“ @w 0] OH ON OO
0“ 0000 M < OOH
. . L 4 . 'NO.
* L * i 01 L vvo.
L £ 0 ¥ 2 0o v 2z o v 2 5
o T .2 . . ¥
. L ° . . vNo
62=M vee-= M 8l=M L OE =M
* L . L g Iy 8 6
ol m..O (0] O.{P m..o o) O.r— m..O (0] O..W m.o OO
.0“ - 00 p * . e * Mo -
TS L - - b - < g NO
L 3 L L J L > s * . $ vO-
£'86-Nn o9cit=n £'SGl=N P L2z

°6°0 =

0% “o5°L = WIMd eperg

¥) usem “wix oY - peeds
"09°§- = 3TNV Jws Jogoy

ul ‘A

u'A

‘ur‘k

203




*2°0 = 7 pue ‘proy) go2 ‘smypey 9€9 1@ B38Q A3TO0T3A °QOT ¥InITJ

HLNNWIZV QL2 OBl 06 0]
mwv O.N @) Ov.u O.Nu (@) On.w @.m (@) nwv. ON OO
" 3 e
(S33493Q) L d L Lz0 Wl'A
ml._mvz < - - - +
MOT14LNO 1 el | ! B Y tvo
v 2 0 ¥ 2z o r 2 0 v 2 of
;\\S 000 m s - ++W
311 304d L | . Lzo CUl'A
ALIDO13A = . * 5 o Ak
= -= yl= =M
JSIMNYLS » Li=Mm . Goc >>‘ r =M\ £Ge ‘g
OF m..O O OM m..O (o] O t m_.O (o] Op.— m..O o o
n/n 2’ R o;# .%o
371404d . . . . 20 "Ul‘A
AL IDOT3A *
ISIMTYOHD - i e R I * L pO°
LSLEN L60L=N cLEL=N cLol=N
‘¢*0 = Vg usem °‘wdx o7 = PoedS
I030y  ° 6L = WOINd 9PPTH ‘o9°$- = OTAUV JeUS I030M

204



TR PG AR i

| RTINS —— v S

2°0 =1 pus ‘pIoys ¢G2 ‘snypey 4E£C 38 wIBQ AITOOTAA

oI

*60T aIn3T4
006 o0
o 0z 0 oy 0z 0
: N
- . 2o u'k
<°]
v
r 2 ,,o y 2 .oo
+l. +.-_ R%J
. teo wr'A
08 =M GBZ =M .
ﬁ -0
OL SO O OL S0 O
L + s — —+0
. . 20" w'A
LEELEN | oz6=n [VO

¢°0 = .qo useyy °wdx goY = paeds

HLINWIZY 0L2 O3
oy 02 O O¥-02- O
(S 33¥93Q) | i
JIONVY * K
MO 1LNO i
v 2 o0 v 2 o0
MM N +
371408d i
ALIDOT3A = N
3SIMNYLS £e M | LgeT=M |
O__, m_.O 0] OF mbO O
3\3 +++ . 2
3 1404d . I .
ALIDOT3IA | ﬁ
3SIMAYOHD
LSL=nT S/zol=n |
J030H °o6°L = UPITd oPeTd

‘96— = ar8uvy

3Jeqs J030Y

chows AT

i



62°0 = M pue ‘Droys YT ‘snipeY 4€9 38 BI2Q AITOOTSA °OTT 2anSti
HLANWIZYV 042 o081 oCH O
o.v DN O O.v- O_N- O ON O¢ 0] O.v O.N Oo
. e s, Tty
(S33493Q) g I ﬁ Wl . =
JTONY
MC141N0 4 2 )| . [
v T 0 r g o v 2 o ¥ T O
MM+ & ++ mmv +.”.... &)
3404 d s + + M A0}
ALIDOIZA VL=M vve—=M LE6=M VlE=M
3SIMNVCS g | . . ¢ lyo
(ON! mno @) Om GO O O.rr O O O.rr mk.o o] o
D \ 3 ++ b + ++ ++ + ++ ¥
I N 404d + 5 + 5 + L + L 2O’
ALIDOTI3A .
ISIMAYOHD . . . .  po
LSL=N Szel=Nn SgPol=n Vvol=N
*6°0 = Y ueeyy °wdx QoY = peadg
030 *o2°8 = UPIId 9PBIE °8°L~ = OTSUV 3JBUS Iojoy

