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A Method for Predicting Nonperiodic Air
Loads on a Rotary Wing

LEoNARD SEGRL*
Coirnell Aeronaulical Laboratory Ine., Buffalo, N. Y

oy

A numerical description of the geomelry and strength of the vorticity in the wake

of a rotary wing is employed to compute the wake-induced, nonuniform flowficld in the

plane of the rotor disk. In contrast to the procedure developed previously to obtain the peri-

odic inflow that exisls in steady, forward flight, a solution procedure is adopted appropriate

to Lhe treatment of transient phenomena, such as the nonperiodic loadings caused by time-

varying control inputs or gust disturbances.

Major assumptions made in the analysis are:

1) the rotor blades have only a rigid flapping degree of freecdom; 2) the votor hub continues to
translate in level, constant-speed flight during the short time interval of interest; 3) the wake

geomelry can be specified a priori; and 4) no account need be taken of vorticily shed parallel

to the trailing edge of the blades. Computed flapping and air load distvibutions are com-

pared with wind-tunnel measurements (on a full-scale H-34 rotor) of the response to rapid

changes in collective pitch.

Introduction

ACCITRAT]C predictions of the acrodynamic loading on a
LB votary wing require that the airflow through the rotor be
determined in considerable detail.  The recognition of this
requirement was given significant impetus as a result of meas-
urements made in 1947 at the Cornell Aeronautical Laboratory
Ine. (CAL) revealing the presence of fifth and higher har-
monic¢ stresses in helicopter rotor blades.  No attempt shall
be made here to recount the many effort= that were made
at CAL and clsewhere' to obtain methods for predicting
the higher harmonic components of air loads which stem from
the highly variable inflow experienced by a rotor in forward
flight. Sincc this variable inflow results (rom the induced-
veloeity field created by the wake of the rotary wing, a scheme
for predicting the acrodynamic loadings on a rotor must
necessarily take mto account the complex details of the rotor-
wake interaction process,

The analysis 1o be deseribed herein is one of many efforts
that have been and are currently being made to derive rational
and valid procedures for predicting the results of this complex
rotor-wake interaction process.’ ' The objective of this par-
ticular study was the modification and extension of methods
previously developed for the case of steady forward flight!®
in order to permit the computation of nonperiodie (or trans-
ient) loadings caused by nonperiodic ¢hanges in blade-piteh
controls or any other type of transient disturbance.  Accord-
ingly the analysix may be viewed as a first step towards de-
veloping means for computing the transient airloadines en-
countered by a helicopter rotor as a result of control action
applied for mancuver purposes or as a result of entering a gust
environment,

Features and Assumptions of the Analysis

Except for the absence of means for computing the induced-
velocity field caused by the presence of a vortical wake, Ges-
sow and Crim developed a computing program in 1955 that
can be considered a prototype of the program developed in
this investigation. In fact, the present effort may be viewed
as a logical extension of the analysis performed by these
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carlier investigators.  Speeifically, their elassical assumption
of uniform inflow has been eliminated to the end that the
high-irequency components of blade loading tdue 1o the pres-
ence of the spiral, vortical wake') can be predicied with ace-
curacies suflicient for engineering purposes,

The air loads on a rotary wing are deseribed mathematically
by an integral cquation that expresses the requirement for
flow tangency to the blade surlace as a function of the circula-
tion (vorticity) distributed over the swface of the blade and
in the vortex sheet trailed by the individual blades ol the
rotor.  Obviously, the lifting-surface formulation for the
rotary wing is considerably more complex than that for the
fixed wing because of the complex wake geometry that pre-
valls.  Sinee a helicopter rotor blade has a verv high aspeet
ratio, the classical simplification made by Prandtl is valid,
thus permitting the use of Iifting Hue theory fn trealing this
problem.  Aeccordingly, significant success has been achleved
in determining the bound cireulations thar must prevail in
steady, level flight in order that the houndary condition of
flow tangeney be satisfied at one chordwize position on the
blade.?=5 7% 1713 The kev to this success has heen a will-
meness to assume that the geometry of the wake can be
specified a priori.  Specifically, we assune that the geometry
of the wake is determined by 1) the kinematies associated
with a given advance ratio and 2) the mean. induced inflow
veloeity, which velocity is a function of the average rotor fif
ax defined by simple momentum theory.  Abplication of the
Biot-Savart Law to the specified geometry vields a matrix
of influence coctlicients, by means ol which it hecomes pos-
sible 1o solve for the spanwise and azimurhal dizvribution of
the bound circulation on the rotor blades.  Alvernatively, it
15 possible to =olve for the spanwise and azimuthal distribu-
tion of angle of attack.  Although the flow environment seen
by a spanwise segment of the blade ix not steady and com-
pletely two dimensional, it s consistent with lilting-line
theory and the assumption of quasi-steady acrodynamics to
employ two-dimensional airfoil-section data to compute the
resulting air loadings. The assumption of two dimensionality
obviously restricts this model to low advance ratios in which
the spanwise component of flow remains ~mall.

