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Summary.--Reason for Investigatio~¢.--High-speed wind tunnel tests of various model propellers were required as 
part  o f a  general research programme dealing with propellers for high-speed aircraft. 

Range of Investigation.--A two-blade 4 ft 6 in diameter Clark Y section propeller of 6 per cent. thickness ratio and 
7 per cent. total solidity was tested at three fixed blade angles over a range of forward Mach numbers up to 0.8 and 
rates of advance up to J = 4. Inadd i t ion ,  the forward Reynolds number based on 1 It. chord, was varied from 
i million to 4 millions at one blade angle, the forward Mach number being held constant at 0.3. 

Conclusions.--(i) The experimental technique employed for measurement of overall thrust and torque of model 
propellers in the Royal Aircraft Establishment High Speed Tunnel was proved successful and capable of yielding 
reasonably consistent results. 

(ii) No appreciable scale effect was present on the tests made at low Mach number, but this does not necessarily hold 
at high Mach numbers, for which condition no evidence is available. 

(iii) The variation of thrust and torque coefficientsand propulsive efficiency with increasing ~ach  number at constant 
rates of advance show no serious departure from the variations to he expected from such a blade section operating at 
high Mach rmmbers. 

.(iv) A maximum efficiency of 0 ' 9  was attained with this propeller at low forward speeds and tip Mach numbers. 
With increase in 5Iach number the efficiency fell slowly but steadily until some critical Mach number was reached when 
the rate of decrease became serious. The critical tip Mach number varied between 0 ' 9  and 1"2 depending upon the 
operating conditions. At a forward Mach number of 0 '  7 and up'yards the rate of decrease in efficiency became large, 
though the maximum efficiency at M = 0" 7 was still quite high at 0.76. I t  might be possible to reduce this rate of 
decrease at a given Mach number by operating at still greater blade settings. 

* R.A.E. Report Aero. 2096--received 7th February, 1948. 

R.A.E. Report Aero. 2096a--received 21st January,  1948. 
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1. Introduction.--1.1. The necessity for testing representative modern propellers and typical  
propeller aerofoils at conditions corresponding to the speeds and rates of advance obtaining on 
present high-speed aircraft was recognised some considerable time ago. Accordingly a com- 
prehensive research programme was drawn up involving (i) full-scale flight tests, (ii) wind-tunnel 
experiments on aerofoils suitable for high-speed propeller blades, and (iii) thrust  and torque 
measurements on model propellers in various wind tunnels. 

This report deals with the methods used in and results obtained from the initial series of tests 
in the Royal Aircraft Establishment High Speed Tunnel under the third heading. 

1.2. To drive the propellers designed for this part  Of the programme required an electric motor 
capable of delivering 200 b.h.p, over the range of 4,000 to 8,000 r.p.m, and yet small enough to 
be mounted, suitably faired, in the working section of the High Speed Tunnel without undue 
blockage. 

Such a motor has been designed and made and results are given of the initial tests carried out 
using the first of a series of propellers designed for these experiments. The tests were of a pre- 
liminary nature to cover the probable limits of future tests and to give as much experience as 
possible on running technique and to assess the accuracy and consistency of the system of 
measurements employed. As the results were satisfactory they have been presented here, whilst 
the various corrections due to tunnel blockage, etc. have been given in some detail as similar 
corrections will be applicable to future tests. 

1.3. Since the completion of this initial series of experiments the motor has been returned to 
the manufacturers for certain alterations designed to improve its efficiency and running 
capabilities. 

2. Appara~s and Methods.--2.1.--Ge~eral.--The basic scheme for measuring the thrust and 
torque of the model propellers is as follows : - -  

The motor is mounted on the wind-tunnel balance and the propeller thrust derived from 
readings of the drag balance. The torque is obtained from measurement of the electrical power 
input and the motor running conditions, in conjunction with data from previous calibration tests. 

Fig. 1 shows the arrangement of the motor and propeller in the working section of the tunnel. 

2.2. Pr@eller Motor.--This is a squirrel cage induction motor, designed and built by 
Messrs. Metropolitan Vickers Electrical Co. Ltd., Manchester; it has a solid steel rotor (for 
mechanical stiffness reasons) and is rated at : -  

Linear increase of power from 50 b.h.p, at 1,000 r.p.m, to 200 b.h.p, at 4,000 r.p.m. 

Power constant at 200 b.h.p, from 4,000 to maximum r.p.m, of 8,000. 

I t  is fed with a variable frequency, three phase, alternating current supply, the voltage being 
adjusted to give minimum electrical losses at each speed. The necessary variable frequency 
alternator and associated electrical machinery form part of the equipment of the R.A.E. 24-It 
Tunnel, being used in that  tunnel to drive a 1,500 h.p. propeller motor. 

Cooling of the stator windings of the 200 h.p. motor is effected by pumping brine from the 
High Speed Tunnel supply through a jacket outside the windings. The various electrical and 
brine leads from the motor are led down a vertical strut behind the two oblique supporting 
struts and thence outside the tunnel (see Fig. 1). This rear strut is attached to the pitching 
moment arm of the balance (which arm is kept locked) and is not intended to carry any of the 
weight of the motor. The overall dimensions of the motor assembly, including the fairing and 
spinner are : length 120 in ; maximum diameter 19.2 in. 
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The motor is calibrated by coupling it to an inductor type of dynamome±er brake situated on 
a stand outside the wind-tunnel shell. The input to the motor is measured electrically whilst 
the torque exerted is transferred by suitable linkage to an Avery weighbridge. Rotational speed 
is measured by means of a Clerk-Maxwell bridge circuit, the necessary impulse for this system 
being supplied by a commutator on the non-driving end of the motor shaft. Basic details of 
this circuit are given in Fig. 2. 

2.3. Propeller.--This propeller, the first of a series of 11 model propellers of 4 It 6 in diameter 
designed for test by  this apparatus, is designated ' No. 0 '. I t  has two steel blades of Clark Y 
section with a thickness/chord ratio of 0.06 from about 0 .4R to the tip, the solidity per blade 
be ing  0.035. Each blade of the propeller is set in the hub to  the required blade angle and 
clamped t ightly at this setting. Further details are given in Fig. 3, whilst Fig. 4 gives a general 
impression of the blades. 

As a safety precaution the propeller was spun by the motor on a balancing stand prior to its 
first installation in the tunnel. 

3. Tests Made.--3.1. Without Propeller.--Measurements of the drag of the motor assembly 
and struts were made in the absence of the propeller over a range of forward Mach numbers 
from 0.2 to 0 .8  and also at a number of forward Reynolds numbers, based on 1-ft chord, 
between 0.5 × 106 and 5 × 106. This experiment established the basic, or tare, drag of t h e  
installation from which was subtracted the observed drag balance readings with the propeller 
running to give a first approximation to the propeller thrust. 

The results of the motor drag measurements are given in Fig. 5. 

3.2. With Propeller.--The tests made with No. 0 propeller consisted of thrust  and torque 
measurements at three different blade angles as measured at the 0-7R station, viz. 40, 50 and 
60 deg. (nominal values). At each blade angle the forward Mach number was varied in stages 
from a low to a high value, the maximum range covered being from 0.2 to 0 .8  in the case 
of the 60 deg. setting. At each Mach number, a series of runs over the maximum range of J values 
was made, the higher limit being the windmilling condition whilst the lower limit was governed 
usually by  propeller motor limitations. 

All the above series of runs were m a d e a t  a constant forward Reynolds number of 1 × 106. 
A fourth series of runs was made at the 60 deg. blade setting and a constant forward Mach number 
of- 0 .3  but varying the forward Reynolds number in four steps, viz. 1 × 106, 2 × 106, 3 × 106, 
4 × 106, in order to obtain a check on any scale effect on thrust  or torque coefficients. 

The actual technique employed ihroughout was to run at fixed values of the ratio: Tunnel 
fan r.p.m./propeller r.p.s. (N/n) at each of the chosen values of forward Mach number. This 
corresponds roughly to a series of fixed values of J at each of the forward Mach numbers:  
curves at t ruly constant values of J were obtained afterwards by cross-plotting. To run at  
exactly constant values of J at each forward Mach number would have entailed complicated 
calculations for blockage, changes in temperature, etc., being made and allowed for in the course 
of a run. 
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A list of the experiments made is given in tabular  form below : -  

TABLE 1 

Table Of Experiments 

Condition 
Forward 

Mach number 
range 

Forward 
Reynolds 
number R ge 

Pressures 
measured (see 
Appendix I) 

Remarks 

E m p t y  tunnel 

Motor alone 

Motor and propeller 
0=39 deg. 35 rain. 
at 0 .7R 

Ditto. Repeat test 

Motor and propeller 
0=49 deg: 49 min. 
at 0" 7R 

Motol and propeller 
0=60 deg. 0 rain. 
at 0- 7R. 

Motor and propeller 
*0=60 deg. approx 
at 0" 7R. 

o.2)  
to corrected 

o-893 

0"2 
to "~uncorrected 

0 . 7 8 ]  

0 . 2 }  
to corrected 

0-5 

0.2 
to ~corrected 

0 . 4 3 ]  

0-2 
to ; c o r r e c t e d  

o.~8j 

0 . 2 }  
to corrected 

0.81 

0.3 
0.3 co r cted 

0.3 

1 × 106 
to 

5 × 106 

½ X 106 
to 

5 × 106 

1 × 106 
1 × l0 G 
1 X 10 G 

1 X 106 
1 X 106 
1 × 106 

1 × 106 
1 × 106 
! × 106 

1 × 106 
1 × 10 6 
1 ×  

1 X 
2 ×  
3 X  
4 ×  

2"3 
to 
1 '2  

1"9 
to 

1"2 

3"0 
to 
1 '6 

4: 
10 6 2" 6 

10 6 
4 o, 

106 2 '6  
l0 G 

Far wall, near wall. 
Roof, floor. 

Far  wall, near wall. 
Roof, floor. Motor 
fairing. 

Far  wall. 

m 

Far and near walls give pressure 
coefficientssufficiently close 
to be regarded as tile same. 
Floor coefficients unreliable 
due to presence of supports. 

These tests were made two days 
after initial ones at this blade 
setting. 

Pressure connections not made 
to correct datmn. 

4. Correction and Reduction of Observed Results.--4.1. General.--An outline only is given here 
of the various corrections employed, full details being given in  appendices to the report: The 
observed values of drag and electrical input give respectively, when corrected, the thrust  and 
torque of the propeller, whilst from the calculated value of blockage is derived the actual 
operating condition of the propeller. The principles underlying the derivation of these three 
basic corrections are dealt with separately as follows : - -  

4.2. Correction to Tunnel Sfleed.--The blockage calculations made in Appendix I aim at giving 
tile speed of all infinite stream of free air which, flowing past a propeller mounted on the same 
body as in the tunnel tests, but  without supporting struts, would give the same speed through 
the propeller disc as in the actual tunnel test. This condition means that  at the same rotational 
speed the thrust and torque from the propeller in the tunnel is the same as would be obtained 
in a free stream. 

The Order of magnitude of the increment in tunnel velocity at the propeller disc is given in 
tabular form in Appendix I ;  the greatest correction which was applied was 4.7 per cent. of the 
nominal tunnel velocity. 

