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WAKE SURVEY 

SUMMARY 

It is well known that when the thrust axis of a propeller is 
inclined to the flight path the air loads on the blades vary in an 
approximately sinusoidal manner and give rise to vibratory stresses 
with a fundamental frequency equal to the propeller rotational speed. 

This report describes tests carried out in the R.A.E. 24 ft. wind 
tunnel with a 16 ft. diameter, 4 bladed propeller, during October and 
November 1949. Wake survey and blade strain gauge measurements were 
made at tunnel speeds of 100 and 170 f.p.s. with the propeller axis 
inclined at angles of 0, 5, 10 and 15O to the airflow. The blade 
angles and propeller rotational speeds were also varied within the 
limits imposed by the 1,500 H.P. electric motor. 

The lift grading curves at the points of maximum and minimum 
loading, derived from total head measurements made in the slipstream 
by means of a pitot comb, have been compared with estimated values, and 
estimated power absorption figures compared with measured values. 

Despite the somewhat unsatisfactory nature of some of the test 
results it is concluded that the method of estimating the fluctuating 
lift loading put forward in th?s. report is reasonably accurate. 

A comparisonof measured and estimated vibratory stresses is given 
in a companion’.reppr t, ; PrrJ-ect’ Stress Report No.418 “Wake Survey and 
Straingauge M&&rements onan Inclined Propeller in the R.A.E. 24 ft. 
Tunnel. ” Part II; 
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I. INTF0IXJCTION 

For fixed wing aircraft the airflow into the propeller is normal to the 
plane of rotation in certain flight conditions only; at all other times, due 

to changes in aircraft attitude with speed and power, the flow will be 
inclined at some angle and will give rise to periodic forces acting on the 
blades, with a fundamental frequency equal to the propeller rotational speed. 
The stresses induced in the propeller blades by the fluctuating loads are 
referred to as first propeller order or lP stresses, since for uniform flow 
the higher orders are negligibly small. It should be mentioned here, 
perhaps, that aerodynamic excitation can also be caused by fuselage, nacelle 
or wing interference and in these cases the higher orders may be of con- 
siderable importance. In this report, however, attention will be confined 
to the case of the inclined propeller in a uniform flow. 

Although the existence of these fluctuating loads has long been reallsed 
they have been of little concern to the propeller designer until recently, 
because it was found that providing the blades were designed to withstand 
engine crankshaft vibration and be free from flutter, no hi&h blade stresses 
were encountered arising from this IP excitation. 

With the continual upward trend in flying speeds, engine powers and 
propeller diameters, and the constant urge to develop lighter propellers, the 
the lP stresses have become of increasing concern in the last few years, and 
the advent of the turbine engine with its vibrationless characteristics has 
focussed additional attention on the problem, as aerodynamic excitation is 
almost the sole source of vibration with turbo-prop units. 

Methods have been developed for calculating the variation in aerodynamic 
loading on a propeller blade in an inclined flow using an extension of Lock’s 
propeller theory, and employing this fluctuating aerodynamic loading it is 
possible to estimate the magnitude of the vibratory stresses induced along a 
blade. Since at the time little experimental data was available to check 
the theories developed it was decided to carry out the wind tunnel tests 
described in this report, and measure simultaneously the total head in the 
wake and the vibratory stresses along the blades of an inclined propeller. 
The measured stresses and the lift grading curves deduced from the total head 
readings were then compared with estimated values for a range of operating 
condi tion s . 

This report covers the calculation and measurement of the aerodynamic 
loadings while a companion report, ProJect Stress Report No.418 deals 
similarly with the stresses. The aerodynamic loadings are &iven in the form 
in which they are used in the stressing method, namely as variations of lift 
grading along the blade. 

II. DESCRIPTION OF TEST E’ZJIFiVENT 

1. General 

The tests were carried out in the 24 ft. Open Jet Tunnel at the R.A.E. 
A full description may be found in ref.1 but for convenience a line plan is 
included. Fig.1. 

The propeller was driven’by a 1,X10 HP squirrel cage variable frequency 
induction motor which was enclosed in a nacelle supported by struts. 
(Fig.2.) The nacelle was inclined in a vertical plane by means of a screw 

jack at the base of the rear strut and the angle of inclination determined 
by a telescopic clinometer mounted on the gallery (Fig.2 and 3). 

The power ab$‘orbed-dy the propeller could be measured by noting the 
input power to the motor and making allowtice for losses. 

The thrust on the propeller-nacelle unit could be measured on the normal 
tunnel balance. 
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2. Propeller 

The Rotol propeller used in the test had the following characteristics. 

Diameter 

No. of blades 

Max. Chord 

Solidity at rc = 0.7 - 

Activity Factor 

Section Type - 

CLDES 
at rc = 0.7 - 

ta/, at rc = 0.7 - 

b/C at rc = 0.25 - 

Blade Drawing No. - 

Rotation 

16 ft. 

4 

12 ins. 

0.113 

79 per blade 

NACA Series 16 

0.484 

6.85% 

24.1% 

RA.256EC 

Anticlockwise viewed 
from rear. 

The blade angle could be adJusted manually when the propeller was 
stationary and was measured by a clinometer at the 0.7 fractional radius. 
Further particulars of the blades are given in Table I. 