ul'A

up ‘A

- Rl Ak i ok

Ul ‘A

206



e— zi@wwaﬁ %

62°0 = " pue ‘pIoyy 902 ‘snypey 9€9 38 BIRQ A3TOOTS. T °4nSid W
. £
HLNNIZV O/2 OBl 06 0O i
ovr oOc¢ O or-02- O or Oc¢ O or 0Oc¢ O N
r 1 1 1 T L i - L - i O
+++ t k| . !
(S33493Q) ! L b . 2o CUl'A
JTONV
MO141LNO | ol ! " o
v ¢ o v ¢ o ¥ 2 0o ¥ =2 %o
M IM gk £ g 5
I 1404 d - .t .+ . te2o Uk
ALIDOTSA S9L=M 96L-=M SOL=M LGE=M
ISIMNVLS i A | . Y Lvor
O.FF S HO O OF S _.O O O.r_‘ . m..O © OM m“O OO
3\3 ++ ++ +++ + . W ++ a+
311404d . L . [ ; L . 120" “ul ‘A
ALIDO13A
ISIMAHOHD + i * i * i * -0
: LEZ=N rASTAS N € 6¥=nN £86=N
*¢°0 = %) usepy “wdx go¥ = psads
X0%0H ° 2°8 = GOIId 9PBIE ‘oB8°L- = 2TV 3JBUS IojoY




7620 = 1 puw ‘pIoun $62 ‘sSnIpuY €0 3% vIBG A3POOTI.  *2TT HMMIT

HLANIZY +OL2 OB QB o0
Qv 02 O Or-02- 0 Oy Q2 O Oy & O
(s33¥o03aqy - | T l ' oo Uk
TIIONV : L ] * |
MOT41NO B L o it
. rmzo. v T o v z 0o v z o
2 e s | ', 2 :
JN404d B . ot -, leo wi'k
ALDOT3A ¢ o 52 __
T RSIMNVES 0 90=M | G'éc-=M i O'C=M 1 S8C=M o'

+ + — * + O
n/n ¢ & o e -
37304 o - ﬁ 20" U1k
ALIDO13A . : : *
ISIMCHOHD ] i I Lo
Lal=N 260ol=N L2el=N £96=N
*$°0 = ¥ weaw ‘wdx oo¥ = pesds

d030H °o2°8 = YO3Id oPeTd °o8°L- = 9T3uy 3JeyS 20304

208"



*€°0 = ™ puw ‘plogn §41 ‘enypey $£0 1w wywg L3201

HLNWIZV «0L2
or 02 O
(S33293q) %1
3TIONY
MOT4LNO v |
v _¢
M M
371408d v |
ALIDON=A r8-M
3SIMNVLS e |
oL SO ©
[IJI.!
nm .
371 404d |
ALID013A
3ISIMO¥OHD . .

2'e8=N

030y 7°6 = WIKd P

*CI1 «ImAtd
oOBl 006 o0
Oor-02- O Or 02 O Ov Oc 00
g B e
5 = “, . Lzo ul'A
* ! - - -qo
1 4 0O v e o) 14 4 OO
9.._.4. & * “ ”f
- - L w
+ L . g + 20 .C_ ‘A«
00e-=M L8=M QG¥=M
- L - L - -10.
oL SO O 0L SO O ﬂ.r sO O
L “._... | a. T G 0
. X . | ’ 120" Ul ‘A
* ) L * " +* lvo.
oovi=nN | -e0LL=A 4'8CL=N
*¢°0 a¥ ) usel °“wdx Q0¥ = peads