* I t  is suspected that  a small change in bladeangle took place between the last  two test conditions, but this cannot 
be confirmed. I t  is best to assume that  these two tests were not made at precisely the same setting. 



4.3. Corrections to Thrust .--The observed drag 
corrected to give thrust by the following method 

Thrust = " O b s e r v e d  drag balance reading+ ! 
/ 

L 

balancg reading with the propeller running is 

(i) Tare drag of motor and struts. 
(ii) Buoyancy correction due to pressure 

gradient. 
(iii) Correction to (i) for decrease in general 

field speed caused by propeller blockage. 
(iv) Increase of drag of struts due to increased 

speed in slipstream. 

Of these, (i) is a measured quantity, whilst the others are calculated quantities, most conveniently 
expressed as functions of a propeller thrust Coefficient. Full details of these Corrections are 
given in Appendix II,  but it may be observed that  the net correction under headings (ii), (iii), 
and (iv) above varies between --1 and --6 per cent. of the thrust  over the range of forward 
Mach numbers up to M = 0.75. 

4.4. Torque Determinatior~.--The underlying assumption in the determination of the .motor 
b.h.p., and hence the torque, is that  it can be obtained accurately from the measured electrical 
input by subtracting the motor losses at  t h e  appropriate operating conditions. The losses-are 
obtained from separate calibration tests of the motor when coupled to a dynamometer.  Normal 
electrical engineering methods of separating the losses into copper~ iron, friction and windage 
losses are followed. Full details of the calibration technique and the results are given in 
Appendix I I I .  

I t  may be noted here that  tile present tests are based on preliminary calibration of the motor 
in its original state, and as a result of experience a more comprehensive calibration is desirable. 
This will be done after the motor has been modified by the makers. 

4.5. Calculation of Coefficients, etc.--From the calculated blockage figures and the observed 
tunnel conditions ~re derived corrected values of Mach number, air density, air temperature, 
and wind speed using the normal methods. The usual thrust and torque coefficients, propulsive 
efficiency, and tip Mach number, etc., were calculated from 

T Thrust coefficient K r  - -  

pn2D ¢ 

Torque coefficient K o -- Q pn2D 5 

Propulsive efficiency ~ =- J K r  
2~ K o 

,/[ Tip Mach number Mtip. = M 1 + 

5. Results.--The results are presented in the form of curves of thrust  and torque coefficients 
and propulsive efficiency against J in Figs. 6, 7, 8, and 9; other curves derived from these are 
given in Figs. 10 to 21. I t  was considered tha t  the results at  for.ward Mach numbers greater 
than 0.75 were unreliable owing to the magnitude of the corrections invoiced (see Table 3, 
Appendix II). Consequently any such results have been omitted from this report. 

The examination of the experimental results can be divided conveniently as follows. 

5 . 1 .  Tests at 0 = 40 deg.--The results given in Figs. 6a, b, c, Cover only a small range of forward 
Mach numbers but demonstrate that  a reasonable degree of consistency and ability to repeat 
can be obtained from the experimental technique employed. 



5.2. Tests at Various Rey~,olds Number.--Fig.  7 shows tha t  the scale effect on the experimental 
results is negligible over a range of forward Reynolds numbers of 1 x 106 to 4 X 106 (based on 
1-ft chord), for low Mach numbers at least. This range of forward Reynolds numbers corresponds 
to a range of propeller Reynolds numbers, Nv of from 1.7 x 106 to 8.5 × 106, where N~ is based 
on propeller dimensions. 

Thus the maximum Nv value practically covers the 10 x 106 value recommended in Ref. t, 
page 307, as being adequate to ensure tha t  model scale effect has been reduced to a negligible 
amount. The average Nv value for the tests at constant forward Reynolds number of 1 x 106 
is about 2-5 x 106. 

The deviation of the results for the forward Reynolds number of 3 x 106 from the others in 
Fig. 7 is a lfftle disturbing as no satisfactory explanation has been found, but it does not invalidate 
the conclusion which the rest of the evidence provides, i.e. tha t  no correction for scale effect 
need be applied to the results, at low forward Mach numbers at least. 

I t  is not possible to cover a wide range of forward Reynolds numbers at a high forward Mach 
number in this wind tunnel, so no direct experiment can show whether scale effect is present 
or not at high Mach numbers. However, a recent report on German high-speed tunnel work 
does indicate tha t  on aerofoil tests the Reynolds number of the test does influence the behaviour 
at high Mach number even when the Reynolds number is around 3 or 4 × 106(1°). Thus the 
possibility of some scale effect at high forward Mach numbers cannot be ruled out entirely from 

t h e  present series of tests. 

Using the method of assessing the scale effect given in R. & M. 1673 ~ the maximum deviation 
of thrust  coefficient from the mean vMue is less than 2 per cent., whilst t h e  average deviation 
is  about 1 per cent. 

5.3. Tests at 0 = 50 deg. and 60 deg. (Figs. 8a to h, 9a to h) . - -These tests, which were quite 
fully done demonstrate the type of result to be expected from propeller tests made using this 
technique. The magnitude of the random experimental errors is shown by-the scatter of the 
points about the smoothed curves and, except possibly at high M and J values, this is fairly 
small. The exceptional conditions correspond to the propeller operating near zero thrust  and 
torque a t very high forward Mach number thus necessitating the application of relatively very 
large corrections for tare drag and motor losses to the observed readings, to the detriment of 
the general accuracy. 

Thrust  readings were obtained at windmilling conditions with the motor acting as a generator 
but owing to the absence of reliable information on the electrical losses under such conditions 
no torque or efficiency values are available. Most of the negative thrust results have been 
omitted as a consequence. 

A point worth noting from the curves under discussion and best exemplified by those of 
0 ---- 60 deg. is how the range of f values at which the propulsive efficiency at a given blade angle 
is at or near its maximum value varies from a wide range at low Mach numbers to a narrow range 
at high Mach numbers. 

6. Discussio~,.--6.1.--The chief interest in the results from tests at 0 ---- 50 deg. and 60 deg. 
,centres round the derived curves given in Figs. 10 to 19 where thrust  and torque coefficients 
are plotted against forward Mach number and tip Mach number at various values of J .  Such 
curves are analogous to the CL, C~ curves for an aerofoil plotted against M at constant values 
of incidence and show certain features in common. The plots on a base of tip Mach number 
are generally more informative than those against forward Mach number and consequently 
most of the discussion is based upon the former. 

6 . 2 .  Tests at 0 = 50 deg.- -6 .21. - - In  Fig. 10 the most noticeable feature is the rise in both K r  
and KQ values at constant J up to a critical Mach number followed by a steady fall. Both the 
rise and :the fall fit in with the results to be expected from the application of propeller strip 
theory to the known behaviour of thin aerofoils in compressible flow, in which an increase in lift 
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coefficient and no appreciable increase in drag coefficient takes place with increase in M at 
constant incidence. (This applies particularly at low values of incidence; at higher incidences 
the drag coefficient tends to rise slightly with increase in Mach number.) On approaching the 
critical Mach number for the section the drag coefficient starts to rise, and at the critical Mach 
number the lift coefficient falls, accompanied by a much steeper rise in drag coefficient. 

I t  will be noticed in Fig. 10 tha t  very close agreement exists between the observed rise in Kr  
and the rise predicted by the Glauert theory, when the latter is based on the local Mach number 
at 0.7 radius. Thus for analysis purposes it seems more satisfactory to base the effective Mach 
number for the whole blade on the local Mach number at 0 .7R rather than on the tip Mach 
number. 

6.22.--The critical tip Mach numbers at which the peak thrust  and torque coefficients occur 
are more or less constant at the various values of J ;  in the case of the thrust  coefficient this is 
about 0.95 to 1.0 whilst in the case of the torque coefficient the peak is reached about 0-05M 
later. Also, the rate of fall in thrust  coefficient once the critical condition has been passed is 
much faster than the corresponding fall in torque coefficient. 

These two effects can be accounted for by  consideration of the usual expressions for the thrust  
and torque of an elementary section of a propeller blade (see Ref. 1, page 231). 

i.e. Thrust d T  = ½_BcpW 2 (CL cos 9 -- Ca sin 9). 

where 

Torque dQ _ ½BcroW 2 (CL sin ~ + Ca cos 9)- 

= tan - 1 I_~, approx, i 

= f(~c)J, approx. 

(Note that  9 is of order of 45 deg. or more in the cases under consideration.) 

At a given J value the effects of decreasing CL and increasing Ca as the critical Much number 
for the aerofoil is passed are additive in reducing the thrust  coefficient, but subtractive in 
reducing the torque coefficient, thus accounting for the different rates of decrease of the two 
coefficients. The fact that ,  at constant incidence, the aerofoil-section drag coefficient usually 
starts to rise before the lift coefficient falls can account for the peaks in the thrust  coefficient 
occurring slightly earlier than those of the torque coefficients. 

This 'phase difference' in critical Mach numbers is' well known and is allowed for in the strip 
theory calculations of propeller performance 3. 

6.23.--In the plot of efficiency versus Mt~p at constant J (Fig. 1i) there is a fairly well defined 
peak at the higher values of J at tip Mach numbers corresponding to the peaks in the thrust  and 
torque coeficient curves. On the other hand, at lower J values, the efficiency drops steadily 
with increase in tip Mach number. This difference in behavi0ur with change in J may be 
at tr ibuted to the facts tha t  the simple Glauert law for the increase in lift coefficient with increase 
in Mach number at constant incidence applies mainly to low values of incidence, that  is a t  the 
higher J values, and that  the drag coefficient is constant at low incidences. At greater incidences 
(lower J) the relationshi p between CL and M tends to become less valid and the drag coefficient 
does not remain constant but  tends to rise with increase ill Mach number. Thus one would 
,expect the rise in efficiency with M, if present at all, to be most marked at the higher J values ; 
at lower J values the rise in CL might be masked by the rise in CD thus causing a fall in efficiency 
with increase in Mach number. 

I 

6.24.--It  will be observed that  there is a fair scatter in the cross-plot points on a base of 
forward Mach number at high values of M (Figs. 12, 13) which could be interpreted to show a 
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systematic ' waviness ' of the thrust  curves at tip Mach numbers beyond the critical. However, 
no at tempt  has been made to follow this Waviness, and a mean line only has been drawn through 
the points, as the evidence is felt to be insufficient to justify following the points so closely. 

6.3. Tests at 0 = 60 deg.--In  the case of the results shown in Figs. 14 to 19 the general 
characteristics are broadly similar to those already discussed in the preceding paragraphs, though 
one or two points are worthy of further comment. 

The critical tip Mach numbers for the thrust and torque coefficients appear to be about 0.1 
less than those for 0 = 50 deg., which can be at tr ibuted to the fact that  for a given t i p  Mach 
number, operation at higher values of J with 0 = 60 deg. means that  more of the blade is 
shock stalled. 

In the plot of efficiency at constant J (Fig. 16) a puzzling feature at certain of the higher values 
of J is the fall in efficiency followed by a marked peak. Further experimental evidence is required 
on this point before it can be accepted as genuine. The scatter of the points suggesting waviness 
of the thrust  curves beyond the critical Mach number is more marked but as before, no a t tempt  
has been made to follow this apparent systematic waviness. 