3. Wake Survey Apparatus 

The pitot comb was composed of 13 tubes clamped to a streamlined spar 
which was secured at the inboard end by a strap around the motor nacelle and 
at the tip and mid span by rigging wires. (Figs. 2 and 3). The tubes were 
aligned parallel to the propeller axis with the open ends 16.5 inshes behind 
the blade centre line and at radial intervals corresponding to rc - 0.1, 
0.2, 0.3, . . . . . 1.3 (Flg.4). 

The pitot comb could be set in any angular position except over the 
bottom segment where the spar fouled the nacelle struts. 

The pitots were connected to a multibank manometer in the balance house 
and the pressures were recorded by an observer. 

4. Straingauge Equipment 

Wire-wound electrical resistance straingauges were attached at 
predetermined positions around the roots and along the outboard portions of 
the propeller blades in such a manner as to measure the maximum alternating 
strains due to bending of the blades. 

Recording of alternating stresses was by means of the Sperry M.I.T. 
4-channel vibration measuring equipment which was installed in the balance 
room beneath the wind tunnel and connected to the straingauges via screened 
cables and sliprings mounted behind tne propeller. The number of gauges 
from whicn records could be taken was limited by the slip rings to four 
during each run, the gauges being selected by means of a Yaxley switch 
mounted at the forward end of the propeller shaft so that the switch control 
rod protruded slightly through a hole in the nose of the spinner. 



III. DETAILS OF TES 

1. Wake Traverse Measurements - 

The range of operating conditions covered in the test is summarised In 
the tollowlng tables: 

Tunnel Speed (f.p.s.) I 170 I 

Inclination of Axis o” 50 100 150 I a 100 l& i 00 50 100 la I 

Tunnel Speed (f.p.s.) 100 170 100 100 

Blade Angle @ = .7 rc 200 28 2p 26055’ 

Inclination of Axis 10 10 5 15 

Propeller R.P.M. 650 750 675 750 85C 750 650 

Since only a very limited time was available for the tests it was 
essential to keep the test schedule to a minimum, and hence only two spar 
positions were used for all test conditions with some readings being taken 
at 3 subsidiary positions as checks. The spar positions are designated by 
their angular position viz: O”, 75O, 90°, 105O, 270°, (lQ.41, the two main 
positions being at 90° and 270°. 

As the propeller rotation is anti-clockwise (viewed from rear) it was 
anticipated that the blade loading would reach a maximum at around 90°, and 
be a minimum at approx: 270°. In the vicinity of O” and 180° the loading 
will have an intermediate value equal to that on an unpatched propeller, and 
which ~111 be referred to as the 'mean' loading. 
spar positions 7S”, 90° and 10b”, 

Preliminary checks with 
under the same test conditions, showed that 

there was very little change in reading of the maximum loading with spar 
positlon, most of the variation lying withn the limits of repeatability of 
the manometer readings. (There was a variation of total nead outside the 
prop disc but see Sec.V regarding this.) As it was not possible to use more 
than two spar positions for the bulk of tile tests, because of the limit on 
time avalable, It was decided to use 90’ and 270°, and to regard the results 
as representing the true maximum and minimum loadings. For two condltlons, 
readings were taken with the spar at 0 o to cneck the calculated values of 
mean loading. It was not possible to rig the spar in the 180° position owing 
to the position of the nacelle struts as mentioned earlier. 

In order to record all the straingauge groups it was necessary to repeat 
each running condition 12 times. As never more tnan four and, as stated in 
the last paragraph, usually only two spar positions were used for each 
condition, there were never less than three separate runs possible at the 
same condition for each spar position, enabling adequate check readings to 
be obtained from the manometers. 

Because of the time factor no complete sets of readings were taken from 
the pitot tubes with the nacelle not inclined; this was unfortunate for 
reasons discussed later. The runs made with the nacelle at O” incidence 
were primarily to provide a check on the vibratory stress level in the 
absence of pitch. 
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Some fluctuation in the manometer readings was experienced when the 
propeller was inclined to the flow but it is believed that the mean reatings 
recorded over a short interval were sufficiently accurate. Danping could 
not be introduced owing to the limited period available for the tests. 

The tunnel wind speed as given by the automatic control was checked at 
frequent intervals by a Chattock Gauge. 

The power input to the motor driving the propeller was recorded for each 
run, and from this the mean power absorbed by the propeller for that condition 
was obtained. 

For some conditions, when the nacelle was not inclined, thrust readings 
were obtained on the tunnel balance. 

2. Straingauge Measurements 

Blade and root stresses were recorded for all the conditions quoted in 
111.1, taking the gauges on one blade in sets of 4. Owing to time limitations 
it was not possible to survey more than one blade although check read.ings were 
made for two gauges on the diametrically opposite blade for every condition. 
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Slope of curve of a against SCL (assumed linear). 

Speed of sound. 

Slope of low speed lift curve (&Lo/d,). 

Slope of curve @ against sCL (assumed linear). 

Chord of any blade element at radius r. 

Lift coefficient of blade element. 

Design CL value for any section. 

Mean lift coefficient - see Ref. 7. 

Propeller diameter. 

Total head behind airscrew disc ) 
) at radius r 

Total head in front of airscrew ) 

Lift Force. 

Helical Mach number at blade element. 

Rotational speed of propeller (revs. per sec.). 

Propeller r.p.m. 

R&us of blade element considered. 

Fractional radius (a) 
D ’ 

Solidity = (Zc/2nr). 

Maximum thickness of any section. 

Velocity of incident airflow. 

Resultant air velocity at blade element. 

