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SUMMARY.—(a) Reasons for enquiry.—The method of calculating the 
characteristics of a propeller in use at present depends to a considerable 
extent on an empirical inflow factor which is assumed to represent the 
mutual interference of the propeller blades. The experiments and analysis 
described in the present report are an attempt to examine the inflow to 
be expected by regarding the interference eilects as equivalent to these 
occurring in a multiplane structure of large negative stagger. 

(b) Range of investigation.—A series of five aerofoils (to represent an 
infinite series) were tested in an arrangement chosen to represent a section 
of a propeller at a radial distance of one-third of the diameter. The 
experiments consisted of measurements of lift and drag on one of the 
aerofoils with and without the interference of the other four aerofoils. 
The results were analysed to derive the inflow and slipstream velocity. 
The wind channel experiment was rough and incomplete, and the report 
is brought forward principally as suggesting a new method of attacking 
propeller theory. 

(c) Conclusions.—The results derived from the analysis are that the 
translational or axial inflow velocity is not proportional to the correspond- 
ing slipstream velocity.    The rotational inflow is small. 

(d) Applications and developments.—The method of experiment and 
analysis developed in the present report could be carried out with advantage 
with a series of propeller sections so as to give comparative results with 
a propeller whose characteristics are known. To form any general theorem 
different pitch diameter ratios, blade widths and numbers of blades should 
be represented by similar series of aerofoils and similarly investigated. 

1. The method of calculating the characteristics of a propeller 
at the present time is based on Drzwieckis' analysis of the blade 
into a series of element« or strips, each of which is assumed to 
react as an element of an aerofoil without interference from the 
neighbouring elements. The relative velocity of the air and the 
incidence of the aerofoil element are derived from the forward 
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velocity and angular rotation of the propeller. In this form of 
the theory no allowance is made for the interference effects of 
the other blades of the propeller, but in recent work the forward 
speed of the propeller has been increased by an empirical inflow 
velocity depending on the thrust, diameter, and forward speed, 
which is assumed to represent this interference effect. No allow- 
ance is made for any interference effect in the rotational velocity. 

2. The assumption of streamline flow of the air leads to the 
conclusion that the inflow velocity is half the final velocity 
in the slipstream or tail race. Consider a propeller rotating in a 
stream of air moving with velocity V. Let «V be the inflow 
velocity and hV the slipstream velocity, i.e., the increased velocity 
over a plane where the pressure has regained its initial value. 
Ignoring all rotational effects, the propeller may be regarded as 
a disc of pressure discontinuity p. Then if P0 be the undisturbed 
pressure and P the pressure just in front of the propeller, 

P, + if>V« = P + ipV«(l +o)* 
P» + h P Va(l + 6)a = P + P + k ?V2 0 + «)2 

or 
p = | p V* (26 + 6a). 

Thus the thrust on an element A of the propeller disc is 
A PV* 6(1+4 6). 

The mass of air passing the element A in unit time ig 
A p V (i + a), and so the momentum generated is A p V'(l -f «) 6. 
This is another measure of the thrust, and it follows at once that 
o = \ b, i.e., the inflow velocity is half the slipstream velocity. 

3. In practice the inflow velocity has been chosen so as to 
obtain agreement between the calculated and observed character- 
istics of the propeller, and so is of the nature of an empirical factor 
which is made to absorb in itself any small errors of the theory 
employed in"the calculations. It should be noted that two em- 
pirical factors are really required to obtain agreement for both 
thrust and torque. Direct measurements have also been obtained 
of the velocity at a short distance in front of a model propeller, 
but care must be taken in using the values of the inflow so obtained 
in the theoretical equations. It is a well-known fact that an 
aerofoil disturbs the flow of air for some distance in front of its 
leading edge, and in consequence the inflow of a propeller 
measured experimentally consists of two parts—(1) the disturb- 
ance of the air in front of the blade element under consideration 
due to the biade itself (corresponding to the disturbance mentioned 
above in the case of an aerofoil), and (2) the interference effects 
of the other blades and of itself (at an angular distance of 
± %nn). It it the latter part only which should be usetl for the inflow 
correction in theoretical »cork, since the former is taken into account 
directly in the characteristics of the aerofoil section. 
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4. The experiments dealt with in this report are based on a 
new method of visualising the interference effect of the propeller 
blades on each other. Accepting Drzwieckis' assumption that 
the blade of a propeller can be divided into a large number of 
independent aerofoil elements, it follows logically that the inter- 
ference effect caused by the corresponding elements of the other 
blades is exactly analogous to the downwash and other inter- 
ference effects experienced by one plane of an infinite multiplane 
structure. Consider elements at some definite radial distance 
along the blades. These elements will all lie relative to the air 
on a definite helix along which they will be evenly spaced, and if 
the helix be unrolled, we shall derive a multiplane structure 
with large negative stagger. This arrangement is represented 
in Fig. 1A, where A A is the plane of rotation of the propeller. 