I t  might be noted that  the very pronounced peak on the J = 4-0 curve in Fig. 19 is essentially 
less accurately defined than the others owing to the difficulty already mentioned of' maintaining 
a high degree of accuracy at low values of propeller thrust and torque. 

6.4. The remaining curves, Figs. 20, 21, call for little further comment except to remark that  
the peak efficiency for this propeller reaches 0.9 at low Mach numbers for blade angles of 40 deg. 
and 50 deg. At 60 deg. blade angle the peak efficiency has dropped to about 0.88 but on the 
other hand the range of J over which this lower efficiency is attainable is very much wider. 

In Fig. 21a it will be seen that  the peak efficiency for all blade angles falls off steadily with 
increase in tip Mach number, whereas the comparable plot of the American results 4 showed a 
small rise until  the critical condition was reached. Also the rate of fall off in efficiency with 
tip Mach number is much less than the experimental results quoted in Ref. 4 but more nearly 
akin to the theoretical fall off given in the same paper. 

On the basis of forward Mach number (Fig. 21b) the relative positions of the curves are 
interchanged at high Mach numbers when compared with the same curves in Fig. 21a. That  is, 
the greater blade angles mmntain the higher efficiency at high forward Mach numbers. I t  will be 
observed tha t  the maximum efficiency begins to fall off. at  an appreciable rate at a forward 
Mach number of about 0.6 and from 0.7 onwards it is very rapid indeed, even at the greatest 
blade setting tested. This rapid fall in efficiency might be delayed by operating at still greater 
blade angles though to what extent is as yet unknown. A single curve enveloping the individual 
curves at fixed blade settings shown in the diagram under discussion, would indicate the probable 
valiation of efficiency with forward Mach number of such a propeller operating under normal 
' cons tan t  speed '  conditions. Thus to determine maximum efficiences for an actual aircraft 
propeller at Mach numbers of this order still greater blade settings must be tested. 

7. Conclusions.--The main conclusions from this series of experiments may be Summarised 
as follows. 

7.1. The experimental technique for measurement of overall thrust and torque of modei 
propellers in the High Speed Tunnel is satisfactory and gives fairly consistent results, though 
a more comprehensive calibration of the motor is desirable. 

7.2. No appreciable scale effect on thrust or torque coefficient is present at low Mach number, 
but  no evidence is available as to  a possible scale effect at high Mach numbers. 

7.3. The thrust and torque coefficients and propulsive efficiency results at constant J show 
no variation of a Serious nature from the characteristics to be expected from such a blade section 
operating at high Mach numbers. 
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7.4. A maximum efficiency of 0.9 is obtained from this propeller at low forward speeds and 
tip Mach numbers. With increase in either or both of these parameters the efficiency falls, 
gradually at first but reaching serious rates of decrease at forward Mach numbers of about 0.7 
and upwards. The actual maximum propulsive efficiency at a forward Mach number of 0.7 
is about 0" 76 which is still quite reasonable and might be capable of still further improvement 
at gi~eater blade angles. 
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LIST OF SYMBOLS 

diameter of propeller (4 ft 6 in). 

tip radius of propeller. 

forward speed (corrected). 

rotational speed, revs/sec. 

rotational speed, radians/sec. 

rate of advance = V/nD. 

density of fluid. 

thrust. : 

torque. 

thrust  coefficient = T/prt2D 4 

torque coefficient = Q/pn"D 5 

propulsive efficiency -- J Kr  
2~ " KQ 

forward Mach number (uncorrected). 

forward Mach number (corrected). 

tip Mach numbei~ = M V/E1 + (a/J)~l. 

tunnel fan rotational speed, revs/min. 

forward Reynolds number (based on l-It chord). 

propeller Reynolds number (based on propeller dimensions = t2R2/v. 

kinematic viscosity of fluid. 

number of blades (2). 

effective velocity of blade element relative to fluid. 

angle of inclination of effective velocity, W, to plane of rotation. 

chord of blade element. 

angle of inclination of blade section datum line to plane of rotation. 

radius of blade element. 

9 



No. Author 

1 Durand (Ed.) . . . . . . . .  

2 Lock and Batelimn . . . . . .  

3 Conn, Lock, and Pankhurst . . . .  

4 Stack, Draley, Delano, and Feldman .. 

10 

11 

5 Glauert 

6 Young 

7 Thorn . . . . . . . . . .  

8 Thorn and Jones . . . . . . . .  

9 Caldwell . . . . . . . . . . .  

Theodorsen • . . . .  

R E F E R E N C E S  
Title, etc. 

Aerodynamic Theory, Vol. IV, J. Springer, Berlin. 1935. 

Wind-Tunnel Tests of High Pitch Airscrews. Part I. R. & M. 1673 
(1934).. 

Revised Method of Strip Theory Calculations. R. & M. 2035, 
October, 1945. 

Investigation of Two-blade Propellers at High Forward Speeds in 
the N.A.C.A. 8-It. High Speed Tunnel. Part I. A.R.C. 8051. 
1944. NACA. ACR. No. 4A10. 

Wind-Tunnel Interference on Wings, 13odies, and Airscrews. 
R. & M. 1566 (1933). 

Note on the Application of the Linear--Perturbation Theory to 
Determine the Effect of Compressibility on the Wind-Tunnel 
Constraint on a Propeller. R.A.E. Tech. R. & M. 2113 (1944). 

Blockage Corrections and Choking in the R.A.E. High Speed Tunnel 
R. & M. 2033 (1943). 

Notes on Tunnel Blockage at High Speeds. R. & M. 2385 (1946). 

Review of the PoSition of the 200 h.p. Electric Motor for Driving 
Propellers in the High Speed Tunnel. R.A.E. Tech. Note No. 
Aero. 1621. 1945. 

Notes on Interrogations of Dr. t3. GSthert (D.V.L.,-Germany). 
A.R.C. 8880. 1945. 

The Theory of Propellers, Part III--Slipstream Contraction with 
Numerical Values for Two-blade and Four-blade Propellers. 
N.A.C.A. Report 777 (1944). 

, A P P E N D I X  I 

Notes  on Blockage Corrections 

By 

M. JoNEs, B.Sc. 

The  blockage factors  are found  by  the  m e t h o d  of images  given in R. & M. 20337. The  effects 
of t he  b o d y  and  of its images  are ca lcu la ted  separa te ly  and  accoun t  is also t aken  of the  propeller ,  
t he  s t ru t s  and  the  m o t o r  wake  and  all the i r  images.  In  fo rming  the  correct ions,  t he  effect of 
eve ry th ing  excep t  the  b o d y  itself and  the  t h rus t  wake  is e l iminated ,  so t h a t  the  correc ted  speed 
cor responds  to  the  flow t h r o u g h  a propel ler  m o u n t e d  on an  ideal s y m m e t r i c a l  body,  w i t h o u t  
s t ru ts ,  of the  shape  of the  m o t o r  fairing. 

All t he  b lockage effects are ca lcu la ted  for low-speed condi t ions  and  are scaled ~up for com-  
pressibl  e flow by the  m e t h o d s  g iven in R. & M. 21136 and  20337. 

I n  ac tua l  p rac t ice  t h e  var ious  correct ions are requi red  in the  p lane  of the  propel ler  disc 
and  for s impl ic i ty  one represen ta t ive  radius  has been chosen, viz. 0 . 7 R .  The  table  of values  
of b lockage correct ions  at  th i sJpoin t  is g iven a t  the  end  of the  append ix .  
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Body Solid Blockage.--Regarding the motor as a thin body, the source strength I per unit  
length necessary to give the model outline, is given approximately by 

I(x) - - -U  dA = U~--dR~ 
dx dx 

where U is the stream velocity, A and R are respectively the area and radius of tile body cross 
section, and x is measured along the stream. 

At a point P in the vertical plane through the axis of the body (see Fig. 22), the axial compon- 
ent of velocity induced by the source element dx is 

o u  = I ( x )  d x  . ( d  - -  x )  
"x 

4~r 2 r 

and hence the velocity component induced by the body is 

¢ z(~) ( d -  x) dx 
~ B  ---~ J 

o 4m '~ 

f 
' ( d -  x) dR2 

_ U dx dx 
4 o [¢2 + ( d - -  x)2] 3/~ 

where d, ¢, r are as shown in Fig. 22. The integration can be done graphically. 

The velocity components induced by the first set of images were calculated in the same way, 
but in the case of tile remaining images, it was found to be sufficientlv accurate to replace the 
body by a SOUl Ce and equal sink on the axis, such that: the moment of this system about ally line 
perpendicular to tile axis is equal to the moment of the actual distribution. 

Thus if q is the strength of tile source and sink and 2g is the distance between them, then 

2qg = ~ U x dx = 11" 4U, numerically. 
0 

Taking g = 45 in., with the source and sink distant 10 and 100 in. respectively from the nose 
of the body, gives q = 1.52U cu ft/sec. 

Fig.  24 shows one such image. The axial component of velocity induced at P by the source q is 

q (d - -  b) 
4~ [ ~ B  2 + ( ~ H  - -  ¢)~ + ( d  - -  b)2] "'" ' 

and by the sink --q is 
q (b + 2 g - -  d)- 

4~ Em2B ~ + (ni l  --  ¢)2 + (b + 2g - -  d)~] ~/2' 

where the dimensions b, d; ¢ are as shown in Fig. 24. B, H are the breadth and height of tunnel 
and m, n are integers. 

Hence the axial velocity induced at P by all such images is 

4~ { d - -  b b + 2g --  d } 
Ul -- Z Z q [m~B" + (n i l  - -  ¢)2 + (d - -  b) ~] + [m2B 2 + (n i l  - -  ¢)2 + (b -4- 2g - -  d)'] "/~ 

where t he  summation is taken over all paiis of integral values of m and n except (m = 0 = n) 
( m - - 0 ,  n ±1)  ( m =  1, n 0) and ( m =  q - l , n =  ~1) .  The series can be summed by the 
method given in R. & M. 2385. 
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u~, together with the components due to the first set of images, gives the total axial velocity ul 
at P due to the images, and the blockage factor then is 

Ul 
~B-- U" 

I n  order to modify the above calculations for compressible flow, the lengths B, H, ~ should be 
decreased in the ratio/~ = %/(1 -- MS), where M is the Mach number, and the resulting expression 
for the induced velocity should be multiplied further by the factor 1/~. Thus it would seem 
a reasonably good approximation to increase the low speed blockage in the ratio 1/~x where x 
lies between 3 and 4. 

Preliminary measurements of the tunnel wall pressure indicated t h a t  the index was much 
nearer 3 than 4, and accordingly a value of 3 has been chosen. Thus the high speed blockage 
factor is 

BB t __ ~B 

Struts Solid Blockage.--The solid blockage of the struts is small compared With that  of the 
body, and hence it is a good enough approximation to find theeffect  of one strut of mean size 
(chord -- 10 in. thickness -- 1.32 in., height ---- 35 in.) in the mean position shown in Fig. 23, 
and to treble the result. 