Geometrical velocity of blade element. 

4 



Number of blades. 

Lift of blade element between radii r and (r t 6r). 

(ciL dL ) 
Aerodynamic excitation lift force (&. &ax - & Mean) 

Incidence of blade element measured to chord line. 

Inflow angle (0 - 0,). 

Circulation taken over blade section at radius r. 

Mean Low Speed Drag/Lift ratio. See Ref.7. 

Zerc-lift angle. 

Angle through which blade has turned from vertical. 

Blade angle measured to chord line of any blade element or 
of element at 0.7 radius. 

Inflow factor corresponding to helicoid angle 0. 

Inflow factor corresponding to helicoid angle do. 

Density of air. 

An&e between plane of rotation and relative air velocity 
at blade element, 

Angle between plane of rotation and geometrical velocity of 
blade element. 

Inclination of propeller axis to incident air-stream. 

Rotational speed of propeller. (*radians per second.) 

Some function of time. 

Suffices. 1, 2, 3 - are used to indicate lst, 2nd and 
3rd approximations. 

wt - to denote the general value of some 
quanta ty changing with time. 

V. ANALYSIS OF TEST RESULTS 

1. Determination of Aerodynamic Excitation Forces from Wake Survey 

Using the Kutta-Jowkowski relation we may write, 

& = p r R dr -__ _.--. _. .._.. .._ _. . . . ._._.... - . (0 

Lock shows (Ref.2) that, neglecting profile drag, the measured 
difference of total head across the propeller is given by 

h-h, = TEL;; .” . . . . . (2) 

Combining equations (1) and (2) we get 

The effect of profile drag on the thrust is generally negligible 
provided that the correspondin blade element is not stalled, and no account 

has been taken of it in tnis instance. 
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Experimental values of dL at the various spar positions may be derived 
from the test results by use%f equation (3). Tne rotational speed is 
obtained from the known test conditions, h and ho are obtained from the 
manometer readings as described below, and W is obtained theoretically 
(see section VI) from the geometry of the airflow. 

No attempt was made to measure the total head upstream of the propeller 
disc since it was thought that the readings from the pitot tubes outside the 
propeller wake would be equivalent. When the tests were completed, however, 
it was realised that a considerable difference in total head existed on either 
side of the disc for the same tunnel conditions, indicating some variation 
across the working section. This was possibly due to the effect of the 
propeller slipstream on the flow around the tunnel, and it was therefore 
decided to assume arbitrarily that the free stream total head varied linearly 
across the disc to satisfy the two end conditions at the slipstream boundary. 
Figs. 5 and 6 show the measured total heads across the disc for several 
condo tions, as given by spar positions 90° and 2700 (for the horizontal plane) 
and also the readings obtained from spar positions 7fo and 10o”. It 1s 
remarkable that the readings from the two latter positions were identical 
outside the slipstream in all cases checked. The dashed lines on the figures 
indicate the assumed variation of free stream total head, while Figs. 7 and 8 
show this more clearly for a number of cases. 

Fig. 9 shows plots of the actual manometer readings taken for one spar 
position for one test condition, and indicates the amount of test scatter. 
Similar plots were made for each test condition, and values of h were readdtff 
from a faired curve drawn through the points for use in the evaluation of dr 
by means of equation (3). For this reason no test points are shown on 
the lift grading curves. 

An estimate (Ref.3) of the blockage effect due to the presence of the 
motor nacelle indicated that the measured values of J should be increased by 
0.q but this was considered to be negligible. 

To the thrust values measured on the tunnel balance, the drag of the 
nacelle in the absence of the propeller was added so as to give propulsive 
thrust figures. No other corrections were made. 

VI. CALC5JLATION OF THEORETICAL VALUES 

1. Estimation of Aerodynamic Loads 

Consider a propeller with the axis inclined at an angle \o to a uniform 
air-stream having a velocity V. This velocity V nay be resolved into 
components V cos 1~ and V sin u/ perpendicular and parallel to the plane of 
rotation. (Fig. 10 a). 

Fig. 10 (b) shows the propeller disc, viewed from the rear, when a blade 
has rotated through an angle c from the vertically upright position. The 
component V sin v, parallel to the propeller disc, may be resolved into two 
further components, V sin v, sin c at right angles to the blade and in the 
direction of the rotational (tangential) velocity, and V sin v cos 1: in a 
radial direction along the blade. The component along the blade is con- 
sidered to have a negligible effect on the aerodynamic characteristics of 
the blade elements, and is therefore neglected. 

The effect of the component in the direction of the rotational velocity 
can be seen to vary with c. Its value when c = 0 and 180° is zero. 
When c = 900 the value is V sin v, and is additive to the rotational velocity, 
and when c = 270° its value is also V sin I+, but it subtracts from the 
rotational velocity. The velocity diagram for a blade element will thus 
change with <. Fig. 10 (c) shows the form of the diagram. The blade 
angle ‘e’ is constant, but the magnitude and direction of ‘W’ will change 
with Z, and will give rise to a fluctuating lift load on the element. With 
the assumption discussed in tne next paragraph, this load will be a maximum 
when c = 90’ and a minimum when r = 270°. For the O” and 180° positions the 
loadings will be equal, and the same as that obtaining on an unpitched 
propeller operating in an airstream of velocity V cos v. This loading is 
referred to as the ‘mean’ loading. 
DS 47221/1 6 



From purely geometrlcal considerations it is possible to evaluate the 
values of do and W. (shown in Fig. 10 cc)) at any given instant, i.e. at any 
value of wt and hence of L Consideration of the fluctuating nature of the 
flow at any element leads to the conclusion that the frequency is sufficiently 
low for any oscllla,tory and lag effects on the sectlon aerodynamic 
characteristics to be neglected. It 1s therefore assumed that normal steady 
state characteristics applicable to the instantaneous local values of 
incidence, Mach No. etc., may be employed, and that no lag effects are present. 