In ecomputing transient air loadings, we have elected to
model the rotor and wake in essentially the same format that
was adopted by Piziali and DuWaldt?® for steady-state (peri-
odic) loading caleulations. As indicated in Fig. I, each
blade of the rotor is represented by a segmented lifting line
(bound vortex) located along the quarterchord of the blade
with the wake represented by a mesh (or lattice) ol straight
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Fig. 1 Example of wake trailed from four radial segments
with roll-up into a root and tip vortex.

vortex segments possessing a constant strength over the length
of the segment.

In contrast to Ref. 13 the wake model adopted for transient
air load caleulations is assumed to consist only of trailing vor-
ticity. Obviously, the omission of shed vorticity is equiva-
lent to ignoring the influence of any “unsteady acrodynamic”
effects that are associated with the time rates of change of
circulation on a two-dimensional segment of the rotor blade.
We have elected to make this assumption in view of the results
that were obtained in a brief peripheral study (see Ref. 16).
This study showed that necglecting shed elements of wake
lumped in accordance with the scheme originally adopted,®
made little difference in loadings caleulated for the case of
steady, level flight. It was concluded that the procedure
used for lumping the shed elements of vorticity did not ac-
count for the true influence of the nearby sheect of shed vor-
ticity, and therefore there was no merit in retaining this fea-
ture of the original wake model. T

Since it was desirable that 1) the computation time as-
sociated with the application of the Biot-Savart Law be

G
(TABLE 4(d) OF REFERENCE 20)
CALCULATED LOADING:
NO WAKE CONTRACTION
CALCULATED LOADING:
-0~ - TIP_VORTEX AT r/R
ROOT VORTEX AT r/

b /ft

T,

AERODYNAMIC LOADING,

0 0.2 0.4 0.6 0.8 1.0
SPANWISE STATION. r/R, NONDIMENSIONAL

Fig. 2 Comparison of calculated and measured loadings
in hovering flight.

T A discussion of the inadequacy of the original procedure used

for lumping shed vorticity can be found in Ref. 12. In this

study, no altempt was made to employ a scheme for modeling

shed wake effects, as developed in Ref. 12.
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minimized and 2) a more realistic simulation be made of the
rolling-up process associated with the strong tip and root
vortices, the original wake format was appropriately modified
(see Fig. 1). Numerical studics showed that the desired gains
in calculation efficiency were achieved, and comparisons
with experimental results have demonstrated that additional
gains accrue from simulation of the rolling-up process. Al-
though insufficient cases were tested to demonstrate the
influence of wake contraction on the loadings achieved in
forward flight, hovering ecalculations showed that serious
errors are obtained in loading predictions if wake contraction
is ignored. Figure 2 shows that when wake contraction is
assumed to be nil, a total load and spanwise distribution are
calculated which do not agree with results measured on an
H-34 helicopter.””  We also see the significant improvement
in the caleulated result that is obtained when a rolled-up tip
and root vortex are assumed to be located at r/R = 0.825
and r/R = 0.425, respectively. Although the root vortex
appears to have a significant influence on the load distribution
in hover, other studies' have shown that the root vortex can
be ignored when the wake is convected away from the rotor in
forward flight.

