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FOREWORD 

The rapid advances made in helicopter and V/STOL aircraft 
development in the past few years have spotlighted areas in which 
significant aerodynamic problems have been encountered, and in some 
cases the problems still exist. Fortunately, a technological maturity 
has now been attained in the industry, making possible investigations 
through knowledgeable scientific approaches that have produced an 
enlightened understanding of the problems and, in many cases, have 
led to practical solutions. The next generation of flight vehicles, 
currently in the design and development stages, are offering challenges 
to the aerodynamicist and engineer, and it is evident that future vehicle 
developments will demand an over-increasing rate of technological 
advance in the knowledge and understanding of aerodynamic phenomena. 

Several years have passed since a technical specialists' meeting 
was held to direct attention specifically to the low-speed aerodynamic 
problem areas of helicopters and V/STOL vehicles. Therefore, in the 
interest of disseminating up-to-date information, the cosponsors of this 
symposium, the U.S. Army Aviation Materiel Laboratories (USAA VLABS) 
and Cornell Aeronautical Laboratory, Inc. (CAL), believe such a meeting 
among technical specialists in the field would be timely. It is hoped that 
this symposium will, through the presentation of selected technical 
papers, establish the state of the art of aerodynamic analysis in the 
basic problem areas and spotlight those critical areas where research 
is urgently needed. The ultimate objective is to identify tnose advances 
required in the state of the art that can assure the availability of the 
analytical tools needed to develop and analyze the next generation of 
helicopters and V/STOL aircraft. 

In keeping with these objectives, five technical sessions, each 
dealing with specific basic areas of aerodynamic analysis associated 
with V/STOL aircraft, have been formed. In addition, a panel session 
has also been scheduled in which outstanding members of industry and 
government from throe countries will present their recommendations 
for areas of research that need to be pursued if the state of the art is 
to advance at the required rate. 

It is believed that the formal presentation of the selected papers 
and the panel presentations and recommendations will stimulate con- 
structive discussions among the specialists in attendance. While a 
significant amount of time has been allotted during the sessions for 
this to be accommodated, it is hoped the sessions will, in addition, 
stimulate discussions and serious thought between the attendees and 
the technical members of the various organizations who were unable 
to attend. In order to foster this latter objective, the inlormal discussions 
(questions and answers, etc.) will be recorded, printed, and mailed to 
each attendee for inclusion in his copy of the proceedings. 



The proceedings of the symposium have been bound in four 
volumes — a separate volume for the technical sessions of each day, and 
one volume for the panel sessions. We are indebted to the authors for 
preparing their manuscripts in a form that could be directly reproduced. 
This material was published as provided by the authors and was neither 
checked nor edited by CAL or USAAVLABS. 

The cosponsors of the symposium are grateful to the many people 
who contributed to its success. In particular, our thanks go to Colonel 
Harry L. Bush, Commanding Officer of the U.S. Army Aviation Materiel 
Laboratories, and Mr. Ira G. Ross, President of Cornell Aeronautical 
Laboratory, Inc., who opened the sessions; to Mr. Charles W. Harper, 
our keynote speaker; to Major General WilJiam Bunker, Deputy 
Commanding General, U.S. Army Materiel Command, for his address 
at the symposium banquet; to the five session chairmen -- 

Arthur Jackson, Hamilton Standard 

Franklyn  J.   Davenport,   Vertol  Division of  The  Boeing Company 

John W. White, U.S. Army Aviation Materiel Laboratories 

Irven H. Culver, Lockheed-California Company 

Sean C. Roberts, Mississippi State University 

and to the two panel chairmen -- 

Larry M. Hewin, Technical Director, USAAVLABS 

Harold   A.   Cheilek,   Vice  President   -   Technical  Director,   CAL 

and, most especially, of course, to the authors and panel members 
without whom there could not have been this symposium on low-speed 
aerodynamic problems. 

SYMPOSIUM TECHNICAL CHAIRMAN 

Richard P. White, Jr., CAL 
John E. Yeates, USAAVLABS 
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A THEORY FOR STATIC PROPELLER PERFORMANCE* 

by 

J. C, ERICKSON, JR. & D. E. ORDWAY 

Therm Advanced research. Inc. 
Ithaca, N.Y., U.S.A. 

Abstract 

The successful design of a propeller type V/STOL aircraft requires 
the precise evaluation and associated optimization of the propeller 
performance at the static condition. A general theory for perform- 
ance calculations has been formulated based on a continuous vortex 
representation along the lines of the classical lifting-line model. 

The trailing vortex sheets in the propeller wake must deform in 
order to remain force free.  In contrast to the cruise problem, 
this deformation is appreciable Just behind the propeller, and its 
determination and representation constitute the heart of the static 
problem. 

A computer program has been developed to calculate both the inflow 
at the propeller and the induced velocity at any field point for an 
arbitrary description of the trailing vcitex sheets. To approximate 
the force-free condition imposed on thj waXe, an initial wake hy- 
pothesis derived from generalized actuator disk theory was first 
used. The resulting contraction of the trajectories of the elements 
of the trailing vortex sheets was reasonable, but other comparisons 
with both detailed and gross measur<anents for two typical propellers 
were 'insatisfactory and a refined hypothesis was derived. 

The refined wakp hypothesis pro' xdes a reasonable representation of 
the "pitch" of the elements o' the deformed trailing vortex sheets 
as well as of the contractioa. Based on this hypothesis, compari- 
sons of the thrust coefficient and figure of merit at one power 
coefficient of a third propeller show excellent agreement with test 
data. 

* Sponsored by U. S. Army Aviation Materiel Laboratories under 
Contracts DA 44-177•-AMC-l6b(T) and DA 44-177-AMC-379(T). 



Introduction 

The need for peak propeller performance with V/STOL aircraft Is greater 

than with conventional aircraft as the propellers must generate a total lift 

equal to the gross weight of the aircraft.  Since the payload of these vehicles 

Is 20^ to 30$6 of the gross weight, a snail improvement In the lift or hover 

performance of the propellers results in a larre improvement in payload '"■j- 
paclty. 

The design of high-performance propellers for V/STOL aircraft has been 

hindered by the lack if a suitable theory for the determination of performance 

at the hover operating condition. The principal difficulty in the static case 

is locating the elements of the trailing vortex sheets, i.e. these elements 

must deform such that they are force free.  In general, there is an axial 

elongation of the sheets, together with a radial contraction and a tangential 

distortion. The edges of the sheets are also locally unstable and tend to roll 

up as for a finite wing. While these deformations are not of primary signifi- 

cance in forward flight, Uiey are the heart ot the static problem. Without a 

free stream, not only do the deformations occur much closer to the propeller 

and so exert more influence, but they are also much larger.  In fact, the 

axial elongation which constitutes only a perturbation of the pitch of the 

regular helical sheets in forward flight now determines the total variation of 

the "pitch". 

In our initial studies of the static thrust problem we used a simple wake 
1-4 model in which the essential deformation was discontinuous  . Although the 

results themselves were not satisfactory, they did Indicate that continuous 

deformation of the vortex sheets was necessary for an adequate model.  Such a 

"Continuous Deformation Model" is developed in detail in Ref. 5. which was co- 

authored with H. V. Borst and B. M. Ladden of Curtiss-Wright.  Here we have 

condensed this work and tried to present the principal features. 

Basic Equations 

We consider a propeller rotating at a constant angular speed ft in an 

inviscid fluid otherwise at rest at infinity. The blade thickneas-tc-chord 

and chord-to-radius ratios are assumed to be reasonably small. We can then 

represent the blades by radial bound vortex lines, together with a force-free 

system of trailing vortex sheets, i.e. the classical lifting line formulation. 

A propeller-fixed cylindrical coordinate system  (x,r,e)  is chosen with 

the axis of rotation as the x-axis, see Fig. 1 .  In this system the flow is 

steady and the N blades are located in the plane x = 0 such that 

ep  = 27r{p-l)/N      P = 1, 2 N (1) 
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i.e., the p = i blade coincides with 6=0. 

The induced velocity field is determined by integration of the Biot-Savart 

law over all the vortex elements and may be expressed in the form 

N   yR 

p«l JRyi     - P •' 

H      rK 

P-l -'RJ, ^ P    J 

(2) 

(3) 

A f*pr dr(r )  , 

D=! •'P   L P      J 

N  /•*„, dr(r) 
w =71   i Fir . S iiX:.. — 9fT 1 dro (4) 

P=1 «h 

where u,v,w are respectively the axial, radial and tangential components of 

the velocity induced at a field point {x,r,6) and are taken positive in the 

positive x-, r- and 0-directiors; R,  is the radius of the propeller hub; R 

is the radius of the propeller tip; r is the strength of the bound blade cir- 

culation at (C,r ,9 ) : -cr is the strength of the vortex sheet element 

trailing from {C,r ,6 ) ,- r  is the radial variable of integration along the 
th        -»     P P     P 

p  blade; V/gi^a^^    are respectively the Influence functions for the axial, 
radial and tangential components of the velocity induced at (x,r,e) by a 

bound radial vortex element of unit strength and unit length at (0,r ,0 ) ; 

and :9/m,'1Sm,
tWm    are respectively the influence functions for the axial, radial 

and tangential components of the velocity induced at  {x,r,9) by an arbitrarily 

deformed vortex sheet element of unit strength and semi-infinite length trailing 

from (C,r ,9 ) . The influence functions can be derived from first princi- 
6    p p 7 pies or obtained from previous results and are summarized in Table 1 .  In 

the trailing functions,  (K ,r ,9 ) are the corresponding axial, radial and 

angular coordinates of any point along the vortex sheet element; u ,v ,w  are 

the values of u,v,w at (x ,r ,9 ) ; and t is a time parameter described 

below. 

The cwucribution to the induced velocity from the bound vortices is easy 

to calculate and is identically zero, in particular, when the field point co- 

incides with the lifting line. The contribution to the induced velocity from 

the trailing vortex sheets, on the other hand, is much harder. Not only do 

the associated influence functions require an integration over the semi- 

infinite length of the elements, but what is worse, their locations or "tra- 

jectories" are not fixed. Rather, they must drift force free by aligning 

themselves with the streamlines of the flow, which in general differential 

form are 
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dx  dr    dfl fc-y 
« ' v ' n+(w/r) 0' 

These equations can be Integrated In terms of the parametric time t that it 

takes a fluid particle to move along this trajectory, giving 

t 

, dx |fi) 

0 

xv * (  uv 
•'n 

•'o 

fit + I  (w^; 

rv = rp +    V" dT {7) 

'0 

'o 

For convenience, Eqs. (2) to (4), together with the auxiliary relations of 

Eqs. (6) to (8), may be expressed as 

«- ^u(r,-dr/dr: u.v,w) (9) 

^„(T, -dr/dr; u.v.w) (10) v 

w= ^w(r, -dr/dr; u,v,w) (11) 

where 0U>0  < ^w 
are respectively the Blot-Savart operators for the axial, 

radial and tangential induced velocity conponents. Another equation is re- 

quired to relate the circulation strength and  velocity field through the pro- 
peller geometry. The force and velocity diagram for a typical section of the 

blade at the radial station (0,r ,0 ) is shown in Fig. 2, where W  is the 
P P P 

total local velocity seen by the blade section; u ,v ,w  are respectively the 

local axial, raiial and tangential inflow, i.e. those components of the in- 

duced velocity at (O^o-Ör.) '    a i8 the local blade angle of attack;  3 is 
the local blade pitch setting; *  is the angle between fir  and W ; 7 is 

the tangent angle of the sectional lift-drag polar; and dD and dL are re- 

spectively the elemental profile drag and lift on the blade section. From the 

definition of the sectional lift coefficient in terms of the density p and 

the local blade chord b , namely 

CL s 2(dL/drp)/pWp
2 b (12) 

the Kutta-Joukowski formula can be written as 
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r « b vr c./2 
P " (13) 

8 q 
Where the lift coefficient Is assumed known '^ as a function of a for a given 

section at approximately the local Nach and Reynolds numbers.  Eqs. (9), (10). 

(11) and (13) are our complete set of equations. 

Figure 2. Velocity and Force Diagram at Typical Section. 

Once the Inflow and circulation have been found, the prediction of the 

overall performance can be computed. In particular, if we resolve the result- 

ant of dL and dD as Indicated by the dotted lines in Fig. 2 and integrate, 

the total thrust T and power P in nopdimensional form are 

T 

?   r1 cos(0p+7)  / W, 

L       cos -y       VflB  .      ..   V* 7        P     P     P 
& Hd 

3   rl 

8     J 

sin(0 +7)   /W   ^ r 

Rh/Rp 
cos 7 

(i) .Lia(i) (15) 
P    P 

where the thrust and power coefficients of the propeller are defined by 



C,. = TrVUpn2»^ - T/pn2Dp'1 (16) 

Cp s A/4pnV
5 - P/pn3DD

5 (17) 

respectively, with fl « 2im    and R ■ D /2 . From the thrust and power coef- 

ficients we can calculate the figure of merit F/M , given In percent, by 

F/H =  lOO^ac^ACp2 = 79-8 C^^/Cp (18) 

As we have Implied by the form of Eqs. (16) and (17), the characteristic 

length Is R  , the characteristic velocity JJR  and the characteristic density 

p .  If the equations are nondimensionalized with respect to these quantities, 

complete slmiliarlty exists with the exception of the sectional lift and drag 

data which in general must include the effects of Mach number and Reynolds num- 

ber, as noted earlier. 

Outline of Solution 

The set of equations described above can only be solved by numerical tech- 

niques and iteration is the approach which we have chosen. 

First, we rewrite Eqs. (9) to (11) in a different, but equivalent, form, 

namely 

u - u - xu[u - ^u(r. ... )] (ig) 

v = v - KV[V - ^v(r, ... )] (20) 

w = w - Kw[w - ^w(r, ... )] (21) 

where K
U'
K
V'KW are respectively the Iteration factors for the axial, radial 

and tangential components of the induced veloci-.y field. They are chosen as 

necessary to achieve convergence and may be cor.stant or depend on any of the 

variables of the problem. 

Iteration begins, then, by finding a zeroth, or initial, approximation to 

the inflow and so the blade circulation through Eq. (13). the Kutta-Joukowski 

formula.  The first approximation to the inflow follows by operating with the 

Biot-Savart operators on the zeroth approximation to the blad« circulation and 

some guess at the induced velocity field in the propeller wake.  These results. 
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along with the Iteration factors and the zeroth approximations to the inflow 

and the wake velocity field, are in turn substituted into the right-hand sides 

of Eqs. (19) to (21) to give the first approximations to the inflow and the 

wake velocity field. The iteration continues by operating as before on the 

first approximation to determine a second, and so forth. Once convergence 

within a prescribed accuracy is reached, the propeller performance can be cal- 

culated. 

Rigorously, i..he iteration approach necessitates, at each step of the iter- 

ation, calculation of the induced velocity field at a sufficient number of 

points to define accurately the local streamlines in the propeller wake.  Un- 

fortunately, the number of calculations required is excessive. As a result, 

we looked for some way which would reduce the number of calculations but still 

satisfy the force-free condition of the wake, at least in an approximate sense. 

Inasmuch as the development of a satisfactory approximation proceeded through- 

out the investigation, we will defer the details until later. 

Computer Program and Numerical Analysis 

In order to carry out the iterative solution which we have outlined, a 

general computer program was developed to evaluate the induced velocity field. 

Once the inflow at the propeller was established, the resulting predictions of 

the overall performance were found by means of a modification of the integra- 
q 

tion method of the existing C-W strip analysis-. 

The computer program was written in FORTRAN 63 for the CDC 1604 computer. 

To achieve flexibility, most of the principal operations were relegated to 

subroutines. The numerical analysis which these subroutines implement is given 

below and consists of representation of the bound blade circulation distribu- 

tion and the computation of the velocity components Induced by the bound blade 

vortices and trailing vortex sheets. 

The blade circulation distribution r is generally tabulated numerically 

at several radial stations, but for certain integrations we need r in analyt- 
5 

ic form. A suitable representation is a Glaucrt-type series 

r ="RP E G£  siniUP (22> 
i=l 

rp 5 ^VV - ^W cos ^p ^3) 

whore G.     is thfj i nondimensional dauert coefficient; and 0  is the 
£ P 

clauort variable which runs from C to n  between the hub and tip. There are 

'.Minus way:; thai the dauert coefficients can be evaluated.  We used the 

o 



method of least square«, which minimizes the error at the specified data points. 

The program provides for the numerical values of r to be given at up to 30 

points, with SB    as high as 20 . Usually iJP = 15 was adequate. For a fair- 

ly smooth circulation, the worst error at any point was on the order of Vfo,  and 

for an Irregular shape, about twice as great. 

The computation of the contribution of the bound blade vortices to ehe In- 

duced velocity is relatively simple and proceeds as follows. Values of the in- 

fluence functions are calculated at the radial stations for which r is tabu- 

lated. These values are multiplied by the corresponding values of V    to give 

a set of values for the integrands, values of the integrand not contained in 

this set are found as necessary by 3-point Lagrangian interpolation. The in- 

tegration itself then is carried out to a prescribed accuracy over the radial 

variable by a generalized Gaussian schone devised by A. L. Kaskel at TAR. The 

accuracy used was + 0.00005 of the tip rotational speed which required the 

veighting of the integrand at about 30 to 50 points. 

As pointed out earlier, the computation of the velocity induced by the 

trailing vortex sheets is much more complicated, principally due to the wake 

deformation.  Since most of the deformation occurs Just behind the propeller, 

however. Integration of Eqs. (6) to (8) is necessary for only a distance of a 

blade radius or so. Further downstream the trajectories may be approximated as 

regular helices with suitable pitch. To carry out the trajectory integrations, 

a prescribed velocity field along the trailing vortex sheets has to be stored 

in the computer as input data. Though the real flow field is not axisytnmetric, 

we can in effect imagine that it is-^ and store the velocity field at a number 

of values of x and r . A 3-point Lagrangian interpolation, first in r and 

then in x , is carried out for other values in between. At each of 15 radial 

stations, we took 20 axial stations between the propeller plane, or slightly 

upstream when necessary, and some distance downstream. With the velocity field 

stored, the trajectory can be evaluated in a step-by-step marching scheme using 

a 2-term constant slope method .  SimultanBously, it is convenient to perform 

the integration over t for evaluation of the trailing influence functions, 

see Table 1. The Integrands are calculated at each new location in the march 

and integrated Jsy Simpson's rule. Assessment of this scheme was made by calcu- 

lation of an example for which the trajectory was known exactly. Agreement was 

excellent.  In addition, a number of tests on actual trajectories were made 

with different values of the marching time increment At .  It was found that 

the size of At was more critical for the integration of the influence func- 

tions to a desired accuracy than for the trajectory itself.  We selected 

fJAt = 0.008  for the first 58 steps and fiAu = 0.104  for the remaining steps, 

about 100 to 200, until the time is reached at which all of the trajectories 

have become helical.  At this time, the march is stopped and the contributions 

of the helical portions to the influence functions are found from the calcula- 

tion of their 9-average.  These S-average contributions can be extracted from 

10 
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the renults of theory of the Generalized Actuator Disk  and involve simply the 

evaluation of some well-defined functions. The details are given in Ref. 3> 

When the calculation of the influence functions is complete, we proceed to 

the Integrations of the second terns of Egs. (2) to (4).  Unfortunately, the 

singularities of the Integrand complicate the picture. The square-root behavior 

inherent in Eg. (22) makes the strength of the elements of the trailing vortex 

sheets infinite at the hub and the tip, but this is no problem if we carry out 

the integrations in terms of the dauert variable. A real difficulty ts  the 

existence of singularities which arise in the influence functions when the 

field point coincides with 2m element of the trailing vortex system.  In par- 

ticular, at the lifting line Itself the singularities are not integrable for a 

nonzero value of the radial Inflow. We handled this difficulty by making two 

artificial, regular helical steps in the marching scheme before the trailing 

elements deform in the desired fashion.  Since At is taken very small, the 

displacement from the lifting line is Infinitesimal compared to the blade chord 

and is unimportant. Two types of singularities  , Cauchy and logarithmic, are 

left. To integrate over these singularities, we sum the influence functions 

over all the blades and break the results into "singular" and "regular" parts. 

If we define 

<-    _ nr-w 1  (nr-tw)3 

^u " „-r-.S., x2v'5 r -r " Q  _,„2.,„_     .2,3} 

r -r 
P 
RP 

(24) 
47r[u2+(nr+w)2]'5 rp-r      STrr^+Cnr+w)2]3* 

$v = 0 (25) v 

^ ^u W 

where u and w are the inflow at r frc-r» the previous approximation, these 

singular parts can be integrated analytically in the usual principal value 

sense and the regular parts can be integrated by the generalized Gaussian 

scheme mentioned previously.  If the induced velocity off the blades and trail- 

ing vortex sheets is desirec1., the contribution from the trailing vortex sheets 

has no singular part, and ac integration proceeds exactly ass for the regular 

part. The computer program can accommodate up to 1C8 elements for the trailing 

vortex sheet from any blade. Generally, we made our runs with 45 to 60 ele- 

ments, between 20 and 35 of which were taken in the immediate neighborhood of 

the singularities to obtain adequate definition of the regular parts.  The ac- 

curacy specified for the Gaussian integration was again ±  0.00005 of the tip 

rotational speed and required the weighting of the integrand at 40 to 200 

points. 

The program was checked out by re-computing two cases from our earlier 

11 
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studies   in which the elements of the trailing vortex sheets ware assumed to 

be undeformed regular helices of both finite and infinite length.  Excellent 

agreement was found in the intermediate steps as well as in the values of the 

inflow. A further check was made later when the program was applied to the 

computation of the induced velocity at a series of field points for two marine 

propellers. The trailing vortex sheets were again assumed to be composed of 
12 

undeformed regular helices of infinite length.  Our values agreed  with corre- 

sponding values calculated using the computer program developed by J. B. 

Kerwin1-^. 

Development of Wake Model and Results 

As an initial wake hypothesis or approximation to the force-free condition 

of the wake, we assumed that the velocity components along the trailing vortex 

sheets at a constant radius varied in the same way, regardless of the blade 

circulation distribution and condition of operation. To find these variations, 

we normalized the corresponding d-average velocity components from pp. 329 and 

333 of Ref. 10 with respect to their values at the propeller plane, and with 

slight modifications, truncated the results at one and one-half radii down- 

stream. Thus, the wake could be calculated completely in terms of the induced 

velocity at the blades. 

Initial computations for the three-bladed C-W 3(10965^) propeller-' at 

nR = 1002 fps and 0(0.7R ) = 11.3' diverged with iteration factors of 1 , 

but factors of 1/2 gave a definitely convergent trend through three successive 

approximations. The predicted shape of the envelopes of the trajectories of 

the elements of the trailing vortex sheets were also physically reasonable in 

comparison with Canadair, Ltd. and C-W flow visualization results. However, 

comparison of the third approximation to the social inflow with C-W measurements 

indicated that the theoretical values were on the order of 63^ of the measured 

values over the mid-blade. The corresponding performance predictions were, for 

a given C  , roughly 8# above the measured C, , 656 above the measured 

0(O.7R ) and 12^ above the measured F/M . 

In order to test the initial wake hypothesis more thoroughly, we proceeded 

to computations for the three-bladed C-W 3(109652) propeller at flR ■ 785 fpa 
and 3(0.7R ) = 10.0°, 14.0% 16.0° . Three successive approximations to the 

inflow were computed using iteration factors of 1/2 and the convergence was 

sufficient to justify comparison of the predictions with tests. Although the 

trajectory envelopes were again reasonable, comparison of the axial inflow for 

the 14.0° setting still showed that the theoretical values were about 755^ of 

the C-W measured values over the mid-blade. Furthermore, the performance pre- 

dictions, see Fig. 3, were unfavorable, the predictions being worst at the 

lowest pitch setting. What was most disturbing, not only was the shape of the 

F/M curve incorrect, see Fig. 3. but also the predicted variation of the 
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velocity components along the trailing vortex sheets did not agree with c-w 

wake measurements. 

The major conclusion from the results for these two propellers was that 

the Initial wake hypothesis was Inadequate and required refinement. In partic- 

ular, although the envelopes of the trajectories of the trailing vortex sheet 

elements were good, the effective "pitch" of the elements was not correct. A 

secondary conclusion was that Iteration factors of lA would have been better 

than 1/2 . 

We based our refined wake hypothesis on the Initial hypothesis, but with 

changes made specifically to overcome the deficiencies revealed in the compari- 

sons with tests. This retined wake hypothesis or approximation to the force- 

free condition of the wake was identical to the initial hypothesis inboard of 

the 0.3 radial station. However, outboard, the variation of the axial Induced 

velocity component from Ref. 10 was applied along streamlines rather than along 

constant radii. The variation of the radial induced velocity component was 

then fixed by assuming that both the initial and refined wake hypotheses should 

give the same trajectory envelopes. For the tangential component the refined 

hypothesis was assumed identical with the initial hypothesis, since w is 

small compared to Or anyway . 

As an initial test of th» refined wake hypothesis, we chose to re-compute 

the third approximation to tht 3(109652) propeller at the 10.0° setting. In 

Flg. k  the third approximation to the inflow components are plotted for the 

Initial and refined wake hypotheses. The large differences are clarified by 

Fig. 5 Which shows the projectlone for the respective trajectories of the tip 

element of one vortex sheet.  For the refined hypothesis, we see that the ef- 

fective "pitch" is much lower, end so, the axial and radial inflow much larger. 

The velocity variation along the trailing vortex sheets is found to be qualita- 

tively correct as well, and the performance predictions included in Fig. 3 for 

iteration factors of both 1/4 and 1/2 are encouraging.  Study indicates that 

the refinement would also improva the performance prediction at the higher 

pitch settings. 

To continue testing the refxmd wake hypothesis, we performed computations 

for the three-bladed c-w 3(13l68AlG?3) propeller5 at fJR = 750 fps and 

ö(0.7B ) = 14.0" . Three successive approximations to the inflow were computed 

using iteration factors of 1/4 . The axial inflow changed smoothly from step 

to step.  Inboard near the hub and outboard of the 0.8 radial station the iter- 

ation converged.  Over the mid-blade the convergence trend, distinctly different 

from our previous iterations, was inconclusive as far as the Iteration was 

carried out»  still, tnc trajectory envelopes were good and comparison of the 

third approximation to the axial inflow with C-W measured values showed reason- 

able agreement in overall magnitude, but some difference in shape, comparisons 

of the performance predictions with the test data are excellent. The predic- 

tions generally improved with each step in the iteration, moving monotonicaily 
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from the zeroth approximation to the third approximation. For the third ap- 

proximation the performance predictions were, for a given Cp , roughly 1% 

above the measured C  , 2%  below the measured s C.7R ) and 2%  above the 

measured F/H  . 