If, therefore, the Inflow velocities can be calculated for any given 
value of C, the loading on the blade can be determined. In this connection 
the assumption is made that, since at any point on the propeller disc the 
blade loading does not vary (each blade element as it passes will experience 
the same load at that point as those before and after it) the inflow velocities 
there may be obtained by considering all blade elements at that particular 
radius to be operating under the same ccndltions as apply to the one particular 
point, and evaluating the inflow velocities for the annulus in question in the 
normal way. 

. 
It cas be shown, by taking a series of values of C, that the variation of 

loading on a blade element is very nearly sinusoidal in form, and hence it is 
reasonable for stressing purposes to calculate the Maximum and Minimum 
loadings only, and to take half the difference between them as representing 
the amplitude of a true sine wave fluctuation. 

Alternatively, since in practice it is necessary to evaluate the mean 
condition in order to fix the blade angle on constant speeding propellers 
before the maximum or minimum loads can be evaluated, the amplitude of the 
sine wave may be taken as being the difference between the maximum and the 
mean loadings to save computation. 

Assuming that the blade angle of any element is known, and also the local 
operating condo tions, i.e. that fi 

8, 
is known, there are three conditions to be 

satisfied to enable the value of and hence of the blade loadings to be 
determined. (See equations (5), (6) and (7) of Ref. 4.) These conditions 
are:- 

SCL = 4 &t tan p sin ti . (4) 

8 = ut0 (5) 

0 = 0,tB .(6) 

Still following Ref. 4 it can be argued that, below the incidence stall, 
the lift curve slope may be assumed linear, so that 

asCL = ate __.____ --.-.. ..-.- (7) 

where 

Now Ref. 4 (equations 43 and 44) shows that 

d’: -.-ii 
da 

= A, (l-M2) - r/2 
for sections less than 1% thick. . 

Ref. 5 shows that for such sections A, = 0.1 

hence substitution in equation (7) gives 

a = +q142) - l/2 (8) 

applicable to all sections less than 1% thick, that is to all working 
sections on normal modern blades. 
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Except III cases of very heavy disc loadings at low forward speeds, 
values of 6 are sufficiently small to Justify the slmpllfication 

tanp = p 

whence from (4) above we obtain 

--(9) 

p = bsCL _._ (10) 

where 
b =& 

From a combination of equations (5), (6), (7) and (lo), It can be shown 
that 

SCL = 0-0,tE _.. _. “.- .._.. __._. .._.._ (11) 
atb 

Since it has been regarded as permissible to make the approximation 
given by equation (9) it follows that 

w & w 
0 

as in fact w = w. cos p 

and from fig. 10 (c) It can be seen that 

VI 
Out = (((*5 t V sin v sin c)2 t (V cos v)2i 1/2 

Now ref. 3 equation (33) gives 

M = ‘lo/& 

so that in equation (11) above all the terms on the right hand side can be 
regarded as known once the blade angle and operating conditions are knovm, 
with the exception of b. 

For high J cases the approximation given by equation I.0 of ref. 4 may be 
used, whence equation (11) can be solved explicitly. For low J values, as 
in the case of every conditaon tested during the present investigation, it 1s 

necessary to obtain b by successive approximations as follows:- 

write bl = 1 
4X Osin 0. 

as the first approx. 

then evaluate (sCh)l = 
0-0,tE 

a t bl 

then @l = bl(sCL)l 

!a1 = a, t p1 

b2 = 1 
4 M Isin Izl, 

(scL)2 = 
O-dotE 

a t b9 

etc: 

‘b’ is quickly convergent and the value of b3 will suffice as the true value 
In all reasonable circumstances, while in most cases b9 ~111 serve. 
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It must be remembered that at low J values the accuracy of equation (4) 
becomes doubtful as the assumptions on which it is based cannot be Justified 
under such circumstances, and as all the above reasoning is founded on (4) 
this too must suffer in accuracy. 

The lift on a blade element is, from first principles 

6L = $,pc W2 CL 6r 

= SCL W2rc s$!$ (13) 

It will be seen therefore that the theory above will enable ‘2 to be 
obtained in any circumstances for any value of Z once the blade angle is 
known. Test results, see ref. 6 for example, have shown that the power 
absorption of a propeller changes very little when its thrust axis is inclined 
to the airflow. If therefore normal strip analysis procedure is employed to 
determine the blade angle to absorb the correct power, assuming the whole 
propeller to be working under the ‘mean’ conditions as defined by J’ this 
angle can be assumed to be that at which the propeller will settle down in 
the pitched condition. 

Obviously the fluctuating drag load can be obtained as well as the lift 
load, but as the purpose of the evaluation of the loads is to enable stressing 
of the blades to be undertaken, and as the drag components, acting in the 
stiffest direction of the blade, produce negligible stresses, they are usually 
not evaluated. 