As has been mentioned alveady, a most important feature of
the wake model that has been adopted for caleulating air
loadings on a rotary wing is the requirement to specify the
geometry of the wake. In practice, this means that the wake
generated in steady, forward flight is considered to be a skewed
spiral with the pitch of the spiral determined by a “transport’”
velocity taken to be the momentum-theory value of the mean
induced velocity. (Note that this assumption has been shown
to yield calculated azimuthal and spanwise variation of
loadings in reasonable agreement with experiment.!3)

In specifying the gecometry of the wake generated during a
transient maneuver, several problems arise. First, we en-
counter the question of how to specify a geometry (during the
transient interval) that is the cquivalent of the “rigid” wake
spiral assumed to exist in steady, forward flight. Second,
there is the problem of relating the arbitrarily specified wake
geometry to the actual dynamics of the flow process wherein
the induced air mass is accelerated through the rotor to
attain a new mean flow condition.,

For purposes of clarifying this point, consider the applica-
tion of colleetive blade-pitch control such as to change the
average thrust produced by a rotor. It follows that the mo-
mentum imparted by the rotor to the mass of air flowing
through it must be changed. Thisis to say that the air mass
must be accelerated (or decelerated) until a new steady-state
thrust corresponding to the changed operating conditions is
achieved. From the point of view adopted in this analysis
{namely, that the inflow is induced by the vorticity in the
wake), there are time rates of change of inflow that are de-
pendent upon the existence of vortex sirengths that are not
periodic with respect to the rotor revolution rate. We note
that there must be an equivalence between the econcept of an
air mass being accelerated (during the transient interval be-
tween two steady states) and the concept in which a change in
vorticity levels is diffused through the wake (during the
transient interval) bringing about a change in the velocities
induced at the rotor disk.

In the wake model adopted for calculation of transient air
loadings, the diffusion of the new vortex strengthsi is auto-
matically taken into account. For purposes of establishing
the geometry that exists between the two rigid skewed spirals
that are associated with the initial and the final steady state,
we arbitrarily assume that the ends of the vortex elements in
the wake are transported downwards at a constant rate.
The magnitude of this rate is taken to be the time-varying
value of the mean, induced velocity assumed to exist at the
specific instant of time that a particular element of vorticity is
trailed from the blade. The model, as described, thus re-

1 This is caused, for example, by a change in collective pitch.
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guired that an assumption be made as to the manner in
which the mean, induced veloeity, associated with the initial
steady state, varies with time to reach the value associated
with the final steady state.  Accordingly, computations were
made for the parpose of assessing the sensitivity of air load
responses (as caused by a eolleetive piteh change during
hover) o the time history assumed for the mean, induced
downwash.  These computations showed (Fig. 3) that the
form of the loading time histories is not particularly sensitive
to the change in wake geometry oceurring during the transient
interval, although the final steady load magnitudes are, ad-
mittedly, a sensitive function of the pitch of the wake spiral
as controlled by the assumed final value of the mean, induced
veloeity.

A number of simplifving assumptions were made in addition
to the previously mentioned 1) negleet of shed vorticity and
2} wqunemcnt for specifying the time history of the mean,
induced flow in 101@1,1011 to the time history of the transient
mput.  These other assumptions are:  3) The bound cireula-
tion on a blade segment is proportional to the lift on this
segment irrespeetive of whether the segment is or is not
“stalled.”§ 4) The lateral and longitudinal components of
the velocity induced by the wake are negligibly small in com-
parison to the tangential velocity and therefore can be ig-
nored in determining the angle of attack of a given blade
segment.  5) The rotor blades are structurally rigid and have
only a flapping degree of freedom.% 6) The rotor revolves
at a constant angular veloeity throughout the transient inter-
val. 7) The hub of the rotor continues to translate in level,
forward flicht at constant speed during the short time inter-
ral of interest.

With respect to these seven assumptions, it appears that
some reservation need be retained as to the adequacy of the
first assumption when very rapid changes of bound vorticity
are produced as a result of 1) very rapid changes in blade-
piteh settings and/or 2) very rapid changes in the induced-
velocity field as caused by a blade passing over the tip vortex
trailed by a preceding blade.  Admittedly, more caleulations
are in order to assess the quantitative role of shed vortieity
during those flight conditions in which unsteady acrody-
namic¢ effects would be accentuated.