’Td

*o7°0T- = oT3uV 3J%US Iojoy




€°0 = " pun ‘proys §02 ‘snypwy %£9 Iv w38g £3100T84 41T aanPyy

HINWIZVY Q/2 OBl 06 O
Ov 02 O Qv-02- O Or 02 O Or Oz o,
.. p - .. QOA Y 4 .
(S33¥93Q) I , . . 20
JIONY ¢ * 1 ¢
NOTH41INO * ﬁ * : ‘ 229)
v 2 0 v 2 o vz o v z o
MW s ] p.. ...H A
wl—_l.tmgn_ L b S . No.
ALIDOT3A LZ=M 8¢2-=M ooL=m | LZ =M
3SIMNYLSS | “ ik * * _vvo.
|
O.rr m“O O OW mHO 0o O.a{ ma o o1l m_.O OO
3\3 . C . 000 . . o A . 000
371304d L L 2O
ALIDOTI3A * * * *
3SIMQYOHD - ! . i . I . b
c2co=N g'tel=N (oS i=N t66:=nN
*¢°0 = Y9 usem ‘wdz op¥ - pesds
0N " 7°6 = WId WPETE  ° 7°0T- = oIV IOYS 030y

et

ul ‘A

210

u’'A

uw A



€°0 = M puw ‘proqD $62 ‘ONTPRY 4£0 v wqwq A3yd0Tes ST aarPiy
H1INWIZY 0O/2 081l 006 0O
nwv (o) (0] Orw - ON - 0 oy 02 (9] oy 02 DD
(S33893Q) . ) . 20
wldozq & * - L ]
MNOI41N0O | | | 3 {o}
v 2 o ¥y 2 O r 2 O v 2 00
;\; ® ) 000 .!f L ]
JN403d i | ! 20
ALIDOT3A . . * ? .
wm_;z<&W L O=M S PE-=M Qu)} OLE=M —
|
0%— m.O O OL GO O OL €60 O OTL €0 0O o
g . A . ’ IS
3\3 P * 00 - N . =
JN1308d . [ 5 L 20
ALIDOI3A * ¢ ¢
3SIMQYOHD A ! v
o0rS=N L60L=N 2sri=n veg=n [¥O
*6°0 = J9 usen °wdi 0Oy = pesds
203N 776 * WO HOTE ‘Y01~ = STV IIOUS I030W

wm'A

Ul ‘A

P e f~'-ii -



The chordwise profiles tend to exhibit the usual boundary layer
behavior. One point {llustrated in the outflov angles is that the flow
exhidits a greater ocutflov at ¢ « 0° than the corresponding inflow at
¢ = 180°, Again, this indicates that the aggregate effects of rotation
tend to force the boundary layer flow outward, This outward accelera-
tion tends to increase the outflov angle at ¢ = 0° and decrease the
inflov angle at ¢ = 180°,
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VII. CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

l. The hot-wire anemomseter instrumentation provided the most
significant results of this study. It is believed that data on boundary
layer profiles provided by this portion of the study will serve av a
foundation for future analytical and experimental research and proside
a better base for airfoil design especially suited for rotors. It is
believed that over most of the velocity profiles the magnitudes of the
velocity vere determined to within ¢ 2¢ and the flow angles tu vithin
s 2°,

2. The velocity data obtained at a Reynolds number of 158,000
and 10° pitch indicate the presence of s laminmar separation and a
turbulent reattachment detween 20 and 25 percent chord on an NACA 0012
airfoil.

3. The results of the hot-vire study have served to verify the
hypothesis of the existence of laminar separation bubbles on rotors.
Therefore, these results provide positive substantiation to the conclu-
sions dravn from the ammonia trace studies of this research and those
of Velkoff, Blaser, and Jones."”

4. The momentum-integral method, combined with the numerical
solution technique, provided an accurate engineering approach to three-
rotating boundary layer calculations. The comparisons with the so-
called "exact” solutions!! provided sound evidence of the accuracy of
this momentum-integral technique.