TABLE 2 

SUMMARY OF PERFORMANCE COMPARISONS 

Propeller 

Theory 

CT   3C.7Rp   
F/H 

Curtlss Test 

CT   3C.7«p  
F/M 

3(1C065^)* 0.C477 C.ltl 11.3° 88.5« 0.131 10.7° 79-2% 

3(1C9652)## 0.0370 C.1C7 10.0° 75.5% 0.105 10.2° 73-6% 

3{13168A1CP3)*#' 0.0576 0.140 14.0° 72.6% 0.138 14.3° 71-3% 

Third Approximation, Initial Wake Hypothesis 

First Approximation, Refined Wake Hypothesis 

Third Approximation, Refined Wake Hypothesis 

In Table 2 we have summarized the performance comparisons to date for all 

three propellers. 

Conclusions 

From the results obtained in this study, we are able to draw the following 

conclusions; 

A model based on continuous deformation of the wake is necessary to calcu- 

late th<; inflow, and  so the performance, of a v/STOL propeller at the static 

condition.  Both the envelopes of the trajectories of the elements of the 

trailing vortex sheets and the "pitch" of these elements must be predicted ac- 

curately. 

An initial wake hypothesis, or approximation to the force-free condition 

of the wake, gives a reasonable prediction of the trajectory envelopes, but an 

inadequate prediction of the "pitch".  However, a refined wake hypothesis 

17 



appear« to give an ade^ste prediction of both the envelopes and the "pitch". 

While the perforaance predictions for one propeller using the refined '/ake 

hypothesis are excellent, further approximations in the Iteration procedure, aa 

well as predictions at other pitch settings and for other propellers, are re- 

quired. Conparison should also be made between the wake velocities ussd in the 

refined wake hypothesis and those found both by actual calculations and test 

measurements. 
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PROPELLER TESTING AT ZERO VELOCITY 

by 

H. V. BORST R. M. LADDEN 

Curtiss-Wright Corporation 
Wood-Ridge, New Jersey,  USA 

SUMMARY 

The hover performance of the propeller installed on current V/STOL 

aircraft has been below expectation because it has not been possible to design 

an optimum blade due to the lack of an accurate propeller theory at zero air- 

speed.  It is necessary to have an accurate taeuiy for predicting performance 

so that a series of blades can be evaluated at the hover condition to find 

the configuration for peak efficiency. When developing a theory for calcu- 

lating performance, a good experimental base is required so that the accuracy 

of the theories can be checked. 

A review of the available test facilities indicated a new test «"ig 

was required for testing full scale propellers. As a result, a new test, rig 

was built and put in operation.  Special equipment was also obtained for 

measuring the conditions in ehe wake of propellers operating at hover in order 

that data would be provided for the development of an adequate theory.  The 

results of tests of several propellers with varying geometry are presented 

along with the available wake survey data. 

INTRODUCTION 

The level of performance achieved by propellers operating at zero 

velocity is of relatively little importance with conventional aircraft, as 

the take-off distance is determined mainly by the level of thrust at approxi- 

mately 75% of the take-off velocity. With the use of propellers on VTOL 



aircraft to obtain direct lift, the level of perfrrmance obtained directly 

influences payload range characteristics of the VTOI aircraft. For instance, 

an improvement of 1% in propeller performance can result in an increase of as 

much as 3 to 57» in the payload of the aircraft. Thus, it is imperative that 

the characteristics of the propeller be optimized so that best configuration 

and performance is obtained. 

Because propellers have been in use for many years, it was believed 

that the desired optimization could be easily obtained. Unfortunately, the 

propellers on all V/STOL aircraft have operated at levels of thrust below the 

optimum level that could be expected. As a result, the performance of these 

aircraft is disappointing and it is, therefore, necessary to find methods of 

improving the propellers to obtain the desired performance. 

At the conventional forward flight conditions, considerable testing 

has been accomplished on both model and full scale propellers.  The testing 

was done for a wide range of propeller rotational speed, forward velocity, 

blade and power loading, anu blade configurations.  Special two dimensional 

airfoil data were also obtained, covering a wide range of geometry variables,, 

as well as a wide range of Mach number and angle of attack. As a result of 

this testing, an adequate base was established that made it possible to con- 

firm theoretical methods of calculating the flight performance of propellers. 

The vortex theory of propellers developed by Theodorsen and Goldstein, 

proved to have a satisfactory accuracy for correcting the two dimensional air- 

foil data; thus allowing the overall performance of propellers to be determined 

by calcu'ation.  Because the performance of propellers could be accurately 

determined from two dimensional airfoil data by analyzing each section along 

the blade, it became possible to design an optimum propeller for any given 
3 

flight condition.  Tests of such designs have confirmed the calculations and, 

as a result, all modern propellers have been designed with this technique. 

When the available data on propellers operating at the hover con- 

dition were examined it became apparent that a satisfactory experimental base. 



similar to that available at the flight conditions, did not exist. This was 

especially true for propellers operating at loadings for peak hover perform- 

ance, for such conditions were generally at lower power conditions than was of 

interest with conventional propellers. Since the theory of propellers de- 

veloped for the forward speed flight conditions breaks down at the hover con- 

dition, it was necessary to establish an experimental base for checking new 

theoretical methods, and provide an understanding of the flow conditions for 

developing such a theory. Only with adequate theoretical procedure can tbp 

performance be accurately calculated at the hover condition, for the experi- 

mental cut and try methods are expensive and net practical. 

Once accurate theoretical methods have been developed for calculating 

the performance of propellers at the static condition, it will be possible to 

optimize the blade to obtain peak hover performance for any given diameter, 
3 

blade number, RPM and power by using a procedure  similar to that developed 

for flight.  This ability to optimize a design for hover as well as for the 

flight condition will make it possible to select the best overall blade 

characteristics for the entire range of flight conditions, and in doing so, 

will obtain the optimum overall propeller design. The key for impro/ed pr^ 

pellers for VTOL aircraft is to develop an accurate theory of propellers for 

the hover operating condition, and this can only be done if an adequate ex- 

perimental base is available. The work done so far in developing the required 

data is presented in this paper. 

SYMBOLS 

Ar           K!   i         .•   •..     r    ,         100.000  1'0 

AF blade activity factor,  Jr— 
16   .2 

b blade width  ft. 

CT design section  lift coefficient 
1Ji 

p 
C power  coefficient     ;   c 

H />n D 

C thrust  coefficient    T 

pnW 



D propeller diameter, ft. 

h blade section maximum thickness, ft. 

n propeller rotational speed, rps 

R propeller radius, ft. 

r propeller radius, ft. at a station 

T thrust, lb. 

p air density, slugs/cu. ft. 

TEST EQUIPMENT 

The equipment necessary for determining the propeller performance at 

the static condition is made up of a power source, suitably mounted, and the 

necessary instrumentation for measuring torque, thrust, rotational speed, and 

ambient air conditions. The power source must be capable of supplying torque 

above the design value of the propeller at a range of rotational speeds. The 

full scale and model test rigs available for conducting measurement at the 

static condition are discussed in this section, along with a discussion of the 

special equipment needed for measuring conditions in the wake. 

Wright Field Whirl Rigs 

The four whirl rigs at the Wright-Fatterson Air Force Base are avail- 

able to measure the performance of propellers at the static condition, and to 

run structural proof tests. Static thrust propeller calibration run on the 

Wright Field rigs has been accepted as the standard throughout the military 

services and the industry. Four rigy are available for running propellers 

and measuring thrust, torque and RPM. Their characteristics are: 

Remarks 

7' Extension Shaft Available 

31 Propeller Clearance 

3' Propeller Clearance 

15' Extension Shaft Available 

RiK No. Max. HP Fifi. 

1 10,000 - 

2 3,500 - 

3 3,500 1 

4 30,000 2 
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The rigs have more than adequate power for testing any propeller 

envisioned in the future, especially those suitable for VTOL airrraft which 

must operate near peak efficiency. 

Since the Wright Field test rigs were also designed to prove the 

structural integrity of the propellers, it was necessary to build a massive 

structure as shown in Figures 1 and 2 to take the loads generated in case of 

propeller failure. Because of this large mass which supports the motors, the 

measured propeller performance has often been questioned with regard to the 

effects of wake blockage. This blockage was thought to give a higher reading 

of thrust compared to that which would be measured in free air. 

NACA Test Rig 

In conjunction with the NASA 16 foot high speed wind tunnel, a test 

stand was built to use the 6000 HP wind tunnel propeller dynamometer as a 

power source to measure the thrust of propellers at the zero velocity con- 
4 

dition.  The dynamometer had a small overall diameter and was mounted on the 

stand so as to duplicate free air conditions as nearly as possible. The area 

about the propeller was protected by walls so that the effects of external 

winds were erfectively eliminated.  Unfortunately, the need for accurate pro- 

peller performance data did not exist during the time the NACA  static thrust 

rig was operational.  Therefore, limited testing was accomplished with this 

rig, and what was accomplished, was done with propellers designed mainly for 

the wind tunnel test.  When the need for high performance propellers became 

apparent, the NACA rig was no longer operational and the time and money re- 

quired for putting the rig back in operating condition was considered to be 

excessive. 

Model Test Rigs 

Several test rigs were designed and built for measuring the perform- 

ance of propellers at the static condition.  The information gained was to 

fill the gap in propeller hover performance data.  Canadair built a rig de- 

signed to eliminate blockage, and the rig is suitable for testing propellers 



up to approximately 8 feet diameter.  This rig is povered by an automobile 

engine and some valuable data have been obtained including some excellent fluw 

visualization pictures. 

The dynamometer used to run 30" diameter model propellers in a wind 

tunnel was also set up to run these propellers at the static condition. The 

propellers from the X-19 and X-100 wind tunnel models in 18" diameter were 

also run as a model test rig. This model wind tunnel dynamometer was run out- 

doors under zero wind conditions, and was povered by small diameter variable 

frequency motors mounted so that the blockage aft of the propellers tested was 

effectively eliminated«, 

Curtiss-Wright Test Rig 

To obtain further information on the flow conditions around the pro- 

peller, and to obtain full scale data with approximately zero blockage, a 

test rig was designed tc measure static thrust. As shown in Figure 3, this 

rig was designed to eliminate blockage and be capable of measuring the per- 

formance of full scale propellers up to approximately 18 feet diameter. The 

rig is powered with an R3350 reciprocating engine of approximately 2500 HP and 

drives the propeller with an extended shaft which places the disk of the pro- 

peller approximately 18 feet ahead of the engine face. 

Upstream of the engine the extension shaft is broken to include a 

Baldwin-Lima-Hamilton A-160 Torque Cell, Figure 4.  Between this cell and the 

propeller disk, the shaft is again broken to contain a metal diaphragm. The 

purpose of the diaphragm is to preload the tapered roller bearings so as to 

eliminate unwanted deflections of the bearings as well as any thermal growth 

of the shaft.  This isolates the thrust load at the strain gaged four-leg 

thrust ring which is located just aft of the propeller. The gauge installa- 

tion is designed to be insensitive to changes ot temperature caused by 

frictional energy. 
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Thrust, torque, propeller RPM, and wind velocity signals are read out 

on four channels of a DYMEC Digital Data Acquisition System. Thrust and 

torque signals taken from the turust ring and the torque cell are scanned and 

printed on tape. Readout accuracy is on the order of 0.1 percent. The pro- 

peller RPM is measured with a magnetic pickup directly on the propeller shaft 

and is also printed out.  Because of the effect of wind on the performance of 

a fixed pitch propeller operating at the static condition, wind velocity, as 

measured with a cup anemometer, was also monitored. The wind velocity was 

measured away from the wake produced by the test propeller, but close enough 

to sample the general ambient air conditions. Experience indicated that use- 

ful data was not obtained when the wind velocity exceeded 3 MPH with propel- 

lers operating at a fixed blade angle. 

When the propeller is operating at a fixed blade angle, as was the 

case in these tests, any change in ambient wind conditions will change the 

angle of attack; and will also change the thrust and power conditions observed 

from the desired zero velocity conditions. Small changes in ambient velocity 

up to approximately 20 feet per second have little influence on the actual 

dynamic pressure seen by the blade, for the rotational speed is high compared 

with this level of wind velocity,  if the propellers were tested with a con- 

stant speed control so that the blade angles were adjusted to compensate for 

changes of wind velocity, the effects of wind  changes could be minimized. 

With a conventional type of propeller control incorporating the features of 

an integral and proportional control term, the change in RPM could be reduced 

by a factor of 5.  This would extend the allowable spread in wind conditions 

at which testing could be accomplished, and it is recommended if extensive 

testing is to be done. 

Although large changes in propeller performance arc experienced, due 

to the effects of wind when testing on the static thrust stand with propellers 

operating at constant blade angle, these changes are not encountered in 

flight.  Tests of tli^ X-19 airplane .have indicated that the integral plus 

proportional control used to maintain RPM, is also used to maintain thrust 



and torque within close limits. This allows the aircraft to be flown in high 

ambient wind condition without difficulty. 

The DYMEC system's output is in volts, making it ntcessary to cali- 

brate the system. Although the strain gauges used to measure thr"<!t are 

temperature compensated, the thrust ring is calibrated ixanedi.   ' before and 

after each run by use of a deadweight. The weight used is of t t  same order 

of magnitude as the thrust measured. Experience with the torque cell in- 

dicated that periodic calibrations were sufficient. These calibrations were 

done with levers and weights and required about one half day to  complete. 

Propellers Tested 

Conventional propellers, as well as propellers designed for VTOL air- 

craft, were tested in their original configurations. They were further tested 

with modifications on the Curtiss-Wrlght test rig to provide basic performance 

data at the static condition. These propellers were also tested on other rigs 

to determine the effects of blockage and propeller size on the measured per- 

formance. The blades tested had a wide variety of characteristics in order to 

give a range for analysis. Table i shows the important characteristics of the 

propellers tested. 

Wake Survey Instrumntation 

The instrumentation used for determining conditions within the wake 

is the Lintronic Model 40W Linear Constant Temperature Hot-Film Anemometer. 

It is similar in principle to the hot-wire anemometer.  In this case, a thin 

preheated platinum clement, which is extremely sensitive to temperature dif- 

ferentials caused by variations in airflow, is fused to a Pyrex glass wedge. 

The hot-film anemometer is rugged and maintains stability in physical charac- 

teristics for extended periods of time, yielding good signal to noise ratio 

and very high frequency response.  Most important, it has been designed to 

yield a linear variation of velocity with electrical signal so that a quick 

calibration at one point is sufficient. A complete description can be found 

in the operating manual. 



To measure the conditions In the wake, a test probe containing the 

hot-film wedge is mounted on a bom that can be positioned at any distance 

aft of the disk, and at any station along the blade radius as shown in Figure 

9. By remote control, the probe can be rotated about its tip, and can also 

be rotated about its axis of symmetry. This enables the element of the probe 

to be positioned perpendicular to the resultant velocity vector, in much the 

same way a total pressure tap opening nust be aligned to the flow to get a 

meaningful result. 

The test procedure is as follows: The orientation of the probe is 

adjusted until maximun signal voltage is obtained. Then the space coordinates, 

in this case three angles, are recorded together with the highly damped probe 

voltage, to read an average value. An oscillograph records the unsteady 

portion of the velocity field. This procedure of maximizing the average 

velocity component, simplifies the test procedure, and considerably lessens 

the time required. It is not necessary to seek a maximum unsteady velocity, 

since measurements have indicated that the unsteady portion of the velocity 

is less than 10 percent of the resultant. Tests have also indicated that the 

average to peak velocity ratio does not vary with small excursions of the 

probe alignment. 

METHOD OF DATA PRESENTATION 

A propeller is generally run at a constant blade angle on the static 

test rig, and thrust and horsepower are measured as a function of rotational 

speed. These data are reduced to standard propeller coefficients CT and C , 

and thus correct the data to standard day conditions. S.'.nce the efficiency 

of a propeller operating at zero flight speed is zero at hover, another 

definition is required to assess the relative merits of the various propeller 

configurations. As in the case of helicopters, the term "Figure of Merit" is 

used, as it is considered a good measure of the relative performance of pro- 

pellers. The Figure of Merit is actually a measure of the adiabatic efficiency 

of the process of corverting shaft power into thrust.  In appendix A, the 

I 
I 



Figure of Merle is derived In terms of standard propeller coefficients and is 

c3/2 

T 
FH  = .707 ~ 

CP 

When comparing the performance of propellers, the Figure of Merit is plotted 

as a function of power coefficient. Power is used rather taan thrust coeffi- 

cient as it is the input and determines the point where maximum efficiency is 

desired. 

RESULTS 

An evaluation of the existing test results indicated a new rig was 

needed to test propellers for V/STOL aircraft at the static condition. The 

data obtained with this rig are presented along with detailed flow rasasure- 

ments of the conditions in the wake. 

Blockage Effects 

The effects of the blockage produced by the body supporting the pro- 

peller shaft on the Wright Field 30,000 horsepov-er dynamometer was found by 
4 

tests with the NAA static test rig.  The tests were conducted with a 10 foot 

diameter, three blade propeller on a half scale model of the 30,000 HP rig. 

This corresponds to a 20 foot diameter propeller on the full scale rig. Tests 

were made duplicating the case of the propeller operating close to the support 

and on an extended shaft. The results of these tests are shown in Figure 10, 

and they indicate that the Figure of Merit is approximately three percent 

higher than would be obtained in free air with the blockage produced on this 

rig. The use of an extended shaft to place the disk ah5ad of the test stand 

had only a small effect in reducing the blockage effects. 

As the blockage effects should be proportional to the relative 

frontal area of the propeller and the afterbody, it could be expected that 

even higher changes would be obtained when propellers less than 20 feet are 

tested. Unfortunately, there are no data available to support this conclusion. 

10 



Testing of identical propellers at the Wright Field rigs, and on the 

Curtiss-Wright test rigs further supported the results obtained on the NAA 

r;.g. Figure 11 shows an apparent increase in Figure of Merit of the same 

order of magnitude as was measured on the simulated NAA rig. 

'iize  Effect 

To determine the effects of size or Reynolds numbei.-, propellers with 

blades identical except for size were tested and Figures of Merit were plotted 

in Figures 12 and 13. For the propeller with 109652 blade, the Figure of 

Merit increases from 12 to 14 points (when operating near peak efficiency) as 

the diameter is increased for 2' 6" to 13'0". Comparisons of perforn^nce with 

l'ö", S'O", and 13'0" diameter propellers with identical blades show smaller 

scala effects, the maximum being 4 to 5 points in Figure of Merit, shown in 

Figure 13. This propeller, with 13168A10P3, is not operating as efficiently 

as the previous propeller configuration with 109652 blades, and this may in- 

fluence the results. 

From the above tests it is apparent that Reynolds number and size are 

r—ortant parameters influencing performance at the static or hover condition. 

The Reynolds number influences the profile drag losses produced by the blades. 

If the induced losses were known, correction due to Reynolds number could be 

generated from data such as shown in Figures 12 and 13. However, these losses 

cannot be calculated as yet, and the model propeller data is currently worth- 

less for predicting performance of the full scale propeller. 

Blade Planform 

The effects of changes in planform on the overall performance at the 

static condition were obtained from tests of the 10188A2P2, the 13168A10P3 and 

136148A2P3 blades. These blades are nearly identical except for planform as 

a result of changes in tip width. Figure 8 shows the 10188A2P2 and 13168A10P3 

could effectively be built by cutting off the tip of the 136148A2P3 blade. 

11 
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The performance comparison at a tip speed of 650 feet per second, 

Figure 14, indicates that loadi"e changes due to changes in tip shape can have 

a large effect on overall performance. Note too, that the peak performance is 

obtained at lower values of power with the blades which have the lower activity 

factor or smallest tip width. 

Blade Angle Distribution 

The effects of a reduction in blade angle at the tip of a propeller, 

which had tested at a high level of Figure of Merit at the static condition, 

were determined by retwisting the 109652 blade as shown in Figure 5. The 

blade twist was reduced as previous tests with other blades had indicated a 

reduction in performance by an increase in blade angle or loading at the tip. 

The performance of propeller with the retwisted blades. Figure 15, showed a 

loss of 1.5 points of peak Figure of Merit over the original. The two pro- 

pellers have approximately the same performance at loading above that for peak 

efficiency, indicating that the performance at peak efficiency is very sensi- 

tive to blade loading. 

Blade Number 

Three and four blade propellers were run using 109652 blades to deter- 

mine the effects of changing blade number. Figure 16.  Peak efficiency of the 

four blade propeller occurs at a power coefficient approximately 50 percent 

higher than that of the three blade propeller. This indicates a better power 

absorption characteristic with the four blade propeller. Further, the peak 

Figure of Merit of the four blade propeller is at least a half a point above 

that produced by three blades.  This small increase in Figure of Merit was 

less than would be expected (based on propeller characteristics at forward 

velocity flight condition). 

Detailed Wake Data 

In addition to the requirement of gross performance measurements, 

detailed information Is needed to establish the position and strength of the 

12 



propeller wake. With this information it is possible to both set up the 

initial position of the shed vortices, and to check the methods of calculating 

the inflow. 

Accurate propeller wake surveys are difficult to obtain since the 

direction of the flow velocity vector must be found. Also, instrumentation 

capable of measuring rapid variations of velocity with Lime, must be available, 

as the flow is rapidly varying in space fixed coordinates. This requires a 

very short response time. 

Using the hot-film wake survey equipment as described previously, 

measurements were made aft of three blade propellers with 109652 and 13168A10P3 

blades. The data were taken 10 inches aft of the propeller using 109652 

blades when operating at a tip speed of 785 fps and a power coefficient of 

0.0605, Figure 17. This operating condition corresponds to the propeller 

operating at nearly peak efficiency. The wake survey data for the propeller 

using 13168A10P3 blades was obtained 13 inches aft of the disk as indicated 

in Figures 18 and 19. The operating conditions of this propeller correspond 

to a power coefficient of 0.0412, and to tip speeds of 550 and 750 fps. Be- 

cause of the large differences in blade characteristics, the data covers a 

wide difference in blade loading. 

The variations of the axial velocity, with blade span obtained for 

both propellers, show a rapid decrease as the tip is approached. The propeller 

with 109652 blades appears to maintain load further out on the blade than the 

propeller with highly tapered 13168A10P3 blades. The radial velocity, which 

is of same order as the tangential component, results in a large contraction 

of the wake. This contraction is of major importance in developing a theory 

for predicting performance.  Due to the contraction of the wake, the axial 

velocity well inside the projected area of the disk is zero. Thus the axial, 

tangential, and radial velocities at the given fractional radius are for that 

position aft of the propeller, and do not correspond to conditions at that 

radius at the disk. 

13 



The variation of velocity aft of the propeller given in Figures 17, 

18 and 19 are average values. Since the survey equipment is stationary and 

the blades are moving, the flow is pulsing. An indication of the magnitude 

of  the average velocity to peak values is shown in Figure 20 for both the 

109652 and 13168A10P3 blades. Note that the average velocity inboard is very 

near the peak, whereas the average velocity is 0.7 to 0.8 of the peak value. 

CONCLUSIONS AND RECOMMENDATIONS 

1. Blockage can have a large influence on the measured performance 

of propellers at the hover condition. 

2. Size and Reynolds number are important parameters influencing 

performance of propellers at the hover condition. Model pro- 

peller data do not correspond to that measured on the full scale 

propeller. 

3. on a whirl test stand where influences of wind can be encountered, 

tho.  tests should be conducted at a constant RPM rather than con- 

stant blade angle. In any other case, the tests must be run 

under conditions of nearly dead calm air. 

4. The contraction behind propellers is large immediately aft of 

propellers operating at zero velocity. 

5. Four blade propellers show little improved Figure of Merit, but 

they do show a large improvement in power absorption ability. 

6. Theoretical studies should be continued to develop accurate 

methods for calculating performance at the static condition. 

7. Additional testing should be done on a rig with low or zero 

blockage to establish more data for checking theoretical per- 

formance calculation. 

14 
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FIGURE  1    WRIGHT FIELD WHIRL RIG  3 

FIGURE 2    WRIGHT FIELD WHIRL RIG 4 
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FIGURE 3    CURTISS-WRIGHT STATIC THRUST RIG 

BALDWIN, LIMA, 
HAMILTON TORQUE 

CELL 

FIGURE 4    CURTISS-WRIGHT STATIC PROPELLER THRUST RIG 
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FIGURE  9    HOT FILM ANEMOMETER  IN  POSITION FOR  SURVEY 
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PROPELLER RESEARCH AT CANADAIR LIMITED 

by 

G.  N.  Adams 

Canadair   Limited 
Montreal,   Canada 

INTRODUCTION 

So far this morning, you have heard one paper from someone who 

thinks about propellers, and one paper from someone vho sells propellers; 

now you're going to hear a paper from someone who buyo them. 

As Mr. Jackson said,   Canadair's interest in VTOL aircraft goes 

back to about 1956.    At that time,  we did some design studies and concluded 

that the type of aircraft which promised the best compromise between VTOL 

and STOL performance was the flappcd-tilt-wing aircraft using propellers. 

So,  we went shopping for propellers and visited the various propeller manu- 

facturers.    We found that;   at that time,  they seemed to be lacking in relevant 

test data for the static thrust condition. 

Now,  they tried to put together methods of estimating the static 

performance of propellers suitable for VTOL aircraft and came up with 

some metho-s that gave some rather peculiar results.    One manufacturer 

came up with a method which showed that,   if you made the activity factor 

high enough,  you could get a figure of merit higher than one.    Another manu- 

facturer showed you got the highest figure of merit at a low activity factor. 

Still another manufacturer showed that,  if you inade the tip speed high enough, 

you'd get figures of merit well over 0.90,    As recently as two years ago,  one 

manufacturer was promising that he knew how to design a propeller that would 

give a figure of merit of 0. 87.    (It now appears that he had the digits trans- 

posed. )     Of the manufacturers we contacted about that time, the only one 

using conservative data for static thrust estimation was Hartzeli. 



MODEL TEST RIG 

We realized that we were going to have to learn something about pro- 

pellers ourselves; so, in I960, we persuaded the Canadian Government to fund 

a research program at Canadair Limited which has been going c-n more or less 

continuously ever since. In order to test moc^i propellers, we built ourselves 

a propeller test rig which is shown in Figure 1. This is a rather more modest 

rig than the facility at Wright Field. 