It should be appreciated that the model does accommodate
a region of reversed flow but was not intended to yvield accurate
resulis for high advance ratios or highly loaded flight conditions.

¥ Work is under way to climinate this restriction to a rigid
blade. Tt is expected that inclusion of feathering and structural
twist will prove to be of importance in caleulating rotor air loads.
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Computer Program Implementation

Figure 4 diagrams the computational program that was
developed to predict the nonperiodic air loadings on a rotary
wing. These numerical computations require that an axis
syslem be selected to describe the flapping vesponse of the
rotor and the geometry of the wake. Figure 5 shows the
w-y-z-axiz system adopted for this purpose. Note that the
origin is placed at the hub of an articulated (flapping) rotor,
with » axis direeted rearward, parallel to the horizontal direc-
tion of flight. Tt should be rvecalled that the analysis is
restricted to level-flight operations or to the situation that
prevails when the rotor hub ix held fixed In a wind tunnel.
Figure 6 shows that the votor shaft has been assumed to be
tilted only in the 2-z plane. Thus, we ignore any lateral tilt
of the rotor shaft. sinee this tilt a 1010 is wsually small during
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Fig. 4 Schematic diagram of transient blade load model.



t

544 1.

PITCH AXIS AT 1/4 CHORD

SHAFT 411§

~
X4, 3 WIND" AXiS SYSTEM <’ ' » /
XY, 7 SHAFT AXiS SYSTEM

3 FLAP ANGLE

@ AZIMUTH ANGLE \

@, SHAFT ANGLE OF ATTACK |

3 FLAP HINGE OFFSET :

& BLADE SEMICHORD Tz |

& PITCH ANGLE OF BLADE C

‘AS MEASURED N SHAFT
AX!S SYSTEM)

Fea ANGULAR VELOCITY OF
ROTOR SEAFT

Fig. 5 Axis syvstem used in transient blade load analysis.

frimmed, level fight. A eonventional shaft axis svstem s
used to deseribe the flapping and feathering of the blades,
and the motions and displacements of the blades (as seen n
the shaft axis sy=tem) ave translormed to equivalent quantities
in the z-y-z svstem.  Only the z axis component of the total
induced-velocity vector ix ineluded in the analytical model,
as was indicated earlior.  In accordance with the adopted
axis systent, velocities induced 1 the negative 2 direction are
designated as negative quantities.

Using the indexing procedure shown in Mg, 6, m designates
an nstant of wnie. @iz a blade of the rotor, 7 is a spanwise
location on a biade, 10 1= the wake trailed by a blade ¢, m s
an azimuthal pesition in the wake, and 7 i< a spanwize posi-
tion m the wake,  Arithmetie statements and indexing logie
were written for cach of the eight blocks indicated by number
i Fig. 4. These eight portions of the program are reviewed
and sumina {below,

Computation of Wauke Geometrs

This portion of the program consisted of equations that
vield the geometry of the wake, i.e., the spatial location and
orientation of elements of vorticity in the wake relative to the
blades of the rotor at cach instant of time.  The azimuthal
position in the wake at which the wake iz assumed to voll up
into two vortices. Le., one from the blade tip and one from
ihe blade voot. s designated as m = MBLA . With thix
notation. it becomes convenient to write a separate set of

g — BLADE 1

/u
/

TW0 BLADED ROTOR D!VIDED INTO SOUR RADIAL SEGMENTS

Fig. 6 Indexing procedure used to designate blade and
wake geometry.
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equations defining the geometry of the nonvolled wake (7
< MBLM) and the rolled-up wake (m > Y BLMW).

Computation of Induced-Velocity Coellicients

The Biot-Savart Law is employed to compute the induced-
velocity coeflicients representing the velocity induced at a
specific location on a blade by a given cegment of wake per
unit =trength of voyticity in the wake element.  The induced-
veloelty coefficient, o, is a function only of the coordinates of
the point where the veloeity is being compured and the co-
ordinates of the vortex filament endpoint=. A complete set
of o coefficients represents the influence of ali or the elements
of vorticity in the wake (of unit strength) at all of the span-
wise locations seleeted to define the loading on each blade.
It should be noted that Tig. 4 indicates that these veloecity
coeflicien{s are separated into two parts. One part, or,
represents all of the velocity voeflicients associated with the
entire wake exeept for the elements of wake immediately
adjacent to the trailing edge of the blade.  The vremainder of
the velocity coeflicients represent the influence of the adjacent
wake and arve stored for later use in the compwlations that
are made in block 6.