5. The asmmonia flow vi-ualization technique using the revolute
fila produces higher quality traces than did the oralid paper used.”<
The ammonia traces can only be used to indicate an averaged boundary
layer flov direction; however, the in-hover technique is so simple
and inexpensive that the results chtained per time and money spent
greatly outweigh the limitatiors.

6. Pressure data obtained during hover conditions require a
larger number of transducers per spanwise location in order to de
data wvorthy of detailed interpretation. Although the simple blade
elament theory”® is useful for beginning analyses, it will not predict
local angles of attack with sufficient accuracy to calculate two-
dimensiomal presgure di:ctributions.

7. The measurements of the flov around the square tip revealed

the presence of a vortex at the end face of the dlade, in addition to
the expected primary vortex vhich rolls up at the tip of the bdblade.

213



8. The point of inception of the primary tip vortex is a function
of the pitch angle, and varies from approximately 30 percent chord at
16° pitch angle to 70 percent chord at 0° pitch angle for the square
tip.

9. The magnitude of the boundary layer velocity sround the
azimuth in forward flight seems to exhibit a consistent dehavior when
campared to the flow weasured just outside the boundary layer. In
general, the angle of flow within the boundary layer is always more
outward than the external flow, indicating an influence of the centrif-
ugal force within the boundary layer.

10. Analysis of the ammonia traces in forward flight revealed
that the use of a hub-located pulse valve did not provide well-defined
traces indicating flow direction. It is concluded that the line length
and residual ammonia could have contributed to the poor traces obtained.

7.2 RECOMMENDATIONS

1. A number of extensions could be made to the momentum-integral
analysis. Among these are the application of this method to rotors
with 1ift, the andification of the theory to allow the axis of rotation
to be spaced an ardbitrary distance fram the blade leading edge, and the
addition of a turbulent shear stress variation to more accurately predict
the boundary layer trends in real flows.

2. It is recammended that any experimental attempt to measure
surface pressures on a rotating airfoil include a minimm of 10 trans-
ducers, densely spaced near the leading edge at each spanwise blade
position.

3. Since cnly a small region of the blade was investigated in
hovering using the hot-wire jrobe, it is recommended that the experi-
sental procedures developed during this study be used to provide a
camplete set of boundary layer information over an entire blade. This
investigation should include data in the blade tip region to provide
information relative to the formation of the tip vortex. It should
include data taken near the root of the blade to attempt to verify the
theoretical conclusion that the most significant effects of rotation
exist near the center of rotation. Since only a limited number of
azimuth positions in forward flight could be reduced and studied in
the present study, it iz recommended that a much wider range of azimuth
positions and radial stations be studied in subsequent research, with
particular emphasis given to the retreating blade stall regime,

L, In order to obtain more consistent data in forward flight,

it is considered essential to attempt to develop a means wvhereby the
probe height may be adjusted while the flight conditions are maintained,

21k



5. New hot-wire sensors have been released by anemometer mami-
facturers., These sensors employ gold plating of the wires in the
vicinity of the support needles to lessen the adverse heat transfer
gradients in this region. The use of these nev sensors on the V-config-
uration probe may allov the application of the "cosine” law during
calidbration and greatly reduce the vast amount of calidbration data,

It is hopad that further studies vill investigate the improvements
offered by this new sensor,
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APPENDIX I
CALIBRATION OF THE HOT-WIRE FLOW JET

In order to use the hot-wire calibration device shown in Figure U6,
the device itself had to first be calibrated. The desired calibration
data was to be of the form "air velocity versus chamber pressure". The
first approach was to use an anemometer probe wihich was calibrated by
the vendor as a standard reference., However, this approach was abandoned
due to insufficient data supplied by the hot-wire probe mamufacturer.