This rig was built to accommodate propellers up to 7 feet in diameter, 

although most of the testing which we have done to date has been with pro- 

pellers between 4 and 5 feet in diameter.    Thx, is due to the fact that our 

interest shifted to higher disk loadings after the rig was built.   One of the 

things illustrated in Figure 1 (apart from the propeller itself),  is a traversing 

mechanism which enables us to position probes in front of or behind the pro- 

peller disk for measuring various quantities of interest in that field; this will 

be discussed later on.    A smoke jet and a stroboscope, which we use for flow 

visualization work,  are shown on the right side of this figure. 

Figure 2 illustrates the rig from the rear end; you can see the engine 

a little more clearly there,  as well as the corner oi the traversing mechanism. 

You'll notice that the rig appears to be on wheels -- it is movable, but it is not 

mobile.    Originally,  we intended to use the rig outdoors,  where we would have 

a minimum of trouble with interference effects and re circulation,  but we found 

that the rate of data production was so low outdoors (waiting for the wind to die 

down) that we eventually moved indoors to make the results more reproducible, 

even though they might not be truly representative of performance in free air. 

Indoors, we still have problems -- particularly with recirculation. 

One thing we have found that may be of use to anybody else settirg up 

such a facility is to avoid symmetry at all costs.    If you have your propeller 

slipstream blasting straight at a wall,  the column of air seems to be unstable. 

It sort of thrashes around,  and this changes the recirculation pattern in the 

room and changes your propeller performance fron1 one moment to the next. 

It would appear that you should align the rig in the most irrational angle you 

can think of in the test facility so as to try and arrive at a stable flow con- 

dition. 
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At the back of the x'ig, we had an enclosed cab for outdoor tests. 

The operator sat in this cab and controlled the tests.    Now,  as illustrated 

in Figure 3,  we've shifted to a control station cd the side of the rig,  where 

we have the controls to operate the engine, as well as our instrumentation 

readouts.    This has proved to be a much more satisfactory arrangement. 

This figure again shows the propeller, the smoke jet,  and the strobe unit, 

as well as a water tank.    We now run the water through the engine continu- 

ously,  instead of trying to cool it in the usual way. 

I think the equipment we have on the rig is more clearly seen in the 

schematic diagram of Figure 4.    We represented the rig in this figure as we 

expect it to be soon; not all of the equipment shown is now on the rig, nor has 

it all been used. 

One of the principles which we have gone to recently -- as a result 

of previous experience --is the principle of redundancy.    The general idea 

is that every quantity should be measured in two different ways at the same 

time.    This is partly from the point of view of equipment becoming unservice- 

able and also partly because we want to be able to tell, when we get an 

apparent change in performance, whether this is due to an actual change in 

performance or whether it's due to a change in the instrumentation that we 

are using.   If both readouts indicate a change, we assume  it's really there. 

The propeller,  as shown in Figure 4,  is 4 to 7 feet in diameter.    The 

propeller centerline is about 8 feet above the floor, which of course is aot 

really high enough but, as in Mr.  Borst's case,  it is about all that we could 

afford.    The rig is driven by an automobile engine (which is nominally 425 shaft 

horsepower) through a clutch,  a four-speed gear box,  and an overrunning clutch 

to protect the propeller if the engine seizes up.    We have a toothed wheel which 

gives pulsations proportional to rpm; these pulses are displayed on a frequency 

converter which gives an rpm indication.    They are also counted on a digital 

counter,  which gives us a truer answer.    The coupling shown allows the shaft 

to slide longitudinally,  as well as isolating it from some of the effects of the 

bearings not shown upstream.    The two necked portions of the shaft are equipped 

with torsion strain gauges,  whose leads come out through a slipring to a readout. 

Both sets of these gauges read torque. 

i 



The set of gauges   ♦owards the front of the rig carries both torque and 

thrust and, if there are interaction effects of thrust, these could show up on 

the torque measurement at this point.    The set of gauges on the other side of 

the thrust bearing should obviate any interaction from thrust; however, they 

do measure the torque of the thrust bearing.    So it's a question of looking at 

both sets of test results and choosing the lesser evil.    So far,  we've found 

that the interaction seems to be negligible.    As illustrated, there is a thrust 

bearing which bears against a hydraulic load cell,  and the pressure in the 

load cell is read out on a pressure gauge,  which is our primary measurement 

of thrust. 

The propeller is supported on a heavy shaft which runs in two sets of 

bearings (illustrated as floating cage ball bearings).    These are multiple-row 

ball bearings in which there is a cage full of holes which is free to float end- 

wise.    Thus, besides allowing rotation,  there's a limited amount of end float 

allowed on the bearings.   We are presently using rolle-- bearings for this 

purpose and depending upon the shaft rotation to allow the shaft to creep 

through the bearings.    We have encountered some trouble with the bearings 

tending to cock over a bit and shove the shaft through,  giving us spurious 

thrusts at low rpm's. 

Immediately behind the propeller,  a magnetostrictive transducer is 

shown; this works on the principle that, when you apply a stress to a perme- 

able material, the permeability changes in the direction of the stress.    The 

transducer has poles arranged in it in such a way as to measure both torque 

and thrust.    This also is a piece of equipment which is not as yet working 

satisfactorily. 

The smoke jet is positioned in various places to put the smoke through 

the propeller when we're doing our flow visualization.   Also shown is a trav- 

ersing mechanism for a probe.    We get various readouts from this, depending 

on the kind of traversing we're doing at the time.    Our measurements are 

taken from pitot tubes, total head tubes,  pressure transducers,  hot-wire 

anemometers,  or anything which we think might give us some useful infor- 

mation. 



PERFORMANCE MEASUREMENTS 

One of the chief problems in performance measurements on this rig 

has been poor repeatability.    We find that testing the same propeller at dif- 

ferent times of the year seems to give different figures of merit.    We have 

also found a fairly consistent trend where the figure of merit of the propeller 

decreases with time,   in general. 

We calibrate the rig frequently -- before and after tests -- but this 

does not seem to eliminate the poor repeatability problem.    We believe that, 

with t'we revised instrumentation which we now have and are still installing, 

we'll be able to get better repeatability.    But,  again,  this remains to be seen. 

Although 'figure of merit" is a commonly used term,  it might be 

well to define this term as it is used in this paper.    But first,  let us discuss 

efficiency.    The efficiency of any moving device is defined as the force tim.es 

the velocity over the power required.    But,   in the static condition,  the velocity 

of the propeller is zero and,  therefore,  according to this definition,  the 

efficiency is zero.    A propeller works by giving momentum to air,  and the 

most efficient way of producing a thrust by giving momentum to air is to give 

the air a uniform velocity over the maximum possible aiea.    This is the 

principle of the actuator disk. 

Thus,  figure of merit,  as used in this paper,  is simply defined as 

the power absorbed by the actuator disk over the actual power used by the 

propeller producing the same thrust.    In other words, the actuator disk 

would have a figure of merit of one (according to the definition which I am 

using and which the propeller people usually use).    A propeller doesn't actu- 

ally work like an actuator disk --as you will see later on from the flow 

visualization illustrations -- but this does form a useful yardstick for meas- 

uring and comparing performance of propellers. 

The highest figure of merit which we ever measured on our rig is 

approximately 0.818,  but this is probably incorrect.    Looking at the results 

over a period of years,  the highest figure of merit that we would say with 

any confidence that we have measured is around 0. 78. 

I 



FLOW MEASUREMENTS 

So far, the only flow measurements which we've done have been mean 

value flow measurements using manometers to measure pressure.   In the slip- 

stream, we've measured the velocity using pitot static tubes. In the inflow 

region, which is not necessarily on the upstream side of the propeller but is 

out of the slipstream, we have measured static pressure using a reverse total 

head tube and assumed that the total pressure was ambient.    We usually do our 

flow measurements at about 800 feet per second tip speed, which is less than 

the tip speed for maximum performance.    This is partly to reduce the noise for 

the benefit of the people who are working close to the propeller and partly to 

reduce the stress level at which the propeller is operating when people are 

walking around it.    Our flow visualization work has shown that at least a first- 

order effect of the pattern of flow behind the propeller is independent of the 

rpm.   If there are any changes, they are certainly a second-order effect. 

Figure 5 shows a plot of mean velocity vectors measured around the 

propeller.    The propeller axis is shown on the left-hand side of the figure, while 

the blade axis is shown in the middle of the figure.    Note that the vortical scale 

is expanded by a factor of roughly three-to-one relative to the horizontal scale, 

as far as the points at which the velocity vectors are drawn goes.    The vectors 

themselves have been drawn at the true angle.    As illustrated, we have meas- 

ured quite close to the propeller (0.05 radius),  and we've done a lot of measure- 

ments very close to the tip of the propeller.    These results are typical of one 

particular four-bladed propeller which we tested; quantitative results ar«? not 

presem.jd because we are still in the early stages of testing.    The length of the 

arrows in Figure 5 is an indication of the actual velocity measured at the point. 

Note that,  outboard of approximately 90% radius, we have reverse flow -- flow 

coming in what you would think of as the upstream direction towards the pro- 

peller and also coming in from the tip.    This flow seems to be coming in to 

join the tip vortex before being expelled backward. 

Figure 6 illustrates mean streamlines which have been based on the 

vectors as shown in Figure 5, on our flow visualization,  and on a certain amount 

of intuition.    The scales are exactly the same as those in Figure 5 and, because 

of the expanded vertical scale, the contraction appears quite gradual; but,  in 

fact,  it is roughly three times as fast as shown here. 

Figure 7 shows dynamic pressure contours obtained from the same 

data.    Because they are on the same axis, these contours are somewhat 
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distorted.     These are lines of dynamic head,   which is measured in inches 

of water. 

Velocity vectors at the propeller can be used to calculate both the 

angle of attack of individual stations on the propeller and (knowing the blade 

geometry and characteristics) the lift coefficient at each blade station.  From 

this, you can also calculate an integrated performance of the propeller to 

compare with the measured values; our early results in this area were very 

encouraging.    We were getting calculated thrusts and torque within a couple 

percent of the measured value.   However,   some tests conducted later with 

more refinements gave results which were not quite so good. 

We initially tested a relatively conventional propeller and found that 

the lift coefficient was very high on the inboard half of the propeller and very 

low on the outboard half,  except for the last five percent of the radius.    Out- 

board of about 0. 95, we had very high lift coefficient.    This is largely because 

of the reverse flow that you get near the tip.    In actual fact, the torque con- 

tribution is negative at the tip.    The tip of the propeller is windmilling,  even 

though it may be producing some positive thrust. 

The inboard part of a propellei    s inherently inefficient because of the 

geometry of the inflow angle, and as a result, the lift coefficient results in 

a large component in the torque direction.    The inboard part of a blade, then, 

is chiefly serving as a fairing for the structure which supports the outboard 

part of the blade.    It may also serve to pressurize, to some extent,  the air 

going into the engine inlet.    Hopefully,  you'll recover enough in this way to 

recover the drag of the inboard part of the propeller.    This applies,  of course, 

only to static conditions. Oddly enough, this propeller, which seemed to have a 

rather poor CT   distribution,  had as good a figure of merit as any we have 

measured.    Another propeller which we tested had a much more satisfactory 

lift coefficient distribution along the blade, with the exception of the tip,  and yet 

it had a lower figure of merit than this one.    The lift-to-drag ratio at the blade 

stations is not really very important, because the profile power is much less 

than the induced power in the static condition.    I think it is the induced velocity 

distribution which is most important in setting up propeller performance for 

static conditions.    I also think that,  if there are any big gains to be made in 

static performance, they probably lie in controlling the behavior of the tip 

vortices. 



FL*iW VISUALIZATION 

Canadair has done a great deal of work on flow visualization. 

Figure 8 shows a test setup in which we are putting smoke through the 

propeller from three jets at three different radii; continuous illumination 

was used in this test.    The blurring of the smoke streams as they go down- 

stream is due to two reasons:   one is simply diffusion of the smoke; the 

second is that there are periodic changes in the streamline at blade frequency, 

and we're seeing the blurred average of these in this illumination.    Note that 

the smoke from the outermost jet is entering the propeller from behind. 

This is characteristic in free air in the static condition.    We produce our 

smoke using heated oil, which we have found gives reasonably satisfactory 

smoke without being too harmful to people in the test area.    We illuminate 

the smoke from the back,  of course,  because we get much brighter illumin- 

ation when looking through it towards the light,   rather than looking at it from 

the opposite side. 

A rake with multiple jets  (again with continuous illumination) is 

shown in Figure 9.    The results as illustrated are very much as you would 

expect the flow through a propeller to look. 

The results of the rake being positioned lov/er are illustrated in 

Figure 10.    Here you see the flow entering the tip section of the propeller 

from behind,  although it does appear to enter from a generally forward 

direction when you are far enough away from the propeller.   Actually,  the 

smoke turns forward to enter the propeller and appears to flow radially 

inward along the blade for some considerable distance.    Looking at this 

illustration,  it is obvious that,  if you try to do static thrust performance 

in a wind tunnel, you will encounter a large wall effect. 

Figure 11   illustrates the rake positioned behind the propeller and, 

once again,  it is evident that there is a noticeable difference in the direction 

of the flow — there's sort of a boundary at the flow going backward as it 

ought to inboard,  and forward outboard,  and you can see the tip vortex 

somewhat distinctly quite far in from the tip of the blade. 
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To observe the occurrences at blade frequency,  stroboscopic 

illumination is required.    Figure 12  shows the sort of flow conditions that 

you see with stroboscopic light synchronized once per revolution.    This 

is taken at a moment just before the blade passes through the vortex from 

the previous blade.    Note the clearly marked cores of the vortices from the 

blade, as well as the fact that the flow seems to penetrate the disk and 

actually go forward of the propeller blade.    Looking at this angle,  this 

could be an illusion; but,  in fact,  in the laboratory,  you can stand in the 

propeller plane and see that thf flow actually does penetrate the propeller 

plane.    It seems that, as the vortex leaves the trailing edge of the propeller 

blade and expands as air flows into it,   the vortex moves radially inward 

(essentially in the propeller plane at first) and then turns backvard. 

Looking from the side,   this gives a very rapid contraction and,  as the 

vortex grows,  it actually penetrates the disk and passes in front of the 

propeller blades.    Figures 13,   14,and 15  show various stages of vortex 

formation with respect to the propeller. 

While we were doing this stroboscopic visualization of the flow 

(which we thought of ourselves),  it seemed so simple that we thought that 

somebody must have done it before.    As we discovered,  Jacques Valensi 

of the University of Marseille  did it in 1935.    He published an excellent 

report which describes stroboscopic measurements of flow and contains 

still photographs which he analyzed and interpreted.    He pulsed the smoke 

and,  by measuring the space in between the pulses,  he got the velocity in 

the field; from this data,  he was able to compute the diagrams of the flow 

directions and velocities in the propeller field. 

He also presents a very interesting survey of earlier propeller 

work; it is interesting to see,  for example,  that a man named Riabouchinsky 

in Russia measured instantaneous pressure profiles behind a propeller in 

1909.    So you can see there is really nothing very new about the technique. 

The clarity of tip phenomena and of the flow phenomena in general 

is enhanced at higher blade angles,   of course,  where you have a stronger 

"Etude de l'ecoulement de l'air autour d'une helice," Jacques Valensi, 
Publications Scientifiques et Techniques de Ministere de l'Air, No. 73, 
Institut de Mechanique des Fluides de l'Universite' d'Air-Marseille,   1935. 
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vortex.   Also, if you have fewer blades, the vortices are most spread out 

and are easier to see. 

A two-bladed model propeller running at a blade angle of 16° at a 

three-quarters radius is illustrated in Figure 16.    It's much easier to see 

what's going on,  even though it may practically be of less interest.    You can 

see the vortex forming quite distinctly at the trailing edge of the blade in 

this illustration.    Figure 17  shows the same thing 45° earlier — in other 

words, before the blade has arrived.    Figures 18,   19,  20, and 21   illustrate 

the flow coming in at 60% radius, an intermediate situation,  40% radius, and 

approximately 30% radius,  respectively.    In Figure 18,  you can see the 

very pronounced breaks due to the vortex sheet from the previous blade. 

At this sheet, you have a sort of discontinuity — you get a velocity component 

outboard on the upstream side and inboard on the downstream side.    Since 

these velocity components remain there,   the two sections move farther apart 

as they move downstream, which actually gives a three-dimensional effect. 

The How comes along and then does sort of a corkscrew and comes back 

again — it sort of whips around the blade quickly. 

In Figure 21,  it looks as if the flow disappears behind the shaft; 

actually, it's just that the light is being cut off because the light is coming 

through from behind.    Figure 22  shows a front view in which you can see 

the three-dimensional aspect of this.    There is a lateral shift caused by the 

vortex sheet.    We don't see any particular evidence in     ir work of the vortex 

sheets rolling up.   As far as we've been able to determine, behind the 

propeller it doesn't seem to roll up,  at least within one radius downstream. 

One of the interesting things which we have seen in the flow visual- 

ization is the effect of blade mismatching — in other words,  if all four blades 

of the propeller don't have exactly the same blade angle. 

In Figure 23,  it is shown that the vortices move dov/nstream at 

differing velocities and their spacing becomes irregular; they then begin 

to affect each other — one will move inboard,  another one will move outboard. 

It is similar to the condition where succeeding smoke rings will pass through 

previous ones.    We've never seen the vortices actually do this — they try, 

but they don't seem to be able to get quite around,  as shown in Figures 24 & 25. 

10 
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I Another problem that we run into in this work is that of inhomo- 

geneous inflow.    Figure 26 illustrates one way in which we approachsd 

this problem.    We filled the upper half of the room with smoke and then 

started up the propeller.    This figure clearly shows how the smoke was 

drawn down from the ceiling into the propeller.    Now, of course,  the laws 

of convection being what they are,  you've got hotter air near the ceiling 

than you have near the floor.    This means that different parts of the propeller 

are receiving air at different temperatures.    How you allow for this in 

reducing the performance data is a question. 

The condition after the smoke has thinned out is shown in Figire 27. 

Although net clearly shown in this figure, we found that you get a lot of 

entrainment into the slipstream -- in other words,  you have sr-.oke comi.ig 

down from the ceiling and entering the cylinder of the slipstream down- 

stream of the propeller,  presumably just acting as an ejector.    A good bit 

of the flow that is drawn in does not actually pass through the propeller 

disk. 

FUTURE WORK 

Canadair Limited plans to improve performance-measuring equip- 

ment as indicated earlier.    We want to explore in detail the characteristics 

of figure of merit versus blade angle over a wide range of blade angles -- 

perhaps from -10 to +25 or +30 degrees at the three-quarter radius point. 

We think we've seen some peculiar things on one or two of the propellers 

we have tested,  and we wish to explore these in more detail. 

We intend to do some instantaneous flow  survey work.    We have a 

total pressure transducer which can instantaneously measure total pressures 

and record them.    We're hoping to carry out some work using hot-wire 

anemometry in association with Therm Advanced Research and McGill 

University, 

Flow photography wil! continue and will be systematized.    We hope 

to take pictures at specified azimuth angles of the propeller blade and at 

specific radii.    From this, we should be able to get a three-dimensional 

location of the vortex patterns in both the tip vortex and the vortex sheet. 

This should be useful to anyone trying to develop a method to predict where 

these ought to go. 

11 
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Figure 8    FLOW VISUALIZATION 
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Figure 9 MULTIPLE JETS. CONTINUOUS ILLUMINATION 
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Figure 10 MULTIPLE JETS (NOTE FLOW ENTERS TIP FROM BEHIND) 
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Figure  II    MULTIPLE JETS 
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Figure 27    ENTRAINMENT 
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PREDICTION OF THE PERFORMANCE AND STRESS 

CHARACTERISTICS OF VTOL PROPELLERS* 

by 

A. R.  Trenka 

Cornell Aeronautical Laboratory, Inc. 
Buffalo,  New York,  U.S.A. 

SUMMARY 

This paper represents the results of efforts to develop an improved 

method for the prediction of performance and stress characteristics of a 

single VTOL-type propeller-wing-nacelle combination operating in various 

flight conditions. 

The problem of determining the airloads is treated by representing 

the propeller blade by a bound vortex of unknown strength and approximating 

the wake by a mesh of trailing and shed vortex elements. 

Engineering beam theory is used to model the elastic behavior of 

a twisted rotating blade. 

An iterative approach is used to solve the aeroelastic equations on 

a digital computer. 

Some results are presented which show the effect on the performance 

and blade stresses of changing the inclination of the thrust axis with respect 

to th^ free stream,  changing the wing load with other parameters held fixed, 

and changing the wake shape. 

* This paper is based on work performed for the U.S.  Army Aviation 
Materiel Laboratories,   Fort Eustis,   Virginia. 



INTRODUCTION 

With the advent of VTOL aircraft,   more stringent requirements 

have been placed on the designer's ability to predict accurately the static 

thrust and torque characteristics of propellers.    The accuracy with which 

these quantities are predicted may well determine whether the aircraft will 

fulfill its anticipated role as a VTOL vehicle.    Since the entire lifting capa- 

bility rests on the propellers,   a small underestimate of the thrust might 

greatly reduce the payload. 

In addition to the performance prediction problems,   oscillatory 

stresses of unexpectedly large amplitudes have been observed on the propel- 

lers of VTOL aircraft during vind-tunnel and full-scale tests.    In particular, 

these stresses have been noted in the transitional range from a hover to an 

axial flight configuration. 

Propeller designers have suddenly found themselves reexamining 

"tried and true" propeller performance and stress theories and finding them 

to have,   at best,   questionable applicability in the hover and transitional 

flight range.    No proven theoretical approach was available for the skewed 

flight range in which high oscillatory stresses were observed.    Furthermore, 

they found that many of the experimental data upon which previous correlation 

with theory had been based were not sufficiently accurate to aid in the devel- 

opment of more accurate theories or in the extension of existing ones. 

In an effort to provide a theory which would allow accurate predic- 

tion of performance and  stresses of VTOL-type propellers through their 

entire flight range,  Cornell Aeronautical Laboratory,  Tnc.   (CAL) began 

the investigation reported,   in ^art,   herein.     This work was sponsored by 

the U.S.   Army Aviation Materiel Laboratories (USAAVLABS).    The basic 

method developed by CAL and  reported in Reference  3 for the prediction 

ol rotary-winu airloads in hovering and forward flight was modified,   exten- 

ded,   and applied to the problem of VTOL-type propellers. 



DEVELOPMENT OF THE THEORETICAL PROGRAxM 

Statement of the Aeroelastic Problem 

Solution of the aeroelastic problem requires a knowledge of the 

interaction of the aerodynamic,  elastic, and inertial forces acting on a 

wing secion.    Once these interactions are known, the loads and motions 

of the section,  and hence the total wing loads and motions,  may be deter- 

mined.    The problem is a difficult one for conventional wings.    For rotary 

wings,  i. e. ,  propeller blades, the problem is compounded by the nature 

of the wake shed from the blades,  which now takes on the geometry of a 

distorted heliz; by the rotation-induced elastic coupling between various 

blade motions; and by the complicated inertia loads which arise when 

motions occur in a rotating frame. 

In addition,  there are interference effects from wings and nacelles 

which lie in the slipstream and which might be quite close to the propeller 

plane.    To define the interaction of these forces,  the following aerodynamic 

and structural models were employed.    (The discussion will be limited to 

steady-state flight. ) 

Aerodynamic Model 

The aerodynamic model accounts for the effects on the blade of 

(1) a distorted wake, (2) a wing and nacelle lodged in the propeller slip- 

stream,  (3) forward flight,  and (4) blade deformations under load. 

The entire model rests upon periodicity and the ability to predict 

the wake position with sufficient accuracy. 

Representation of the Blade 

The blade is represented by a bound vortex of strength,  r ,   placed 

at the blade quarterchord.    The F of the bound vortex varies both with ra- 

dius and with time.    Since steady-state flight conditions only are being 

considered,   the time variation is periodic of period   T' .      r' is the time for 

one rotor revolution; hence,  the time variation of F   is equivalent to the 



azimuthal variation.    Thus, the radial and azirnuthal variations of /" are 

given by dT/dX   and   di'/dfK X is the radial position and <p  is the azi- 

muthal angle ),    The radial distribution is represented by breaking the bound 

vortex up into Ä/5? spanwise segments of constant  /"  .    The azimuthal vari- 

ation is similarly accounted for by allowing each radial segment to assume 

a new value of /"  as it is stepped through  MA   azimuthal stations.    Thus, 

the radial and azimuthal variation of /" is represented by ( A//? * NA    ) dis- 

crete values of  r .    The magnitude of f is determined by requiring that 

the chordwiie boundary condition of zero normal velocity at the three- 

quarterchord of the blade be satisfied. 

Representation of the Wake 

Because of the variation of r with X and ^ ,   a continuous sheet of 

vorticity is deposited into the wake.    Because of the steady-state flight 

conditions,  the variation of f with X  and  ^ is repeated for each and every 

blade revolution.    The wake is represented '.n a fashion analogous to the 

representation of the bound F distribution.    The continuous wake it modeled 

by a mesh of "trailing" and "shed" vortex elements,   see Figure 1.    The 

"trailing" vortex element is deposited in the wake from the ends of the 

segmented bound vortex and is equal to the difference between adjacent 

bound vortex element as the blade moves from one azimuthal position to 

the next.    Its strength is equal to the difference between bound     P 's at 

successive aiimuthal positions.    Thus,   if a given trailing vortex is followed 

back into the wake,   it is found that its strength varies in a stepwise fashion. 

It is constant for the interval corresponding to the increment between 

successive azimuthal positions of the blade.    Similarly,   consider the shed 

vortex deposited in the wake at some azimuthal position.    It varies in step- 

wise fashion along its  span.     The variation corresponns to the spanwise 

variation of the hound vortex which existed on the blade when the blade was 

in that azimuthal position. 
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TRAILING VORTEX 
ELEMENTS 

SHED VORTEX ELEMENTS 

Figure  I.    PICTORIAL REPRESEKTATION OF BLADE WAKE MESH. 

Thus,  the continuous sheet of vorticity deposited in the wake has 

been replaced by a mesh of shed and trailing vortex elements whose strengths 

are proportional to the strength of the bound vortex.    This mesh is repeated 

in a continuous fashion once per revolution of the blade and for each blade in 

the propeller set. 