The procedure followed to obtain theoretical values of t!=r for comparison 
with the measured was therefore as follows:- 

(i) From the known blade angle for each test condition values of 2 
mean were computed by strip analysis procedure, as mentioned above, 
being determined by successive approximations. 

(ii) The power absorbed, assuming the whole propeller to be operating 
under the mean conditions, was determined neglecting the drag terms. 

(iii) Values of Maximum and Minimum 2 were then calculated using the 
theory outlined above. 

(iv) Values of A - - -Max - %! Min CiL - dL 
dr dr dr 

were then obtained. 

Since the propeller blades embodied NACA series 16 sections, the section 
data implied by equation (8) above is not necessarily strictly true, but is 
thought to be sufficiently representative of thin sections operating below 
their critical Mach No. to oe used for the Series 16 sections. The no lift 
angle was in all cases assumed to be 7.3 x ices. 

2. Estimation of Propeller Thrust 

Since some thrust measurements were available for a non-inclined 
propeller, it was decided to check the values given by the SBAC Standard 
Method of Propeller Performance Estimation for the same conditions against 
these. Ref. 7 gives details of the derivation and use of the SBAC Xethod 
and it is therefore not necessary to go into particulars in this report. 
The SBAC method as at present published is limited to blades with Clark Y 
sections, but provisional curves of Y. - Cm have been derived for NACA 
Series 16 sections, allowing the method to cover these in addition. The 
particular y - C curve used in the present calculations is given in 
fig. 43 for Fefer#ce. Using this and the known nacelle diameter, propul- 
sive tnrust figures were evaluated for tne same conditions for which test 

DS 47221/l 9 



results existed, (i.e. known V, I$ and Power-j the body correction factor being 
based on the nacelle-propeller diameter ratio. 

VII. RESULTS 

1. Blade Loading 

Measured and calculated maximum and minimum lift grading curves for the 
various conditions covered by the tests are shown plotted in figs. 11 to 26, 
together with the variation of lift grading from minimum to maximum. Only 
two conaitions were investigated with the spar in the O” position, and the 
mean loadings resulting from ths spar position are given In figs. 19 and 26. 
Pitot readings ;iere obtalned in two cases with the nacelle not inclined and 
these results are given in figs. 33 and 31. As readings were available for 
one spar position only in each case it is not possible to show any meas.ped 
variation on these figures, and the theoretical variation is of course zero. 

In order to show the effect of varlatlon of angle of inclination and of 
rpm on the measured and calculated blade loadings figs. 32 to 36 have been 
prepared. The results covered by these figures are restricted to the 
Maxlmum loadings for reasons discussed below. Figs. 37, 33 and 39 show, 
each for one radius only, the effects of change of inclination on maximum, 
minimum and fluctuating lift gradings for three typical combinations of blade 
angle rpm and tunnel spee 

it The SE 
feet of 

sine wave of amplitude 6 -dr (i.e. dT A 
aking the excitation as being a 

of amplitude 
Max - rb mean) in place of a sine wave 

1 dL( TA ;TF (I.e. 
1 dL dL ). (z~ Max - ~~ Min)) is shown by plots 

on figs. I.9 and 26 and by Table II. As the difference is very small in all 
cases the figures are given for a limited number of conditions only. 

2. Power Absorption 

Figs. 40 and 41 give the measured and calculated values of the overall 
torque coefficient for the propeller, showing the variation with \y, and with N. 

3. Thrust 

Fig. 42 shows the measured and calculated thrusts for various conditions 
for an unpatched propeller, the measured torque at the time the thrust readings 
were taken is also indicated. 

VI I I. DI SUJSSION 

1. Comparison of Estimated and Measured Aerodynamic Excitation Forces and 
Lift Grading along the Blade 

(a) It can be seen from the maJority of the maximum lift grabng test 
results that whereas there is good agreement with the estimated values over 
most of the blade, the curves drop off very quickly beyond r 

2 
= 0.9. This is 

probably due to a combination of slipstream contraction and istortion. 
Since the pitot comb was fairly close to the propeller disc and the thrust 
loading was low the contraction effect should not be large; the distortion 
effect due to the inclined airflow ~11 have more significance but is less 
easily determined. Cue to the method of supporting the spar the pltots were 
in actual fact not at the true 90° position, but, slightly beyond 90”, the 
actual value varying with radius. It is not considered that this small 
discrepancy had any measurable effect on the results, 

The question of incidence stall at the tips was considered and the 
operating conditions of the blade elements were compared with the test data 
of ref. 8, but it was found that the blade elements inboard were more liable 
to stall than those outboard. Table IV is included to show the operating 
and estimated lift coefficients (at rc = 0.7) for six typical conditions. 
The first condition (i.e. J = 0.422) shows the maximum CL experienced during 
the tests. The estimated values of CL are based on the assumption that the 
slope of the low speed CL - u curve is 0.1 and that account is taken of the 
Glauert rise with increase of !lach No. 
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(b) It will be noted that in all cases the minimum loading results are 
less than the estimated values and while in some cases the agreement between 
the two sets of values IS reasonable in others there is considerable 
discrepancy. This is thought to be due to the failure of the pitot tubes 
to record the full total head, and this view is supported by an estimate of 
the airflow angles at the pitot comb. As already mentioned the pitot tubes 
were fixed parallel to the propeller axis and consequently the angle between 
them and the incident airflow is composed of: 

‘(a) The propeller inclination angle 

and (b) The induced flow angle due to the 
bound and trailing vortices. 