It was therefore decided to calibrate the nozzle by the use of a
Pitot-static tube, A standard 1/8-inch-diameter probe was obtained,
and calibration data were generated. Upon data reduction, it was noted
that the nozzle efficiency was near unity at high velocities, but de-
creased significantly at lower velocities, At this point, the validity
of the data became suspect, Since the diameter of the Pitot-static
tube was one-third of the exit jet diameter, this method of measurement
was believed to be altering the jet flow to the extent that the static
pressure ports were prone to error. That is, the jet was forced to
expand around the probe which presented diverging streamlines at the
static pressure ports, The error introduced by this jet expansion is
similar to a misalignment of the probe as discussed by Goldstein,3°

The calibration data reduction indicated that nozzle efficiencies
of 100 percent were evident over the full range of velocities from
0-500 fps, The 100-percent efficiency is good only to within 0.5
percent due to instrumentation readability and accuracy. Therefore,
the isentropic relations could be applied directly to the chamber-to-
atmospheric pressure ratio to obtain the exit velocity. The resulting
calibration curve is shown in Figure 116,

Additional tests were conducted to define the exit velocity as a
function of distance from the exit plane. These data were required to
define the allowable band of distances from the exit over which the
probe can be calibrated with accurate results. Figure 117 presents the
results of these tests. It should be noted that P, refers to the jet
center line total pressure. Three chamber pressure levels were selected
erbitrarily to show what effect the pressure level had on the exit jet.
The total pressure in the stream is equal to the total pressure in the
chamber from the exit plane to approximately 1,0 inch beyond the exit
plane. The rate of center line total pressure decay increases with
decreasing chamber pressure.

Finally, vertical and horizontal traverses of the exit jet were
made using the small total head probe. These data were obtained at a
chamber pressure of 50 inches of water, or a velocity of approximately
460 fps. Figure 118 shows the ratio of local velocity to center line
velocity as a function of position at various distances from the nozzle
exit., The velocity of the jet is nearly uniform at short distances
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from the exit, but starts to approach a parsbolic type distribution at
greater distances from the exit plane, For example, at 0.25 inch from
the exit, the velocity is uniform over 75 percent of the exit area,
vhereas at 0.75 inch from the exit, the velocity is uniform over only
4Ll percent of the exit area,

The results of this calibration are as follows:

1. The exit velocity of the calibration nozzle may be
calculated from isentropic relations with an accuracy
of 0.5 percent,

2. The hot-wire probe must be mounted within 1 inch of
the exit plane to maintain the exit plane center line
velocity,

3. To assure that the complete hot-wire probe is within
the potential core region of the nozzle (area of
uniform velocity), the probe should be located at
0.25 inch from the nozzle exit and centered,
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APPENDIX 11
ADDITIONAL AMMONIA TRACE DATA--HOVER CONDITION

The ammonia trace data presented in Figures 57 through 59 vere
sufficient to descridbe the major results of the viswmlization portion
of this study. However, additiomal trace data in hovering were
obtained and are presented in Figures 119 through 124. The data
presented in Figures 57 through 59 were obtained at 0 =« 12° and rotor
speeds of 250, 700, and 990 rpm. Again, the ammonia was releaged at
chordwise locations of 5, 10, 15, 20, 25, 30, 35, 4O, 50, 60, and 75
percent chord.

The data in Figures 119 through 121 were obtaincd at 0 » 13.5°
and rotor speeds of 250, 700, and 920 rpm, respectively. The data in
Figures 122 through 12L vere obtained at 0 = 15° and rotor speeds of
250, 700, and 855 rmm, respectively. Initially, it was hoped that
data could be obtained at 1000 rpm; however, the limited hover stand
pover reduced the maximum rotor speeds to 990, 920, and 855 rpm at
blade pitch angles of 12, 13.5, and 15°, respectively.

For the 250 rpm data, the only distinct flow discontinuities occur
at 50 percent radius. The 60, 70, and maybe even 80 percent radius
traces shov indications of increased outflov in the vicinity of 10 per-
cent chord. The most {llustrative trace is at S50 percent radius in
Figure 119. Although this trace is not as dark as the others in the
vicinity of the discontinuity, the trace at 10 percent chord indicates
that the flov is practically 100 percent spamwise outflov. This outflow
pattern indicates the inconsistency of a small crossflov assumption in
the vicinity of laminar separation.