4Lusignment of Cireulation Stvengths lo Elements
of Yorticity in the Wake

This is primarily a bookkeeping eperation i whiel eircula-
tion strengths are assigned to all elements of the wake {except
{or the elements adjacent to the blades) at cach instant of time
as a function of the bound vorticities that weve determined at
carhier instants of time.

Computation of Induced VYeloeities

For purposes of implementing the transient biade loads
computation, the contributions of all vortex elements to the
total velocity mduced at a blade =egment location are sunmmed
over the entire wake, with the exception of the clements lo-
cated immediately adjacent to the blades.  The cnculation
strengths assigned in block § and the or portion of the induced-
velocity cocfficients computed in bloek 2 are vequired Jor this
sunumation.  The result of this incomplete swumation for
the induced velocily 1= designated as Wy, We have that the
velocity induced at time me on blade ¢ at spanwise =tation
by all elements of the wake, other than the clements adjacent
to the blade, is given by

NB ) MBLM LON+3

IEADIEEDD

ih=1 ( m=2:3 I=1

NAWNWRY 1

W= Gt ™I [ Vi

]

=MBLM -1

where VB = number of blades, LON = number of blade load
points, and VR = number of revolutions of wake retained in
the summation. ., 7 18 the induced-velocity coefficient
yielding the influence of the wake element designated by the
subseripts 16, m, and [ at the specifie location indicated by the
superseripts m, 1, 7. The subseripts on the wake vorticity
I accomplish the aforementioned bookkeeping process.  Note
that the right-hand interval summation over m is associated
with the rolled-up wake, where T refers to the peak value of
cireulation that existed on a given blade.

Rotor Kinematics

In this portion of the computing program, the blade-seg-
ment angles of attack are determined as a function of the
kinematics of the rotor and the existing induced-velocity
field. It should be noted that the angle of attack as deter-
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mined at this point iz a function only of the “old wake,”

that is, that part of the wake that produces the induced
veloeity Hg.

Simultancous Equations Defining the Unknown Bound
Cireulations

The fundamental assumption involved in this portion of
the caleulation is that the bound circulation on the blade
is proportional to the Lift coefficient, hrespective of whether
the given Qpan\\'iw segment 1s or is not stalled.  Since the
angle of attack at each spanwise station is a funcrion of both
the known circulation strengths (which result in the partial
induced-velocity field, 117) and the additional induced veloei-
ties caused by the unknown circulation strengths associated
with the wake clements that trail immediately behind the
blade, we have that the unknown bound circulation on every
spanwise segment is a function of all the unknown bound
circulations that exixt at a given instant of time. Mathe-
matically, this means that a set of algebraic equations must
be solved simultaneously to obtain the unknown ecivculations
where the number of unknown circulation strengths to be
found at any instant of time is equal to the product of the
number of spanwise =cgments and the number of blades.
It should be noted that this set of equations must be solved
for as many time intervals ag are required to 1} establish an
mitial equilibrivan state, 2) define the transient response to a
speeified input disturbanee, and 3) establish a final equilibrium
state.

Since the cquation =et defining the relationships between
the unknown ecirculation strengths is nonlinear, an iterative
scheme was necessarily developed.  The solution process is
initiated by utilizing a linearized formulation of the problem.
The linear equations that result can be indicated symbolically
a8

(T} 2

where the eolumn matrix {T,,.;;] represents the unknown cir-
culation strengths.  The column matrix {T,.; 2} represents
that portion of the circulation at each spanwise segment as
determined by all contributions to the local angle of attack
other than the contribution that devives [rom the so-called
“new”” wake, which is defined by the unknown circulations.
The square matrix [gx. /7] is derived from the velocity coef-
cients that were computed earlier in block 2 and then stored
use for in block 6.