The accurate determination of (b) is not easy even for the uninclined 
propeller, but an approximate method due to Ha3nes (ref. 9) for this latter 
case has been used to obta.in an estimate of this effect. For an inclined 
propeller it is likely that the downwash induced in the wake will reduce the 
angle of incidence relative to the pitots. 

The effect of the bound and trailing vortices has been calculated for 
two typical cases at positions of maximum and minimum loading. These results 
are tabulated in Table III. If the slipstream is assumed to approach the 
disc parallel to the propeller axis then at the point of maximum loadin& the 
incidence at rc = 0.7 will be 19.9O for case A, whereas if the flow is 
assumed to remain parallel to the tunnel axis (i.e. no induced downwash) 
then the incidence will be only 9.9O. In actual fact the incidence will 
be somewhere between 9.9O and l9.9O, 
total head up to about 15O (see ref. 

and since the pitots should record true 
3) we may consider this to be satisfactory. 

At the point of minimum loading, however, the incidence is estimated to 
be between 17.7O and 27.7O and hence the test readings are almost certain to 
be low. Examination of fig. 22 (appropriate to case A) confirms that the 
maximum loading value is 4% low relative to the theoretical figure wnereas 
the minimum loading result is 12.6% low. 

In case B the maximum loading incidence lies between 9.8O and - 5.2’ 
and the minimum loading angle between 6O and 21°. As might be expected the 
measured and estimated total head values are coincident at the point of 
maximum loading as shown in fig. 13 but for minimum loading the test values 
are 4.5% low. 

The consistent relationship between the percentage error and pitot 
incidence in these two cases may be taken as strong evidence in favour of 
this theory. 

(c) The variation from maximum to minimum loading A dL/dr, is the 
difference of two large quantities and therefore a small percentage error 
in either of them will induce a large percentage error in A dI./dr. Thus, 
though the maximum and the minimum loading test results and theoretical 
values may agree fairly closely, the discrepancy in A dL/dr is sometimes 
a large percentage of the actual value. 

(d) The theoretical values have been evaluated on the assumption that 
the free stream velocity is constant across the propeller disc, but since 
the total bend values outside the slipstream on either side of the disc are 
not equal it is not unreasonable to suppose that the velocity distribution 
far upstream is not uniform. Three typical cases have therefore been re- 
analysed assuming the static pressure is equal to the atmospheric pressure, 
and thus the velocity head to vary as the assumed free stream total head. 
These cases are shown in fl&s. 27, 28 and 29. 

It is interesting to note that in all three cases the values of A dL/dr 
are increased and in general agree more closely with the test results, 
although agreement with the actual Max and Min loadings is improved In only 
one case, being made worse in the others. 
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(e) The discrepancy between the measured and calculated mean values 
shown in figs. 19 and 26 is attributable to ti~o causes. The spar in 
position 0’ is most probably not in the correct position to measure the mean 
lift. The exact spar position is of little importance in measuring the 
maximum snd minimum values of a sine wave, but will be of much more importance 
in the mean case. Some American results (ref. 10) which became available 
after the completion of these tests show an appreciable phase shift of 
measured values relative to those calculated, probably due to aerodynamic 
lag effects. In addition, the spar is mounted so that the pitots are 
inclined in the direction of the propeller axis (i.e. at @ to the incident 
flow. ) The actual slipstream direction is probably at some angle between IJI 
and the normal axial flow direction so that a pitot will actually record the 
total head relative to a blade section further inboard than the radius at 
which the pitot is situated, and hence the measured mean values of figs. 19 
and 26 should in fact be shifted inboard by some small amount. In view of 
these two factors it was concluded that the measured values of $ from spar 
position O” could not be regarded as being mean values, and hence comparison 
with calculated mean values is really pointless. 

It was pointed out in section VI above that the loading when the 
propeller was not inclined should be almost identical to that of the mean 
loading for an inclined case. In two instances the loadings were measured 
with the spar in positions 90° and S70° and with the nacelle not inclined. 
The comparison between the measured and calculated values for these cases is 
shown in Figs. 30 and 31, with the addition of a calculated mean loading for 
$I = 150. In the case of Fig. 33 an incomplete set of readings was also 
taken with the spar in position 9C”. The figures tended to show that the 
loading measured in the 270’ position (i.e. the normal minimum) was slightly 
higher than that at 90°, suggesting that the air-stream in the tunnel was not 
truly axial. Since the readings are incomplete however, no conclusions can 
be drawn and it must be emphasised that the effect, if any, was slight. It 
is known in fact that the airstream in the tunnel does deviate very slightly 
from axial. The agreement between the measured and calculated values for 
I$ = 0’ is excellent in Fig. 30 and reasonable in Fig. 31. The small change 
of mean loading for 15O of pitch is also apparent and it is unfortunate that 
more readings were not taken with the nacelle at zero pitch as they would 
have provided additional, though indirect, backing for the method of 
calculation, in view of the doubts expressed above regarding the validity 
of the minimum loading curves. 

