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Summary —Reason for Investigation.—High-speed wind tunnel tests of various model propellers were required as
part of 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. In-addition, the forward Reynolds number based on 1 ft. chord, was varied from
1 million to 4 millions at one blade angle, the forward Mach number being held constant at 0-8.

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. . : :

(i) No appreciable scale effect was presént 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 coefficients and propulsive efficiency with increasing Mach number at constant
rates of advance show no serious departure from the variations to be expected from such a blade section operating at
high Mach numbers.

(iv) A maximum efficiency of 0-9 was attained with this propeller at low forward speeds and tip Mach numbers.
With increase in Mach 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 upwards the rate of decrease in efficiency became large,
though the maximum efficiency at M = 0-7 was still quite bigh at 0-76. It might be possible to reduce this rate of
decrease at a given Mach number by operating at still greater blade settings.

* R.AE. Report Aero. 2096—received 7th February, 1948.
R.AE. Report Aero. 2098a—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 te improve its efficiency and running
capabilities. .

2. Apparatus and M ethods.——2.1.—Gene%dl.—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. Propeller 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.

It 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-ft
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 dynamometer brake situated on
a stand outside the wind-tunnel shell. The input to the motor is measured electrically whilst
the torque exerted is transferced 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 ft 6 in diameter
designed for test by this apparatus, is designated ‘ No. 0°’. It 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
being.0-035. Each blade of the propeller is set in the hub to the required blade angle and
clamped tightly at this setting. Further details are given in Fig. 8, 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 X 10° and 5§ x 10° This experiment established the basic, or tare, drag of the -
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. O 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 made at a constant forward Reynolds number of 1 x 10°.
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 x 10°%, 2 x 10%, 3 x 10,
4 X 10°% in order to obtain a check on any scale effect on thrust or torque coefficients.

The actual technique employed throughout 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 truly constant values of J were obtained afterwards by cross-plotting. To runat
exactly constant values of J at each forward Mach number would have entailed complicated
c?lculations 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
) Forvard - Forward 7 " Pressures
Condition Mach number Revnolds Ranee measured (see Remarks
range . number & Appendix I) ‘
0:2 X 108 Far wall il
Empty tunnel to pcorrected to — alr{O\Z? ﬁoréiar Wall || Far and near walls give pressure
0-89 5 x 108 ’ : coefficients * sufficiently close
to be regarded as the same,
3 X 108 Far wall, near wall. Floor coefficients wunreliable
Motor alone uncorrected to — Roof, floor. Motor due to presence of supports.
0 78 5 x 108 : fairing. '
Motor and propeller 1 x 108 | 2-3
0=39 deg. 35 min. corrected 1 x 108 to —
at 0-7R 1 x108| 1-2
g ’ 1 x10%8| 1-9 These tests were made two days
Ditto. Repeat test to corrected 1 x 108 to — after initial ones at this blade
0-43 1 x 108 1-2 . setting.
Motor and pfopeller 0-2 1 x 108 | 3-0
6=49 deg. 49 min. | to (rcorrected 1 x 108 to —
at 0-7R 0-78 1 x10%| 16
Motor and propeller | 0-2 1 x 108 | 4-6 ¥
=60 deg. 0 min. | to pcorrected 1 x 108 to Far wall. Prfssure C(,zn&l e:Ectlons not made
at 0-7R. 0-81 11x108| 26 ' o correct dattm.
Motor and propeller 83 1 ; X 10§ 4-1
% . : % 10
6:=60 deg. approx. corrected , s to —
at 0-7R. 0-3 81001 g6 | -
0-3 4 x 108 .

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 Speed.—The blockage calculations made in Appendix I aim at giving
the speed of an infinite stream of free air which, flowing past a propeller mounted on the same
body as in the tunnel tests, but without supportmg 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
norninal tunnel velocity. " :

* It is suspected that a small change in blade angle took place between the last two test conditions, but this cannot
be confirmed. It is best to assume that these two tests were not made at precisely the same setting.
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4.3. Corrections to Thrust.—The observed drag balancé reading with the propeller running is
corrected to give thrust by the following method :— '

~

(i) Tare drag of motor and struts.

(ii) Buoyancy correction due to pressure
. , gradient. , . o
Thrust = —Observed drag balance reading+ < (iii) Correction to (i) for decrease in general
field speed caused by propeller blockage.

(iv) Increase of drag of struts due to increased
L 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. : : S

4.4. Torque Determination.—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 the 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 ITI. .