The image system is shown in Fig. 25 .  Representing the strut by line sources, the axial 
velocity induced at P by one such line source CD, of strength q' per unit length, is 

q' (d' - g '  [+" dz 
4~ J-~,{m2BS + [(2n ~ ½) H - -  ~ + z]S + (d' --  g')2}3/s 

_ q' (d' - g') E F{~"B" (2~ - ~ ) H  - -  ~ + h 
-- 4~ [mSB ~ + (d' -- g')~] + [(2n -- } ) H - -  ~ + h~ 2 - /  (d' -- g')~}'/2 

( 2 ~  - ~ - ) H -  ¢ - h 7 

{msBs + I(2~ - -  ~ ) a  - - ,  + hi" + (d' - -  g')sl~/s / 

where the dimensions d', g', ~, h, are as shown in Fig. 25, and B, H are the breadth and heigh~ 
of the tunnel as before. 

Summing for all such line sources, and neglecting g' in comparison with d', we obtain 

• z ~' g' [ (2n - ½)/t - ¢ + h 
AU = 4~7~ i~v~-2J~ ~ -J- d ,2) {~/]~2B2 -@ [ ~ =  1 ~  : ¢ j[_ hi2 j[_ dl2}l/S 

( 2 ~  - ½ ) H  - ¢ - h , 7 
{mSB 2 + [(2n - -  1 - )H - -  ~ - -  h] 2 + d'2}  ~/2 ] "  

Values of q', g' and ~ q'g' can be found in R. & M. 20337, Fig. 4 and finally the velocity component 
induced by the three struts is 

u - - 3  X X X A u ,  

where the summation is taken over all pair of vaiues of m and n, and can be  performed by the 
method given in R. & M. 23858. 

The struts blockage factor then is e, : u / U  and at high speeds, this becomes e; = e,/~ ". 

Wake Blockage.--The usual representation of the wake by a point source and an equal sink 
a long way downstream is not justified in the case of the airscrew motor since its length is 
comparable with the tunnel dimensions. 
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Ins tead ,  a triangular dis tr ibut ion of source strength, of total emission corresponding t o  t h e  
Ca values given in Fig. 5", was assumed along the rear part of the body axis as shown ill Fig. 23. 

Take tile source strength per unit length as " 

q - N ( x  - -  s), 

so that  the to ta l  emission is 

Q =  N ( x - -  s) d x .  
s 

D __ ! C ~ S U  
2 But Q p u 

where S is the frontal area of the body. 

Hence 
N : Ca S U  

2 (x - s) dx  
s 

The images of the wake sources can be treated in the same way as the images of the solidbody. 

The axial velocity at P due to one image is 

N ] 1 - - s  ~ ( d - - l )  
Au = ~ , [.~2B~ ÷ ( ~ H  - -  ~)~ + (;~ 1)2] ~/~ + sin h-  %/~B~ + (nil -- ~)' 

( d - s )  } 
- -  sin h-1%/m~B~ + ('nil _ ~)2 ., 

and due to the whole image system is 

u 2 - -  E E A u ,  

where the summation is taken over ~11 pairs of values of m and n except (m = 0 = n). 

The sinks at infinity induce an axial velocity 

CoS 
u~ - -  4 B H  ' 

so that  finally, the total axial velocity induced at P is 

and the wake blockage is 

qt 
Ew ---- ~ o  

8w At high speeds, s~'~ : ~ .  

Effect of  Tunne l  Wal ls  on Prope l ler . - -On page 299 of Ref. 1, the interference effect of the tunnel  
walls on a propeller alone is given for incompressible flow as 

t 
V t  _ _ 

- - - -  1 ---- ~ z approx. Blockage % - -  U 2%/(1 + 2 J  

* The C~ values given in Fig. 5 indude those for the struts, so that  the strut wake is in effect included ill the body 
wake. This ignores the fact that  C~S for the struts is approximately half C~S for the Icody, and that  tile conesponding 
Wake is off the tunnel centre line, but sincethe wake correction is a small fraction of the total, the small error introduced 
is not thought to be important.  
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For compressible flow this is adjusted by the methods of R. & M. 21136 by including the Mach 
number as shown 

r ~ 77 1 

In the case of this propeller in the H.S.T.; SA = 15'9 sq ft, tunnel area = 65 sq ft and expressing 
the thrust coefficient as Cr ( =  2T) for convenience 

, 15.9 Cr 1 
% = - - 2 ×  6 5 X 2  × J (  ~2r) X/~ -~ 1 +  

1 CT 1 

The value of thrust to be taken in calculating Cr is T2, the final thrust (see Appendix II). 
' t t t f Table 2 below gives values of (UB/U) × (1/~a), ~B, ~,  e~ and % at the point A on the 

propeller disc at 0.7 radius. 

TABLE 2 

Individual and total blockage effects at O. 7R in the plane of the pr@eller disc 

M. 

(1) 

Body 

(2) 
Images 
of Body 

,B'= ~/~ 

(3) 
Struts and 

Images 
~,'= ~/p 

(4) 

Images 
of Wake 

I 

(5) 
Propeller 

(max. thrust 
C~ = 0"08) 

%' 

Effective 
total 

(2) + (3) + 
(4) + (5) 

Effective 
total with 
zero thrust 

(2) + (3) + (4) 

0.2 
0.3 
0.4 
0.5 
0.6 
0.65 
0.70 
0.72 
0.73 
O. 74 
0-75 
0-76 
0.77 
0.78 

--0-0023 
--0-0025 
--0-0029 
--0-0034 
--0-0043 
--0.0050 
--0.0060 
--0.0066 
--0.0069 
--0.0072 
--0.0076 
--0.0080 
--0.0085 
--0"0090 

0"0098 
0"0110 
0"0125 
0"0148 
0"0188 
0-0219 
0-0264 
0.0288 
0.0301 
0.0315 
0'0332 
0'0349 
0"0370 
0"0392 

0.0011 
0.0013 
0.0014 
0.0017 
0.0021 
0.0025 
0-0030 
0-0032 
0-0034 
0"0036 
0"0037 
0'0040 
0.0042 
0"0044 

0"0006 
0"0007 
0'0008 
0'0010 
0'0011 
0"0017 
0"0025 
0"0036 
0"0044 
0-0054 
0-0068 
0.0089 
0.0123 
0.0172 

--0.0050 
--0-0052 
--0-0057 
--0-00C4 
--0-0075 
- .0.0084 
--0.0094 
--0"0100 
- :0 '0104 
--0 '0107 
--0"0110 
--0"0112 
--0"0113 • 
- -0 '0116 

0.0065 
0.0078 
0.0090 
0.0111 
0-0145 
0-0177 
0-0225 
0.0256 
0-0275 
0.0298 
0.0327 
0.0366 
0.0422 
0.0492 

0.0115 
0"0130 
0"0147 
0"0175 
0"0220 
0-0261 
0-0319 
0"0356 
0"0379 
0"0405 
0'0437 
0'0478 
0.0535 
0.0608 

The columns of effective total  give the fractional amount to be added to the tunnel velocity to 
give the equivalent free-stream velocity. In the tests carried out it was found t h a t  the greatest  
correction which was applied was 4.7 per cent. 

In order to provide experimental checks on the accuracy of the blockage calculations pressure 
measurements were taken along the tunnel walls and roof and the motor fairing during certain 
Of the experiments (see Table 1, section 3 of main report). Prior to these measurements a survey 
had been made of the wall and roof pressure with the tunnel empty. Analysis of the results has 
so far proved inconclusive in certain respects and further experiments are required before t h e  
results can be published. 

14 



LIST OF SYMBOLS FOR APPENDIX I 

R 

A 
S 
l 
X 

B 
H 

SA 

d~ ~, 
d'  

U 

U '  

U1 
E B 

! 
~ B  

~s 

~w 

t 
E w 

ep 
M 

I 

q 
-qr 

2g 
b 

2g' 
S 

C. 
T 

Cr 

radius of cross section of motor. 
area of cross section of motor. 
frontal area of motor 
length of motor. 
distance along axis of motor. 
breadth of tunnel. 
height of tunnel. 
area of propeller disc. 

area of propeller disc 
cross-sectional area of tunnel. 
see Fig. 22. 
see Fig. 25. 
main-stream velocity. 
equivalent free-stream velocity. 
velocity induced by body. 
velocity induced by images of body. 
low-speed blockage factor due to the body. 
high-speed blockage factor due to the body. 
low-speed blockage factor due to the struts. 
high-speed blockage factor due to the struts. 
low-speed wake blockage. 
high-speed wake blockage. 
high-speed blockage factor due to the propeller, 
Mach number. 
= V ( 1  - -  M~) .  

source strength per unit length along motor axis. 
strength of source and sink representing body. 

strength per unit length of line ~ sources and sinks representing the struts. 
distance between source and sink representing the body. 
distance of the source from the nose of the body. 
distance between line source and line sink representing strut. 
distance from the nose of the source distribution representing the wake. 
drag coefficient. 
thrust coefficient 

~T 
p V 2 SA 

thrust coefficient 
= T / ½ p V  ~ SA 
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A P P E N D I X  1I 

Corrections to Thrust Observations 

1.1. As explained in section 4.8, the propulsive thrust  

(i) 
(ii) 

Thrust  = -- Observed drag 
balance reading + (iii) 

(iv) 

1.2. The evaluation of the tare drag of the motor and 
the tests of those items without the propeller, Fig. 5. 

of the propeller is derived from : -  

Tare drag of motor and struts. 

Buoyancy correction due to pressure 
gradient. 

Correction to (i) for decrease in general 
field speed caused by propeller blockage. 

Increase in drag of struts due to in- 
creased speed in slipstream. 

struts, item (i), is straightforward from 
From this tare drag is subtracted the 

observed drag reading with the propeller to give a first approximation to the thrust, which is 
sufficiently close for use with those corrections involving the thrust  itself, viz. (ii), (iii), (iv). 

i.e., Ta -- -- observed drag + tare drag. 

The corrections under headings (ii), (iii), and (iv) will now be considered individually. 

1.21. Buoyancy  correct ion . - -When a propeller is developing thrust  the working fluid passing 
through the propeller disc contracts as it moves downstream. In free air this contraction does 
not affect the pressure of the field of flow outside the wake which remains constant, but  in a 
wind tunnel the presence of the walls 
and the tunnel walls flows in a passage 
wind tunnel there is a rising pressure 
absent when the propeller is operating 

requires tha t  the air between the boundary of the wake 
of increasing area in the downstream direction. Thus in a 
gradient in the downstream direction, an effect which i s  
in free air. Such a pressure gradient acting on the motor 

body causes a small thrust  which can be described as a buoyancy effect. 

The magnitude of the pressure gradient may be measured experimentally or calculated 
approximately ; owing to the absence of reliable experimental data, the latter course has been 
adopted. In R. & M. 15665, page 62, the following equation is given for the buoyancy correction 

A D = --  ( A +  A ' )  @ / d x  

or zl T - - ( A  + A ') dp/dx 

In the present application the value of A '  is likely to be very small and can be neglected as the 
body is well streamlined and of a high fineness rat io (see R. & M. 15665~ page 64 and Fig. 25). 
The pressure gradient, however, varies considerably in the vicinity of the propeller disc and the 
best course appears to be to.determine the values of the local pressure gradients and use those 
to determine the correction. Thus 

A T [ - - f z ~ v ~ d P  • d x .  
Jo ~ dx  

According to R. & M. 21138, the pressure rise through a propeller disc in compressible flow is 
1/fl 2 times the pressure rise through the same disc in incompressible flow for the same thrust.  
Hence 

, -=~ (y~dP_d~-- dx 
o • . 