(f) Figs. 32 to 36 have been restricted to the maximum values only, in 
view of the suggestion in VIII l.(b) above. It can be seen Lhat the theory 
effectively takes account of variation of $I and of r.p.m. The agreement of 
measured and theoretical values is very good for the 2@ and 23’ blade angle 
settings, but not too good for 26O55’, the measured values being consistently 
higher than those calculated in this instsnce, although the variation with IJI 
is consistent as figs. 37, 38 and 39 show. The reason for this is not known, 
a low measured value, relative to one calculated, may possibly be explained 
away, but a high value is difficult to account for unless the actual power 
absorption is-higher than that calculated. Fig. 40 shows that in fact this 
was not the case. There was some confusion regarding the setting of the 
angle for the 26O55’ tests (i.e. the original schedule called for 26’) but 
the discrepancy between the measured and calculated values of KQ for the 
high angle tests is of the same order as those for the lower angles, which 
refutes any suggestion that the angle was in fact somewhat greater than 26’55’. 

(g) Theoretically the aerodynamic excitation A a is proportional to the 
angle of inclination \v, provided that 

it 
is small. drFigs. 37, 38 and 39 

show that for values of \v up to 15O Ad- doe s vary linearly with v, for the 
three radii and three blade angles cogred, although in view of the suggestion 
in VIII l.(b) above this is probably fortuitous. 

2. Comparison of Estimated and Measured Power Absorption 

From Figs. 40 and 41 it can be seen that the estimated values of Kg for 
the propeller are always somewhat above those measured. The absolute 
magnitude of the discrepancy is not constant, it appears to increase slightly 
with blade angle and with forward speed, but a good deal of this variation 
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may be regarded as within the limits of accuracy of measurement or of 
computation. 
and neglect 

As the estimates of KQ take account only of the lift terms 
the drag the actual discrepancies in each case will be slightly 

lreater than hgs. 40 and 41 suggest. Since the difference between 
measured and calculated values is much closer to a constant absolute value, 
rather than to a constant percentage value, it is considered that the nc-lift 
angles use in the calculations are probably slightly incorrect, but that the 
values of 

9 
used are substantially correct. 

It is most encouraging however to note from Fig. 40 that the rise of 
calculated and measured values with increase of v is nearly identical, thus 
Justifying the method proposed in Section VI 1 above for determining the blade 
angle in the general case of a constant speeding propeller. This blade angle 
will be slightly too low if the same section data is used as employed in this 
report, but this is regarded as of very minor importance as the load 
distribution will be correct, It is also encouraging to note that change 
of r.p.m. is also successfully allowed for, see Fig. 41. 

3. Comparison of Estimated and Measured Thrust Values 

From Fig. 42 it can be seen that the calculated values are always 
higher than those measured but that the employment of a slightly more severe 
body correction factor would lead to very good agreement, except possibly for 
the 8 = 26O case at low r.p.m. It is of course not possible to make any 
very conclusive comment on the merit of the S.B.A.C. method as the range of 
conditions covered by the test is very limited, but except at the very low 
r.p.m. the variation of thrust with r.p.m. and K is given quite adequately. 
The S.F.A.C. Method takes no account of blade ang e in evaluating thrusts or 5 . 
efficiencies hence the values of 0 given on Fig. 42 are purely for 
identification purposes. 

It is perhaps worth pointing out that this propeller would in practise 
develop some 7CCO lbs. thrust at full power at 9CC r.p.m. at forward speeds 
of the order of 100 - 170’/sec and that normally it would never be analysed 
for such low values of Kg. The absolute value of the discrepancy between 
measured and calculated values appears for any r.p.m. to be approximately 
constant and not to vary with power or thrust, hence for a higher thrust 
this discrepancy would not represent anything like the same percentage error 
that it does on Fig. 42. 

IX. CCNCLUSIONS 

1. To obtain the blade angle on a pitched constant speeding propeller 
operating in a uniform flow under known conditions of power r.p.m. and 

forward speed, it is sufflclent to regard the propeller as absorbing the 
known power at the given r.p.m. but operating normal to an airstream whose 
velocity is V cos v, and to evaluate the blade angle in the way normally 
used when strip analysing a propeller. 

2. In view of the general agreement of the estimated maximum loading values 
of lift grading with those measured, and of the estimated power absorp 

tions with those measured, the theoretical means of obtaining the fluctuating 
load on a pitched propeller put forward in section VI above, is regarded as 
reasonably Justified, not withstanding the poor agreement between estimated 
and measured minimum lift gradings (and hence of fluctuating load) which can 
be explained by mis-alignment of the pitot tubes. 

3. It is sufficiently accurate to take the excitation as being the 
difference between the ‘maximum’ and ‘mean’ loadings. 

4. The conclusions above are strictly liml ted to lowvalues of J, to low blade 
angles, to low operating Mach Numbers on the blade elements, and to 

operating section lift coefficients below the stall. However the theory 
given is not dependent on the values of J and 8 being low, and It 1s 
considered that It should be reliable at higher values of J and 8 than 
those tested. 
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5. The S.B.A.C. Standard Method of Propeller Performance Estimation gave, 
over the normal r.p.m. range for a propeller of this size, tne correct 

variation of thrust with change of power, r.p.m. and forward speed over the 
range tested. The absolute calculated values of tnrust were a little high 
but a somewhat more severe body correction factor would satisfactorily take 
account of this discrepancy. 