Let V = forward velocity of the propeller. 
n = revolutions per second. 

W = resultant velocity of the blade element considered. 
r = radial distance of the element. 
0 = blade angle. 
$ m angle of helix, 
a = angle of incidence of blade element. 

Then if the interference effects are ignored and the propeller is 
assumed to have four blades— 

V = W sin <£ ,       2 iznr « W cos (f> 
P,Pa = PaP3 = |*r. 

The lift and drag of the elements act respectively at right angles 
to and along the direction of the resultant velocity W. 

The effect of the interference of the various blade elements 
will be represented in the subsequent analysis by changes in the 
direction and magnitude of the resultant velocity W which deter- 
mines the force on the blade element under consideration. This 
is an assumption which can only be justified by examining the 
agreement obtained between theory and practice in a number 
of cases. It may very possibly be found that no general assump- 
tion of this kind is applicable to all aerofoil sections. This assump- 
tion is made implicitly in any theory which makes use of an inflow 
factor. 

The characteristics of a propeller depend on the advance per 
revolution, or on the value of (j>, and so may be investigated by 
setting the axis AA at different angles to the axis of the wind 
channel. The lift and drag measured on one of the series of 
aerofoils will represent the forces on the blade of a propeller 
when all interferences are taken into account, while the difference 
between these forces and those obtained on a single aerofoil 
will give a measure »>f the interference effect. It was considered 
sufficient to use a series of five aerofoils and to measure the forces 
on the fourth of these (measuring down wind) to obtain the full 
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interference effect.   The validity of this assumption might well 
be investigated in carrying this investigation further. 

5. The aerofoils used were of 2* chord and 12* span. Their 
lower surface was flat and their upper surface a circular arc. 
The maximum thickness was 0-2". They were set at 28 degs. 
to the axis AA, and were spaced 14*-3 apart. In this form the 
aerofoils correspond fairly closely to a section of the propeller 
T.7448 (pitch diameter ratio 1-2) at a radial distance of one-third 
of the diameter, except that the aerofoil section is different. 
The aerofoils were supported with their span vertical by 1* of 
X" spindle, 3* of |* spindle and 1 foot of f* spindle. The aerofoil 
tested was the fourth down wind and the forces were measured in 
these conditions, the results being given in Table 1. Experiment 
A is the tost of the aerofoil alone, corrected for the interference 
of the spindle ; B is the same aerofoil with the interference of the 
stand and mounting for the series of aerofoils; C is the test 
with all the aerofoils in position. The forces required for the 
aerofoil theory are A -- B -f C, winch will represent the aerofoil 
with the interference of the series of aerofoils, but without that 
of the stand and mounting. Here, of course, an assumption has 
been made which should be investigated before proceeding further 
with these experiments. The assumption made is that the 
interference of the aerofoils is not itself affected by the presence 
of the mounting. For the purpose, of the subsequent analysis 
the ratio of lift to drag is required, and this ratio is given in Fig. 1. 
All three tests showed curious discontinuities of slope in the neigh - 
bourhood of 5 degs. incidence, which may be due to the low value1 

of IV of the tests. In analysing the results, the curves have been 
smoothed out a little in this region (see Fig. 2). The experiments 
were carried out in a 4-ft. wind channel at a speed of 60 f.u.s. 
(IV m 10). 