The total  pressure rise through a propeller actuator disc in incompressible flow is 

T 
2b~ - -  Pl -=-~A . 
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Also, since the momentum along the tunnel is constant to the first order, the ul t imate pressure 
rise can be  derived from the thrust  as, 

T P -Po=p. 
Thus the total rise of pressure from the region outside the wake in the  plane of the disc to a point 
far downstream can be taken as ½(iba -- ibo). In Ref. 11, Theodorsen gives the results of theoretical 
calculation of the slipstream contraction with distance downstream for various values of J ,  and 
this can be used as a measure of the rate at which the pressure rise outside the wake takes place, 
i.e. to give @fix  of the equation for buoyancy drag. 

Applying Theodorsen's results to the present case the following values for the buoyancy 
correction are obtained 

Z l  AT; =0.012~-~  for J - O. 

=0"0135--T~ , f o r J = l ' 0 .  

01014 T1 for J = 2" 0. 

T1 for J = 3.0. = 0~0130~  , 

-- 0" 009/_T~ , I o r J  = 4"0. 

= 0 , f o r J  = 4 . 9 .  

As the bulk of the tests on this propeller were made-at  J values between 1 and 4 an average 
value for A T1 has been taken, i.e. 

AT; -- 0"0i2 T1 - -  o 

This correction is Subtracted from the approximate thrust  T1. 

1.2.2. Pr@eller Blockag e Correction*.--A propeller running in a closed wind tunnel causes a 
blockage effect such that  the general flow in the working section is slowed down. Hence the  
tare drag, obtained from the calibration curve of Fig. 5 in conjunction with uncorrected values 
of 1 V 2- ~-p from the tunnel pressure readings will be overestimated because Of this blockage effect: 
The true thrust  of the propeller under these conditions is obtained by comparing the tare drag 
and the observed drag at the same corrected tunnel speed. In  practice it is found to be more 
convenient to compare them at the same uncorrected speed, than to apply a separate blockage 
correction to the thrust. 

Reverting to the basic expressions for the thrust, section 1.1 : - -  

1st approximation : ThrusL T1 = -- D -t- Do 

Sections 1.2.2 and 1.2.3 were revised as R.A.E. Report Aero. 2096a to replace those appearing-in the original 
R.A.E. Report Aero. 2096. 

*Thisnow includes the Addendum by Thomson which formed part of the original R.A.E. Report. . 
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If A V is that part of  the blockage correction woduced by the propeller thrust, then. this 
correction to tile thrust is . . . .  

AT2 = A D o =  A V  dDo 

Writing Do = ½p V ~ CooS. 

Then A T2 = A (½p V 2 CooS), . . . . .  

or AT~ = Do { A½pV~½PV ~ + ;-C~-~o )ACD°] 

allowing for the effect of compressibility on both }pV 2 and Coo. 
Now, for normal blockage corrections, 

A½pV~-- ( 2 -  M,))e 
1 ~-pV 

'and A M,~ = (1 + ~M,, ~) e 
M u  

Hence A T e - - D o e  (2 - - .M,  ~)-~(1 + ~  "JC-~0" 7-M~J " 

In Appendix I, the propeller blockage is given as 

Cr 1 t e#=---i~-6 X {(1+ ?)x 
For the present application this expression can be simplified by assuming Cr to be small (it never 
exceeded 0.03 at high values of M). 

, C r  _ _  . T1 Hence e, ---= -- ~ .  ~-~ ~ ~-RV .Sx ~ 
• . . ' :  1 g - -  ' . .  

Finally" " 
, . . , . . . 

AT~ = Do X ~ . T~ { ~M ~ M,, -dCDo l 
-- ~ {pV2SA3 ~ (Z--M, ,  ~) + (1 + v " ' ~ o "  dMT, J" 

_ C~oTi 

16 

= -- 126 ][ --  M,,' { (2 -- M,)) + (1 + ~-M,, ~) M,,.. dC.o 1. 
. C~o dM, , ]"  

This correction is subtracted from the approximate thrust Ti. 

1.2.3. Change of Drag due to Slipstream.--This correction takes account of the change in drag 
of the body and strut assembly due to the increased drag of that part of the assembly exposed 
to the propeller slipstream. 

It  has been based on the following assumptions : - -  

(a) That the slipstream diameter is constant and equal to the propeller diameter. 
(b) That the ratio of the C~S value for the exposed portion of the struts and the  total CvS 

for motor and strut assembly can be calculated for low speeds and that this ratio holds 
• - at high speeds. 

(Note.--This assumption disregards possible changes in the relative contribution of thestrutsi  
motor body a~nd interferencedrags between low and high speeds. An examination of this. has 
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been made in some later work ~ and the conclusion reached is that  changes within the probable 
limits do not have any appreciable effect up to the forward Mach numbers now being considered.) 

Assuming also that  transition occurs on the struts rather earlier than 0.1 chord, then by 
calculation of the drag of the  struts and measurement of the total drag : - -  

CvS (exp.) = 0" 2 = K, say. 
CvS (total) 

And, in free air, 
Slipstream speed Vs 
free stream speed V 

Therefore 

- -  1 + ½PV SAI 

_.,. T1 es -- )V~SA assuming the thrust coeffident to be small. 

Therefore, following section 1.2.2 :-- 
~, ~,M,, dC~o 1 AT;=  KDo es ( 2 - - M ,  2)-t-(1 + v x v x , , ) ~ .  dM, J 

- " dM,,ldc°°l - K~-.V:Coo s [i2 - M : )  + (~ + 

Cvo T I { ( 2 _ M , ,  ~ ) - ¢ - ( 1 + ~  , , ~  dM,,J _ 1 M  2~ M,~  . dC~o 1 . 

79 
This correction is added to the approximate thrust 7"1. 

(Note.--It does not contain the factor {1/(1 --  M,,~)} as the propeller blockage d o e s ;  this is 
because the velocity increment in the slipstream for a given propeller thrust coefficient is 
independent of M (see R. & M. 21136).) 

1.2.4. Summing up, the corrections under headings (ii), (iii) and (iv) of the thrust equations 
are :-- 

A T ~ ' + A T ' + A T ' = A T ' = - - O ' O 1  ~-~ 126 /7 ~ (2 --  M,~) + (I + }M,}) .d-M~M, ' 

+ Coo7~T~ -C~Do"M" dCvo l {(2- M,D + (1 + ~M,}) q 

The resultant correction to be added to 7"1. 
The contribution of each of the above items as a fraction of the thrust 7"i at various values 

of M is given in tabular form below : -  
TABLE 3 

Corrections to Thrust 

M. 

0.2 
0 .3  
0.4 
0.5 
0.6 
0.65 
0.70 
0.72 
0.73 
0"74 
0"75 

C~o 

0.1083 
0'1086 
0'1104 
0'1147 
0.1225 
0'1310 
0"1670 
0.2260 
0"2600 
0.3050 
0.3650 

Buoyancy 
correction 

ATILT1 

--0"0120 
--0 '0132 
--0 '0141 
--0 '0161 
--0 '0187 
--0"0208 
--0"0235 
--0.0250 
--0.0258 
--0.0266 
--0.0277 

Prop. blockage 
correction 

ATilT1 

--0"00175 
--0"00183 
-0.09206 
--0 '00248 
--0"00338 
--0"00584 
--0"02038 
--0.0532 
--0.0644 
--0.0747 
--0.1058 

Slipstream 
correction 

AT~tT~ 

+0-002708 
+0-002675 
~-0-00279 
+0"00295 
+0"00343 
+0"00539 
+0"01656 
+0.0408 
+0 .0478  
+0.0535 
+0.0732 

Net 
correction 

AT'tT ~ 

--0.0110 
--0.0124 
--0 .0134 
--0 '0156 
--0 '0187 
--0 '0213 
--0"0273 
--0"0374 
--0.0424 
--0"0478 
--0"0603 
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LIST OF SYMBOLS FOR APPENDIX II 

volume of body. 

virtual volume of body in accelerated flow. 

Longitudinal pressure gradient. 

buoyancy drag. 

observed drag. 

tare drag. 

tare-drag thrust coefficient. 

thrust correction for buoyancy effect in incompressible flow. 

thrust correction for buoyancy effect in compressible flow. 
length of body. 

radius of body at distance x from propeller disc. 
uncorrected Mach number. 
1 - -  M~t 

thrust. 

propeller-disc area. 

tunnel Cross-sectional area. 

initial pressure far upstream of propeller disc 

pressure immediately before propeller disc. 

pressure immediately after propeller d i sc .  

final pressure far downstream from propeller disc. 

thrust correction for field speed (incompressible fl0w). 

thrust correction for field speed (compressible flow). 

velocity increment. 

blockage factor on general field speed due to propeller (compressible flow). 

propeller-thrust coefficient ---- T1/½P V ~ S A. 

slipstream speed L 

blockage factor due to slipstream. 

correction factor due to slipstream effect on struts (compressible flow). 
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APPENDIX I I I  

Calibration of Motor 
• 1.1. The motor is calibrated on the dynamometer stand b y  measuring the electrical power 

input and the mechanical power output. The difference between the two quantities, i.e. the 
motor loss, is separated into its constituent parts by the usual methods employed in electrical 
engineering. Hence when driving a propeller in the tunnel the motor b.h.p, is obtained by sub- 
t rac t ion of the aggregate losses under the observed operating conditions from the electrical input. 

1.2. The quantities observed during a calibration run are therefore : -  
Electrical power input. 
Applied voltage. 
Stator current. 
Stator winding temperature. 
r.p.m. 
Slip frequency. 
Brake load. 

In addition, the brine coolant inlet and outlet and bearing temperatures are noted. 

From this data it is possible to separate the losses into : - -  

(a) those independent of  winding temperature for a given input power and frequency 
(i.e. speed). These are the iron friction and windage, and stray losses. 

and (b) those dependent upon winding temperature for a given input power and frequency. 

These comprise the copper losses which are determined by 

(i) Stator copper loss = 12 Ro (1 -t:- c~T) 

(it) Rotor copper loss = Input power X slip 

= W x a  

In addition there is an extra loss when the motor is in the wind-tunnel driving a propeller due to 
the axial load on the bearings. This is termed the thrus t  loss, but is very small. 

1.3. The procedure followed was first t o  establish the voltage/r.p.m, ratio which gave the 
minimum losses at constant b.h.p., this value being used throughout all tests. Secondly by 
running at constant torque and r.p.m, for a protracted period whilst the motor was heating up, 
to determine whether in fact the losses could be separated into the categories of copper and iron 
losses, being dependent and independent respectively of the stator winding temperature. 

This latter experiment did not give completely satisfactory results as it appeared as though 
the iron losses too were dependent upon temperature to a slight degree. In view of the rather 
brief tests which were made in the available time, and as the motor was due to be modified later, 
the validity of the proposed loss analysis method was accepted. Future calibration will be rather 
more exhaustive. 