Various members of the Performance Office have been concerned with the 
preparation of this report, in the actual conduct of the tests in conJunction 
with the R.A.E. Tunnel Staff, in analysis of the results and in the theoretical 
investigations made. 
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DESIGN LIFT COEFFICIENT 0 0.195 0.289 0.378 0.440 0.4?33 O.EO4 0.494 
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Tip Rarllus is 96 Inches. N.A.C.A. Series 16 Sectlons are used throughout. 
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MAXIMUM 
LOADING 
SIDE 

MINIMUM 
LOADING 
SIDE 

MAxIMuM 
LOADING 
SIDE 

UNIMLiM 
LDMKNG 
SIDE 

/ FRACTION& RADIUS rc 
- 

a / Effect of Trailing Vortices 

lb/ ' ' Bound 'Jortices 

' 
/ Total Effect assummg Slipstream 
i parallel to thrust line 

/d/ Total Effect zxwming Horizontal 
SlIpstream ^__--_ 
Effect of Trailing Vortices 

' Eound Vortices 

C 
Total Effect assummg Slipstream 
parallel to thrust Line 

d / g;gt:F;ct assmng Horizontal 

a Effect of Trailing Vortices 
b/ " ' Bound Vortices 

Total Effect assuming Sllpstrem 
' / parallel to thrust line 

/ Total Effect assting Horizontal 
d 1 Slipstream 

a I Effect of Trailing Vortices 

b/ " ' Bound Vortices 

' 
i Total Effect assummg Slipstream 1 
/ parallel to thrust Line 

' I I d Total Effect assuming Horizontal 
Sllrxtreain 

\ I 1 

6.8 8.4 1 6.9 6.0 5.0 3.9 3.7 3.5 Ii = 875 RPM 

5.3 9.4 11.6 11.7 10.6 8.2 6.5 5.2 (see Fig. 22) 
I 

12.1 17.8 18.5 17.7 15.6 12.1 10.2 8.7 

22.1 27.8 I 23.5 I 27.7 25.6 1 22.1 1 20.2 1 18.7 1 
I I I I I I 

4.66 / 
! ! 

4.9 1 4.3 t 3.6 1 2.8 1 2.1 1 1.9 / 1.73 
I 

3.54 5.6 6.5 6.2 5.4 3.7 1 2.7 2.07 

8.2 10.5 10.8 9.8 8.2 
5.8 4.6 3.8 

CASEB 
CIXDITIONS:- 

6.8 = 4. - 4.2 - 5.2 6.8 
9.2 10.4 

- V 170 ft/sec. 
11.2 Q = a0 

.51 2.3 / 2.6 2.3 1.7 ! 1.2 ! 1.1 G-9 / ql= 150 

1-6 i 3.7 / 3.7 / 3.0 / 211 ) 1:; / 1.1 1 N = 9EO RPM 

TABLE III. ANGULAR FLUC'IZATIONS IN THE WAKE UJE To EOUND AND TRAILING VORTICES 
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COI\IDITIONS All values refer to 0.7 radius -- I I 

a = so0 v, = loo for all j 
LIFT GRADING - dL- lbs./ft. LIFT CDEFFICIENT - CL Reference to 

cases. dr hgure glvlng 

v-i--i- J’ 
Lift grating 

1vlax1mum Maximum Minimum I Curves 

Estimated 
~--_ i 

0.422 37 Fig. 22 
-- ---__ -I 

0.493 198 Fig. 21 
! -- 

100 650 0.568 I.29 125 93 84 0.655 0.634 0.559 o.kO3 Fig. 20 i 

100 950 0.661 243 243 155 149 0.555 0.555 0.430 0.416 Fig. 12 

TABLE Iv. MAXIMUM ANDMINIMUM ESTIMATED AND ACTUAL LIFE a3EFFICIEZ’TS 
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FOR AN INCLINED PROPELLER 
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FIG.21. COMPARISON OF EXPERIMENTAL AND 

ESTIMATED LIFT GRADING CURVES 
FOR AN INCLINED PROPELLER 
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FIG.24. COMPARISON OF EXPERIMENTAL AND 
ESTIMATED LIFT GRADING CURVES 

FOR AN INCLINED PROPELLER 
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FIG.25 COMPARISON OF EXPERIMENTAL AND 

ESTIMATED LIFT GRADING CURVES 
FOR AN INCLINED PROPELLER 
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FIG.26. COMPARISON OF EXPERIMENTAL AND 
ESTIMATED LIFT GRADING CURVES 

FOR AN INCLINED PROPELLER 
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FIG.27. COMPARISON OF EXPERIMENTAL AND 
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FOR AN INCLINED PROPELLER 



FRACkWL R#IuS 3 FRACkWL R#IuS 3 

VARIATION IN LIFT GRADlNG FROM MAX. TO MIN. VARIATION IN LIFT GRADlNG FROM MAX. TO MIN. 

FRACTIONAL RADIUS ~2 

FIG.29. COMPARISON OF EXPERIMENTAL AND 
ESTIMATED LIFT GRADING CURVES 

FOR AN INCLINED PROPELLER 
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FlG.30. COMPARISON OF EXPERIMENTAL AND 
ESTIMATED LIFT GRADING CURVES 

FOR AN INCLINED PROPELLER 
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FIG.31. COMPARISON OF EXPERIMENTAL AND 

ESTIMATED LIFT GRADING CURVES 
FOR AN INCLINED PROPELLER 
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FIG.32. EFFECT OF INCLINATION 9 ON 

MAXIMUM LIFT GRADING. 
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FIG.36. EFFECT OF PROPELLER R. F? M. ON 

MAXIMUM LIFT GRADING 
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FIG. 42 COMPARISON OF MEASURED THRUSTS 

WITH VALUES CALCULATED BY USE 

OF THE S&AC. METHOD. 
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