Now,   consider the problem:    "How is the wake positioned relative 

to the blades which generated it0 "    The wake position is determined by the 

interplay of such effects as (1) self-induced velocities of the wake,   (2) free- 

stream velocity,   and (3) interference velocities from wings,   nacelles,   fuse- 

lages,   etc. ,   in and in the proximity of the  slipstream.     The present method 

attempts to account for the effects of (1) wake contraction and radial and 

axial variation of the wake velocity, (2) free-stream velocity,   and (3) the 

perturbing effect of a wing and nacelle completely immersed in the slip- 

stream. 



The wake contraction and axial and radial velocity variation is 

estimated for hovering flight by using a system of finite core ring vortices. 

The theory was developed at CAL under Office of Naval Research sponsor- 

ship and is reported in detail in Reference 1.    Briefly,  the approach replaces 

the slipstream by an axial system of discrete,   finite-core,   ring vortices. 

The system is treated as a starting problem by periodically releasing a new 

vortex ring in the reference plane while allowing the individual rings to 

move under mutual influence according to the laws of vortex dynamics. 

After a sufficient number of rings have been released,  a stabilized trajectory 

is determined down which all successive rings move.    The solution was 

obtained using a digital approach,  and the program output yields a time his- 

tory of the coordinates and velocities of all vortex rings. 

This model was applied to the propeller slipstream problem in which 

the wake is treated as a mesh.    The tip-trailing vortex ^as assumed to move 

down the surface generated by the stabilized ring vortex trajectory.    This 

was done by requiring that the tip vortex move with the velocities with which 

the rings move.    Thus,  at the tip of the blade, the trailing vortex was depos- 

ited in the wake with the velocities of the ring at the instant the ring was 

deposited in the reference plane which now corresponds to the prop plane. 

This tip vortex,  then,  was allowed to move for the interval of time corre- 

sponding to   /'/A/4   rotor revohitons.    At the end of this period,   it -would 

assume new values of velocities    orresponding to the velocities which the 

ring experienced at that position in the wake,   and so on down the wake. 

Since the ring velocity distribution is axially symmetric,  tip vortices depos- 

ited at various azim'^hal siations all move down the wake with the same 

velocity time history but are displaced in time with respect to one another 

(see Figure 2). 

The result is a tip helix of varying pitch and diameter. 

To place the mesh interior to the tip elements,   it was assumed that 

(1) all interior elements mo</e with the same axial velocity as the tip vortex 

element,   and (2) the radial velocity of the interior elements is proportional 

to the product of the radial position of the element and the radial tip velocity. 
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Figure 2.    PICTORIAL REPRESENTATION OF TIP VORTEX 
MOVING DOMN RING VORTHX TRAJECTORY. 

There is no mechanism,   at present,  to allow for a tangential,   or 

swirl,   component of velocity. 

This wake model will be referred to as the RVM (ring vortex model). 

The wake,   as positioned by the RVM,   is used as a base from which 

small perturbations due to tue free stream,  wing,   and nacelle are allowed 

in the case of low forward speeds.    These perturbations are included as 

incremental velocities at each control point in the wake (as determined from 

the RVM). 



Thus,   in the hovering condition,   a distorted wake is used which 

includes the effects of contraction,   radial and axial velocity variations,   and 

interference effects from wing and nacelle.    For the initial stages of transi- 

tion,   i.e.,  low forward speeds,  the freestream is included as an additional 

perturbation.    For higher forward velocities,  the model postulated above 

breaks down,  and the wake is treated as a skewed helix of unifo»-^i pitch, 

with none of the effects of contraction or wing and nacelle.   Ho      /er,   if a 

wake shape,   i.e. ,  position,   is known for a given flight condition,   it can be 

included in the program. 

Representation of the Wi'ig and Nacelle 

The interference effects of the wing and nacelle can be treated in 

terms of,  first,  their direct effect on the ang'e 01 auack at the propeller 

and,   second,  their effect in distorting the wake.    The direct effect is always 

included when applicable.    The second effect is included only in the hovering 

and low forward speed transition cases. 

To model the nacelle,  it was assumed that its effects could be ade- 

quately approximated by treating it as a Rankine body (source-sink combi- 

ation).    The Rankine body length was taktn equal to the nacelle length and 

the Rankine body diameter was taken such that its projected frontal area 

equals that of the nacelle. 

The wing v.as simply treated as a bound vortex placed at the wing 

quarter chord. 

Development of the Mathematical Model of the Propeller and Wake 

The equations which will will eventually give the aerodynamic 

forces required for the aeroelastic problem will now be developed.    The 

equations will be formulated in terms of the strength of the bound vortex   P . 

Consider an clement nf a blade of a propeller in skewed flipht with a wing 

and nacelle immersed in the propeller slipstream (see Figure 3). 
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SECTION A-A BLADE ELEMENT; 

Figure 3.    GEOMETRY FOR AERODYNAMIC MODa OF 
PROPELLER,  WING,  AND NACELLE. 

The lift per unit length on this jtft    blade element is 

A =/^C 
where 

p   - density 

Vj    - local total velocity 

r    = local vortex strength 

But ^   can also be written as 

^-^•/^A; 
where 

Cg    - section lift coefficient 

b     = local blade semichord 

Then from (1) and (2), 

(1) 

(2) 

r^^v.c^ (3) 

I 



Generally the section lift coefficient, Ci    ,   is a nonlinear function 
4 

of the effective angle of attack,  o^    .    To allow for the possibility of this 

nonlinearily,  as well as to provide a mechanism by which Reynolds number 

and Mach number effects can be introduced,  the Ct.    curve was expanded in 

a Taylor series about an arbitrary reference angle  (x0   ; i. e. , 

cA  = V/ ■>■ ~\    (at, «o) * T 
/ dcj 

2 da'\<*. 
(4) 

It is now required that 

((Ze- CC0)«1, 

and, hence,  terms higher than ( ü:e-cz0) may be neglected in Equation (4). 

Thus,   Equation (3) becomes 

Equation (5) is regrouped to get 

roj + bj K;a; ^ 
where 

oc. 
&L \ 

The assumption is now made that 

Stn Ct~ 

(5) 

(6) 

CK. 

This approximation leads to a maximum error in lift of approximately 2% 

when cce- 20 . Since (2rewill generally be much less than 20 , it was felt 

that this assumption would not significantly limit the validity of the theory. 

From Figure 3,   it is recognized that 

VJ OCe    ^  Vj sen aej =  V; ■ 

10 
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I From lifting-line theory,   cr   can be interpreted as the velocity perpendicular 

to the airfoil chord at the three quarterchord point.    Its sense must be 

positive up to give increased lift for increased  i^ .    Equation (6) now becomes 

r -/y +Aj*Jts/ . (7) 

The perpendicular velocity includes contributions from free stream, 

wake,  nacelle,  wing,  and blade elastic motions; thus, 

^   = [(Xa * Vf stn T Stn tfsin O-h* xr"- v**vx\ (8) 

where,  for the  j      blade element, 

K;     - radial distance from centerline of rotation to  j       blade 

element 

TL     = rotor speed 

(9,     = total geometric angle including built-in twist, ßj   , and elastic 

motions,   ^   ,  of the  J™ blade element 

A      = elastic motions perpendicular to the airfoil chord of the j     blade 

element +• K^ cos T cos 0 , 

Vj      - velocity due to v/ing perpendicular to chord of j      blade element 

v"- velocity due to nacelle perpendicular to chord of j      blade elemen 

v1   - velocity due to wake perpendicular to chord of j      blade element. 

Using the Biot-Savart law applied to the wake mesh, the velocity 

perpendicular to the airfoil chord induced by the wake can be written as 

"-/ = Z ^ r; (9) 
where 

O"     = the geometric portion of the Biot-Savart law for the effect of the 

Lth element at the   j      point 

Y,    - strength of the   c       wake element of vorticity. 

11 



Recall that the /'s of the wake are proportional to the  /" 's of the 

blade bound vortices at various radial and azimuthal positions.    Hence, 

when Equation (9) is substituted i.io Equation (8) and the wake terms re- 

grouped,  the following is obtained from Equation (7), 

i=/ 

where 

Ij = r0j  + hj Cbj [(X A + Vf. Sen TScn <P) sen 6 -h+ v"+ vN\ , 

and   (Tl.   results from a regiouping of the   0^;'5 . 

Equation (10) was written for one blade element at one azimuthal 

position.    Since /y changes with radius and azimuth,   similar equations for 

all values of Pj can be written.    Since T   is limited to ( NR x 7TÄ ) values, 

( JjR. * TJÄ ) simultaneous algebraic equations in r result. 

In matrix notation, 

H(rj.{x} (ii) 
where 

[crj   is a square ( NA * MR) matrix whose diagonal elements have the 

form 

and whose off-diagonal elements have the form 

| r |  is a column matrix of the unknown 

| X j is a column matrix of the known quantities 

At this point let it suffice to say that everything in Equation (11) 

is known,   except the  f 's.    Hence,   if the matrix Equation (11) can be solved 

for the   f's,  then sufficient information will be available to generate the 

required aerodynamic forces in the aeroelastic problem. 

12 



Structural Model 

To determine the inertia and elastic forces required for the aero- 

elastic problem,  a Lagrangian approach was used.    Following the devel- 

opment of Reference 2,  the kinetic and potential energy of a twisted relating 

beam was written.    A dissipation term proportional to the elastic displace- 

ment and in phase with the elastic velocity was written to account for struc- 

tural damping forces.    The elastic displacements were then expanded in 

terms of the normal modes of the blades,  and the Lagrangian was applied. 

Since the forcing function of the system,  i. e. ,  aerodynamic loads,  is 

periodic with its fundamental frequency Leing _Q,  the steady-state response 

of the linearized system must be periodic of fundamental frequency/X. 

Hence,  both the motions and the uniqueness theorem for trigonometric 

series,   corresponding coefficients must be equal.    The result is a set of 

2»f ( where vis the number of modes retained) simultaneous algebraic equa- 

tions in the Fourier coefficients (of sine and cosine components) of the 

motions for each of p harmonics retained.    The zeroth harmonic has only 

/^ simultaneous equations,   since there are no corresponding sine terms in 

the series. 

For the purpose of this study,   six degrees of freedom were used- 

the first four coupled Flapwise-Edgewise bending modes and the first two 

uncoupled torsion modes. 

model: 

The following assumptions were made in defining the structural 

(1) Simple beam theory was applicable. 

(2) Airfoil cross sections were symmetrical with respect to the 

major neutral axis; hence,  the center of gravity lay on this 

axis. 

(3) Gravity forces were negligible. 

(4) Flight conditions were steady state. 

(5) Damping (structural) was proportional to the displacement and 

in phase with the velocity. 

(6) Blade elastic deformations were small. 

13 



(7)    The blades were effectively cantilevered,   and the hub had 

infinite impedance. 

All the forces required for the aeroelastic problem of a propeller 

in transitional steady-state flight have now been defined.    There now remains 

the problem of solving the resultant set of simultaneous equations for the 

loads and motions. 

SOLUTION OF THE AEROELASTIC PROBLEM 

Iterative Solution 

An iterative approach to the solution was adopted.    First,  the    T - 

equations are solved for an assumed set of motions.    The resultant loads 

are then used to compute the generalized forces for the equations of struc- 

tural deformation of the blade.    The equations of blade deformation are 

treated as a forced response problem,   and new motions are determined. 

Since,   in general,   the new motions do not agree with the assumed set,  the 

C  -equations must be resolved using the new motions.    The process is 

repeated until the  r's and blade elastic motions from the  fith iteration agree 

with the P 's and blade elastic motions from the {n+l ')th ,   iteration to 

within some specified tolerance.    At this point,   it is argued that a consistent 

set of loads and motions have been obtained,   since no change in either occurs 

with iteration.    Further,   since the problem has a unique solution,  this must 

be it. 

The iterative path between the loads (the f -equations) and motions 

(the structural equations) is interrupted because of the nonlinear character 

of the Cj  curve.    Recall,  from page ,   Equation (10),  that the  Cj   was 

wxpanded in a Taylor series about some known reference angle of attack 

cas„ .    So long as,   from iteration to itir.ition,   cc   = ct  .  to within some 

amount ( ±A(X ,   say),  the same  cx0 , a,   and  c^     are used in the   /"-equations 

in each iterative step.    If   a:0 r Aa. < <xe ov   Oc0-A& >Oc,   a new Q^ic deter- 

mined,  and hence a new A and Cj     ,   for use in the /" -equations in the next 

iterative step.    This is accomplished by dividing the c^  vs. <x curve into a 

14 
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series of increments in et .   At the center of each are evaluated 0c0 , a*, and 

C/    .     Then, as each new (Ke is determined,  it is checked to see if it lies 

in the range corresponding to the a:0 used to compute it (i. e., does 

0c0 -A(Z< OCg < Cfc^ +AOi).   If not, it is placed in the proper range, and the 

iteration is continued.    The process is described in logic diagram,  Figure 4. 

To insure convergence of the iterative scheme employed to solve 

the equations of motion,  it was found that the right-hand side,  i.e.,  the 

generalized force,   should be relatively free from a dependence upon the 

dependent variables,   i. e. ,  the elastic motions.    In the present develop- 

ment it is impossible to extract this dependence of the generalized force 

on the motions.    It was proposed to accomplish this artificially by subtrac- 

ting from both sides of the equations of blade deformation the contribution 

from the quasi-steady damping.    This term was chosen because it is one 

of the largest motion dependent contributors to the generalized force. 

The treatment of this term in the equations of blade deformation 

differs depending upon whether we consider the right-or the left-hand side 

of these equations.    On the right-hand side, the motions are assumed known 

from the previous iterative step.    On the left-hand side,  the deformations 

are the unknowns to be used in the succeeding iterative step.    For example, 

consider the following representation of the deformation equation at the 

(n^/)M iteration: 

where />, is assumed to be a linear function of the elastic motions deter- 

mined in the   n       iteration; i. e. , 

Fn' c0 + c, X„ ^ c2 /„ * C3 Xn • 

Subtract    CzXn+/    from the left-hand side and   CzX,, from the right-hand 

side of the equation to obtain 

m *„*, + (V c,.] Xrt + f - cXn+, -- r„ -c,X„ . 
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When the iterative process has converged. 

^   -  *„,,  ^ 

where: 

e < cr = predetermined allowable error and hence the 

solution effected. 

Performance and Stresses 

Once a converged set of /""s and motions have been obtained,  there 

only remains the proper combination of these quantities to obtain the forces 

acting on the propeller shaft and the blade stresses.    The prop thrust, 

torque,  normal force,   side force, pitching moment,  and yawing moment 

are then determined (see Figure 5). 

Section lift,  drag,  and torsional moment { J    ,  d   , m   respec- 

tively) are computed at each radial and azimuthal position of the blade 

based on the converged loads and motions.    These quantities are resolved 

into components with respect to the inertial coordinate system ( X0 ,  Y0 , 

Z0 ).    At each azimuthal position,  a summation of the spanwise integration 

over each blade yields the instantaneous values of the thrust,  torque,  etc. 

This process is repeated for all azimuthal positions.    The result is a set 

of NA   values of each of the performance quantities.    Hence,  with AM equally 

spaced azimuthal positions,  the performance quantities may be represented 

by a finite Fourier series of NA  terms,  the zeroth term of which yields the 

desired mean values over one revolution: 

NA        NC 
FHROST  -   T 

NA l—   1^— 
k' 1 [4 = / 

NH 

ZK'XJ^ 
j=/ J*J 

(12) 

Tozoue - a = - 
HA [ NC     /vR 

vjk 

(13) 
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SECT I OK A-A 

Figure 5. GEOMETRY FOR DETERMINATION OF PERFORMANCE AND STRESSES 
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j=> 4,jk 

(14) 

SIDE   FORCE * SF -- +=y lY 
kzf  (.-*--/ 

V/e 
Z{FX. Sin p * Fy. cos ty&Xj 

J J 

ij = ' JAsJ 

(15) 

/     "A   j "£. 
PITCH INC MOMENT* PM '*= ]Y i/ 

t'*    l^x/l 

Ntt 

Y (FZj Xj cos (f/ -m} sm ifj)AXj 
(16) 

YAW/HC  MOMENT'yM*-==Y_   O^  I J~iFz.X-sin ?+ ntjcos ttAX; 
k=/ '-1 L. - •*', 

where 

A/ 

VA 

= azimuthal ttation number 

= blade number 

= total number of azimuthal stations 

MC = number of blades; 

F* =  -J.Cdw/dX).       on blade -*/ 

Fy =  '\iscn aT i-dcos ac\.   on blade *> 
JAJ '• * 1JJ 

F, 

f». '* 

'c;-/ 

(17) 

=    \lcos (XI-äscr> aA   onhldide  ^u 

=     \2bZ/>yZcm     \i-ej\lco5 ae + dsinOce    onhlade 4, 

- section moment coefficient about airfoil cmarterchord. 

Consistent with the structural model adopted,  i, e. ,   simple beam 

theory,   only the longitudinal and shear stresses are developed at any point 

in the blade cross section.    These quantities are also harmonically ana- 

lyze? , 

i 
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The Digital Program 

The entire iterative approach to the solution of the aeroelastic 

problem has been programmed in FORTRAN IV for use on the IBM 7044 

digital computer.    The program consists of six main parts. 

Part 1 

This progra.n positions the wake.    The coordinates of the elemen- 

tal wake vortex end points are computed.    These coordinates are computed 

including the effects of (1) free-stream velocity,  (2) wake contraction,  (3) 

wing interference,  and (4) nacelle interference in any combination desired. 

The midpoints of the bound vortex elr.nints are also computed.    The pro- 

gram can handle 24 azimuthal stations and 10 radial stations. 

Part 2 

From the coordinates obtained in Part 1,  the effect of the wake 

vortices of unit strength on the blades is computed, i. e. , the «^ of each 

individual wake element.    The proper combinations are made,  and the 

elements which contribute to the  [crj  matrix of Equation (11) are computed. 

Part 3 

Part 3 evaluates all the mass and elastic integrals necessary for 

computing the elements of the structural deformation equations.    It also 

writes the coefficients of the least-square polynomial fit to the two-dimen- 

sional airfoil section data used to evaluate   a0 , a. ,   Cj    ,  Cm  ,  and  cv   • 

The mass elastic integrals can be evaluated at a maximum of 30 spanwise 

stations. 

Part 4 

From the aerodynamic data of Part 3 and the <r elements of Part 

2,  the   [cr]   matrix of Equation (11) is formed.    The set of simultaneous 

equations is solved by using the Gausc-Siedel reduction technique (Refer- 

ence 5).    The technique is one of iteration until the set of   /" 's from one 
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iteration agrees with the previous set to within some prespecified tolerance. 

The generalized force is then computed and approximated by an n** order 

polynomial in X .    Th?s results from the fact that the lift is computed at 

only 10 spanwise stations, while the mass-elastic properties are known at 

up to 30 stations. 

The generalized forces are harmonically analyzed for a funda- 

mental period of one revolution,  and the equations of deformation for each 

harmonic are solved by employing the Gauss elimination process (Refer- 

ence 5), 

Overall convergence tests on  T's and deformations are made by 

comparing values obtained in the   n     iteration to those obtained in the 

iteration to those obtained in the   (n + t)        iteration. 

If the   r 's and deformations are not converged,   cz   and acx are 

recomputed and the aerodynamic tapes are searched to determine if the 

same (X0 is to be used.    Control is returned to Part 3 or continues to Part 

5, depending upon the results of the convergence tests. 

Part 5 

Part 5 computes a time history of the propeller thrust,  torque, 

side and normal forces, pitching and yawing moments,  and stresses.    These 

quantities are also harmonically analyzed.    The printed output from the 

program includes the following distributions given as functions of the radial 

and azimuthal position in the disk:   (1) strength of bound vorticity,  (2) sec- 

tion lift,  drag,   and moment,  (3) section displacement (total),    (4) section 

effective angle of attack,  (5) section induced velocity,  and (6) section 

stresses longitudinal and shear.    Also printed is the azimuthal distribu- 

ion of (7) thrust, (8) torque, (9) normal and side forces, and (10) pitching 

and yawing moments. The harmonic components of (1), (2), (3), (6), (7), 

(8),   (9),   and (10) are also printed. 
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DISCUSSION OF RESULTS 

The digital program previously outlined was used to obtain theo- 

retical results indicating the effects on the prop performance and blade 

stresses due to independent variations in the angle which the free stream 

makes with the thrust axis (r),  wing loads,  and wake shape.    The study 

was not an exhaustive one and the results are intended only to indicate 

trends.    The studies were performed for a three-bladed propeller whose 

blades have the properties shown in Figure 6. 

Effects Due to Variations in the Angle Which the Free Stream Makes With 

The Thrust Axis 

Five cases were computed for which the basic parameter varied 

was 2" ,    However,  because both th2 nacelle and the wing influence were 

included in these computations the effects due to nacelle and wing varied as 

r  varied.    The strength of the source-sink representing the nacelle de- 

creased as T decreased.    The load carried by the wing also decreased as 

T decreased.    The free stream,   ^   ,  and prop speed, fl ,  were held con- 

stant and the angle T was varied from 20    to 60   .    The wake was a fixed 

pitch skewed helix whose pitch was determined from momentum consider- 

ations. 

Presented in Figures 7 and 8 are typical performance and blade 

stress results obtained for the cases analyzed.    In Figure 7,  the mean 

values of the thrust,  torque,  normal force,  etc.  were used to nondimen- 

sionalize the results presented.    The oscillatory components are plotted 

about a zero mean.    The results presented are for f= 50. 

The dominant frequency contents of the oscillatory values of the 

thrust for all cases are 3P (i. e. ,  a frequency equal to 3 times the propeller 

speed),   6P,   9P,   etc.    The peak-to-peak magnitude of the 3P component of 

the thrust is approximately 5% of the mean thrust; the magnitude of the 6P 

component is approximately 10% of the 3P component.    The magnitudes of 
-8 the IP,   2P,   4P,   5P,   7P,   etc. ,  harmonics are of the order of 1 x 10 

Since the only harmonics of the performance quantities which can be 
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theoretically transmitted to the shaft during steady-state flight must be 

integer multiples of the number of blades,  the magnitudes of these latter 

harmonic components become a measure of the accuracy of the numerical 

method employed.    Torque, normal and side forces,  and pitching and yawing 

moments exhibit the same characteristics as the thrust of dominant 3P,  6P, 

and 9P harmonics,  with all other harmonics negligibly small; however,  for 

the normal and side,   forces,  and pitching and yawing moments,  the phas- 

ings of the significant harmonics are such as to cause their time (f) his- 

tories to appear less   sinusoidal. 

Figure 8 presents a typical plot of harmonically analyzed blade 

longitudinal stress versus blade span.    Nondimensionalization of the mean 

longitudinal stress was performed by dividing through by the longitudinal 

stress at the rcot of the blade.    The harmonics were nondimensionalized 

in the same manner.    These stresses were computed on the camber side of 

the blade at the 50% chord for all spanwise stations. 

From the figure it is seen that all of the harmonics peak at approx- 

imately the 60% span.    The first harmonic stress component raches approx- 

imately 16% of the mean longitudinal stress at this station.    Note that 

magnitudes of the third and fourth harmonics excede that of the second. 

Presented in Figure 9 and 10 are plots of the nondimensionalized 

mean propeller performance versus   r .   Figure 11 presents the third and 

^ixth harmonics of prop performance versus   Z.   Figure 9 shows the vari- 

ation of the nondimensionalized mean thrust and torque with  r .    (The thrust 

and torque are nondimensionalized by the values of the thrust and torque 

respectively at   r - 40  . )   From the figure it is seen that the curves for 

both the thrust and the torque increase as T is increased from 20   .    The 

rate of increase in thrust is larger than the rate of increase in torque. 

Figure 10 presents the variation with T of the nondimensionalized 

mean side and normal forces and the mean pitching and yawing moments 

(forces and moments in the prop plane; see Figure 5).    The inplane forces 

have been nondimensionalized by the mean thrust at each r and the inplane 

moments have been nondimensionalized by the mean torque at each   T . 
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The inplane forces never excede 8% of the mean thrust load while the inplane 

moments approach 90% of the mean torque load.    Both the inplane forces and 

moments exhibit a parabolic behavior with increasing  T .    The maximum 

values occur in the range 50    <  Z'  5.   70    .    The variations of the third and 

sixth harmonics of the performance quantities with T i'   represented in 

Figure 11.    Each harmonic has been nondimensionalized by its corresponding 

mean at each T .    While both the third and sixth harmonics of the performance 

quantities show a strong dependence upon r ,  the dependence on  r of the 

third harmonic is much stronger.    The third harmonic for all quantities 

increased markedly as Z is increased from 20   .    The sixth harmonic of all 

performance quantities increased as    £" is increased. 

Presented in Figure 12 is the variation with Z of the mean and first 

four harmonics of the longitudinal stress at the 60% span.    The mean stress 

at each r was nondimensionalized by the longitudinal stress at the blade root. 

The harmonics were nondimensionalized by the mean longitudinal stress at 

each T . 

As ^  is increased the mean stress is observed to decrease.    This 
is attributed to the fact that the longitudinal stresses are computed on the 

camber side oi the blade. Hence, as the blade lift load increased with in- 

creasing T the steady bending deflection of the blade increased, tending to 

relieve the tensile stress due to the centrifugal load on the camber side of 

the blade.    This is observed to be true for all radial stations. 

All harmonics of the longitudinal stress show a marked increase as 

is increased.    The first harmonic stress component increased from 10% 

to 30fo of the mean stress as 7 went from 20    to 60  .    Note that for the   t 

range presented,  the third and fourth harmonics were larger than the second. 

To show the effect of changing the wing load,   three cases were calcu- 

lated for three different wing loads while the remaining parameters were 

held constant.    Presented   in Figures 13 and  14 are the nondimensionalized 

mean performance values versus nondimensional wing load.    The mean 

thrust and torque were nondimensionalized by the values of mean thrust and 

torque for a nominal v/ing load at f = 40   .    The inplane forces and moments 
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were nondimensionalized by the mean thrust and torque respectively at each 

assumed value of wing load.    The variation of wing load had no effect on the 

mean thrust or torque.    However,  the mean inplane forces and moments 

increased in proportion to the increase in wing load.    Thus an 8-fold in- 

crease in wing load caused   a 47% increase in normal force,  a bb^ increase 

in yawing moment,  a 79% increase in side force,  and a 113% increase in 

pitching moment.    The variation of the third and sixth harmonics components 

of these quantities show a similar pronounced dependence on wing load as 

evidenced in Figure 15 (all quantities are nondimensionalized by the corre- 

sponding mean value at each wing load).    The third and sixth harmonics of 

all of the performance quantities,  including the thrust and torque,  increased 

as the wing load increased.    For all cases,   except the third harmonic of 

pitching moment,   the harmonics   of the performance quantities increased at 

a faster rate than the mean values as the wing load increased. 