A series of runs at constant r.p.m. and varying torque were made to cover the likely operating 
range of the motor and the various losses calculated. These were analysed and presented in a 
form suitable for use in subsequent tunnel tests. The me{hod adopted was to plot the total  
losses (except the thrust  loss, see later) at 0 deg. C. stator winding temperature (losses L) for 
given r.p.m, and input power values and to plot a second series of curves comprising the losses 
reqmrmg temperature correction (losses l) at 0 deg. C. on the same basis also. These latter were 
corrected for the  difference of the observed stator temperature from 0 deg. C. by multiplying l by 
the temperature coefficient times temperature difference and then adding to the total losses L. 

Hence total losses = L + (1 X e X temperature difference from 0 deg. C.). 
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A chart illustrating the method of determining the losses for a given running condition is given 
in Fig. 26. The thrust loss was determined by the motor manufacturers over the range of thrust 
values likely to be encountered in practice and can be expressed as 

Thrust loss in watts per 1,000 r.p.m. --=- 0.033 × thrust in lb. 

This is negligibly small in practice. 

1.4. It should be noted that the present calibration of the motor shows that the iron losses 
are rather high and that excessive heating of the steel end rings clamping the rotor copper bars 
occurs 9. This has had the result that the present calibration is not so consistent as is desirable. 

It is hoped that by modifying these end rings, the iron losses and the overheating will be 
appreciably reduced and thus the overall losses will be reduced with consequent improvement in 
the reliability of the method. 

I 

T 

Ro 

g 

W 

L 

l 

LIST OF SYBMOLS FOR APPENDIX II I  

motor current. 

stator-winding temperature. 

stator-winding resistance at 0 deg. C. 

temperature coefficient of resistance 6f copper. 

fractional slip. 

input power in watts. 

total losses (except tl~rust loss). 

losses requiring temperature correction. 

22 



J 
L" 5'- o" 

I5 '- O" 

1 
V / / / / / d d d / d d / / d d d ,  

PROPELLER 
OI$C 

~ / / / / / / / / / / / / / / / / / ,  

¢~ OF 'TUNNEL BALANCI 

~ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /  

I.?. O" 

• (~HREC,rlON , 

I I i p . ~ L  ~ ~,.~ ~.,~ ET0 
I I I I ~ ' ~  ~°'" ~H,~ ~ , , ' " ,  

/ 1 ~ / I / / / I / / / / / I / I / I / I / / I / I / I / / 1 1 / I / 1 ~  

i ~  ~ . 0'~ 

MAIN ~U P Po,%~r~ 

FIG. 1. Outline of 200 h.p. propeller motor ill H.S.T. working section. 

I - a (  
.J bJ 
O ~ .  > p 

Q 
e,- 

9 

5WI-rC.H 

PILOT L4~IV 
12 VOL'Tb 

G. roO0-O-SO0 MICROAMME'rER CALIBRATED S00-0-5OO R.P.r-1. 
O INDIC~.'FES ,rERiVltMAL. ON ~1(3~ CA~.INE"~ 

O INBIC~.TE~, TE.RMINPd- OM ,tOP BOX TZ ( 

~,r,0"LI 5,r RHE~ 5,rA,T R0"I'~R~ 
"TO qivE 11"5 VOL'rS RH~'O$'rA,r 
ON VOLTMETER 5 r~HlVi5 

BECABE R~ 
RESISTANCE 
BOX 10HM 

HAKE AND BREAK ON 
M,',"rOR SHAF"T Lt.OSEO 

FOR HALF OF' EACH REVOLUTION 

~ 4NF CONI3EN~ER 

I I ~ ~ 
) I I~RE. A,K, 

TR 
SHUNT "TO GIVE t o "  SENSI'TIvrI ' f  

SHUNT T0 MAK~ SCALE t'ORRErT 

E~ANqE~3 SWI'TCHE5 

HSSH f 
KIGH 5PEE n 

h R EL/%%'~ I 

C ALl B,R A~rEI3 

R.P.M 

, , --3 

, . s ,  ~ L . - - . - ' - - - - T q . .  ~ ,N~ , ,  L~,,I 

M~LUAMMeXR~ i --l~ 2 CON~mNS~RS 

01osooo\ ~ ) 
RRM 

MAXW~LU Sm~G~ C,~CUI~ 

FIG. 2. ~.P.M. indicator for propeller motor, l~ange 500 to 8,000 r.p.m. 



Ui 0 / x  
(.9 
i= 
< 

m 
13 
_l, 

-16 

0 . 1 0  - -  

0 

r~ 
2 
o 
vPO.06 

tU 

.J 

0"0,~ - -  

0'0~ - -  

0 

THleKNE$~ 

_(2 
~0,20 
{0 

Z 

~. 0"15 

f.Ll 

, j  . . 

O.lO 

| ,, !_,< I O ' - ~  
e =  4"!6 

,SECTION THRO' 13LADE AT 0'7R 

BLADE SE(2TION..~LAi~K Y 
N o OF I~LADE--,.~ . . . . .  '2 I 

0 

1:iF..~PlNNE.I: 

0"3 0', 

TH leKNEI~.~ RATIO 

CONTOUR 

m 0 ' 5  

~BLADE. STATION T'/R 
0 7 0-8  o~9 I ' 0  

FIG. 3. Basic details of propeller. 



i i ~i.-~ ~ i. 

J 

• '  ::17:.  

." . : : :2 . .  " 

¢$ 

FIG. 4. Number 0 Propeller Blade. 

25 
(96128)  C 



0.04 

K 

O, 03 

0,01 

0-O8 O,B 

C).OB (~.g 

0,04 0-4 

.0 
I .o 

ORIGINAL t" 

REPEAT ® 

IOO I.G 

® 

o ~ 

i 8 %  0 . 8  

~ Pr~, vl~p 

I -  -~ I g I ¢ I.s 1.7 P I 'g  

F l a .  6a. P rope l le r  Charac te r i s t i cs  vs. J .  B lade  angle  = 40 deg.  

F o r w a r d  Mach n u m b e r  ---- 0 ' 2 .  

o 

0 

C 

c 

iX" 

~ o o o ~  

o o ~ ,  ~ ~ 

% 

m 

8 
x 

~c 

% 

m 
t~  

o~ 

u t , ) - - -  

\ 

O 

26 

(L 

p~ 

r~2 v 

i 

~4 

co 
,-o 

(D 
p~ 

I,I 

o o 
z 

IL 
b~ 

(D 

~4 



0.0. ~ 

0.0~4 

Ke 

0'03 

O'Ol 

COB 0.8, 

K T ~] 

0.06 0"8 

0'0~ 0.~ 

f 

FORWARD MACH N°:O'30'~ AT = "9 
. . . . .  O-~lO AT : = i -  a 

0 : 0  
I '0 I,I I-~ 

FIG. 6b. 

ORIGINAL 't- 
REPEAT' o 

= = = = •  ._.__2%0~ ,,,-,_...~ 

1,3 1.4 1,5 I.~ {,7 0" 1.8 I.~ 

Blade angle = 40 deg. 

F o r w a r d  Mach number  = 0.3.  

Propel ler  Character is t ics  vs. jr. 

gO 

P roP 

rl ~P.5 

60 

4O 

,~. ¢'0 

0:8 

0.6 

0"4 

0"~ 

0 '05 

0,04 

KQ 

0"03 

0.0'~ 

OQI 

REP~kT ® 
tOO I '0  

°.°8 o.B ~ ~ _ _ _ _ _ _ ~ _ ~  

0"04 0.4 " ~ " ~  , ~ 4o 

FORWARI3 MAtH M ° =O'40G AT Z:  1'9 ~ ~ ~. 0'07. O'2 ~e o.~. 

,, =0"41S' AT ,1'= 1,4 
x , .  

O 0  ~ 0 0 

i.'z I.s L.4 i.s t.6 =.7 J t.8 ~:,o z.~ 

FIG. 6c. Propel ler  Character is t ics  vs. jr. Blade angle = 40 de a. 

F o r w a r d  Mach number  ---- 0 '41 .  

27 



0,0~ - -  

KR 

0,0,: 

-q 

3{3 

\ 

o .o l  ) . 2  

I-8 

- o21 

Prop 

i •  M ~p ~ . ~  

FONWA~D MACH N. ° = 0,199 AT ,,,,,T : 2.7 

" =0 '202 ATG= 1'8 

1.9 2 .0  Z.I 2 ,2  2 .3  2,4- 2..5 Z.6 
J 

~'IC,. 8~. Prope l le r  C]3&~cter~st~cs vs. j .  ]3t&cIe & ~ l e  ~ 50 cteg. 

M~i# 

o.~ 

0.6 

0,4 

0"2 

0 

2'8 

L 
~° ~ 

A 

/ 

-I ~ "t" / 
II / 

/ \ /"  
~ //// 

g 
/ " 2  / / /  / < 

E 

~ / 

~ a ~ a a 6 

/ 

28 

F~ 

+~ 

0 0 °# ,  
4-J 

(i3 



0'05 

~R 

0-01 

0.01 _ _  

v-lw -i-v 

x 

0.08. 0.8 

0.O6- ~.6 . . " ~  

0.04._ ). 4 

~ o . 0 2 -  :>.2 - -  

O 0 
2,o Z'I 

?ORWA~O M A t H  N°= 0.4.06 AT J :  2 '7 

. . . .  : o , 4 , 1 1 A T J = 2 . O  

2.2 2.3 J 2-4 2.5 2.6 

1.0 

p rop  
P.p.s. MNp 

80 

6o 

40 

20 o.z 

0 
2.8 2,S 

FIG. 8b. Propel le r  Character is t ics  vs. J .  Blade  angle  =- 50 deg. 

F o r w a r d  Mach n u m b e r  --=- 0 .41 .  

O'OS 

Kq 

0"0~ 

0"03 

0"02 

{3"01 

- -  0'10 - -  ,-u 

KT ~ 

- 0.oB o,B 

0-06  o.~ 

- -  0.04 . 0.4. 

- -  0".02 o.~. 

0 

2.0 

R. 

FORWARD MACH N = -" 0°510 AT .1"= 2 ,7  
. . . . . .  = 0,=$~O AT 0"-- 2 ' 0  

Z-t 2"Z 2.3 ~ g.4 2.5 2.~ 

Iuu 

Prop n 

r .ps  

80 

60 

40 

20 

0 

FIG. 8c. Propel le r  Character is t ics  vs. J .  Blade  angle  = 50 deg. 

F o r w a r d  Mach n u m b e r  - -  0 .51 .  

29 

M tip 

I'0 

0'8 

(96128) I) 



5,05 

KQ 

O.OZ 

0"02 

0.0~ 

0.oi 

0.10 I.O 

K. r 

0"08 - 

0"06- 

0;04 

0"0~ - 

.0'8 

-0"6 

FORWARD 

-0"4, 

-O'P. 

, . ,  
MAr'H N ° = 0-G30 AT 3"= 2,7 " ~  

= 0,~,39 AT 3" =2'~.  

Io0 

Prop n 

r. P. s. 
8o 

2 '~ 3" 2-7 

GO 
.-',..--.-._...,___._ 

2 ~.'I ~,2 g.3 '2.4 Z. 5 

4o 

~'2 

fvl ~ip 

1.0 

0,8 

0.G 

20 '0,4 

0 0.2 

2,8 

FIG. 8d. P rope l l e r  Charac te r i s t i cs  vs. jr. B l ade  ang le  = 50 deg.  