On obtaining a solution to the linearized cquation sct, the
iterative process is initiated by computing the additional in-
duced velocities 117, that are caused by the strengths in the
“new’ or adjacent Wakc, viz.,

i . . 1
{O‘;a.z’“’ ]m b I‘m,'m;

!
i

CN
i q 72
E it G2 ™01 — g (3)

1=t

H

NE
i = Z
The indu(-(‘d—\'oi(wity coeflicients in the foregoing expression
are the storved quantities from block 2. To iterate, we 1)
recompute a,..:.:. 2} obtain a new set of lift coe[ﬁuom\ 3)
vecaleulate the bound circulations, 4) recalculate 1,4, and
5) continue thiz loop until the cha‘.ngo:\' computed in T, ;
are less than a specified percentage.

Considerable care must be exercised to insure that con-
vergence is obtained since an increase in Wy, ;. ; (negative for
downwash) causes a decrease in I',,.;,; which, in turn, causes
a decrease in Wy, . .. Investigation showed that a Gauss-
Seidel solution procedure, along with an averaging technique
for I'and IV 4, provides rapid convergence to a stable solution.

Computation of Loading, Flapping Moments, and
Flapping Accelerations

The lift and drag determined for each spanwise segment
are converted to aerodynamic loading, as measured by pres-
sure transducers mounted on the blade. The aerodynamic
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moment about the flapping hinge is obtained for cach blade
from a spanwise integration of the appropriate force compo-
nents and, likewise, the drag moment about the shaft axis is
obtained (or cach blade and for the total rotor. The angular
flapping acceleration of each blade follows from a solution of
the blade flapping cquation, viz.,

. Ma,, My M
Bi= =t —,{" - (z 4 -t )B : (4)
i Ly . g [},

Timewise Integration to Obtain Flapping Velocity
and Flap Angle

A conventional Runge-Kutta integration procedure was
used to integrate 8, to obtain B, and 8,1, 1t should
be noted that this integration involved predictions over the
half and full time (azimuth) interval, with 175 being assumed
to remain constant over this interval.  No attempt was made
to include the wake geometry and induced-veloeity computa-
tlons into the Runge-Kutta integration process, sinee this
procedure would have been prohibitive in terms of computing
time and cost.  Since the coupling between Wy and blade
flapping displacement during a single time (azimuth) interval
is very small, the errors introduced by vemoving the Wy
caleulation from the Runge-Kutta procedure ave helieved to
be negligible.

Results
Comparison of Theory and Experiment

The foregoing computer program was given its particular
form to cnable the prediction of loading time histories result-
ing from transient disturbances. However, one measure
of the adequacy and validity of this mathematical model is
its ability to predict the steady-state loadings that occur
in steady, forward flight. Since mcans [or making predic-
tions of the steady, periodie loadings on rotary wings have
been discussed fully elsewhere,' ™™ a comparizon between
theory and measured steady-state loadings iz given here only
for reasons of demonstrating that the particular simplifving
assumptions made to reduce the complexity of the step-by-
step mmtegration approach do not degrade the validity and
aceuracy of the final result.

Figure 7 is a comparison of calculated periodic air loadings,
i.e., in steady, forward flight, with data obtained in full-scale
wind-tunnel tests.®®  The loadings plotted in this figure cor-
respond to the initial steady-state achieved in the first run
of three transient data runs prior to the initiation of a collee-
tive-pitch change (See Table 1 lor definition of test condi-
tions.) In the caleulations, the tip and root vortices were
assumed to roll up 45° of azimuth hehind the blade at radial
locations corresponding tor/R = 0.90 and 0.373, vespectively.
It appears that the agreement achieved between theory and
experiment is comparable to that achieved by other investi-
gators and that the noted diserepancies are, in general, of
the same nature and order as have been observed on other
oceasions.

Three transient responses to collective-pitch inputs were
obtained at two “flight” conditions, as tabulated i Table
1.%%  QOne transient-response run was made at the first flight
condition, in which run the collective pitch was increased
at a rather slow rate. In the second flight condition, two
transients were produced, one in response to a more rapid
increase in collective pitch, a second in response to a rapid
decrease.