For the ammonia traces at 99 percent radius, the data near the
blade tip illustrate the same patterns of flowv for all rotor speeds.
It seems that the effect of the tip vortex on the rotor boundary layer
flow is at most a veak function of rotor speed. The last three chord-
vise traces near the tip indicate a gradual lessening in the spanwise
inflov. Again, this trend is similar in every hover condition at wvhich
data wvas obtained. A possible explamtion could be that the tip vortex
has started to separate from the blade at this chord nosition. If so,
the effect of the vortex would tend to create an outflov near the blade
surface.

The absence of flow discontinuities in the higher Reynolds mmber
data indicates that transition may have occurred prior to the ! .ibble
formation. Since the resulting turbulent flow will not support a
laminar separation bubble, it will separate in the more conventional
and more gradual mamer. Near the leading edge (at approximately the
1% chord position), the ammonia traces show a sudden expansion. This
pattern of flow was discussed”’ and was hypothesized as the location of
transition. If this hypothesis wvere true, it could explain the absence
of discontinuities throughout most of the data.
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Figure 119, Ammonia Trace Data; 0 - 13.5°, 290 rpem,
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APPENDIX II1I
ADDITIONAL HOT-WIRE VELOCITY DATA--HOVER CONDITION

A large portion of the experimental data obtained in the hot-wire
studies of the hovering blade boundary layer are presented in Figures
125 through 134, The form of presentation used is essentially identi-
cal to that of Figures 62 and 63. Thus, Figures 125, 126, 62, and 127
present a cor*inuous sequence at 72% radius and 100 rpm; Figures 128,
129, 63, and .30 are a sequence at 72% radius and 470 rpm; Figures 131,
132, 133, and 13I present all data at 92% radius,

The data in Figures 125 through 127 are for pitch angles of 0, 5,
and 15°, respectively, At § = 0°, the chordwise profiles are "full" as
the 25 percent chord position is approached, Very little spanwise out-
flov is observed, indicating that no separation bubble is present, A
bubble could exist aft of the 25 percent chord position. At 8 = 5°,
the chordwise profiles are more similar to separation type profiles at
25 percent chord than the § = 0° data, Also, at 25 percent chord, the
spanwise outflow is quite large, indicating an action similar to the
ammonia discontinuities, Next, recall that the data at § = 10° presented
in Figure 62 indicated large outflow at 20 percent chord., Now proceed-
ing to the # = 15° data of Figure 127, the trend of the hot-wire veloc-
ity profiie data at 100 rpm can be completed, At this pitch angle, the
variation of the chordwise profiles is reversed, That is, the profiles
become fuller as the flow progresses from 10 to 25 percent chord. Very
little outflow is observed in the spanwise profiles, This could indicate
that a separation bubble exists in the flow just prior to the 10 percent
chord position and that these data represent the development of reattached
turbulent flow aft of the bubble,

The data at 100 rpm and pitch a.:les of 0, 5, 10, and 15° tend
to confirm the trends of the location of the laminar separation bubbles
that were observed with the ammonia trace technique. For example,
amnonia data are presented’®’ for a 4-inch-chord, 6-foot-diamete -,
NACA 0015 airfoil at 72 percent radius and LOO rpm. These data indi
cated that laminar separation occurred at chordwise positions of U6,
23, 15, and 19 percent chord at the corresponding pit<h angles of
0, 5, 10, and 15°. A reexamination of Figures 125 through 127 and
Figure 62 indicates velocity profile trends consistent with these loca-
tions ¢’ laminar separation.