That the mean thrust and torque are not affected by wing load can 

be inferred from the following considerations.    For the cases investigated, 

the maximum lift for a.'l azimuthal stations occurred at approximately 85% 

span.    Thus a consideration of the occurrences at this station should provide 

a key to the behavior of the menn thrust and torque with wing load.    Plotted 

in Figure 16 is the azimuthal variations of the axial component of the wing- 

induced velocity (nondimensionalized by the momentum value of the induced 

velocity plus the axial component of the free stream) at   r//? = 0.85 for the 

nominal wing loading.    The distribution is the same for all wing loads and 

only the magnitude varies.    Thus between  ^ = 90    and   ^  = 270    an upwash 

is induced while over the remainder of the azimuth a downwash occurs 

(see Figure 5 for a definition of V direction).    The value of the maximum 

wing-induced upwash and downwash is of the order of 10% of the total axial 

component. 

As evident from Figure 16,   no net upwash or dov/nwash v/ith respect 

to aximuth occurred due to the wing; thus no net change in the mean lift was 

expected.    This is substar iated in Figure 17 which presents the azimuthal 

variation of the maximum blade lift for three values of wing load.    Since 
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the mean lift remained constant for the wing loads considered,   it follows 

that the mean thrust and probably the torque would remain constant.    The 

nondimensionalizing quantity in Figure 17 was the mean lift. 

Note, however,  that if the wing were not located on the thrust axis 

(see Figure 3),   as in the case inhand,   or were more highly swept,  the wing- 

induced velocities could cause a net change in the mean induced velocity and 

hence a change in the mean thrust and torque. 

That the inplane forces and moments vary directly with wing load 

is attributed to the fact that these forces and moments are determined (in 

part,   see Equations 14 through 17) from a weighted lift component.    The 

weighting function is the sine or cosine of the azimuthal position of the blade. 

Thus nonzero harmonics of the lift contribute to the zeroth harmonics of the 

inplane forces and moments. 

Th? effect of varying the wing load on the blade longitudinal stresses 

is presented in Figure 18.    The mean stress was nondimensionalized by the 

longitudinal stress ai the blade root and the harmonics of the stresses were 

nondimensionalized by the mean stress at each wing load.    While the mean 

stress reinainad constant as wing load   vas increased the harmonics of the 

stresses increased in amplitude.    The first harmonic grew by approximately 

70% as wing load increased.    Note that the third and fourth harmonics are 

larger than the second for the entire range of wing load considered. 

Two hovering (T = 90   ) cases were computed.    One case was in- 

tended to simulate the model sitting on the ground; hence,  the propeller 

plane was approximately one rotor diameter above the ground; the other case 

was computed for the same parameters   except with the propeller plane well 

out of ground effect.    It was found that the effect of ground was slightly det- 

rimental.    Table 1 below presents the nondimensional thrust and torque 

values for the two cases. 
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Table 1    THE NOMDIMENSIONAL THRUST AMD TORQUE FOR A 
PROP HOVERING  IN-AND OUT-OF GROUND EFFECT 

THRUST TORQUE 

HOVERIHG OÜT-OF-GROUW) EFFECT 

HOVERING IN-GROUND EFFECT 

1.000 

0.969 

1.000 

0.995 

While the torque remained essentially constant,  the thrust decreas- 

ed by approximately 3%.  due to the effect of ground.    Examination of the 

RVM in the two cases revealed that for the near wake (i. e. ,  within,   say, 

a quarter propeller radius) the shape and spacing of the wake were essen- 

tially the same.    Farther down the wake,  however,  the shape and spacing 

were no longer the same.    At approximately one propeller radius,   the wake 

boundary for the in-ground effect case increased in diameter,  while that for 

the out-of-ground effect case continued to contract.    It is believed that for 

the case in hand the small increase in thrust and torque obtained as the height 

above ground increased was due to the fact that far wake had contracted more. 

That the increase was small is attributed to the fact that the near wakes are 

almost identical in the two cases. * 

Note that the effect of the ground can be either beneficial or determental, 
depending upon (1) the degree of wake distortion,   (2) the wake spacing, 
and (3) the load distribution on the blade.    For example,   if the blade 
load distribution is such that a major portion of the load is carried on 
the most outborad blade section (say from 90% span out),  then contrac- 
tion does not move inboard of the 90% span.    If the contracted wake 
moves inboard of the 90% span,   the wake effect is such as to increase 
the load 
An additional contributing factor which was not included in the above 
analysis is the influence of the ground image system on the induced 
velocity at the rotor plane. 



A third hovering case was computed employing a fixed pitch, uncon- 

tracted helical wake with no nacelle effects on either the wake or the pro- 

peller blades.    The wake pitch was determined from momentum consider- 

ations.    Figure 19 depicts the wake picture for the out-of-ground effect 

RVM wake and the fixed pitch wake model. 

A summary of the performance results obtained for the two cases 

is presented in Table 2. 

Table 2   THE NOMDIMEMSIONAL THWST AND TORQUE COMPUTED 
USING RVH WAKE AND A FIXED PITCH HELIX 

THRUST TORQUE 

RVM HELIX 

FIXED PITCH HELIX 

1.000 

1.031 

1.000 

1.023 

For the case in hand,  the effect of using a variable pitch,  contract- 

ing wake was to reduce the computed thrust and torque by 3. 1% and 2. 3% 

respectively from the thrust and torque computed using an uncontracted 

fixed pitch helix. 

28 



I 

CONCLUSIONS 

Based on the results obtained in this study,  the following general 

conclusions were drawn. 

It has been shown during the course of this study that the approach 

employed to define and formulate the aeroelastic problem associated with 

VTOL-type propellers operating in all flight ranges from hovering (in-and 

out-of-ground effect) through transition and into axial flight is a feasible one. 

Furthermore,  the digital program developed to implement solution of the 

resultant aeroelastic equations converges to a unique solution in a reasonable 

length of time (approximately 0. 75 hour on the IBM 7044). 

The effect of increasing Zis to cause an increase in the mean and 

oscillatory values of the predicted thrust and torque.     The thrust increases 

at a faster rate than the torque. 

The mean inplane forces and moments exhibit a parabolic behavior 

with increasing  Z ■    The oscillatory portion of the inplane forces and ,no- 

ments increase as Z increases. 

The mean longitudinal stress on the camber side of the blade de- 

crease as  T is increased while the oscillatory components increase. 

Changing wing load has no effect on the mean thrust,  torque,   or 

longitudinal stress.    The mean inplane forces and moments increased pro- 

portionally as the wing load increased.    The oscillatory components of all 

of the performance quantities and rhe blade stresses increased as the wing 

load increased. 

The effect of ground proximity was to decrease the predicted thrust 

and torque of a propeller in the hover mode. 

An accurate method of predicting the wake geometry is necessary 

if propeller performance predictions are required to have  an accuracy of 

better than - 3%. 
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LIST OF SYMBOLS 

Oj local slop    of lift curve for airfoil section   (dCj/dcc) 

bj local blade semichord,  ft 

C- local blade chord,  ft 

c^ section drag coefficient 

Ci local section lift coefficient 

C£g local section lift coefficient corresponding to   Or, 

Cm local section moment coefficient about quarterchord 

dj local drag per unit span,  lb/ft 

hj local elastic motions perpendicular to airfoil chord +   Vf. cosT,   ft'sec 
2 . jfy quasi-steady part of / . +   ro.    ,  ft   /sec 

Zj local lift per unit span,   lb/ft 

A? number of vibration modes 

Mj local moment per unit span,   ft-lb/ft 

A/A number of azimuthal stations 

/V£" number of blades 

A/r normal force,   lb 

/V% number of radial stations 

PM pitching moment,   ft-lb 

p number of harmonics 

$ torq   ?,   ft-lb 

SF side force    lb 

T time for one roto~ revolution,   sec 

T thrust,  lb 

1/ local total velocity at a blade section,   ft/sec. 

Vr free-strpam velocity,  ft/sec 

TTJ local total velocity perpendicular to the airfoil chord,   ft/sec 

iTj1 local velocity perpendicular to airfoil chord due to wake,   ft/sec 

if.* local velocity perpendicular to airfoil chord due to nacelle,   ft/sec 

ir"' local velocity perpendicular to airfoil chord due to wing,   ft/sec 

or, local elastic displacement of the elastic axis perpendicular 
to the prop plane,   ft 
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radial distance to   j     element, ft 

nonrotating coordinates fixed at prop hub 

Y   \   rotating coordinates aligned with the blade 
Z   J 

YM     yawing moment,  ft-lb 

at*,     local effective angle of attack,  radians 

CXi      angle local total velocity makes with the prop plane,  radians 

(X0, local reference angle of attack,   radians 
•I 

ex,, angle of attack of wing, degrees 

A. local built-in twist,  radians 
J 2 

r local bound vortex strength, ft  /sec 
2 ro. local bound vortex strength corresponding to Ck0, ,  ft  /sec 

r^ strength of wing bound vortex 

€: local distance from elastic axis to quarterchord,  ft 

dj local total geometric angle (      =   Aj + ß^ ) of a blade section,  radians 

o density of air,   slugs/ft 

C7j geometric portion of Biot-Savart law for the effect of the c**1 

J vortex element at the Jih   point,   I/ft 

t angle free-stream velocity makes with thrust axis, degrees 

^ local torsional displacement,   radians 

f azimuthal position of the blade,  degrees 

n. rotor speed,   radians/sec 
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PERFORMANCE POTENTIAL OF ROTOR BLADE 
INBOARD AERODYNAMIC DEVICES 

M. I. Young -Taan Liiva 

Conventional rotor aerodynamic efficiency has been shown to become 

unacceptable for advance ratios greater than five tenths.   This deterioration of 

efficiency is the result of the flow conditions which develop in the inner part of 

the rotor disk.   Wind tunnel test results are presented for a model rotor having 

an inner segment moving separately from the outer part of the blade.   These 

results show that substantially larger lift and propulsive forces and aerodynamic 

efficiencies can be realized when this segment has a pitch schedule selected to be 

consistent with the flow conditions of the inboard part of the rotor. 

Several alternatives for achieving comparable performance gains with 

other aerodynamic devices are discussed. 
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PERFORMANCE   POTENTIAL  OF   ROTOR  BLADE 

INBOARD AERODYNAMIC   DEVICES* 

by 

MAURICE  YOUNG and  JAAN  LIIVA 

The Boeing Company, Vertol Division 
Morton, Pennsylvania, USA 

INTRODUCTION 

The helicopter rotor has the unique capability of providing both the lift 

and the propulsive forces required for equilibrating the helicopter along its flight 

path.   This aspect of rotor aerodynamics is perhaps too familiar.   One  result of this 

is that the underlying aspects of its aerodynamic efficiency in converting power into 

both lift and propulsion have, until recent years, received insufficient attention.   This 

resulted in an unduly pessimistic view of the performance potential of the helicopter 

rotor at tip speed ratios of the order of five-tenths or greater, or, equivalently at 

flight path speeds greater than 200 knots.   Most importantly, this view became a 

"self-affirming hypothesis".   This pessimism fostered a great deal of compound- 

helioopter research, while objective efforts to illuminate the true limitations of rotor 

aerodynamic performance and programs to explore means of extending or improving 

rotor performance tended to be neglected.   This paper reports on the results of one 

*The experimental portion of this program was supported by USAAVLABS under 
Contract DA 44-177 -AMC-129(T) (l).   The substantial contributions made to the 
program by many individuals in the Boeing-Vertol Engineering Department are 
gratefully acknowledged.   Foremost among these were M. Drozda, D. Ekquist, 
E. Keast, A. Kisovec, and F. Karris. 



program of theoretical and experimental rotor research aimed at identifying and 

minimizing the power losses associated with the inner portion of the helicopter rotor, 

with emphasis on operation as a lifting and propulsive de\ice at tip speed ratios 

greater than five-tenths.   The experimental results are shown to support the 

theoretical prediction of excellent rotor aerodynamic performance potential for 

tip speed ratios as large as six tenths, if means are provided for controlling the 

drag of the inner portion of the rotor in such high speed - high tip speed ratio flight 

conditions. 

Theoretical  Considerations 

Tip Speed Ratio 

M(1.0)(90) 
Solidity 
Tw?st 

-20 -30 -40 

PROPULSIVE FORCE / DYNAMIC PRESSURE   -sq. ft. 

Figure 1.   ROTOR POLAR DIAGRAM 
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The dual function and aerodynamic efficiency aspects of the rotor as a 

lifting and propulsive device are readily grasped by utilizing a polar diagram 
(2) 

suggested by Schairer     .   Figure 1 is typical of such diagrams.   Lift (L) and 

Propulsive Force (X) are mapped at a given flight condition for various fixed levels of 

power.   The graph designated "P/V equals zero" corresponds to an autorotative state. 

This is seen to result in a net rotor drag force.   Progressive application of power is 

also seen to result in the rotor first overcoming its own drag, and ultimately pro- 

ducing an excess of propulsive force for equilibrating a parasite drag.   By analogy 

with a wing, we may define a rotor lift to "effective drag" ratio.   This is obtained by. 

in effect, subtracting the useful work per unit time or "thrust power" from the total 

rotor power.   That is 

effective 
IVL Li 

-1 

If this operation is carried out on the data of Figure 1, we obtain Figure 2 

which permits the assessment of rotor aerodynamic lifting efficiency.   The tangent 

from the origin is seen to define the magnitude of lift at which the maximum rotor 

lift-to-effective drag ratio occurs. 

The rotor propulsive efficiency can be defined by observing in Figure 1 

that the spacing of the constant power lines is not uniform, and that for each desired 

magnitude of lift, there is a well defined variation of the rotors ability to convert 

additional power into additional propulsive force.   For example, at a fixed magnitude 

of Lift (L)  = 7500 lbs., we crossplot propulsive force (X) versus P/V to obtain 

Figure 3. 

Taking the autorotative state (P/V = 0) as a reference, a line of 45° 

slope would represent 100% propulsive efficiency.   It is seen that at the moderate tip 

speed ratio of three-tenths, the rotor propulsive efficiency is virtually 100% until 

considerable blade stalling occurs. 
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If we consider the propulsion characteristics of this illustrative rotor 

system at the same magnitude of lift, but over the range of tip speed ratios from 

three-tenths to six-tenths, a marked deterioration in propulsive efficiency can be 

noted.   Figure 4 shows a marked decrease in propulsive efficiency with increasing 

tip speed ratio, with a relatively small decrease in the lift-to-effective drag ratio of 

the rotor \e.z- measured in autorotation when P/V = 0).   This aspect of conventional 

rotor performance has provided much of the impetus for the proposed use of 
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auxiliary propulsion, and the variety of other compound helicopter configurations. 

The first important insights into the cause of this marked deterioration 

of propulsive efficiency were obtained by Gessow and Gustafson of NASA^ which 

demonstrated the adverse effects of the drag of the inboard portions of the rotor blade, 

and by Harris^) who showed chat blade stalling, pn se,   was not of itself a funda- 

mental cause if rotor solidity were to be increased at tip speed ratios of the order of 

five-tenths or greater, then the desired increase in propulsive capability would be 

completely offset by the accompanying i ncrease in the inherent rotor drag at such 

large tip speed ratios. 

Figure 5 illustrates the overriding importance of the drag of the inboard 

portion of the rotor blade by comparing the propulsive capability of the illustrative 

rotor of Figure 4 to an idealized rotor which progressively eliminates this region in 

direct proportion to tip speed ratio (up to five-tenths).   It is seen from Figure 5 that 

idealized "root cutout" (i.e. no spar drag) effectively eliminates the deterioration in 

propulsive efficiency from which the conventional iotor suffers. 

The concept of a separately moveable inner blade segment having a pitch 

schedule specifically adapted to the flow conditions of the inner portion of the rotor 

suggested itself as a means of approaching the idealized rotor performance potential, 

as shown in Figure 5.   Such a system appeared to be well suited to a straight-forward 

comparison, both experimentally, and theoretically, thereby providing a means of 

verifying the implied aerodynamic principle:  minimize the inner rotor blade drag on 

the retreating side of the rotor disc and maximize the lift on the advancing side for 

high propulsive efficiency at tip speed ratios greater than five to six-tenths. 

MODEL CONCEPT AND DESIGN 

Theoretical consideration began with an inboard twistable segment.   The 

inboard portion of the rotor blade was programmed to operate at its optimum angle 

of attack (maximum section lift to drag ratio) at every point on the advancing sioe; 

I 



in the reversed flow region the segment pitch was programmed to provide minimum 

drag.   The inboard segment thereby provides an increase in lift and propulsive force 

on the advancing side, without a significant change in flapping.   By pitching the blade 

nose-down in the reversed flow region (a minimum drag attitude), the download 

normally associated with this region is also minimized.   Continued theoretical con- 

sideration indicated that for tip speed ratios of the order of five to six-tenths, a 

simple, rigid inboard segment, extending to 50 percent of blade radius provided a 

good compromise between design complexity and potential performance gains. 
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The pitch schedule shown in Figure 6 was developed analytically for flight 

at a tip speed ratio of six-tenths.   It was designed to provide a rotor propulsive 

capability to overcome a drag to lift ratio for the vehicle in excess of . 00125.   (This 

is equivalent to 10 sq. ft. of parasite drag area at a gross weight of 8,000 lbs.). 
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Figure 6.   INBOARD SEGMENT PITCH SCHEDULE FOR 
BASIC SEGMENTED ROTOR 

The theoretical calculations revealed that the optimum schedules of pitch 

change for an inner segment are essentially pulsatile rather than sinusoidal.   In 

effect, the blade is operated with moderate twist over most of the rotational .ycle, 

and rapidly "untwisted" in the portion of the rotational cycle entailing a significant 

region of reversed flow.   The theoretical performance prediction for the influence of 

a rotor having an inner blade segment with a specifically programmed schedule of 
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pitch change is shown in Figure 7.   It is seen that the idealized rotor propulsive 

capability with large "root cutout" and no spar drag is predicted to be approachable 

by a rotor witn an inner segment. 
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Figure 8.   MODEL SEGMENTED BLADE CONSTRUCTION DETAILS 

Figure 9.    MODEL SEGMENTED ROTOR 
HUB INSTALLATION 

11 



Q 

K 
O 
H 
O 
K 
a 
w 
H 
Z 
w 

Ü 
w 
w 

w 
Q 
O 

o 
0) 

3 

2 

w 
i—i 

w 

g 

1Z 



The specific characteristics of the model segmented rotor are given in 

Table 1.   Blade and segment construction are shown in Figure 8.   The blade is fully 

articulated at the root and two pitch change mechanisms are provided by utilizing a 

conventional swash plate control for Mie outboard segment and a cam with a specilt'ic 

schedule for the inboard segment.   By removing the inner segment, the system can 

be operated as a conventional rotor.   The hub assembly is shown in Figure 9. 

EXPERIMENTAL RESULTS 

The tests were conducted at the University of Maryland in the Glenn L. 

Martin institute of Technology Low Speed 8 Ft. x 11 Ft. Wind Tunnel.   The model 

rotor is shown installed in the tunnel in Figure 10.   All test data were recorded in 

digital form and corrections for tunnel boundary effects were made in the "off-line" 

data processing. 

Data were taken with the segmented rotor, and for comparison the test 

conditions were repeated with the inner segment locked to the outer to provide com- 

parative conventional rotor data.   Figure 11 indicates that the segmented rotor 

produces more propulsive force than a conventional rotor.   Most of this increase in 

propulsive force was found to result from increased efii    . „y on the advancing side. 

This is shown by Figure 12 where the propulsive capability of the basic segmented 

rotor is compared with one having an alternate cam schedule that eliminates the nose- 

down pulse in the reversed flow region. 

Figure 13 is a summary presentation of the propulsive efficiencies of a 

conventional rotor, the basic segmented rotor, and the segmented rotor with the 

alternate, simplified pitch schedule.   It shows that the basic segmented rotor has a 

significantly higher efficiency over the entire range of propulsive forces at a tip speed 

ratio of six-tenths. 

Changes to the azimuthal phasing and magnitudes of the inboard segment 

pitch schedule were a!so investigated experimentally. These changes did not result 

in further gains in either performance or propulsive force. 
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The experimental data in Figure 11 indicates that the segmented rotor is 

capable of lifting and propelling an 18,000 lb. helicopter with an equivalent drag area 

of 18 ft  for a tip speed ratio of six tenths and aa advancing tip Mach number of 0.94 

(assuming a blade design subject to no significant compressibility losses) without 

auxiliary wings and propulsion.   (Calculation details are given in Appendix 1.) 
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Figure 13.   CONVENTIONAL ROTOR - SEGMENTED ROTORS 
PROPULSIVE EFFICIENCY COMPARISON 
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ALTERNATE AERODYNAMICS APPROACHES TO 
ROTOR INBOARD AREA EFFICIENCY 

Recognizing the complexity of a purely mechanical approach to implement- 

ing the aerodynamic principle, two alternate apprrao-hes are considered.   The first of 

these schemes employs tangential biowi: ^ applied to a round shank; the second is an 

elliptic shank with a jet flap at the leading and trailing edges. 

All of the theoretical calculations were performed with The Boeing Com- 

pany's Vertol Division Computer Program for "Rotor Airloads and Performance Anal- 

ysis with Wake-Induced inflow"^0'.   In this program the differential equation for flap- 

ping is solved by a step by step method.   A realistic inflow distribution is computed 

internally from the trailing wake structure using a modification of the method outlined 

in Reference 6.   The airfoil section characteristics used in the strip theory method 

for airloads computation reflect the effects of comprescibility and angle of attack over 

the full range normally encountered on a helicopter.   Tnese airfoil characteristics are 

derived from wind tunnel tests of airfoil sections.   A typical correlation with test data 

is shown in Figure 14 for the conventional rotor and in Figure 15 for the segmented 

rotor. 

Circular Shank with Tangential Blowing 

Lockwood (7) has shown that lift can be generated and that drag can be 

reduced by applying tangential blowing to a circular cylinder.   The data in his report 

(Figure 16) were converted to section characteristics as fur^ions of angle of attack 

and blowing coefficient.   These data were used to evaluate the effect of blowing on a 

rotor shank.   By recognizing that the relative angles of attack that a rotor shank 

experiences are between 10 to 20 degrees on the advancing side and about 210 degrees 

on the retreating side, the shank configuration shown in Figure 17 was designed with 

two blowing slots.   By cycling the valve to provide blowing in opposite directions for 

the advancing side and the reversed flow region, lift can be generated in both of these 

regions. 

17 
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Performance and propulsive force capability of the rotor blade with blow- 

ing shanks are compared with the segmented rotor in Figure 18 for constant lift.   The 

total power required for the blowing shank rotor is greater than that for the segmented 

rotor, when the power required for blowing is accounted for.   The propulsive force 

producing capability, however, is comparable to or better than that of the segmented 

rotor.   The difference in power between the two systems can be reduced by optimizing 

the design of the blowing shank. 
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Elliptic Jet-Flap Shank 

We can decrease the basic drag of the shank by a factor of four by using an 

elliptic section rather than a circular section.   High lifts can be generated on the 

advancing side inboard region by applying a jet-flap to the elliptic shank's trailing 

edge (8, 9).   The download normally encountered in the reversed flow region, where 

the angle of attack is approximately 210 degrees can be reduced or eliminated 

completely by blowing from the nose of the shank in that region. 

A typical arrangement for an elliptic shank with a jet-flap at the leading 

and trailing edges is shown in Figure 19. 

The data from Reference 10 have been used in the Rotor Airloads and 

Performance Analysis to compute propulsive capability and performance for a rotor 

with an elliptic shank.   The segmented rotor is compared with the jet-flap elliptic 

shank rotor in Figure 20. 
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The propulsive force producing capability and the performance of the rotor 

with the jet-flap elliptic shanks is comparable to that of the segm   ited rotor.   There 

is a marked improvement in power required for the elliptic shank rotor v/hen compared 

with the circular shank with tangential blowing.   The performance of the elliptic shank 

airfoil can be further improved by optimizing the design for a given flight condition. 

CONCLUSIONS 

1. A conventional helicopter rotor loses most of its propulsive 

capability at tip speeds ratios above five or six-tenths. 

2. The loss in propulsive efficiency is due to the inefficient 

operating environment of the rotor blade inboard area at high 

tip speed ratios. 

3. By controlling the angle of attack of the inboard area of the 

rotor blade independently from the outer, such as the segmented 

rotor scheme, the propulsive capability of a rotor can be 

increased for tip speed ratios above six-tenths. 

4. The effect of inboard area aerodynamic devices, such as 

segmented blades, can be predicted analytically. 

5. Cylindrical and elliptic rotor shanks with jet-flap type blowing 

can provide a rotor propulsive effectiveness comparable to 

that of the segmented rotor. 
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TABLE   1 

PHYSICAL CHARACTERISTICS OF  THE  SEGMENTED  ROTOR 

RADIUS  4  feet 

CHORD  6  inche 

NUMBER OF BLADES    3 

ROOT CUTOUT     18.9% 

SOLIDITY     .119 

TWIST  0 degrees 

THICKNESS DISTRIBUTION 

RADIAL STATION 

18.9% 
50  % 

From 50% 
to    100% 

THICKNESS RATIO 
t/c 
21% 
21% 

Linear Variation 
From 21% to 15% 

28 
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APPENDIX 1 

TYPICAL HELICOPTER PERFORMANCE CALCULATION 

The propulsive force requirements and performance are computed for a 
typical helicopter with the following characteristics: 

fe 18 ft2 

Lift per rotor 18,000 pounds 

Rotor Diameter 60 ft. 

Altitude 5000 ft. 

Tip Speed Ratio 0.60 

Advancing Tip Mach No. 0.94 

Using the above characteristics the propulsion and lift requirements 
are: 

X/qd2T . 0420 
CT'/C .0620 

Figure 11 indicates that this flight condition is well within the measured 
capabilities of the segmented rotor. 
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ABSTRACT 

A test of a set of Sikorsky CH-34 rotor blades was conducted in 
the NASA/Ames Full Scale Wind Tunnel at speeds of 110 to 175 knots. 
One blade of the set was instrumented to measure differential chordwise 
pressures at 9 stations from 25 to 99 percent radius. Some test results 
are presented, two and three dimensional pressure distributions are 
compared, and a correlation of airload time histories is made, for both 
uniform and nonuniform inflow assumptions. 