In order to facilitate a comparison between theory and
experiment, it was necessary first to reduce the test data for
purposes of determining the cyelic-pitch settings and time

#* Originally a more exhaustive test program was planned, but
instrumentation difficulties forced the curtailment of the transient
response tests
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Fig. 7 Steady-state aerodynamic loadings vs azimuth

angle.

history of collective pitch. Since blade ptich was measured
on blades separated by 180° of azimuth, collective pitch
could be resolved by summing the output of these pitch trans-
ducers. Cyeclic pitch was then determined by subtracting
collective from the piteh of the instrumented blade.

Figures 8, 9, and 10 present comparisons of measured and
predicted transient air loadings for 7 span positions for test
runs 1, 2, and 3, respectively. 11 Shown also are predicted
and measured flapping, the time history of ecollective pitch
(as measured and as used for the input to the calculation),
and the assumed variation in the mean induced velocity W
governing the spacing of the wake during the steady and
transient interval. The assumed timewise variation in W

Table I Wind-tunnel test conditions

Run 1 Run 2 un 3
Average test velocity, 131.0 186.0 186.5
fps
Rotor angular ve- 23.2 23.2 23.2
locity, rad /sec
Advance ratio 0.202 0.286 0.287
Shaft angle of attack, 10 b 5
deg
Average air density, 0.002293 0.002276 0.002272
slugs /i3
Initial total lift, 1b 8710 8945 8715
Final total lift, Ib 12182 @ 2037
Total collective-pitch 1.775 1.607 —2.663
inerement, deg
Rate of change of 6.55 12.95 —47.2
collective pitch
(nominal value)
deg/sec

2 No wind-tunnel balance reading because of excessive vibration.

11 It should be noted that at /R = 0.95, the caleulated re-
sponse corresponds to 7/ = (.96 as a result of using eight seg-
ments to define the spanwise load distribution.
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Fig. 8 Measured and calculated transient flapping and air
load responses; H-34 rotor, wind-tunnel Run 1, ¢ = 0.202.

was based on the results of the hovering caleulations men-
tioned earlier. As a result of this hovering study, there is
reason to believe that the computed air loadings would not be
modified significantly on assuming a different time varia-
tion in W. Instead, it appears that wake distortion arising
from self-induced effects, in all likelihood, contributes errors
in the description of wake geometry which are considerably
more significant than the errors that result from the very ap-
proximate means used to simulate the time-varying spacing of
the wake spiral during the transient interval.
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Fig. 9 Measured and calculated transient flapping anc
air load responses; H-34 rotor, wind-tunnel Run 2, y =
0.286.
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Figures 8, 9, and 10 show that the developed computer
model simulates in remarkably good fashion the over-all be-
havior of a rotary wing subjected to a change in colleetive
piteh.  Although the computations do not produce precise
agreement with the measured time histories of air loadings,
there are many arcas of qualitative and quantitative agree-
ment. It is seen that certain portions of the high-frequency
content in the Joadings are predicted by theory remarkably
well. Note should be taken of the agreement between theory
and experiment as reflected by the different patterns of loading
that oceur at the various radial positions on the blade. Note
also the agreement achicved between measured and predicted
flapping. It s seen that Figs. 8, 9, and 10 do not readily
indicate whether diserepancies, if any, exist between the caleu-
lated and measured mean loadings. The caleulations, as
performed, yicelded mean total thrusts approximately 49
less than the initial and final mean steady-state thrusts meas-
ured for all three runs with one exception; that is, the caleu-
fated average thrust for the final steady-state achieved in
Run 3 15 approximately 2600 pounds (approximately 309
greater than the measwred value). These discrepancies in
the mean thrust levels obviously do not detract from the basic
validity of Figs. 8 9, and 10 for demonstrating the ability of
the wansient blade load model to predict variations in air
loading, either with respeet to spanwise position on the blade
or azimuthal location in the rotor disk. It would appear that
continued updating of thix analysis with respeet to 1) refine-
ments in the aerodynamic treatment, 2) improvements in the
deseription of wake geometry, and 3) expanded modeling of
the rotor structure will lead to an even better prediciion
capability.  Accordingly, we conclude that the wake model
in its present form, together with a model of the kinematics
and dynamies of a simple articulated, rigid-blade rotor sim-
ulales the essential components of the transient blade loading
phenomenon resulting from typical changes in collective
pitch.  Admittedly, additional data are needed at lower and
higher advance ratios in order to confirm and further qualify
this conelusion.