6. The results have been analysed along two independent 
lines. In the first place an estimate was made of the corvections 
necessary to the angle of incidence of the element and to the 
relative velocity to represent the interference effects, and in the 
second place the translational and rotational velocities in the 
slipstream were derived on the assumption that these are due to 
the momentum imparted to the air by the reaction of the aero- 
foils. 

Let ku, i'v be the lift and drag coefficients of the aerofoil alone. 
and k'L, k'0 those with the interference of the series.   Then if 
the interference effect is equivalent to an inflow angle j and an 
increase w in the relative velocity, we obtain by resolving at right 
angles to the corrected velocity direction, 

"W+ «•"!• 
s* k\ (*) cos * -}- VD (a) sin »' *,. (ct - i) 

*p (« — *) 

i 

= i'D (at) cos t — k'L (a) sin i 

.-/%.-. 
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where kL (a) represents the value of kh at incidence a. 
sufficient approximation this gives 

&DJ0C — i)       k'n (a) 

m, («) 

To a 

tan £ 

which is an equation for determining i by means of the curves of 
Fig. 4. The correction w to the relative velocity is given by either 
of the preceding equations. It is useful to express these inter- 
ference effects as corrections to the forward velocity V and the 
rotational velocity 2nnr.   Now 

V = Wsin^ 
. 2iznr t± W cos j> 

and so 

or 
A(H=»coS^-Wsin^inj- 

w 

AV 
T 

sin i      w 
tan <£  •" W 

The results of analysis on these lines are given in Table 2 
and Figs. 5 and 6. The results are plotted against V jnD, and show 
that the inflow correction »to the rotational velocity is never important. 

7. To obtain the velocities in the slipstream, it is necessary 
to use a statistical method of analysis. Consider a column of air 
of breadth b across the channel and of unit length along the span 
of the aerofoils (Fig. lc).   The number of aerofoils which meet 

b       12 
this column is   -—7 r-r-» and so the equations of momentum sin ^14-3 * 
along and at right angles to the axis of the channel are 

b       12 bpWv = *'D p J VV* 
sin^J 14-3 

u 
W '*t5 <M4 

silT^ 
•      *   0*14 

ÄÜS Sääof the c,r*e in **»%■ i» • 
»«en, Vr and V. art  heTotat on,? Tf^ tS initid «"«■   «• 
of the slipstream. ^Xte     and tran8lati0^ components 

V, » « cos <i> - t. sin ^ 
Vr = tt sin 6 -f t. cos 6 

— 
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The results of the analysis on these lines are given in Table 3 
and Fig. 7, and it appears that for the blade section considered 
the rotational component is approximately half the translational 
component. These values will, however, depend on the aerofoil 
section used for the propeller blade. 

8. To complete the analysis it is necessary to derive values 
for the thrust and torque of the element considered. For this 
purpose, the quantities t and q are defined by the equations 

t SES k'L cos <f> —- k'D sin <f> 

q = k'h sin <f> -f- k'D cos <f> 

The thrust and torque of the element are proportional to these 
two quantities, which are given in Table 3 and Fig. 8. 

The translational component of the slipstream vanishes with 
the thrust, and the rotational component with the torque, but 
the corresponding components of the inflow vanish at a slightly 
lower value of V/nD. The inflow angle appears to vanish 
approximately with the thrust. 

9. The experiment described above is an attempt to deal 
with the interference problem in propeller theory on new lines. 
The results obtained are not directly comparable with any pro- 
peller that has been tested, but represent in type the results to be 
expected from this method of experiment. Too much atten- 
tion should not be paid to the numerical results until a more 
careful and comprehensive experiment lias been carried out; but 
so far they indicate rather different conclusions than the theory 
of R. and M. 328 assumes. The interference effects are there 
represented by an increased translational velocity only, which 
is a definite proportion (about half) of the translational slip- 
stream velocity. Fig. 5 shows the comparison between the 
translational inflow obtained by the method of this report and 
that assumed by R. and M. 328. It will be seen that they differ 
considerably, are not in a constant ratio, and do not vanish 
together. Fig. 6 shows the inflow angle deduced by the two 
methods. That the difference is partly accounted for by the 
neglect of the rotational inflow can be seen from Fig. Id. To 
give the same force on the blade the translational inflow must 
be higher and the inflow angle higher if the rotational inflow is 
ignored, since the relative velocity of the blade through the 
air will be higher and the incidence must therefore be lower. 