INTRODUCTION 

The ability to predict the chordwise and spanwise aerodynamic 
loading on the blades of rotary wing aircraft is essential to achieve a reli- 
able structure and an efficient rotor system.   In order to provide full scale 
experimental data for correlation purposes at speeds in excess of currently 
available data, tests were conducted on a full scale pressure instrumented 
Sikorsky CH-34 rotor system at the NASA/Ames full scale wind tunnel, at 
speeds from 110 to 175 knots.   This blade set is the same as that used in 
the study reported in Reference 1.   Analysis of these data, including 
correlation with theory of both aerodynamic and structural loads, is pres- 
ented In Reference 2.   The purpose of this paper is to present the highlights 
of those test results which pertain to the aerodynamics of the rotor system, 
including some brief correlation with theory and with flight test results. 



The study reported in Reference 2, upon which this paper is based, 
was jointly sponsored by the J.S. Army Aviation Materiel Laboratories and 
Sikorsky Aircraft. 

SYMBOLS 

c Blade Chord Feet 

Cn Section normal force coefficient 

S Differential pressure coefficient 

D Rotor Drag Pounds 

L Rotor Lift Pounds 

M Mach Number 

r Distance from center of rotation 
to blade radial station 

Feet 

R Blade Radius Feet 

V Forward Speed Feet per second 
or knots 

X Distance from leading edge to 
blade chordwise station Feet 

a r Local blade section angle of attack Degrees 

G s Rotor shaft angle of attack Degrees 

H- Advance Ratio, V / ß R 

* Azimuth Angle Degrees 

a Rotor Angular Velocity Radians per 
second 
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DESCRIPTION OF TEST FACILITIES AND INSTRUMENTATION 

The H-34 rotor system is shown installed in the wind tunnel in 
Figure 1.   This wind tunnel, located at the NASA/Ames Research Center, 
is of the closed throat, close return type, with a test section 40 feet high 
and 80 feet wide and a nominal maximum speed capability of 200 knots. 
Model forces and moments are measured by a six-component mechanical 
balance located below the tunnel floor.   The four-bladed rotor system had 
a radius of 28 feet, and the blades were of -8 degrees aerodynamic twist 
with a blade chord of 16,4 inches.   Airfoil contour was that of an NACA 
0012, except for the tip cap region which was more nearly elliptical.   One 
rotor blade of the set was instrumented with fifty-six electrical pressure 
gages whose output was recorded simultaneously on magnetic tape. The 
rotor was controlled from outside the tunnel by means of electrically driven 
actuator motors which operated the primary hydraulic servos.   All data 
were taken at a rotor tip speed of 650 feet per second. 

Figure 2 shows the location of the 56 pressure transducers on the 
blade.   Also shown are the strain gage locations for recording structural 
loads.   The results from this and other instrumentation used during the 
tests will not be presented here, but are discussed in detail in Reference 2, 
along with complete data acquisition and reduction techniques.   The pressure 
transducers were located at nine radial stations, with a varying number of 
pressure taps at each station.   The locations were chosen so as to allow 
for computer integration (Gaussian Method where possible) of the chord- 
wise pressures to obtain the instantaneous blade loading at each span 
station. 

Frequency Response And Measurement Accuracy Of Data System 

Analysis of the possible errors in each individual component of the 
data acquisition and reduction system resulted in an estimated static 
system amplitude accuracy of 4.1 percent of full scale for all blade pressure 
measurements.   The dynamic response characteristics of the system were 
such that there was no measurable amplitude distortion up to the tenth 
harmonic of rotor speed and a maximum of only two percent at the twenti- 
eth harmonic.   The phase lag of the system versus frequency is shown in 
Figure 3.   Any departure from linearity would indicate a phase distortion 
of the final waveform, but the nonlinearity of the curve is so small that 
no correction was applied to the data. 



DESCRIPTION OF COMPUTATIONAL METHOD 

The computational technique used to obtain theoretical results for 
comparison with these test results is illustrated schematically in Figure 4. 
The method is based on the aerodynamic approach of Reference 3 but 
extended to include blade flexibility through the summation of normal modes 
of vibration and the incorporation of an option for including the influence of 
the trailing and shed wakes on the rotor loads, using the method of Reference 
4 developed by Cornell Aeronautical Laboratory, Inc.   The calculations are 
performed on an IBM 7094 and are initiated by inserting the blade's physical 
properties and rotor speed into a deck for computing the rotor blade's 
natural frequencies and mode shapes based on an extension of the Myklestad 
method for rotating beams (Reference 5).   In this investigation, 4 flapwise, 
3 chordwise, and 1 torsional mode shapes were used.   These results, 
along with the required flight parameters (forward speed, tip speed, lift, 
and propulsive force), blade section aerodynamic data,and rotor inflow, are 
then inserted into the Normal Mode Transient Analysis Program to calculate 
the blade response.   Determination of blade response by the normal mode 
method is described in References 6 and 7.   Briefly, using arbitrary starting 
values, the transient response of the blade is calculated at finite azimuthal 
increments until the steady state is reached to within a specified tolerance. 
If the desired lift and propulsive force and/or blade flapping motions are 
not achieved an automatic iteration is performed by adjusting rotor inflow 
and control positions, as indicated in Figure 4.   Once convergence is 
achieved, the rotor blade aerodynamic and structural loads, blade motions, 
and control positions are printed out. 

If the variable inflow option is exercised, the above results are 
used as input to the Cornell Aeronautical Laboratory variable inflow calcu- 
lation method of Reference 4.   This method represents the rotor wake as 
a series of discrete shed and trailing vortices.   For the present calculations, 
ten radial segments were used and calculations of inflow were made at 15 
degree increments in azimuth, the minimum spacing provided in the method. 
The wake transport velocity is assumed equal to the vector sum of the 
mean rotor inflow velocity and the forward speed of the rotor.   The variable 
induced velocity output is then introduced into the Transient Analysis 
Program and a new blade response determined.   This procedure can be 
repeated but experience has shown that one iteration is adequate.   For the 
correlation conditions of this paper both uniform and nonuniform (variable) 
inflow were used in the calculations. 

After the publication of Reference 2 it was discovered that the 
variable inflow program of Reference 4 contained two minor computational 



errors.   The effect of correcting these errors will be pointed out in a later 
section of this paper. 

PRESENTATION OF RESULTS 

Chordwise Loading 

Figure 5 presents typical comparison of measured chordwise load 
distribution with two-dimensional data for three combinations of spanwise 
location, Mach number and normal force coefficienr, at a forward speed 
of 175 knots (advance ratio of 0.45).   The radial stations and azimuth 
positions selected coincided closely with data points in Reference 8 at the 
same Mach number and normal force coefficient, so interpolation would 
not be necesbary.   (It was found that care must be exercised when inter- 
polating between data points, since blade surface pressure coefficients 
are not strictly linear functions of free stream Mach number or angle of 
attack).   It can be observed in this figure and was also observed in other 
samplings of these data that the full scale rotor pressure distributions are, 
for the most part, substantially identical to those obtained in the two- 
dimensional tests of Reference 8. 

Figure 6 presents typical examples (complete pressure data are 
available in Reference 9) of differential blade pressures measured at 175 
knots in the full scale tunnel plotted versus chordwise position for 90 
degree azimuth increments.   Data are shown for 55, 75, 95, 97 and 99 
percent radius.   (Note that the measurements at 99 percent radius are on 
the tip cap and therefore not for an NACA 0012 airfdl section.) The load 
distributions are generally as expected, with the primary exception of 
the unusual pressure distribution at 95 percent radius and 90 degrees 
azimuth.   (The presence of a similar loading at 97 percent radius can not 
be determined due to the limited number of pressure gages) These data 
were particularly carefully checked for validity and no definite explanation 
for this apparently peculiar behavior is available at this time, but two 
possibilities are present. First, this distribution may be partly a two- 
dimensional characteristic.   The two-dimensional wind tunnel tests of 
Reference 8 on a production CH-34 rotor section indicate that at the Mach 
numbers under consideration (approximately 0.8) similar chordwise load- 
ings may be encountered, but normally at a higher angle of attack.   Secondly, 
the distribution may be influenced by a three-dimensional effect.   Exam- 
ination of the wake trajectory, computed by the method of Reference 4, 
shows that the tip vortex from the preceding blade is at about 88 percent 
radius and within one foot of the instrumented blade.   If this representation 
is reasonably accurate there could be a large chordwise variation in inflow 



due to the returning wake under the rotor.   Harmonic analysis of the individ- 
ual pressure gage output at this station showed a large variation in harmonic 
content with chordwise location, which would lend support to the latter 
hypothesis. An excellent discussion of this pointis given in Reference 10. 

It was found in this investigation that the principle area of two- 
dimensional and three-dimensional chordwise loading disagreement (if any) 
is at high Mach numbers (above 0.6),   However, there is a good deal of 
difficulty involved In making valid quantitative comparisons at high Mach 
number for several reasons.   First of all, the high Mach number regions 
of a rotor are generally regions of very small angle of attack and lift 
coefficient, so there is the danger of working close to the system accuracy 
of pressure measurement.   Secondly, the pressure distributions, both 
two- and three-dimensionally, become extremely sensitive to small Mach 
number and angle of attack changes, so that the requirements on accuracy 
of Mach number and normal force determination become quite stringent for 
making valid comparisons of pressure distributions.   Another problem is 
the number and placement of pressure taps required to give an accurate 
determination of the pressure distribution at high Mach numbers.   Exam- 
ination of the two-dimensional data of Refere>;ce 8 has shown that there 
can be considerable chordwise fluctuation in pressure, also seen in Figure 
6 at 0.95 radius, which means that accurate determination of three-dimen- 
sional distributions, and therefore particularly center of pressure, may 
well require considerably more pressure taps than were present during the 
tests.   Investigation of the data of References 8 and 9 is continuing in order 
to better define these requirements. 

Airload Time Histories 

Figures 7 and 8 present typical inboard (25 percent radius) and 
outboard (85 percent radius) time histories of aerodynamic loading for 
forward speeds of 110, 150, and 175 knots.   The rotor in all cases is 
operating at a tip speed of 650 feet per second, a forward shaft tilt of 5 
degrees, a lift of about 8000 pounds, and a propulsive force of about 500 
pounds.   Complete test conditions are given in Reference 2.   Compared 
are the measured airloads based on the integrated chordwise pressures, 
and computed airloads based on both uniform and variable inflow assumptions. 

At the inboard radial station (Figure 7), the correlation of meas- 
ured and calculated airloads is seen to be generally good at all speeds. 
During the advancing part of the cycle, the variable inflow calculation 
provides an improvement over the uniform inflow by predicting the meas- 
ured sharp rise in loading at about 20 degrees azimuth.   However, as speed 
increases the variable inflow tends to predict high frequency loading 



fluctuations on the advancing blade which were not present in the experi- 
mental t'^ta.   It is felt that a more accurate determination of the wake 
geometry would help to alleviate this discrepancy, as an analysis of the 
sensitivity of wake location with respect to the rotor blade has shown that 
small variations in the vertical wake displacement can cause substantial 
changes in the computed airload's harmonic content.   On the retreating 
portion of the cycle, this blade segment at 25 percent radius passes 
through the reverse velocity region.   At 1.50 knots the basic variable inflow 
calculation caused an upflow through the rotor and thus a positive loading 
in this area as opposed to the negative loading which was measured and 
also calculated based on uniform inflow.   This discrepancy has been found 
to be caused by two minor errors in the calculation procedure of Reference 
4, one involving the sign of the vorticity in reverse flow, and the other 
involving the use of stall-limited vorticity in the calculation of induced 
velocity.   It was found that correcting these errors affected the calculated 
airload results only in the reverse flow region.   This fact is demonstrated 
in the airload time history at 175 knots (Figure 7).   There was no effect 
whatever on the calculated structural loads (stresses) as presented in 
Reference 2.   It should be kept in mind of course that the variable inflow 
theory was originally developed for application at low advance ratio 
conditions where the reversed flow region is small, and the effects shown 
here would therefore be small. 

Figure 8 shows the airload time histories at the 85 percent radial 
station for the same three forward speeds.   The loading signature is typical 
of outboard radial stations.   Once again the correlation of experiment with 
both theories is seen to be generally good, with the variable inflow demon- 
strating a definite improvement over the uniform inflow on the retreating 
side of the rotor.   An interesting phenomenon is the appearance of a sharp 
loading peak in the experimental data at about 90 degrees azimuth which 
diminishes in intensity as forward speed is increased. The uniform inflow 
theory does not indicate this disturbance while the variable inflow theory 
predicts the disturbance to increase with forward speed.   This again 
suggests a need for more precise determination of the wake geometry. 

A trend may be noted on the advancing side in that: the degree of 
measured negative loading is increasing with speed more rapidly than 
either theory predicts, although variable inflow does tend to improve 
correlation.   This discrepancy at 175 knots becomes more pronounced 
further outboard, with the measured values approaching an impulsive type 
loading at 90 and 95 percent radius.   The lack of agreement between theory 
and experiment for this impulsive type loading on the advancing blade at 
high speed is disturbing to the aerodynamicist, and indicates that substantial 
additional research is needed to properly understand rotor dynamic airloads. 

I 



However it should be remembered that the final result of importance to the 
designer of a structurally reliable rotor system is the ability to predict 
vibratory blade stresses, and, as has been shown in Reference 2, the rotor 
blade does not respond substantially to this impulsive type aerodynamic 
loading as the time durarior is short compared to the natural period of the 
blade lower order flapwise modes of vibration. 

Theoretical Angle Of Attack Distribution 

Because of the lack of a direct means of measuring blade section 
angle of attack, it was not possible to make a comparison of measured and 
computed angle of attack distributions.   Therefore Figure 9 was prepared 
to present a comparison of the theoretical local angle of attack contours for 
both uniform and nonuniform inflow.   The distribution shown corresponds 
to the 175 knot tunnel condition, but the differences between uniform and 
nonuniform inflow are typical of the lower speeds as well (depicted in 
Reference 2). 

The primary influence of the inclusion of variable inflow, as 
calculated by the method of Reference 4, is the substanriilly greater non- 
uniformity in computed angles of attack particularly on the retreating side 
of the disk.   Also the angle of attack at the retreating tip is reduced, in this 
case from 9 to 5 degrees, and the inclusion of variable in low tends to shift 
the region of maximum positive angles of attack inboard, notably on the 
retreating side.   There is also a tendency for the varteole inflow to decrease 
the region of negative loading on the advancing side of the disk.   Thus it is 
seen that variable inflow can significantly affect angle of attack, and thus 
aerodynamic loading, at speeds at least as high as 175 knots. 

COMPARISON OF WIND TUNNEL AND FLIGHT TEST DATA 

During the test, it was desired to duplicate in the wind tunnel a 
flight test condition (Flight No. 18 in Reference 1) conducted using this same 
rotor blade set.   The forward speed of 110 knots corresponds to the maximum 
steady state flight speed of Reference 1.   Inadvertently, a greater rotor 
propulsive force was produced in the tunnel; 2150 pounds versus an estimated 
flight test value of 1390 pounds.   The increased propulsive force, and the 
-9 degree rather than -7. 2 degree shaft angle reported in Reference 1, thus 
represent a different inflow and loading for the rotors, so these differences 
should be kept in mind in the following comparison of wind tunnel and flight 
test data. 

Figure 10 presents the averaged aerodynamic loading versus 
spanwise station for the wind tunnel and flight test data, as well as theoretical 
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calculations based on both uniform and nonuniform inflow assumptions 
simulating the wind tunnel operating condition.   The wind tunnel data appear 
to be smoother than the flight test data, perhaps reflecting the more easily 
controlled conditions in the wind tunnel.   Both theoretical airload distribu- 
tions follow the wind tunnel well.   The only significant difference in the two 
calculations is that the variable inflow theory predicts the drop-off in lift 
towards the blade tip, which the constant inflow assumption pricludes. 
Theoretical calculations based on flight test values of propulsive force have 
indicated that a higher propulsive force results in a lower average airload 
at the inboard stations and a higher average airload at the outboard stations. 
This is in agreement with the characteristics displayed by the wind tunnel 
and flight test data of Figure 10.   The well defined and sharp drop-off in 
lift from 95 to 99 percent radius is an indication of a very strong tip vortex, 
which implies that simplifications in the theory may be possible by repre- 
senting the trailing wake by a tip (and inboard) vortex rather than the ten 
segments used herein. This would be particularly helpful in reducing the 
complexity of the problem, and computing time, when considering vortex- 
vortex interaction in the theory.   (See Reference 11 for a discussion of this 
problem.) 

Figure 11 presents a sample comparison of time histories of 
flight and wind tunnel airloads at comparable radial stations.   Discounting 
the differences in average loading (discussed in connection with Figure 10), 
the agreement between wind tunnel and flight test data is good.   The princi- 
ple difference in loading signature is noted at 90 percent radius in the 
region of 120 degrees azimuth, where the flight test data show a sharper 
drop in lift. 

The principle harmonics of the free flight airloads are the first 
through the fourth.   Measured and computed harmonics of the wind tunnel 
test condition show good agreement with these harmonics (see References 1 
and 2).   Therefore it appears that the major differences in loading shown 
in Figure 11 are probably attributable to the difference in operating condition, 
that is, rotor propulsive force and mean rotor inflow, rather than to 
differences between wind tunnel and flight testing. 

CONCLUSIONS 

Analysis of the results of full scale experimental and theoretical 
rotor airload correlations at speeds from 110 to 175 knots leads to the 
following principle conclusions: 

1.      At several radial stations where direct comparisons could 
be made, good agreement was obtained between two-dimensional and 



three-dimensional chordwise airload distributions.   However, at the ad- 
vancing blade tip, where high Mach numbers and rapid loading fluctuations 
are encountered, there is evidence that a more accurate determination of 
measured chordwise distribution may be required in order to pinpoint the 
differences between two- and three-dimensional loading. 

2. Correlation of airload time histories with theory was 
reasonably good with «:he principle discrepancy occurring at high speed 
in the region of the advancing blade tip where a much sharper drop-off in 
lift was measured than predicted —an impulsive type loading.   Inclusion 
of variable inflow in the theory improved airloads correlations on both 
advancing and retreating blades at speeds as high as 175 knots (advance 
ratio of 0.45) and evidence was shown that a more precise wake treatment 
Cc n improve correlation still further. 

3. Agreement between flight test and wind tunnel test data was 
reasonably good, and the major differences could logically be explained 
by the differences in rotor operating condition. 
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PRECICTION OF ROTOR WAKE FLOWS* 

by 
Peter Crimi 

Rochester Applied Science Associates, Inc. 
Rochester, New York 

SUMMARY 

A study was performed with the objective of predicting 

the time-.'arying flow in the vicinity of a helicopter in hovering 

or forward flight.  An analytical model was formulated which re- 

presents the rotor, its wake and the fuselage of the aircraft. 

The model for the wake is simplified in a manner consistent with 

flow visualization studies by representing the wake as tip vor- 

tices emanating from each blade.  The wake vortices are assumed 

to be free to convect under the influence of the blades, the 

fuselage and the wake itself.  The fuselage is replaced by a 

surface distribution of sources, the strength per unit area 

being determined by assuming that the fuselage is subjected to a 

uniform steady free stream. 

A digital computer program was written which implements 

the model developed^ Flow calculations were performed which are 

foind to agree well with measurements of the time average of the 

flow in the wake of a two-bladed rotor. Extensive calculations 

were carried out which define the flow in the vicinity of a 

UH-1B helicopter for a range of flight conditions from hover to 

high-speed cruise. Selected results illustrate the relative im- 

portance of various system parameters. 

A number of applications of the model in addition to 

flow calculations are discussed.  For example, means for inves- 

tigating the effects of wake distortion on blade loading and 

procedures for calculating unsteady loads on the fuselage and/or 

auxiliary lifting surfaces are outlined. 

*Based on work performed for the US Army Ballistic Research Lab- 
oratory, under Contract DA30-069-645(R) while the author was at 
Cornell Aeronautical Laboratory, Buffalo, N. Y. 
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INTRODUCTION 

A Inetho', for accurately predicting the time-varying 

flow in the vicinity of a translating or hovering helicopter 

would be of considerable value as both an engineering tool and 

an aid to research and development.  Possible areas of applica- 

tion are the determination of harmonic airloads on the blades, 

fuselage or auxiliary lifting surfaces, investigation of rotor 

transient response and flutter, vibration and fatigue analyses, 

and study of downwash impingement and debris entrainment in 

ground effect. The method of flow prediction which is reported 

hezj  1." presently limited to application in only certain of 

these areas, but it appears that, with further development, the 

scope of its applicability might be considerably broadened. 

Direct analysis of the flow in the wake of a rotor for 

arbitrary flight conditions is a formidable task, particularly 

if fuselage effects are important in the region of interest. The 

dependent variables are nonlinear functions of three space vari- 

ables, time and each other, with no means available for lineari- 

zation.  Some results have been obtained previously by retaining 

the complex structure of the flow but specifying the wake geome- 

try.  For example, good agreement with experimental measurements 

of blade loading were obtained by calculating the flow at the 

rotor plane in this way (Reference 1).  The time average of the 

induced downwash in certain limited regions was fairly well 

approximated using a similar assumption as to wake geometry 

(Reference 2). 

The objective of this study was to predict the time- 

varying flow at an arbitrary point in the wake of a helicopter 

rotor.  If the wake geometry were assumed known, unacceptably 

large errors would result.  Instead, the wake structure has been 

simplified in a manner consistent with the findings of flow vis- 

ualization studies, as will be discussed subsequently.  The wake 
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can then be allowed to convect under the influence of the blades, 

the fuselage and self-induced effects by constructing a numeri- 

cal analogue with the aid of a digital computer. 

In developing the theory, consideration has been limited 

to aircraft having a single rotor.  No restriction has been 

placed on the number of blades which the rotor may have, however. 

The aircraft has been assumed to be in steady level flight or 

hover, out of ground effect, and the forward speed, rotor rota- 

tional speed and loading have been assumed to be within the 

limits of presently operational single-rotor helicopters.  Also, 

in representing the fuselage, the flow has beer assumed to be 

attached and noncirculatory and the fuselage geometry has been 

somewhat idealized by omitting appendages such as landing skids. 



FORMULATION OF THE ANALYTICAL MODEL 

It is desired to analytically define the flow in the 

vicinity of a helicopter in translational or hovering flight out 

of ground effect.  In order that a rational framework for the 

analytical model may be constructed the essential features of 

the physical flow should first be outlined. 

Generally, there are three primary contributions to the 

flow at a given point relative to the aircraft.  Specifically, 

the rotor blades, their wake and the fuselage all affect the flu- 

id velocity.  These three effects are, of course, interrelated in 

an extremely complicated and nonlinear manner, but for the pur- 

poses of this discussion they can be considered separately. 

The rotor blades may be regarded as wings of very high 

aspect ratio in a harmonically varying stream.  While the wake 

and fuselage do alter the loading on the blades, the total lift 

at a given azimuth position of the rotor must still be approxi- 

mately equal to the weight of the aircraft.  This implies that 

the circulation about a given blade must vary approximately 

sinusoidally with azimuth.  The spanwise variation of circula- 

tion about a blade is also a function of wake and fuselage ef- 

fects, and depends on blade twist and planform as well.  Results 

of theoretical computations of harmonic airloads (Reference 1), 

which agree well with experimentally obtained data, indicate, 

though, that the spanwise variation of circulation generally 

does not differ a great deal from an elliptic distribution. 

The wake of each blade is generated as a thin sheet of 

vortical fluid.  The vorticity in this sheet has components in 

the spanwise direction (shed vortices) and in the chordwise di- 

rection (trailing vortices).  It has been observed from flow 

visualization studies that this sheet rolls up within a few 

chord lengths to form a single concentrated vortex trailing from 

near the tip of the blade (see, for example. Reference 3). 
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While, at least in theory, a vortex should also trail from the 

vicinity of the root, it appears from the smoke pictures as well 

as from the results of an analytical treatment of the wake of a 

hovering rotor (Reference 4) that self-induced effects rapidly 

carry the root vortices up through the center of th« rotor plane 

where they are dissipated.  The tip vortices are quite stable, 

however, and experience little or no diffusijn due to viscous 

effects for several rotor revolutions. 

From the point of view of the fuselage, the flow appears 

as the superposition of a steady free stream caused by the trans- 

lation of the aircraft and the periodic flow induced by the rotor 

and its wake. The contribution of the fuselage to the flow at 

any point, then, is essentially that due to a body of complicated 

geometry in unsteady potential flow. 

If the fluid is assumed to be inviscid and incompres- 

sible, the flow described above has an exact analytical counter- 

part.  The rotor blades could be replaced by doublet sheets, the 

wake by vortex sheets and the fuselage by a surface distribution 

of sources.  The strengths of these potential singularities would 

be functions of time and spacial coordinates.  The requirement of 

flow tangency at the blades and the fuselage would provide a 

pair of nonlinear integral equations for the determination of 

thr ■trength distributions.  The problems involved in the formu- 
lation and solution of these equations preclude such an approach. 

Therefore, three major simplifying assumptions have been utilized 

in the formulation of the model. 

First, the rotor blades have been replaced by line vor- 

tices of constant strength spanwise and harmonically varying 

strength azimuthally.  Except in the immediate vicinity of the 

blades, blade-induced effects should be reasonably well repro- 

duced by such a model.  That is, more than one or two chord 

lengths from a given blade, higher harmonic variations in cir- 



culation cannot have an appreciable effect on the flow, at least 

in comparison with fuselage or wake effects.  For present pur- 

poses, then, blade loading can be regarded as a known quantity. 

Second, the wake is represented by individual free vor- 

tices, one trailing from the tip of each blade vortex; the 

strength of each tip vortex varies along its length in accordance 

with the (known) azimuthal variation of the blade vortex from 

which it trails.  The wake vortices are assigned finite circular 

cores of rotational fluid (as physical vortices must have), so 

that the velocity which a vortex induces on itself may be cor- 

rectly computed.  The requirement of constancy of circulation as 

specified by Kelvin's theorem has not been met.  However, as 

noted previously, the vortex elements needed to fulfill that re- 

quirement - shed vortices and trailing root vortices - apparently 

do not contribute significantly to the flow.  For the same reason, 

the detailed structure of the wake near the blades, where roll- 

up occurs, and the vortices in the far wake (more than two or 

three rotor radii downstream of the rotor) have also been 

omitted. 