NONPERIODIC AIR LOADS
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Uniform vs Nonuniform Inflow Caleulations

Advantage can be taken of an mitialization phase of the
caleulation, which assumes a fixed inflow, to compare results
yielded by uniform- and nonuniferm-inflow theory. In Fig.
11, we see the azimuthal variation of total thrust on a single
blade yielded by a uniform- and nonuniform-inflow caleula-
tion.  Also shown are the azimuthal variations in the total
thrust of the rotor (as yielded by bhoth ecalculations) {or the
same flight condition. Figure 11 graphically exhibiis the
high harmonie variation in the total thrust of a single blade
that derives from the blade~wake interaction process. We
also note that the nonuniform-inflow calculation prediets an
oscillatory total shear at the rotor huby equal to approximadtely
109 of the mean thrust, whereas very little oscillatory com-
ponent is predicted by a uniform-inflow caleulation.  Ob-
viously, nonuniform-imflow theory has particular significance
with respeet Lo caleulation of transmitted shears.

Conclusions

This investigation has shown that the existence of high-
speed computing equipment makes the prediction of non-
periodic air loadings on rotary wings a feasible task. Al-
though the computation of transient flapping, assuming
uniform inflow, required several hours in 1955, the equivalent
caleulation today requires 3 to 4 min.  On the other hand, a
numerical simulation of the wake, to provide means of elim-
inating the uniform-inflow assumption, results in a total com-
puting time (Le., to reach an equilibrium state) of approxi-
mately 15 to 30 min, depending upon the number of roto
blades and the number of wake revolutions retained in the
caleulations.

Fiven though cortain disercpancies between the theory ancd
experiment still remain to be resolved, it is concluded that a
wake model consisting only of trailing-vortex clements,
trailed as a consequence of a spanwise variation in bound
vorticily, constitutes a first-order representation of the wake
of a rotary wing. The achievements reported herein are
believed to hold forth the promise of ultimately being able to
predict the manner in which 1) performance, 2) maneuver
response, 3) vibratory loading and stresses, and 4) response to
gust disturbances are modified and controlied by the spiral
wake that is peculiar to the rotary wing.
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Hypersonic Inlet Boundary-Layer Research

Joun F. Stroup* AnD LEONARD D. MILLERT
Lockheed-California Company, Burbank, Calif.

Recent results of a combined analytical and experimental hypersonic inlet boundary-laver
research program are reviewed. New turbulent boundary-layer data with heat transfer are

presented for a representative compression surface in the Mach number range of 5-8. Sur-
face cooling is shown to have favorable effects on boundarvy-layer characteristies. T'he ex~
perimental data, with and without cooling, are correlated with a theory developed in this
program. The theory has been applied to typical inlets to determine effects of heat transfer
and centrifugal forces on basic boundary-layer characteristics as well as on over-all inlet pres-
sure recovery. Both phenomena are favorable, resulting in improved inlet pressure recovery.
Centrifugal force effects are more pronounced in low fineness ratio inlets whereas heat trans-
fer effects tend to predominate in high fineness ratio inlets, wherein the supersonic com-

pressive turning is more gradual.

Nomenclature

= local skin friction

= static enthalpy

shape parameter

shape parameter, 6, /6,

shape parameter, 8,% /6,
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PP = pressure
¢ = dynamic pressure
7 = temperature
R, = Reynolds number
w = velocity component along z
w = inviscid velocity component along r
v = velocity component along y
z = distance along surface of body
y = distance normal to body surface
v = ratio of specific heats
5 = boundary-layer thickness
8.* = displacement thickness,f <1 . pu )dynes
0 Pelle
8.% = displacement thickness, fﬁ (Lm — -Lu> dynes
0 \pi P, 1y,
. = momentum thickness,‘f5 pu (1 — ﬁ) dynes
0 peu, Ue
0, = momentum thi(tkneﬁss,j‘(S SLL (L —Nl> dynes
0 prylhiy, \H1, Ui,