It may be noted here that the present tests are based on prelimiriary 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 are 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, = i D
Torque coefficient K, = P%QDS

Propulsive efﬁ'cienc‘y n == 2i %T
. Tz 0 -

Tip Macﬁ number My, = M \/ {1 + (3’)2}

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. It was considered that the results at forward Mach numbers greater
than 0-75 were unreliable owing to the magnitude of the corrections involved (see Table 3,
Appendix I1). 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 6 = 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. ' ‘
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-5.2. Tests at Various Reynolds Number.—Fig. 7 shows that the scale effect on the experimental
results is negligible over a range of forward Reynolds numbers of 1 X 10° to 4 x 108 {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, N, of from 1:7 X 10°to 8-5 x 10%, where N, is based

“on propeller dimensions. :

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

The deviation of the results for the forward Reynolds number of 8 X 10° from the others in
-Fig. 7 is a little disturbing as no satisfactory explanation has been found, but it does not invalidate
the conclusion which the rest of the evidence provides, 7.e. that no correction for scale effect
need be applied to the results, at low forward Mach numbers at least.

It 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 that 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 x 10°(*).  Thus the
possibility of some scale effect at high forward Mach numbers cannot be ruled out entirely from
‘the 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 value is less than 2 per cent., whilst the average deviation
is. about 1 per cent.

8.3, Tests at 9 = 50 deg. and 60 deg. (Figs. 8a to h, 9a to h).—These tests, which were quite
tully 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 at 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 J 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. Discussion.—6.1.—The chief interest in the results from tests at 6 — 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 C,, 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,
and K, 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.

It will be noticed in Fig. 10 that very close agreement exists between the observed rise in K -
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).

1.e. Thrust % = $BcpW?* (C,, cos ¢ — Cp, sin ¢).

Torquefz—g = 3 BerpW? (C,sin ¢ - Cp cos o).

1% ‘
where = tan—'___ , approx.
@ 07 PP ‘

= f(n)J, approx.
(Note that ¢ is of order of 45 deg. or more in the cases under consideration.)

At a given J value the effects of decreasing C; and increasing C), as the critical Mach 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?®. ‘

6.23.—In the plot of efficiency versus My, at constant J (Fig. 11) 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 behaviour with change in J may be
attributed to the facts that 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 at.the
higher [ values, and that the drag coefficient is constant at low incidences. At greater incidences
(lower J) the relationship between C, and M tends to become less valid and the drag coefficient
does not remain constant but tends to rise with increase in Mach number. Thus one would
expect the rise in efficiency with M, if present at all, to be most marked at the higher f values;
at lower [ values the rise in C, might be masked by the rise in Cj, 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, 18) 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 attempt 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 ai 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 6 = 50 deg., which can be attributed to the fact that for a given tip 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 attempt
has been made to follow this apparent systematic waviness.

It 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* 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 maintain the higher efficiency at high forward Mach numbers. It will be
observed that 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
variation of efficiency with forward Mach number of such a propeller operating under normal
‘constant 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 model
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 greater blade angles.

"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.
forque.
thrust coefficient = T'/pn*D*
torque coefficient = Q/pn*D?

J Er
2:73 ’ KQ.

forward Mach number (uncorrected).

propulsive efficiency =

S RARONT S0 Smy

=

forward Mach number (corrected).

tip Mach number = M +/[1 + (=/])*].

tunnel fan rotational speed, revs/min.

forward Reynolds number (based on 1-ft chord).

propeller Reynolds number (bésed‘on propeller dimensions = QR?/v.

o
L=}

Zgﬁ

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. 7 '

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

radius of blade element.
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APPENDIX I

Notes on Blockage Corrections
By
M. Jonss, B.Sc.

The blockage factors are found by the method of images given in R. & M. 2033". The effects
of the body and of its images are calculated separately and account is also taken of the propeller,
the struts and the motor wake and all their images. In forming the corrections, the effect of
everything except the body itself and the thrust wake is eliminated, so that the corrected speed

corresponds to the flow through a propeller mounted on an ideal symmetrical body, without
struts, of the shape of the motor fairing.