Lastly, the fuselage is assumed to experience a uniform 

free stream of constant magnitude and direction.  This stream is 

made up of two components, one being the negative of the velocity 

of translation of the aircraft, and the other consisting cf a 

time and spacial average of the downv/ash which would be induced 

by the rotor and its wake in the absence of the fuselage.  At 

high forward speed, the time and spacial variations of the stream 

in which the fuselage is immersed are comparatively small and so 

may be neglected without causing large errors.  At low forward 

speed, the downwash may vary substantially over the fuselage, but 

the total effect of the fuselage on the flow is generally small 

compared to rotor and wake effects, so that the error is, pre- 

sumably, again not appreciable.  It is also assumed that the flow 

about the fuselage is not separated.- so consideration must be 
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limited to regions where separation effects are unimportant. 

The model for the flow as so simplified can be formulated 

in a straightforward manner.  A coordinate system fixed in the 

tip-path plane, as shown in Figure 1 for a two-bladed rotor, is 

utilized.  The vector VJF in the figure is the free-stream velo- 

city (the negative of the translational velocity of the aircraft), 

inclined at an angle oC7  to the X-axis and parallel to the X-^- 

plane.  The angle y   denotes the aximuth position of the rotor, 

and i" is the vector positioning a given point with respect to the 

origin. 

The fluid velocity V at a given point located by the 

vector Jf may be expressed in the form 

y(W : WJ —~    * 4? J —p * -f (1 

wh re J; = jf> ~t ,   r    is the local circulation about a vortex, and 

&   is the source strength per unit area on the surface replacing 

the fuselage.  The first integral is a line integral taken over 

all vortices in the flow, which curves are collectively denoted 

by Cy, and the second is an integral over the surface A,  re- 

placing the fuselage. 

The circulation r    about the blade vortices is known 

directly in terms of flight parameters.  The circulation about a 

wake vortex at a given point is simply that value assigned to the 

blade vortex when it was generating that segment of wake.  The 

source strength 0* may also be regarded as known insofar as the 

wake flow calculations are concerned.  That distribution is 

assumed to be such as to produce the flow about a body of known 

geometry in a uniform free stream, so Cit)   may be determined 

from a separate calculation. 

The only information lacking for the complete specifi- 
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cation of the flow at a given instant, then, is the location of 

the wake vortices at that instant. The position of a given 

point on a wake vortex located by the vector £  is the time in- 

tegral of the velocity experienced by that fluid particle: 

Jtr/; = fr/j *■ /yfi■fr^)J^ (2) 

Thus, even after simplifying, the flow can only be obtained as 

the solution of the nonlinear integral equation formed by the 

substitution of Equation (1) into Equation (2).  A direct analy- 

tical solution is clearly not feasible, but the problem is amen- 

able to solution by numerical methods using a high-speed digital 

computer. 

I 
! 



IMPLEMENTATION OF THE MODEL 

Wake Positioning and Displacement 

For purposes of numerical analysis, a series of points 

f?, 1» *" / f* is marked off on each wake vortex, as shown sche- 

matically in Figure 2. 

'w-t 

Figure 2 MAKE REFERENCE POINT IDENTIFICATION 

The points are placed sufficiently close together so 

that for purposes of computation of wake-induced velocities, the 

segment (/•) of wake between points ^ and ^ may be considered 

as a rectilinear vortex having constant circulation along its 

length.  The wake configuration at any instant is then defined by 

the locations of these points. 

10 
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I Computations are initiated by specifying that each of 

the wake vortices lies on a prescribed curve.  Generally, this 

curve is chosen to be a skewed helix with pitch and skew selected 

from simple momentum considerations.  The numerical analogues to 

Equations (1) and (2) are then performed by first summing the 

velocity contributions of all vortex and source elements in the 

flow at aach reference point (Equation (1)), and then convecting 

each point at the ccmpuued velocity for a time interval &t 

(L uation (2)).  The time interval &t  is chosen to correspond to 

a small finite change AV7 in the azimuth position of the blades: 

M   -  g 
where -fi- is rotor angular speed.  Once the new coordinates of each 

reference point are computed, the azimuth of the blade vortices 

is increased by A^ and the velocity computation is performed 

again.  As the blade vortices are repositioned, a wake vortex 

element is added to the flow at the tip of each blade vortex, the 

added vortex having a length of approximately R &¥ ,  where R is 

rotor radius.  A corresponding element is dropped from the compu- 

tations at the downstream end of each wake vortex, so the program 

is not encumbered by a wake of ever increasing size.  The compu- 

tations may be continued indefinitely in this manner,  but it has 

been found that a periodic wake is eventually established in most 

cases, after which there is, of course, no need to perform fur- 

ther calculations. 

The total number of wake vortices taken into account and 

the magnitude of Af determine the accuracy of the flow repre- 

sentation at a given point.  It has been found that, for a two- 
r 

|       bladed rotor, a value for A^  of thirty degrees is sufficiently 

small to define the time variations of the flow.  The number of 

wake elements considered depends on the region of interest and 

the forward speed.  If the flow beneath the rotor plane is I 
I 11 



desired, then the wake generated by only a few revolutions of 

the rotor Is needed.  It has been found, for example, that with 

an advance ratio,yi = ~L    , of about .25, just two revolutions of 

wake sufficiently define the flow under the rotor plane.  At 

lower advance ratios, the free stream does not clear the wake 

from under the rotor as rapidly, so more wake must be retained. 

With y*l -  .15, four revolutions of wake are needed, and for 

hovering, seven or eight revolutions must be retained to compute 

the flow within about 0,5R   of the rotor plane. 

Computation of Velocity Induced by Wake and Blades 

The velocity induced at an arbitrary point P by the 

vortices representing the wake and blades is simply the sum of 

the effects of an array of rectilinear vortex segments.  If V/^r. 

denotes the velocity induced at P     by the element between points 

P.      and P.tl     ,  it is found from Equation (1) that 

VL = JL (ccs 9,   - cos 0j (4) 

where /T  is the strength cf the element and 9,  , ö^  and n     are 

defined in Figure 3.  The velocity is directed normal to the plane 

containing  ° , P^      and P 

The necessity for specifying that the wake vortices have 

a finite core size is evident from Equation (4).  If P is coin- 

cident with either ^  or P.w , the formula for S/^.     is inde- 

terminate.  When computing wake-induced flow at a given wake 

reference point, the effect of the two wake elements adjacent to 

that point must, therefore, be computed by taking core size into 

account (if a point lies outside the core substance of a vortex, 

the formula for induced velocity is the same as for a vortex with 

infinitesimal core size, i.e., Equation (4)).  Locally induced 

velocities depend directly on the curvature of (the centerline 

of) the vortex at the point in question.  An approximation to the 

12 
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MAKE VORTEX ELEMENT (<) 

Figure 3 GEOMETRIC RELATIONSHIPS DEFINING THE FLOW 
INDUCED BY A RECTILINEAR VORTEX ELEMENT 

I 
I 

actual curvature is obtained by assuming that the two elements 

whose effects at point R      are to be computed lie on the circu- 

lar arc which passes through points P,    ,   P.        and P ,   .as 

shown in Figure 4.  Then it is assumed that the two vortex seg- 

ments have circular cores of rotational fluid of radii ^^-^ and 

#t-  , respectively, and that the vorticity within the core is 

tangent to the arc.  The self-induced velocity \/s.   at point P 

- i.e. , the contributions of the elements adjacent to Pi 

may then be written in integral form by summing the effects of 

circular-arc vortex filaments of differential cross-section.  If 

it is then assumed that the core radii are much less than the 

radius of curvature ^ , the integrand may be simplified and the 

13 



f 
integral evaluated.  It is then found that 

where y^ and ^. are defined in Figure 4.  The self-induced 

velocity is directed normal to the plane of the arc.  The core 

radius of a given element may be assigned on a rational basis 

using energy considerations, as discussed later. 

(5) 

CORE 
RADIUS   -J, 

CORE 
RADIUS   a: 

Figure 4   GEOMETRIC RELATIONSHIPS DEFINING THE SELF-INDUCED 
VELOCITY AT WAKE POINT  P. 
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The Fuselage Representation 

As noted previously, the source-strength distribution is 

determined for a fuselage in a uniform, steady free stream. Once 

this distribution is obtained, the effect of the fuselage is taken 

into account in a straightforward manner according to the second 

integral in Equation (1). 

The computation of the source-strength distribution may 

be treated as a separate problem, since the source strength per 

unit area ö' at a given point t    may be normalized.  That is, 

C     may be written in the form 

r(t) = v^ztn *■ v^ir)* v^Oytt) (6) 

where V, ^ , \/j„  and VjM     are the components of the free stream 

experienced by the fuselage, and the normalized strengths 0^   , 

0^     and #£  are functions only of fuselage geometry.  The values 

for the free stream velocity components may be obtained by simply 

computing the flow in the absence of the fuselage and taking 

appropriate averages. 

The normalized source strengths are computed according 

to the method reported in Reference 5.  The fuselage surface is 

approximated by an array of quadrilateral elements.  The source 

strength per unit area on a given quadrilateral is taken to be 

constant.  Thus, if there are Nf  of these elements replacing the 

fuselage, there are 3^ strengths to be determined.  The re- 

quirement of flow tangency at Uf    points (one en each of the 

quadrilaterals) then produces 3 t4t    linear algebraic equations 

for determining the 3 Wf unknown strengths.  A digital computer 

program was coded for determining the source strengths in this 

manner. 

15 



DETERMINATION OF SYSTEM PARAMETERS 

The formulations of the model were nondimensionalized 

for purposes of coding, with lengths made dimensionless by rotor 

radius R    and velocities by rotor tip speed A R  .    The flight 

conditions of the aircraft being represented relate to the com- 

puter program through the following dimensionless parameters: 

advance ratio/« ' 2^ i  nondimensionalized blade vortex circulation 

rV^icvR»), tip-path plane angle ötr and the ratio of wake-vortex 

core radius to rotor radius, ^    .     The quantities which deter- 

mine yM    are, of course, generally available.  Specification of 

the other parameters is accomplished in the manner discussed 

below. 

Blad« Vortex Strength,  /^ (V ) 

The circulation about a rotor blade at a given azimuth 

position V    is actually varying in the radial direction U.^re 

or less elliptically).  It was felt, though, that a sufficient 

approximation to blade-induced effects would be obtained by 

making the circulation constant spanwise and of a magnitude 

equal to the maximum attained on the actual blade.  It might be 

supposed that blade-induced effects would then be somewhat 

exaggerated, but comparisons of computed and measured flows in- 

dicate that the error so introduced is not large enough to be 

discernable. 

If the circulation is assumed to vary elliptically in 

the spanwise direction, the maximum circulation Pm   about a blade 

is given by (neglecting root effects and making small-angle 

approximations where appropriate), 

npsx R* (i+/< stfly)x 

ITS> SIR* 
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where Lg    is the total lift acting on the blade and S0    is the 

air density.  Then, assuming that the total lift acting on the 

rotor is constant and equal to the gross weight \r/     of  the 

aircraft, it follows that 

-ftR 
.^ z   ITT ?i(l -ZyfSin fj 

(7) 

where ^  is a blade loading parameter, defined by 

A = H W 

with N'a denoting the number of blades on the rotor. 

Inclination of the Tip-Path-Plane, 0ir 

The tip-path-plane angle is a complicated function of 

flight conditions, rotor dynamics and blade cyclic and collective 

pitch settings.  Various methods are available for computing this 

angle (see, for example. Reference 6), but their use requires 

iterative or graphical procedures and the values of parameters 

which are generally not well defined. 

Reasonable values for odr have been obtained without 

resorting to elaborate methods by using the formula 

J 

OL. Hi 
TT N0 

Z ^   £' 
(8) 

where Oy  is the fuselage drag coefficient, defined as the 

ratio of fuselage drag to •f'*^ ^ •  Equation (8) was obtained 

by neglecting rotor in-plane drag and fuselage lift.  The angle 

oir , if assumed small, must then be simply the ratio of fuse- 

lage drag to rotor thrust (aircraft weight) .  Values for d-r 

obtained from Equation (8) were found to be within 20 to 30 per- 

17 
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cent of measured values for a UH-lA helicopter (from Reference 7) 

using a value for C0    of .014 (Reference 8). 

Wake-Vortex Core Rc\dius, O- 

The nondimensionalized core radius of each vortex ele- 

ment must be specified as it is generated by a blade vortex. 

This core si7e should correspond to that of the tip vortex formed 

in the physical flow when the wake rolls up. 

In order to obtain an estimate of the core size, three 

major simplifying assumptions have been made.  First, all vor- 

ticity in the flow except that contained in the wake under analy- 

sis has been neglected. This may be rigorously justified as an 

adjunct to the development which follows, but the calculations 

are somewhat lengthy and so have been omitted.  The justification 

uses the fact that some distance from the wake the flow before 

and after roll-up is effectively the same.  Second, it is assumed 

that the wake may be considered as though it were generated by a 

wing of the same geometry as the blade in steady translational 

flight.  That is, the tip and root vortices of a rotor blade are 

assumed to have the same core size as the tip vortices generated 

by a wing of the same aspect ratio in steady translational flight, 

having the same loading as the blade had when it generated the 

segment of wake being analyzed.  Third, it is assumed that the 

roll-up of the wake of a wing in steady translational flight 

can be treated as an unsteady two-dimensional problem rather than 

a steady three-dimensional one.  The only justification (other 

than intuitive argument) for the latter two assumptions is that 

they do yield results which appear to be realistic. 

Consider, than, a wing of large aspect ratio in steady 

translational flight, as shown in Figure 5.  If Z7 denotes the 

circulation about the wing, then at some position ^  in the 

wake upstream of the point where roll-up begins (View A-A, 

18 



I 
I 

€ 

I \ I I 

L J 

U 

(  ^ uj^)<0' 

y-t 

VIEW A-A 

T 
y.-i, 

Figure 5 REPRESENTATION OF THE WAKE BEFORE ROLL-UP 
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Figure 5), the circulation per unit length /(y ) is given by 

1(^l   '      Jy (9) 

where c*J (y )   is the magnitude of the vorticity in the wake and 

H (^ ) is the thickness of the wake sheet (see Figure 5).  Given 

the loading on the wing - i.e., on the rotor blade at some azi- 

muth - "X (^ ) may then be specified through Equation (9).  Note 

that 7" = 0 at some point, say ^j, , where /* is a maximum.  Also, 

since /*'-£)= /^ ( ä ) = 0,  -^ corresponding to blade root and 

b    to  blade tip, it follows that 

where /^ denotes the maximum value of C {$ ).     Replacing vari- 

ation in X in the wake by variation in time in a plane parallel 

to the ^-^ plane and fixed in the wake, the sheet of vorticity 

would be observed to roll up into a pair of vortices whose cores 

consist of the rotational fluid which was contained in the sheet. 

This process will be assumed, in what follows, to be 

two-dimensional.  That is, the flov in the wake-fixed plane is 

taken to be the same as though the wake were extended to positive 

and negative infinity in the X -direction, and that in each 

plane parallel to that plane the flows are identical; or taken 

still another way, it is assumed that derivatives wiv.h respect to 

X are small in comparison to changes in y  or ^,  insofar as 

roll-up is concerned. 

If the cores of the vortices formed by the roll-up are 

assumed to be of circular section and of approximately uniform 

vorticity, and if it is further assumed that CO is constant in 
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the sheet before roll-up (except at «^ , where it changes sign), 

it follows that the core radii of the two vortices will be equal. 

Further, because the moment of impulse of the flow is conserved, 

the vortices locate on the ^ -axis with their respective posi- 
and y = y*    given by 

^ - TT.) fWi 
'b (10) 

tions ^ = ^ 

\---{r^r"fih   ■ 
The situation after roll-up is as shown in Figure 6. 

M> 

i/= -b 
y*yL •/--y* 

y-A 

Figure 6    REPRESENTATION OF THE WAKE AFTER ROLL-UP 
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If viscous effects are neglected, the kinetic energy of 

the flow per unit depth, T , must be conserved. By deriving ex- 

pressions for T for before and after roll-up and equating them, 

a relationship for core radius CL   may be obtained. 

From Reference 9, T is given, in general, by 

T = - j jj wf«V? (ID 

where 

The integrals are taken over the entire area where to 

is not zero.  If  yk is substituted for CO    in Equation (11) 

and  h  is assumed to be much less than t>  , the integrands may 

be simplified and the integrals evaluated.  It is then found that, 

in the limit of vanishing sheet thickness, T" before roll-up is 

given by 

/=5   / 

(12) 

Similarly, it is found that after roll-up, 

r £H^] ^ (13) 

so that the core radius a.    is determined from 

b b 

J* l^)---illrj*P^lh^-i-    (14) 
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The result of Equation (14) may be put in a form more directly 

related to blade circulation as follows.  Let P   be expanded in 

a Fourier series, according to 

?(*! .,.   ^    \   *K S^K0 HI' :*  T a. 
(15) 

where   cosQ'^f,    Then 

r(*)   '   y  S/r,© J9 

zrm 
aO 

2   KOL*™** 

Also,   it is  found from Equations   (10)   and   (15)   that 

^ -Al*"^ 
*  a, . 

If T  and ^R-yi are then substituted in Equation (14) and the 

integrations performed, it is found that 

R     2 v    R ;^ (16) 

where K   is the radicl distance from the axis of revolution to 

the blade root. 

Some numerical computations were performed, utilizing 

Equation (16) , to determine the order of magnitude of core size 

predicted by this method and to provide an indication of the 
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amount by which the core size varies with azimuth and forward 

speed.  Data for the computations were generated by a blade-loads 

program that Cornell Aeronautical Laboratory developed for the 

U. S. Army Aviation Materiel Laboratories (these results are gen- 

erally in good agreement with experimentally obtained loadings). 

Three flight conditions were considered:  (1) a UH-1A rotor at 

105 kt. forward speed, (2) a UH-1A rotor at 30 kt. forward speed, 

and (3) a 5-foot-diameter experimental rotor in hovering flight. 

The ratio of rotor radius to vortex core radius was calculated 

for four azimuth positions of the blades in each case, using a 

12-point harmonic analysis of circulation distribution. The 

results of the computations are tabulated below. 

Flight Condition 

Ratio of Rotor Radius to Core Radius   | 

V = 0 f   = 90° f=   180» V = 270° 

105 kt. - UH-1A 

30 kt. - UH-1A 

Hover - 5 Ft.Rotor 

24.0 

18.7 

21.9 

1 

13.3 

15.0 

21.9 

17.5 

14.4 

21.9 

21.0 

24.1 

21.9 

This method of predicting vortex core radius appears to 

provide a reasonable order of magnitude for that quantity - from 

about 4.0 to 7.5 percent of rotor radius.  Most notable is the 

lack of any substantial variation in core radius either with for- 

ward speed or azimuth position.  The variations obtained may be 

considered small since a change of 20 or 30 percent in core rad- 

ius produces a much smaller change in self-induced velocity, with 

the latter varying as the logarithm of the former. 

It was, therefore, possible to incorporate a major simp- 

lification in the digital computer program, by assigning a repre- 

sentative value of .05 to the ratio of core radius to rotor 
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radius, independent of azimuth position or flight conditions.  It 

was verified that this simplification does not cause an appreciable 

error. 

RESULTS OF COMPUTATIONS 

General Remarks 

Wake flow calculations were carried out in two phases. 

The program was first operated with the fuselage representation 

omitted.  The sensitivity of the wake model to various parameters 

and the general character of the solutions were investigated, ar.d 

a comparison of computed flow with experimental measurements was 

made.  Once it was determined that the model was both operation- 

ally practical and constituted a valid representation of the flow, 

extensive calculations were performed which incorporated the fuse- 

lage representation. The latter results correspond to a UH-1B 

helicopter at five different forward speeds ranging from hover to 

high-speed cruise.  Before discussing the details of the results 

obtained, though, the following remarks concerning the qualitative 

nature of the flows computed should be made. 

There was some concern during the formulation as to the 

numerical and/or physical stability of the model; i.e., it was 

questioned whether the approximations made in integration or 

possibly the nature of vortical flows themselves would allow a 

periodic flow to be established.  It was found, however, that the 

model generally does produce a periodic flow, even though the 

initial, or starting, wake configuration may differ greatly from 

the periodically verying wake geometry.  There was some evidence 

of nonperiodic behavior at very low advance ratios, however, 

which appears to be attributable to an inherent instability in 

free-vortex flows.  At an advance ratio below about .07, wake- 

induced effects are comparable with the magnitude of the free 
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stream, so the individual vortices then interact to a great ex- 

tent.  It results that, for very low advance ratios, an increas- 

ingly nonperiodic flow is evident in proceeding down the wake, 

starting from about two to three revolutions of wake below the 

rotor. The wake geometry and the flow is periodic above this 

point (which is about half a rotor radius below the rotor plane, 

for moderate loading).  Halving the interval of integration or 

adding wake elements does not noticeably alter this situation. 

The general character of the wake geometries obtained is 

illustrated in Figure 7.  The tip vortices for a two-bladed rotor 

are shown drawn in perspective projection for the case of^ = .14, 

/\ = .00236, c*r = 2.3 degrees and A V = 15 degrees.  A periodic 

flow was obtained for this case.  The individual wake elements 

were projected as straight lines between the wake reference 

points.  Both the initial wake configuration and the configura- 

tion at ^ = 0 after periodicity was established are shown so that 

the extent of the wake-induced distortion may be seen.  The large 

vertical displacements two to three rotor radii downstream (which 

are somewhat exaggerated by the perspective) might in part be 

attributable to the size of the integration increment taken, and 

so are not necessarily representative of the flow in the far 

wake.  The concentration of vortices at the lateral extra res of 

the wake, givino the appearance of the wake behind a conventional 

wing, is clearly evident in the figure. 

Comparisons with Experimental Measurements 

In order to properly assess the model of the rotor, it 

was decided to compare computed and measured flows.  Satisfactory 

quantitative data pertaining to instantaneous fluid velocities 

could not be located.  A rather extensive wind tunnel program was 

carried out by NACA, however, to measure average velocities in 

the wake of a two-bladed teetering rotor at moderate to high 
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advance ratios.  The results of the program are presented in Ref- 

erence 10.  The data are presented >.n Reference 10 as plots of 

■■£   as a function of the three spacial coordinates, where V" 

is the time average of the induced downwash (i.e., with the free 

stream component subtracted off) normal to the tip-path-plane, 

and X is the value for that quantity as predicted by simple 

momentum theory.  For moderate to high advance ratio, 

^7 = r\R Cy/(2/f) where CT    is rotor thrust coefficient.  It was 

estimated by the authors of that report that the error accumu- 

lated in measuring V/ V^ was less than about + 0.1 at the 

moderate advance ratios. 

A comparison was made of the average of computed veloci- 

ties with these measurements for one of the test flight condi- 

tions.  For the case chosen, the advance ratio,/4 was 0.14, the 

thrust coefficient Cr   was .00371, where CT   is defined as the 

ratio of rotor thrust to rTpnzRH   , and the inclination of the 

tip-path-plane oCr  was 2.3 degrees.  Comparisons of computed and 

measured results are shown plotted in Figures 8, 9 and 10. The 

data is plotted for the coordinate system of Figure 1, with the 

coordinates nondimensionalized by rotor radius. 

Figures 8 and 9 show the variation of v ^ with y for 

values of X of 0 and 0.5 respectively, with each figure showing 

the variation at both ^ = -0.07 and A =  -0.2.  The computed 

and measured values are seen to agree fairly well for these 

values of  X .  It should be noted that this agreement is ob- 

tained even though the instantaneous computed values of the down- 

wash vary a great deal from the mean.  The extent of the varia- 

tion is illustrated in Figure 10.  In this figure, the ratio of 

the induced dov/nwash "V1" to V^  is plotted against blade azimuth 

V   for X =0.5, and ^ = 0.5 for both ^ = -0.07 and /) =  -0.2. 

The computed and measured mean values are also indicated on the 

plots. 

28 



r-"-' — . . , 
A                         <                                     ■ 

 •> --------- 

A DATA 

2 

;    A-   -    u         ;             ; 

j     ^  - -0.07   j             1 0      MEASURED NAC 
NACA TR 1319 .--.- ^.-......-,  : r i 

:Orvrk: 

—-rt K .     !   On<i)0 

^ n 
J\    \ ^0 OOÖYO^^i   " 

^  0 

■Nfv I 1      i    \ «^ L.... J 

-2 
i\ '       \        \ 1      1 * 

1 
1.0 -0.5 0 

y 

0.5 1.0 1.5 

2 

1   AJ   =   o      i 
;    >   =-0.2   j 

^ 0 
^OÖJÖQOJ 

Oöp<ro 

q/i 

0oolp      |   ^ ö-o-e 

1^ ^-^ tr^H 

-2 

i         j 

  J- ' — 

-1.0 -0.5 0 0.5 '1.0 

Figure 8    COMPARISON OF COMPUTED AND MEASURED INDUCED DOWNWASH 
BELOW THE ROTOR PLANE,/* = O.R.Cr = 0.00371, x   = 0 

I 29 



2 

X   =   0.5 
[      J.  = -0.2 r  ■           j 

iev-— 
oo ..V 

L                                                        S 

ö    i  

°6P 0^ 

o  
jV) 

~crtf '        i koO{ )/ i     0 

-2 

t 

1 M \    i 
■1.5 -1.0 ■0.5 0 0.5 1.0 

Figure 9     COMPARISOM OF COMPUTED AND MEASURED INDUCED DOWN^ASH 
BELOW THE ROTOR PLANE, /U = 0. IH, <rr= 0.00371 , ¥  =0.5 

i.5 

30 



60 90 

V, degrees 

I 

Figure   10 COMPUTED VARIATION OVER ONE PERIOD OF THE INDUCED DOMNWASH 
AT TWO POINTS BELOW THE ROTOR PLANE 

I 31 



Rather poor agreement was obtained downstream of the 

rotor hub in the vicinity of the y-^ plane, as may be seen in 

Figure 9.  The lack of agreement may be due in part to the ef- 

fects of the structure supporting the test rotor.  These effects 

were not discussed by the experimenters in their report.  Omis- 

sion from the analytical model of the inboard wake structure 

may also contribute to the discrepancy, since this portion of the 

wake would be expected to produce an upwash neir the "X-y  plane. 

Flow Calculations for a UH-1B Helicopter 

Extensive calculations were performed to determine the 

flow in the vicinity of a UH-lB helicopter.  The aircraft was 

assumed to have a gross weight of 5675 pounds (about two thirds 

of maximum gross weight) and a rotor speed of 31.4 radians per 

second, giving a value for the blade loading parameter, A , of 

.00209.  A total of five cases were treated, corresponding to 

forward speeds from 0 to 110 knots.  The values of the important 

parameters for these cases are tabulated below. 