F o r w a r d  Mack  n u m b e r  = 0 .63 .  

K~ 

0.05 

0 .d4  

O. 03 

0.02 

0.01 

"1 

O.lO _1-0 

0-o6 _-0 8 

0 . 0 6 _  -0.6 

0-04 - - 0 ' ¢  

0-02 -D .2 

o 

Fo RW'ARO 

Pvvp. r~ 
r, ps. 

3-= 2.7 kl 
J =  2.2  

,Q 

2,0 2.1 2,2 2.3 2 .4  2.S 

FIG. 8e. 

.6 , "2'7 

Prope l le r  Charac te r i s t i cs  vs. J ,  B l ade  angle  = 50 deg. 

F o r w a r d  Mach n u m b e r  ---- 0 '  66. 

IOO 

P r o p  n 

e. p.~. 

80 

60 

,3" 

40 

2O 

30 

1.4 

M ~p 

1.2 

I ' 0  

0.8 

0.6 

'..8 



O* Oz 

0-02 

0.02 

0.01 

IKQ kT 

o.os o40 -~.o 

0.08-  

0.06 - 

0 .04 -  

0.02 3-0.2 

0 o o 

.0"  

-0.8 

0.6 

-0.4 

F'O~WARD ~k'IACH N ° = 0 "682 ,  

. . . . . .  = o .  688  

2.1 2.2  

Ioo 1.4 

Prop n M ~  
np.s. 

80 I.Z 

AT : 

\ 

\ 
2.3 :~.4 2.5 2.6 2.7 

4o 

1.0 

o.8 

20 o-6 

0 3.d r 
,T 2.8 

KQ 

0.04 

o.0~ 

0.02 

0.01 

FIG. 8f. Propeller Characteristics vs. ] .  Blade angle = 50 deg. 

Forward  Mach number  = 0-685. 

0.06 ¢6 

0,04._3.4 ~ - - - ~ " ~  K £ 

o.o2- ~,-2 

. . . .  3.  \ 

2.2 

--O'OZ 

2 

\ 

\ 
2'~, 2.4 2'5 2.6 e ~ 2 , 7  

\ 

2"8 3" 2 .9  

r p s  
M~ip 

~ -  1.2 

60 hO 

40 ~.6 

20 >6 

FIG. 8g. Propeller Characteristics vs. jr. Blade angle ---- 50 deg. 

Forward  Mach number  = 0"715, 

31 
(96128) D 2  



0.04 

KQ 

0.03 

0"0~ 

0"01 

o¢oB- J. B 

K T ) 

o.o~ ,O.b 

0-04 0-4 

o.o~ 0"Z 

0 

~.~ 

BO 1"4 

FORWARD 

'2.3 

,% 
'2.4 2.a 2.G 2.7 2,8 

J 

Prop n 

~ p s  

2.9 

~o 

4o 

~o 

M~p 

e-2 

1.0 

0 ,8  

FIG. 8tl. P rope l le r  Charac te r i s t ics  vs. a r. B l ade  angle  ---- 50 deg. 

F o r w a r d  Mach  n u m b e r  ---- 0- 74. 

32 



0 .0 (  

0 . o ,  ~ 

0 ' 0 4  

R,a  

0"0~ 

0.0~ 

O.OI  

O 

o 

I.O 

o.S , "% 

ba 
0 ' 4  . . . .  

FORWARD fv lAEH N ° = 0 " 1 9 9  a.h I = 4 - ' 0  ~ "  

\ ,, ,! : 0"9'01 o.h ~" : ">. 6 

o I I I 
= . ~  2 . 6  ~ 8  ~ . o  ~ . =  ~ . ,  ~ . ~  = ~ . 8  

FIG. 9a. Propeller Characteristics vs. J .  Blade angle = 60 deg. 

Forward Mach number ---- 0 .2 .  

BO 

Prop r l  
r ips,  r -1,.,p 

60 0.6 

40 0-4 

ZO 

O 

4--4- 

0,06 

0 , O 5  

0 - 0 4  

K ~  

0 " 0 ~  

O , 0 ~  

0 , 0 1  

,,,:, 

F O R W A R D  M A C H  N ° = 0 " 4 0 7  o.h 3- 4 . 0  
. 0 - 4 1 1  .~3"  = ~ ' 7  

0 
~ ' 6  a " 8  ,~ '0  3 ' ~  .'5-4- 5 " 6  3" 3 " 8  4 ' ~  

FIG. 9b. Propeller Characteristics vs. J .  Blade angle = 60 deg. 

Forward Mach number = 0 .41 .  

I 0 0  t '0  

80 0,8 

Prop rb Me;. f 

r p f ,  

6 0  :3.6 

o o 

~-0 0"4 

ZO ~ "-- ' --  

0 0 

¢ ' 4  4"6 

3 3  



0"05 

0 " 0 4  

Ke 

O.OS 

0.02 

0 " 0 1  

0.06 

0.05 

0"04. 

K,~ 

0"0~ 

0"0~ 

0 " 0 1  

0 . I ~  

--% 

8O 0,8 

' 

i °--------~O O,G 

0"4 ~ 40  0 .4  

0"2 80 O,~ 

F O R W A R D  M A C H  N ° : 0 , 5 i ~  oJ~ 3 ~ = 4,0 
• . , . . . .  O .5Z I  o/:; 3'  : ~.8 

Q ~ o 
2"6 ~'S ~'0 ~'8" ~.4' ~'6 5"8 3" 

FIG. 9c. Propel le r  Character is t ics  vs. J .  Blade  angie  = 60 deg. 

F o r w a r d  Mach n u m b e r  - -  0-515.  

0 . 1 0  bO 

0"08 0'8 

0-06 O . G  

0 . 0 4  O .4.  

O,OZ O.Z 

00 

2.6 

,% 

~ \  M~' ~ , 

\ 

FORWARO MACH N O 6~4 o.1: 3" ~ 9 

~ . 8  

FIG. 9d. 

\ 
5.o z-a z.4 5.G 3 . s  z 4.0 

Propel le r  Character is t ics  vs. f .  Blade  angle  = 60 deg. 

F o r w a r d  ~ a c h  n u m b e r  = O. 63. 

|OO 

8O 
--8-- 

P~op 

60 

4-0 

4.2 

34 

!°O 

0"8 

M~cp 

O'G 

0"4 

2O O-Z 

O O 

4"4 



0'06 

0"05 

0"04 

Kq 

0-05 

0'0~ 

0.01 

006 

0"05 

K9 

0"0' 

O'Oz 

0.02 

0'0( 

I,O 

0 . 8  

O . 6  

0 - 4  

o . ~  

o 
g - 8  

=--... --... 
\ 
\ 

\ ~  IOO I-4- 

/ ~ ~ Prop 3L ~1 l~Cp 

. 60 I-O 

_ - o ~ , . _ ~ o  o.8 

\ 
FORWARD MACH N ° = 0"658 al; 3" = 4 '  I ~ ,  ~O 

~.o ~-~ 2-4 ~G 3"8 4,0 4-.~: 3" 

FIG. 9e. Propel ler  Character is t ics  vs. J .  Blade  angle = 60 deg. 

F o r w a r d  Mach number  ---- 0" 66. 

\ 
\ 

I'0 ~ IOC 1"4 

0"6 6O 1.0 

0"4 - ~ 4c  8 

FORWARD MACH N9=0.680 AT 3"=4 I 
" =0 684AT /=2.9 ' \ 

0.2 20 "6 

0 ~'~ 0 0"4 
2"8 3"0 3 ~ 3"6 T 4-0  4 

FIG. 9f. Propel ler  Characteris t ics  vs. J .  Blade angle ----- 60 deg. 

Fo rwa rd  Mach number  = 0" 68. 

35 



0'06 

0'05 

0.041 

KQ 

0'03 

0'02 

0"01 

I'0 
\ 

IOC 1"4 

o.6 "% 8o ,.2 , \  
0.6 - "~ 60 I,O 

~ " - ' ~ ' - - ' - " ~  ~ 

#o0.a 0"4 ~ ÷ . 

F0P.WARD MACH N°--O-710 AT I :  4-0 
" "0"716AT 3" :3 -0  " ~  

0'2 p,o 3.6 

o 0 0.4- 
2,8 3.0 3-2 3.4- 3.6 3.8 I 4,0 4'2 4"4 

Fro. 9g. Propeller Characteristics vs. 'J .  Blade angle = 60 deg. 
Forward ~ach  number = 0.715. 

0.06 

0'05 

0"04 

KQ 

0'03 

0'02 

0'01 

0.10 

O'OB 

Hr 

0.06 

0'9' 

? 

0'6 

0.04- 9.4 

0,02 0.2 

0 O  
2.8 

f 

FOR,WARD MAC}- 

3"0 

Fig. 9h. 

\0 
\ 

N ° =0.'735 AT 3.=4-.0 
" =0.740 AT 3"-3.1 

3"2 3'4 3"6 

Propeller Characteristics vs. J .  

m~rp 

Prop I% P.p.s. 

\ 

3"8 3- 4.0 4"2 

Blade angle = 60 deg. 
Forward Mach number = 0.74. 

I00 

80 

PPop rt 
rp.s. 

60 

40 

2o 

36 

1.4- 

I-2 

~L~p 

I.O 

0'8 

o.6 

n )'4 
4-4 



KT 

0"06 

Kq 

C),O& 

0 

0 
O. I  

2-, I ~ / / /  

2~. ~ " "~--~--~. 

. , 

9 

/ 
~-0 / -  / 

/ 

P-..3 ~ ISE. 
B A ~ ' O  ON TI  P IVIACN N ~ ~ /  I~  ~ 

- . / /  IL.," C~L,~JERT P, ISE BA~,EID ON " "~" 
. C ' 4  -------------- , ' "  ~ A C H  N ° AT O'7F, - -  

FIG. 10. 

- i t  

0",3 O'  0 ' 5  O'G 0"7 O.B 0 - 9  I 'l I" I 
TIP  MACH N ° 

Blade angle 0 = 60 deg. 

Variation of K~ and ~7~ with Tip Mach number at Constant J .  

T 
e..~ --,,- O. B 

~ . 3 - - - ~ O . B  

~ .4 - - - -~  0. '  

2 - 6  - - ~  (3.8 

O'G 

0 . 4  
O'~ 

~ . 3 .  

o,B 

~ ' =  :.e 

o7. 

1 1  
~ J J 

O'5  O ' 4  0 ' 5  0 - 6  0"7  O'B  O ' 9  
TIP  M#,CH N ° 

FIo. 11. 

" ~ ~  0 ' 5  

I -0  t'l 

Blade angle 0 = 50 deg. 

Variation of Propulsive Efficiency with Tip Mach number at constant J .  

8 7  



¢.O 
GO 

0'04 

K(~, 

0'0~ 

1.0 

e.o ~ ---.~e.~ 

\ 
_~.4 . _ _ _  . - ~ - X - ' ~  \ 

- \ \  \ 

\ 

3" VALUES. 