Next, examine the data presented in Figures 128 through 130.
These data were obtained at 72 percent radius, a rotor speed of LOO
rpm, and pitch angles of O, 5, and 15°, respectively. An increase in
the boundary layer thickness can be observed in chordwise profiles as
the flow progresses from 10 percent chord to 25 percent chord. Note
how thin the boundary layer is at the 10 percent chord positions. This
is a region of accelerated flow since the chordwise potential velocity
is increasing. The 9 = 15° data indicate a ruch increased boundary
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layer thickness; however, there are no indications of extremely large
outflow in the 400 rpm data., The data in Figures 128 through 130 and
Figure 63 could be aft of the point of transition,

Figures 131 through 134 present data obtained at 92 percent radius.
The data in Figures 131 and 132 were obtained at a rotor speed of
100 rpm and pitch angles of O and 5°, respectively. Because of the
increased spanwise location, these data are similar to data taken at
T2 percen' radius but at slightly increased rotor speeds. These data
were obteined only at chordwise positions of 15 and 25 percent. The
fata at 92 percent radius indicate trends similar to the data already
discussed; however, with only two chordwise positions, these trends
are not as obvious. In Figure 134, a large outflow seems to be evident
in these data at 25 percent chord. This large outflow may be attributed
to the very small value of potential spanwise velocity. Since all
velocities were divided by their corresponding potential camponents,
they become quite large as this potential component becomes small.
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APPENDIX IV
EVALUATION OF ACCURACY OF HOT-WIRE DATA

Because the findings on the magnitude and direction of the boundary
layer flow constitute the most important result of this work, discussion
of the possible magnitudes of errors is presented in this section, The
main sources of error lie in the calibration of the probe, its use in
measurements, and in data reduction,

1, Calibration

a) Readability of the voltmeter

The readability of the voltmeter was 0,01 volt for the high range
of data and 0,001 volt for the low range., Using 200 fps (the maximum
calibration velocity) as the full range for flow speed, the error can be
determined o be (0.0l volt) x (50 fps/volt) - 0.5 fps or about 1% error.

b) Readability of the manometer

The manometer was readable to the nearest 0.05 inch of water at
8.9 inches of water or 200 fps. This represents an error of 0.56% in
pressure and an error of 0.75% in velociiy.

¢) Readability of the protractor

The protractor used for setting and recording the angularity of
the probe could be read to the nearest 0,25° which represents an error
of about 0,75% if one uses the maximum calibration angle as th: reference
(about 40°),

d) Accuracy of the regression curve fit

The mumerical curve fit routire was accurate to within 1% for
the velocity magnitudes up to 200 fps. The maximum curve fit error for

flow angularity was about 2.5% up to angles of *40°% which represents
t1° error.

2. Testing
a) Rotor speed setting

The rotor speed was only maintained to within about *3 rpm dur-
ing testing,which represents 3% error at a speed of 100 rpm. The veloc-
ity error introduced due to this rpm error would have been about 1.5 fps.

b) Readability of voltmeter

Readability was identical to that discussed under calibration,
except near separation bubbles or at very high pitch angles, when rapid
fluctuations in the output required a mental average to be taken,
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c) Setting of probe relative to leading edge

The probe body was set perpendicular to the blade leading edge
by viewing the probe through a 100X microscope. Through this optical
method an angularity of $0,5° could be obtained accurately. During the
tests, centrifugal loads on the probe and probe supports could have
caused enough deflection to alter this accuracy; however, the extent is
not determinable, Additional error in the data could have been caused
by the limited ability to set the plane of the sensors parallel to the
surface of the blade. This would induce large errors in the measure-
ments taken very near the blade surface,

3. Data Reduction

a) Interpolation of regression equations

The error due to the computerized interpolation of the regression
equations was considerably under 1% and can be neglected,

b) Wall proximity corrections

Some of the error in the measurements near the surface was elim-
inated by using the results of wil1s.2® The corrections place the
velocity profiles near the surface in nearly a straight line, as would be
expected.

2LhL



APPENDIX V
TIP SHAPES

The detailed shapes of the five tips used in the tip flow study are
pres:nted in this appendix, The orifice locations where the ammonia was
emitted are shown in each figure,and the dimensions to the holes are
‘indicated, : '
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