10. The assumption that the interference of the blades can 
be represented by a translational inflow only is open to the 
objection that there is only one parameter available with which 
to obtain agreement of thrust and torque between calculated 
and observed values. In R. and M. 32* the inflow has been chosen 
to obtain agreement of thrust, and it was found that the torque 
might then differ by as much as ± 5 per cent. It is therefore 
suggested that rotational inflow should be introduced to obtain 
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agreement of torque if the inflow method is to be used ; but on 
the other hand, it seems more reasonable to base propeller inter- 
ference on a comprehensive series of experiments on the lines of 
this report rather than upon any inflow assumptions. The inflow 
theory is purely empirical, and is certainly quite unjustifiable 
when the blade is working near stalling incidence. 

TABLE I. 

-6 
-4 
-2 

0 
+ 2 

4 
0 
s 

10 
18 
14 
16 
is 
SO 
ta 
30 

Aerofoil a<one. 

-0158 
-0-081 
-0005 
+ 0-060 

0126 
0-205 
0-232 
0-370 
0-421 
0-462 
0-473 
0-445 
0-418 
0-404 
0-395 
0-415 

00320 
0-0220 
0-0172 
00170 
0-0131 
0-0227 
00253 
0-0323 
00431 
00563 
00805 
01150 
01342 
0-1533 
0-1930 
0-2500 

B. 

Aerofoil with 
interference, of stand. 

-4-1 
-2-0 
+ 0-3 

2-8 
5-3 
7-8 

10-5 
13-3 
16-1 
101 
220 
25-0 
280 

-0103 
-0018 
!-0-072 
0158 
0-320 
0-387 
0-451 
0-494 
0-454 
0-422 
0-410 
0-414 
0-430 

00247 
00191 
00191 
00213 
0-0259 
0-0368 
0-0495 
00727 
01188 
01526 
01745 
0-2006 
0-2350 

Aerofoil with interference 
of stand and other 

aerofoils. 

-3-5 
-2-0 
+ 0-3 

2-8 
5-3 
7-8 

10-5 
13-3 
161 
191 
220 
250 
280 

-0067 
-0013 
+ 0071 

0145 
0-242 
0-354 
0-411 
0-468 
0-303 
0-491 
0-461 
0-466 
0-455 

I 00232 
| 0-0195 
00188 
00225 
00307 
00394 
00540 
00755 
0-0996 
01390 
01740 
0-2040 
0-2060 

TABLE 2. 

INFLOW VELOCITIES. 

v 
■a. 

M \ 

O 44 
0 55 
0 66 
0-77 
O H% 
0 99 
1 10 

13 
10 
7 
'. 

i 

3 
- 
1 
Ü-7 
0-4 
00 

0 046 
0 051 
0 027 
O (M>9 
O 015 
0 007 
0 007 

•>. <6 
0 295 
0-154 
O 066 
0044 
0 022 
0 007 

0 030 
0 034 
0-014 
0 001 
O 010 
O 004 
0-007 
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TABLE 3. 

THRUST, TORQUE AND SLIPSTREAM VELOCITIES. 

V ?. vf 
nD . V V 9 

0-22 0-432 0-215 
0-44 — — 0-460 0 196 
0-55 0-90 0-409 0-416 0 185 
0-66 0-556 0-259 0-358 0-166 
0-77 0-350 0-172 0-298 0 146 
0-88 0-199 0 108 0-213 0117 
0-99 0-091 0060 0118 0 078 
110 + 0033 0 030 0051 0 046 
1-21 - 0 005 0009 ^~ 
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