0.3 0.4 0.~ 0.7 0.8 
I 

O~ 

O.tC ~ . ~  ~ . , ~  .~.~ ~,I 

gr J "~-a.e 

~,3 ~ 

- , / \  

0"3 0.4 2.b 0"8 
I 

MACH N9 

0'5 

FIG. 12. Blade angle 0 = 50 deg.--Variation of Thrust and 
Torque Coefficients with Forward Mach number at constant J .  

3" 

2.3 0-~ 

Z.5 

~-6 0.~ 

C"4 

0.2 

00"Z 

,T V ~  ~ . U E 5  

FIG. 13. 

• ° 

0 - 8  

0.8 

\ 

O°S 

- - O o G  

z .6  ~ " - - ' - - ' - ' - ' ~  ~ >s 

~ .4- 

0"3 0 " 4  0 - 5  O ' G  0"7  0 - 8  

F"O~WA.R[:) MACH N ° 

Blade angle 0 ---- 50 deg. 

Variation of Propulsive Efficiency with Forward 
Mach number  at constant J .  



O.IZ 

0.10 

O'OI 

0.0~ 

I 
8 '6  ~ J v~t.uF.~ 

_ J  

I 

I 

3 -0  

I 

/ I  

3 '4  
___._ ._- , , . - - - -  

I 

/ Y  

n 

4"0 

FIG. 14. 

..__..._....-~ ~ 

/ 

J l  i " . 

.0-5 ~ ~ " O ' 7  0"~ O" 
T I P  W I ~ H ,  N .  o. 

3 .0  

->.. 

,.. 0 1  " 0  I '1  

Blade angle 0 = 60 deg. 

Variation of KT with Tip Mach number at constant J .  

O.OB 

O'O6 

<Q 

0"0 

0"0 

0 
O'a 

¢ 
¢.6 

3'0 

3"* 

4.0 
I 

oG 

FIG. 15. 

_ ._ .__ . . - - , - - - -  

/ I  

/ 

0 5  0-6 0"7 O'B 0'9 h o  

Blade angle 0 = 60 deg. 

Variation of/fQ with Tip Mach number at constant J .  

I.! t'2 

$9 



3'0 ~Cw, B 

3 " ~ O - B  

3,B -.O'B 

0.+ 

i ~ , o  " 

3,.¢ 

iJ 

~ 3-5 

~ ~  0,7  
\ 

O'~ " 

~ . ~  3 '~  

- - - ~ - - - - 0 " 7  

. 2 : ~  0"7 

o ~ O8 

o'~- O07 

0"3 0-~ 0"5 O, G 0'7 O'~, 0"9 I' I 
TIP MAtH N ° 

0,6 

Blade angle 0 ---- 60 deg. 

FIG. 16. 

O ' S  

1"2 

Variation of Propulsive Efficiency with Tip Mach number at constant J .  

o 

: = - J  

0 .  ~.. 
7- o 

o 7 

z ~ ~o ~ 

oI 
5o 

t~ 

o 
i'* ~ pC) 

o 
G 

40 



0 ' ~  VALUE-', ~ ,,,J \ \ q ~ l p  = I '0 

I I I /  I I \Mt,F-°m 

0 . 6 ~  

0.~ 0.3 ~¢ .0-5 o6 

rO~ WAI~ r~ MACH N O 

Blade angle 0 = 60 deg. 

FIG. 18. Variation of Torque Coefficient with 
number  at constant J .  

0'7 0"8 

Forward Mach 

30 

3" VALUES 

Z.S 

3'4 

36 O.B 

Y1 

3.0 

3.7. 

3.,1. 

3'8 '8 L 
3.9 

0~ 

0.¢ 

--4 
0.8 

7 

m 

S 
O'3 0.4- 0"5 i 

Blade angle 0 = 60 deg. 

Variation of Propulsive Efficiency with Forward 
Math number  at constant J .  

F I G .  19 .  

4.O 

3 VALUES 

O G 

0"4 

~'3 

0.?- 



0"12 

O-I0 

0-08 

kQ 

0 . 0 6  

~5 

0.04  

M 

I0  

0 ' 02  

o 
1.0 

\ 
y- ) \ 

N 

8 = 4 0 "  

\ 
\ 

1.5 

o \ 

2.0 j 2.5 3.0  3.5 

FIG. 20. Propeller Chaiacteristics at Forward  Mach number  ---- 0.2.  

I .O 

0 - 8  

O-G 

MAX 

0 . 4  

0-2 

POINT SHOWN" E] IS MEAN Or CASE D (VARYING REiN °) \ 

"~--= ~_._~ ~ ~ o °  
50 ° 

(b,~ 

e = 50 ° 

0.2 0.4 

FIG. 21. 

O.6 O'8 I'O t-Z 1.4 0 0"2 0-4 0.6 0-8 
TIP MACH N ° FOR'WARD MACH N ° 

Variation of Maximum Propulsive Efficiency with Tip and Forward Mach number. 

,-q 

42 



0,3 

PkANE OF 

AIRS6REW 

PLANE OF' 

AIRSC, REW 

/ _j 

"-+-_2 
i 

FIG. 22. Co-ordinates of Point in Field of Flow around 
Motor Body. 

I l l  I / / / / /  / / / / / / / / / 1 I / /  f / t ' /  

,4. 

f B m--.- 

t ! I '/" 
i 

53 '/i t 

. / 1 1 1 / /  / / /  / / / ' ~  

,L '= '~ -REPRESENTATIVE'STRUT 

t 

) /  / / / / /  / / /  / / / / /  

FIG. 23 .  

ROOF" 

FLOOR 

Representation of Motor and Struts in H.S.T. 
Working Section. 

FIG. 24. Image System for Body in,High-Speed Tunnel. 

VERTICAL PLANE 

THROUGH THE NOfK 

OF THE BODY 

% % 

-% 

"k 
%. 

FIG. 25. 

VERTIG~L PLANE 

THROUGH 

OF THE STRUT 

Image System for Strut in High-Speed Tunnel. 



500 

uBF.:- 

E~.AMPLF-.;- 

£ = 

,AL : 

THRUST LO55 = 

TOTAL LOSSES = 

TOTAL. OUTPUT = 

I 
STATOR WINOINC~ TEMP 

,~ / WATT5 I~  

FIG. 26. 

L0S5ES ~WATTS 

£0000 
I 

K3,OO 

50,000 W INPUT 
4:.000 r p m  

q 

75°C WINOINCI TEMP 
.50 LB TNAUST 1000O 

~,~O0 WATTS 
4-50 WATTS 

135 WATT5 
~AOM 

5 WATTS('SEPAI~ATE CALC~..ATIO~ 
654"0 r~ooo . 

~-},G60 WATTS 

14000 

200 h.p. Progeller Motor. 

INPUT 

WATT5 

50, 
tO 0,000 

\ 

I 
0 tO00 . -?-000 ~OO.O 4:000 

R.ett 

z o o ' o ° ' ~ - - - - - . . . . .  

~0,000 

NPUT WATTS 

I(~O.OOC 

/ 
/ 

Motor-loss Determination Chart. 

44 
(96128) Wt. 14/806 K.5 6]51 Hw. PRINTED IN GREAT BRITAIN 



R, & M. No. 2595 
(9408, 11,163) 

" " A.R.(~. Technical Report 

Publications of 
Aeronautical Research 

the 
Council 

ANNUAL TECHNICAL REPORTS OF T H E  AERONAUTICAL RESEARCH COUNCIL 
(BOUND V O L U M E S ) - -  

I934-35 Vol. I. Aerodynamics. Out afprint. 
Vol. II. Seaplanes, Structures, Engines, Materials, etc. 4os. (los. 8d.) 

I935-36 Vol. I. Aerodynamics. 3os. (3os. 7d.) 
Vol. II. Structures, Flutter, Engines, Seaplanes, etc. 3os. (3os. 7d.) 

I936 Vol. I. Aerodynamics General, Performance, Airscrews, Flutter and Spinning. 
4os (4os. 9d.) 

Vol. II. Stability and Control, Structures, Seaplanes, Engines, etc. 5oJ. (5os. Iod.) 

I937 Vol. I. Aerodynamics General, Performance, Airscrews, Flutter and 8pinning. 
4os. (4os. iod.) 

Vd. II. Stability and Control, Structures, 8enplanes, Engines, etc. 6os. (6IS.) 

i938 Vol. I. Aerodynamics General, Performance, Airscrews. 5os. (SIS.) 
Vol. II. Stability and Control, Flutter, Structures, 8enplanes, Wind Tunnels, 

Materials. 3os. (3os. 9d.) 

I939 Vol. L Aerodynamics General, Performance, Airscrews, Engines. 5on. (5os. IId.) 
Vol. II. Stability and Control; Flutter and Vibrat;on, Instruments, Structures, 

Seaplanes, etc. 63s. (64s. 2d.) 

I94o Aero and Hydrodynamics, Aerofbils, Airscrews, Engines, Flutter, Icing, Stability 
and Control, Structures, and a miscellaneous section. 5os. (5 Is.) 

Certain ot~er reports proper to z~e I94o volume will  subsequently be 
included in a separate volume. 

ANNUAL REPORTS OF T H E  A E R O N A U T I C A L  RESEARCH COUNCIL--~ 
I933-34 Is. 6d. (Is. 8d.) 
~934-35 Is. 6d. (Is. 8d.) 

April I, I935 to December 3 I, I936. 4 s. (4 s. 4d.) 
I937 zs. (as. 2d.) 

' I938 IS. 6d. (IS. 8d.) 
I939-48 3s. (3 s. 2d.) 

INDEX T O  A L L  REPORTS AND MEMORANDA PUBLISHED IN T H E  ANNUAL 
TECHNICAL REPORTS, AND SEPARATELY--  

April, I95O R. & M. No 2600. as. 6d. (2s. 7½d.) 

INDEXES T O  T H E  TECHNICAL REPORTS OF T H E  AERONAUTICAL RESEARCH 
C O U N C I L - -  

December r, I 9 3 6 - - J u n e  3% I939. 
July i, 1939 - - J u n e  3 o, r945. 
July ~, I945 - - J u n e  3o, r946. 
July I, I946 - -  December 3 I, I946. 
January I, I947 - - J u n e  3 o, I947. 

R. & M. No. I85o. Is. 3 d. (IS. 4½d.) 
R. & M. No. I95o. Is. (Is. I½d.) 
R. & M. No. 2050. Is. (IS. I½d.) 
R. & M. No. 215o. IS. 3 d. (Is. 4½d.) 
R. & M. No. 2250. Is. 3 d. (*s. 4½d.) 

Prices in brackets include postage. 

Obtainable from 

HIS MAJESTY'S S T A T I O N E R Y  O F F I C E  
York House, Kingswa3,, LONDON, W.C.2 429 Oxford Street, LONDON, W.I 

P.O. Box 569, LONDON, S.E.1 
13a Castle Street, ~DINBURGH, 2 1 St. Andrew's Crescent, CA~IFF 
39 King Street, MANCHESTER, 2 Tower Lane, BmsroL, 1 

2 Edmund Street, BIRMINGHAM, 3 80 Chichester Street, BELFASX 

or through any bookseller. 

S.O. Code No. 23-2595 