Advance Ratio Tip-Path-Plane 
Angle oir ,   degrees 

Number of Revolutions 
of Wake per Blade 

0 0 7             | 

.0732 .655 5             j 
(    .1465 2.62 4 

.220 5.91 3             1 
j    .269 8.84 2 

In all cases, AV = 30 degrees, and of course, NB=  2. 

The fuselage was represented by a total of 192 source-sheet ele- 

ments .  The somewhat simplified geometry used for the surface 

replacing the fuselage is depicted in plan and elevation in 

Figure 11.  The coordinate system in Figure 11, and the one used 
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for the plots of flows following Figure 11, is that of Figure 1, 

nondimensionalized by rotor radius. 

Flow calculations were performed within the volume ex- 

ternal to the fuselage and having the limits 

~l.l i * i ~o.t 

- O.^S-i  2 ^ 'O.IS 

In all five cases, a periodic flow was established within this 

volume. 

Selected results of the computations are presented in 

Figures 12 through 16 as plots against X of the dimensionless 

velocity components  V^ , Vj      and K» , which relate to their 

dimensional counterparts by a factor ^£V<?, tor    ^ = .3 and 

^ =-.25.  The time averages over one period of Vx,    V^  and 

Va  are also plotted, these averages being denoted by V^. , V* 

and  V^ , respectively.  A complete presentation of the results 

may be found in Reference 11. 

As may be seen from the figures, increasing ^    has the 

effect of reducing the relative amount of unsteadiness in the 

flow.  At advance ratios of 0.1465 and above, the flow is primari- 

ly due to the interactions of the fuselage and the free stream. 

The spacial variation of the flc displays a marked dif- 

ference in character at/* =  0 (Figure 12) froiti the variation at 

the non-zero advance ratios.  The downwash rises sharply aft of 

about X =  -.8 in the hovering case.  The region of large downwash 

may readily be identified as lying within the wake envelope, 

which has contracted to about  [(.8) +(.3)T = .85 of a rotor 

radius at 'j = -.25. 
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POSSIBLE APPLICATIONS OF THE MODEL DEVELOPED 

The model of a rotor wake which has been developed 

should have a number of applications in addition to flow calcu- 

lations.  For example, the effects of wake distortion on blade 

loading could be determined by modifying an existing blade-loads 

computer program^ such as the one described in Reference 1, to 

accept arbitrary wake geometries.  The locations of the wake ele- 

ments at each azimuth position, as determined from the wake-flow 

program, would form the inputs needed to account for wake distor- 

tion. 

Refinements of the fuselage representation would allow 

calculations of unsteady loads acting on the fuselage.  Specifi- 

cally, an exact numerical analogue of the flow coald be construc- 

ted.  That is, at each azimuth position of the blade vortices, 

the strengths of the fuselage source strengths could be recom- 

puted so that the flow at each fuselage element is tangent to 

the surface; the fuselage boundary condition would then be sat- 

isfied exactly (within the limits of the digital analogue it- 

self) both spacially and in time.  Instantaneous pressures at 

arbitrary points on the fuselage could then be routinely calcu- 

lated. 

In a similar manner, unsteady interference effects on 

an auxiliary lifting surface could be determined by representing 

the surface as a distribution of bound vortices.  The vortex 

strengths needed to satisfy the correct boundary conditions at 

each instant could be computed and pressures then evaluated. 
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SUW.'ARY 

The results of sorne flow visualisation experiments on the trailing 

vortices from a model rotor tlade are presented«  It is fou^-d that, at low 

tip-speed ratios, trailing vortices close to the leading edge of the disc 

first pass up through the disc before entering the nain f   field.  At the 

rear of the disc the vortices maintain a regular pattern rtxative to each 

other.  The vorticeö are fully rolled up in about 60 of azimuth movement 

of the blade* 

/.ieasuremGnts vith a hot-wire anemometer show that the vortex core is 

about one-tenth of a blade chord in diameter, which is consistent with a 

laminar core state.  Outside the core the velocity field is irrotational. 

Some observations have been made of a trailing vortex as it 

approaches the support pylon.  The vortex at first follows the pylon 

contours and remains a ti^hti«'-rolied core, but it ultimately leaves the 

pylsn surface and its structure brear; down, rather like the vortices from 

the leading edges of a delta wing. 
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THE MDVHNEfrr, STaUCTURE AMD BREAKDOWN 

OF THAIUNG VORTICES FROM A ROTOR BLADE 

by 

I.A. Simons, R*E. Pacifico, J.P. Jones 

Department of Aeronautics & Astronautics, 

Institute of Sound & Vibration Research, 

University of Southampton, 

England» 

INTRODUCTION 

The advances ' v/hich have taken place in the calculation of rotor 

blade loadings now indicate that our greatest lack of knowledge is of the 

3 
gec.netry and dynamics of the near wake.  We have clear evidence that the 

tip vortices do not follow the skewed helix which the tips themselves trace 

out in space.  In fact tho distortion may be such that tip vortices and 

blades come close together, if not into actual contact, at certain azimuth 

positions.  When this occurs, very marked changes take place in the true 

loading , and big differences between the results of experiment and of a 

theory which omits wake distortion are to be expected, 

A further problem in the calculation of blade airloads is that the 

mathematical models used are themselves open to criticism because they 



assume that the trailing vortex sheet rapidly rolls up into vortex filaments. 

At any appreciable distance (greater than a chords length, say) from a 

vortex this cannot be a significant objection, but for smaller distances it 

is obviously necessary to hav-i a better idea of the induced flow field« 

4 
Thus Simons has shown that there can be large reductions in the predicted 

peak loadings on a blade if a Rankine, rather than a point, vortex is 

assumed.  It also seems likely that the wake distortion itself will depend 

upon the vortex velocity field, particularly as much of the distortion 

originates at the points where vortex filaments pass over each other. 

Our principal aim, therefore, was to obtain more data on the 

structure of the trailing vortex from a rotor blade.  Unfortunately this is 

not very easy to do since carrying a probe around v.ith the blade is likely 

5 6 
to interfere with the flow and, on the evidence * available, the vortex is 

not fully rolled»up until at least one-half a blade radius from the tip. 

At that distance, of course, the wake distortion will certainly move the 

vortex and the problem then is to find it.  Thus our first task was to 

locate the trailing vortices in space, in the hope that we might then be 

able to study their structure in some way, and our first experiments were 

exercises in vortex flov visualisation» 

This, of course, has been done before by several people, but most 

3 
extensively by M. Tararire .  Tararine in fact demonstrated the distortion 

caused, at the sides and the rear of the disc, by the mutual interference 

of successive trailing vortices.  Sufficiently far downstream the trailing 
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vortices have all moved so that they lie, almost as a vortex sheet, in a 

curved surface.  Along the edges of the disc there is, at moderately low 

tip-speed ratios, a large upwash which keeps the trailing vortices almost 

in the plane of the disc.  Numerical calculations of this type of 

7 8 
distortion have been described by White and Scully .  But elementary 

considerations suggest that there ought also to be, at low tip-speed ratios 

at any rate, substantial wake distortion close to the leading edge of the 

disc.  Any trailing vortex from a blade creates an upwash outside itself} 

therefore, as the vortices move aft relative to the disc, those at the front 

create an upwash field which extends for some way over the disc until the 

vortex filaments are too far below to have significant influence. 

9 
This sort of distortion was envisaged by Miller and has been 

8      10 
demonstrated numerically by Scully .  Ham  made some measurements of the 

instantaneous pressures on a blade in the = 180 position, and found very 

sharp pressure peaks which would be consistent with the presence of a vortex 

close to the blade.  But the only direct evidence of its existence has been 

given by Gray , who measured the vortex positions of a rotor in ground 

effect by trailing smoke from a blade tip.  Gray shows the paths of a tip 

vortex for various values of tip-speed ratio and these clearly indicate that 

the vortex remains above the plane of the disc for a short distance before 

descending into the general downwash field.  However, he gives no photo- 

graphs for he was not directly interested in this phenomenon and he does in 

fact report that the flow is very unsteady in certain circumstances. 

Therefore, since this is a low tip-speed ratio phenomenon and our large wind 

I 
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tur.nel limits rotor experiments to these flight regimes, it was felt that to 

try to reveal this particular wake deformation would give an extra purpose 

to the flow visualisation programme« 

The material presented in this paper falls into three parts« 

The first, which is sum-narised in a film, is concerned with the flow near 

the leading and trailing edges of a rotor disc.  The second follows 

naturally, since the results for the flow at the rear of the disc made it 

comparatively easy to get some idea of trailing vortex structure simply by 

placing a hot-wire at the appropriate position in the flow«  The thi:J oart, 

which deals with some aspects of vortex flow in the vicinity of a body, was 

not originally planned, but came as a pleasant surprise, particularly in 

view of the other interests of the Univeisity in vortex flows« 

APPARATUS AI© PROCEDURE 

The experiments were carried out on a 9' diameter, two-hinged-blade 

model rotor of 4 inches chord in the 15' x 12* working section of the low- 

speed wind tunnel in the University of Southampton«  A general view of the 

rig is shown in Fig, 1«  The maximum tunnel speed in this section is such 

that with a reasonable rotational speed, tip-speed ratios greater than 0,25 

cannot be achieved, but this was not too restrictive.  The smoke generator 

was of a normal commercial type in which oil is allowed to come into contact 

with a heated plate and the resulting sm-V.e is forced through a nozzle under 

pressure from a carbon dioxide storage bottle» 

To r=veal the effect of blade position or flow structure and vortex 

growth the following procedure was used.  The region of flow under 
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I      examination was illuminated by a flash triggered by the shutter of a movie 

camera, and the rotor was arranged to turn at a speed such that the blade 

passage frequency was very slightly higher than the camera shutter speed. 

Thus the impression received by the film was of 2D£ blade advancing very 

slowly around the disc.  For this technique to be convincing the blades must 

be properly in track,  otherwise the image is apparently that of a single 

blade which is oscillating as it rotates.  As always in flow visualisation 

the principle problem was to get sufficient light into the right place and 

then to find a convenient spot for the camera.  Broadly speaking the 

illumination of the smoke has to be perpendicular to the viewing plane. 

Thus in the film sequences and still shots to be described the smoke, camera 

and light-source were all placed with the primary aim of getting good 

pictures. 

The hot-wire anemometer which was used to study the vortex velocity 

field was kindly loaned to us by Dr. P.O.A.L. Davies.  It is  of the standard 

constant current variety with a  wire about i inch long and 5 microns in 

dia-ieter supported between 30 s.w.g. prongs.  A feature of the equipment is 

that the wire output is linearised before presentation so that a direct 

reading of velocity is possible. 

RESULTS 

Rotor Flow Visualisation 

The results obtained are presented as a movie at the end of the 

i       lecture, but is worthwhile to consider a few features which are best brought 

i 
I 
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out by stills. 



Fig. 2 shows a sequence for a case where the tip-speed ratio is 

0,04, the collective pitch is 8° and the shaft axis is tilted forward at an 

angle of 8°,  Smoke is injected in a narrow vertical region at an azimuth 

angle of 1300,  In the first frame of Fig, 2 the blade is about 45 from 

the smoke, but has not yet passed through it.  In the final frame the blade 

is about 30° of azimuth beyond the smoke.  Thus the first visible vortex in 

the first frame is trailing from the blade which passed through the smoke 

somewhat less than one-half a revolution earlier.  The second clear vortex, 

i.e. closest to the pylon, is the trailing vortex from the blade which is 

again approaching the smoke. 

Several points are worthy of note.  First of all there is a very 

strong upwash ahead of the disc in this flight condition.  Secondly while 

two of the vortices have a very clear cut "eye", the smoke in the remaining 

(earlier) turns is diffused.  Finally, when the blade is in the vicinity 

of the plane of the smoke, the trailing vortex from the preceding blade is 

above the plane of the disc, whilst the trailing vortex from the blade in 

the picture is below the disc.  In these pictures the camera is slightly 

below the disc plane at^»= 180 •  However, still pictures taken in the 

plane, definitely show the vortex to be above the blade»  Thus the trajectory 

of the cross-section of a vortex atU)« 180° is an arc at first directed 

upv/ards and then downwards, much in the same manner as calculated by Ham . 

The vortex is above the disc plane for a time which is about that required 

for one-half a revolution of the rotor.  This is in agreement with Gray's 

results .  Another point of agreement with Gray is shown in the difficulty 
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which is experienced in obtaining a clear "eye" for more than a very few 

turns of the wake.  This phenomenon is discussed in greater detail below 

(Sec. 4).  The sequence of frames when the blade has passed through the 

smcke allows us to form some idea of the time required for a trailing vortex 

sheet to fully roll up.  It is clear from the last frame that rolllng-Mp is 

not quite complete but the pn. e&s does seem to have stopped in the first 

frame when the blade has turned about another quarter of a revolution.  '"'e 

may conclude, therefore, that the rolling-up process is complete in about the 

time taken to travel one blade radius.  In terms of the blade chord, this is 

in general agreement v/ith the distances which have been found for the 

5 6 
completion of the rolling-up process behind straight wings * • 

The same kind of arguments vrfiich predict the distortion at the front 

of the disc indicate that at the rear the vortices should maintain their 

distances and distribution.  This is confirmed in Fig. 3 which shows the 

cross-sections through the trailing vortex system in the vertical plane 

Y3 0 .  As would be expected, these cross-sections are spaced farther apart 

than the corresponding cross-sections at the leading edge of the disc and, 

generally speaking, the central "eye" is more persistent.  The arrangement 

of vortices at the trailing edge of the disc is so regular that the results 

for only one case are indicated in the film.  A diagram of the relative vort- 

ex core positions at the front and rear of the disc, for a range of tip-speed 

ratios, is given in Fig. 4.  It is clear, from a comparison of the positions 

of corresponding cross-sections, that considerable vertical distortion is 

taking place, but the investigations do not show whether a vortex may actually 

come into contact with a blade.  From the photographs it seems obvious that 

I 



this must happen but it is, of course, possible for the vortices to distort 

laterally, so that they cross the disc plane outside the disc.  Some 
Q 

indication that this may occur has been given by Scully •  Also the exact 

time spent above the disc is a crucial factor, but the results certainly 

suggest that blades and vortices must pass very '.lose. 

In a flight condition corresponding closely to that of Figs. 2 and 

3, Gray  observed a large vertical oscillation of the vertex at the leading 

of the disc.  No such oscillation was present in our tests.  To convey 

some Idea of the general steadiness of the flow it should perhaps be stressed 

that these pictures are not the outcome of high-speed photography, but are 

essentially a succession of stills taten very slightly more than one-half a 

revolution apart. 

The Velocity Field of a Vortex 

The very regular nature of the flow at the trailing edge of the disc 

offers a convenient method of measuring the structure of, and distribution of 

velocity around, a vortex.  If a hot-wire anemometer can be placed along the 

line of travel of the eyes of the vortices, then a characteristic signature 

will be produced each time a vortex passes over the wire.  Provided that the 

mean convection speed is small compared with induced velocity, the anemometer 

output should be a very good indication of the distribution of velocity within 

a vortex.  Also, by placing the hot-wire at different points on the wake 

spirals, it is possible to get some idea of the development and growth of a 

vortex with time« 

The hot wire was placed, in the plane lÜ3 0°, with its length 



I 
I 

I 
I 

parallel to the vortex axis, so that it was mosx sensitive to velocities in 

the plane of the induced velocity field.  Coarse adjustments to lie position 

were made b/ eye, using smoke as a guide to the line of convection«  Very 

fine adjustments to the position of the wire relative to the vortices were 

made by making very small changes to the tunnel speed. 

Typical records of the anemometer output are shown in Figs« 5, 6« 

These are for a vortex v/hich is somewhat less than one revolution old« 

Because a hot-wire is a rectifier its output is always positive whatever the 

magnitude and airection of the velocity«  Thus if the centre of a vortex 

passes over the wire, the indicated velocity rises, from the mean value, to 

a maximum and then falls very rapidly back to tie mean value, only to rise 

again to the peak followed by a reduction back to the mean value.  The 

occurrence of a steep-sided trough in the record is a good indication that 

the centre of the vortex is actually passing over the wire. 

The records show that for a mean convection speed of about 12 ft./ 

sec« the peak velocity is about 45 ft./sec.  They also show the existence of 

a core of finite dimensions.  The precise dimensions of this core were not 

easily determined, partly because of its small size, and partly because the 

flow within the core appears to be unsteady,  In addition there were some 

very small, comparatively long period, fluctuations in the paths of the 

vortices, so that only a small fraction of the total number of traces could 

be used for analysis.  (This particular unsteadiness is attributed to the 

influence of the wake of the pylon).  Nevertheless it was possible to obtain 

sufficient data to get an approximate idea of the vortex size and the results 



are sinned up In Fig« 7.  For the limited nunber of tests done no effect of 

wake age or blade Reynolds number was detectable within the overall scatter. 

The average vortex core diameter is slightly less than 10% of the blade chord 

12 
and a comparison between the rate of growth with ,'  and Lamb's  theoreti- 

cal solution for the decay of a viscous point vortex suggests that the core 

is laminar.  There is thus some conflict of experimental evidence, for the 

hot-wire anemometer records clearly show the existence of high frequency 

fluctuations within the core.  But some guide to what is really happening 

may ba contained in the traces themselves. 

In Fig. 6 the vortices are moving from left to right relative to the 

wire, and it will be observed that generally the leading edge of the core 

trace is much smoother than the trailing edge.  This suggest that the 

recorded turbulence may be due to the interference of the probe itself with 

the flow within the core. 

These results have implications for both theory and for model 

testing.  For if the cores of full-size vortices are really of the same 

proportions, then, in calculation, it should be sufficient to represent them 

by point vortices.  But if the cores of full-size trailing vortices are 

really turbulent, rather than laminar, then the effective kinematic viscosity 

within them could easily be fifty times greater, and the core diameter would 

then be of the order of a blade chord.  There is some evidence from Spreiter 

and Sacks that vortices may indeed be of these dimensions.  We must also 

conclude that higher harmonic loadings measured in model tests may not be 

fully representative of full-scale, unless steps are taken to ensure that the 
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vortex cores are turbulent and remain so# 

Outside the core our measurements indicate that the flow is 

virtually irrotational«  Superimposed upon the record in Fig. 5 Is a cuzve 

representing the induced velocity field due to a pair of point vorticts 

situated at the core centres, and chosen in strength so as to give the 

correct induced velocity at a small distance from the centre«  The fit is 

very good.  Thus the classical Rankine vortex, consisting of a "solid" core 

embedded in an irrotational flow, is a suitable model for blade tip vortices» 

THE BREAKDOWN OF TRAILING VORTICES 

The above account represents the limit of what it was possible to 

plan on the basis of some preliminary flow visualisation experiments.  The 

results have an intrinsic interest for they do give confidence in certain 

applications of theory but, as always, they pose more questions th.in they 

answer.  It is hoped to be able to provide more answers at another time and 

suitable experiments are now being planned. 

In the course of our investigations another phenomenon was revealed, 

and we would like to devote some time to this because it may be important to 

V/STOL design, and because it has a wider application in fluid mechanics. 

The vortices in Figs. 8, 9, 10 were revealed by emitting smoke from 

a fixed nozzle, with the rotor and the tunnel fan turning at low speed. 

Under these conditions some of the smoke is trapped in the boundary layer of 

the blade and is carried round with it.  As the blade moves away from the 

injection point the trapped smoke passes into the trailing vortex.  Since 

its velocity is very small most of the smoke enters the core and very clear 

II 



flow patterns are obtained until the supply of smoke is exhausted,  A dis- 

advantage of this technique is that the smoke trail is non-uniform.  Close 

to the injection point there is an excess of smoke and the picture is con- 

sequently diffuse.  This excess does, however, disperse rapidly.  Typical 

examples are given ' . Pig. 8 which shows trailing vortices leaving the blade 

tips and advancing towards the pylon. 

The subsequent behaviour is best revealed by a camera mounted on the 

foot of the pylon.  As the vertex approaches tr.e pylon it deforms, since 

that part closest to the leading edge is slowed down.  The limit of this 

deformation is shown in the third plate of Fig. 9 when the vertex appears to 

be wrapped around the nose of the pylon.  There is in fact some accompanying 

distortion in a vertical direction so that the vortex core also runs down the 

nose of the pylon.  A little vr.ile later the clear cut core has begun to 

break up, as plate (iv) shows, from both ends.  The flow in the pylon 

boundary layer becomes more diffuse, but the core itself begins to spiral in 

a helix, whose pitch is of the order of a core diameter, plate (vi).  As Lhe 

vortex moves across the pylon this spiralling, or "unwinding", of the vortex 

propagates outwards towards a similar spiral which is moving inwards from the 

edge of the vortex.  Thus, within a very short distance, the vortex 

structure has changed from a ti ihtly-rolled core to a diffuse, swirling flow. 

So^.e further idea of the changes which have been brought about is given by 

Figs. 10, 11,  Fig, 10 shov/s a cross-section of the moving vortex- obtained 

by illuminating a darkened tunnel with only a slit of light - as it passes the 

pylon..  The white line is simply a marker showir.q the pylon leading edge. 
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{ The first cross-section is almost circular, and a definite, but 

more diffuse, core can still be observed in the third cross-section, but the 

next picture shows the structure to hr.ve become without form»  Fig. 11 shows 

how the velocity, measured ..ith a hot-wire anemometer, varies in a vortex 

core just ahead of the pylon and within a vortex which has broken down« 

Although th? second trace shows the existence of a periodic disturbance, no 

clear structure is evident. 

This phenomenon is remniscent of the breakdown which occurs in the 

leading edge vortices formed arove narrow delta wings«  Fig« 12, wMch is 

13 
due to Krishnamoorthy , shows how this breakdown develops, on a very slowly 

oscillating wing from a spiral whose pitch is of the order of a co-e diameter, 

into a diffuse turbulent "bubble".  The exact mechanism of the breakdown has 

not yet been properly established although a nianber of theories have been 

suggested«  But it is known that when a vortex breaks down there is a sharp- 

rise in the intensity of the pressure fluctuations on the surface beneath the 

breakdown«  Thus if. as seer^s likely from these tests, breakdown occurs when 

a trailing vortex passss over a fuselage, there could be high noise and 

vibration levels within the fuselage.  Another point of interest to heli- 

copter designers is that a vortex which has broken down in this way will not 

have a very peaky induced velocity field«  Therefore, it might be expected 

that the interference with following blades, e.g. in a tandem rotor, will be 

much reduced. 

A further possibility is that trailing vortices can break down with- 

out necessarily coming into contact with a solid body.  This is certainly 

13 



true of leading edge vortices, although the presence of an obstacle does tend 

14 
to precipitate breakdown •  In this connection it is interesting to note 

that Gray  also observed a sudden change in core structure, with the 

disturbance propagating away from the leading edge of the disc in both 

directions along the vortex filament.  Gray explains that this is the reason 

why a clear-cut structure is not visible beyond the third turn. 

Therefore, sines we have observed the same difficulty at the 

leading edge of the disc, it is likely that vortex breakdown occurs somewhere 

along the vortex.  But it is not easy to argue that this breakdown is 

spontaneous, since the clear-cut structure does persist at the rear of the 

disc.  It is necessary, therefore, to postulate some interference with a 

vortex v.'hich has broken down, and this could very well be due, at the front 

cut not at the rear, to a blade passing through, or very close to, a vortex. 

Some support for this is containc-d in Fig. 9, for there is evidence to suggest 

that the breakdown propagating inwards towards the pylon originated at about 

270 azimuth.  In this region the wake distortion sweeps the vortices up and 

flow visualisation shows that they lie very close to the blade tips. 

CONCLUSIONS.  FURTHER DEVELOPMENTS 

Visualisation of the flow through a model rotor b^ means of smoke 

has shown that, at low tip-speed ratios, the trailing vortices at the leading 

edge of the disc first pass up through the rotor, and then move down v/ith the 

general downwash field,  "t the rear of the disc, the vortices move faster 

than the mean dowr.wash but maintain their relative positions approximately on 

a strainht line.  There is, therefore, considerable vertical distortion of 

the first few turns of the helical wake in a fore-and-aft plane.  The 
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trailing vortices can be regarded as fully rolled-up by the time the blade 

tip has travelled a^out one blade radius. 

It is our irtention to extend this work to rotors with more blades 

and to examine different azimuth stations»  It is also hoped that the 

technique can be developed to deal with tandem rotors. 

f.ieasureraents, on a model scale, with a hot-wire anemometer have 

shown that the vortex core is less than about one tenth of a ulade chord in 

diameter, and that xhe flow field outside the core is essentially irrotational. 

If this result carries over to full-scale, then the concept of vortex 

filaments should be quite adequate for use in mathematical models for blade 

loading calculations.  This conclusion will, however, have to be checked 

further, since the vortex core size indicates that the flow within it is 

laminar.  The next hot-v.ire anerr.oneter rsasurements will, therefore, be 

made with the blade tip regions roughened to try to establish turbulent flow. 

It is thought that this may lead to substantial increases in the core size. 

Finally, it has beer, shown that a trailing vortex undergoes a 

complete change in structure after only part of it has been in contact with 

a solid body.  ^he reason for this is not known, although there are strong 

similarities with the vortex breakdown phenomenon. 

In general we conclude that much more needs to be done to establish 

the validity, or range of application to full-scale, of model rotor tests. 

This is particularly true of the boundary layer state and, although it is not 

immediately obvious from the presentation, there have been indications of 

appreciable tunnel wall effects.  But tests on a rotor may have something 

15 



tc offer to the general field of fluid dynamics research»  Hot-vvire measure- 

ments made at various points in the trailing vortex of a blade provide a 

convenient way, than measurements behind a fixed wing, of examinin<j the 

I development of a vortex with time.  It may also be possible to carry out 

more easily controlled investigations into vortex breakdown. 
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FIG. 1.     General view of rig. 
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FIG. 3. Movement & Growth of Vortices at rear of disc.  Rotor r.p.nu 24u. 
Collective oitch 8 Shaft inclination 8 Tip-speed ratio 0.04 
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FIG. 8. Movement of Trailing Vortices towards the pylon. 
Rotor speed 60 r.p.m« Wind speed 2.75 fwsec. 
Collective pitch 8 . Shaft inclination 8 . 
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FIG. 9. Vortex/pylon interference. Rotor conditions as tor Fig. 81 
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FIG. 9. contd» Vortox/pylon interference. 
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FIG. 9. contd. Vortex/pylon interference. 
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FIG. 9. contd. Vortex/pylon interference. 
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