All the blockage effects are calculated for low-speed conditions and are scaled up for com-
pressible flow by the methods given in R. & M. 2113° and 20337,

In actual practice the various corrections are required in the plane of the propeller disc
and for simplicity one representative radius has been chosen, viz. 0-7R. The table of values
of blockage corrections at this- point is given at the end of the appendix.
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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 '

_dd o AR
I = U2 = Un S

where U is the stream velocity, 4 and R are respectively the area and radius of the 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

I{x) dx (d — x)
4rr® 7

du =

and hence the velocity component induced by the body is
_ (I(x) (d— x) dx
un = [, =

n7f3

! aR?
4_ 0[52 + (d . x)2]3/2

where d, ¢, 7 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 the remaining images, it was found to be sufficiently accurate to replace the
body by a source and equal sink on the axis, such that the moment of this system about any line
perpendicular to the axis is equal to the moment of the actual distribution.

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

I
2qg = alU Jongc R? dx = 11-4U, numerically.

Taking g = 45 in., with the source and sink distant 10 and 100 in. respectively from the nose
of the body, gives ¢ = 1-52U cu ft/sec. ' :

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

q(d—19
4z m*B® ++ (mH — 0)® + (d — b’

and by the sink —g is

gb+2 —d- . . .
47 [m2B2 + (%H — C)z + (b + Zg — d)z]a/z 7»

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

Hence the axial velocity induced at P by all such images 1S '

w3y d—b i b+ 2 — d !
T A BT GH — 0 L @— 0 B eH— 0 O+ 28— AT
where .the summation is taken over all pairs of integral values of  and » except (m =0 = n)
(m=0,n=41) m=1,n=0)and (m=+1, 7= +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 sel of images, gives the total axial velocity u,
at P due to the images, and the blockage factor then is : :

g = T
In order to modify the above calculations for compressible flow, the 1engths B, H, ¢ should be
decreased in the ratio § = /(1 — M?), where M is the Mach number, and the resulting expression
for the induced velocity should be multiplied further by the factor 1/8. Thus it would seem

a reasonably good approximation to increase the low speed blockage in the ratio 1/gx where
lies between 3 and 4. : : ~

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

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 the effect of one strut of mean size
(chord = 10 in. thickness = 1-32 in., height = 35 in.) in the mean position shown in Fig. 283,
and to treble the result, S a :

- 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 ¢’ per unit length, is

q’(d’—-g’f*” dz
Ao B4 [(2n — ) H — T+ 2 + (@' — g)Pr
_ g’ (' —¢) [ @n—DH—¢+h
Ao [m*B* + (@' — ¢V L{m*B* + [(2n — D)H — ¢ + 1} + (@ — g7
_ (2n —HH—¢—h }
{m*B* + [(2n — HH — ¢ + h* + (@' — ¢')]'7

where the dimensions d’, g’, ¢, &, are as shown in Fig. 25, and B, H are the breadth and height
of the tunnel as before. : ‘

Summing for all such line sources, and neglecting g’ in comparison with d’, we obtain
| __ zgg [ 2n — DH — ¢+ h
4 (szz + dfz) {szz I [(2,”_ %)H —r h:lz I d/z}l/z
@n—HH —C—h }
B (2 —DHE = — A dBE

Values of ¢’, g and % ¢’g” can be found in R. & M. 2033, Fig. 4 and finally the velocity component
induced by the three struts is :

u=3xX ZZ Adu,

i

Au

where the summation is taken over all pair of values of 7 and #, and can be performed by"the
method given in R. & M. 2385,

" The struts blockage factor then is ¢, = #/U and at high speeds, this becomes e, = &,/ 6%

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. '

12



‘Instead, a triangular distribution.of source strength, of total emission corresponding to the
Cp values given in Fig. 5%, was assumed along the rear part of the body axis as shown in Fig. 23.

Take the source strength per unit length as
g = N(x —5s),

so that the total emission is

QzNﬂ@—QM.

D
But Q =7 =} C» SU,

where S is the frontal area of the body.

Hence
N — C, SU

—2K@_gm.

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

" The axial velocity at P due to one image is

_N b—s in /= @1
tu=g\m e g A=y T v Ao
el -1 (d - S)
sin A B (i — C)z]_’

and due to the whole image system is

H, — 25 Adu,
where the summation is taken over all pairs of values of m and # except (m = 0 = #).
* The sinks at infinity induce an axial velocity -

) 4BH’ ‘
so that finally, the total axial velocity induced at P is

U3

'

: U = Uy + Us,
and the wake blockage is

U

£, = T
At high speeds, e, = ;_‘; .

Effect of Tunnel Walls on Propeller—On page 299 of Ref. 1, the interference effect of the tunnel
walls on a propeller alone is given for incompressible flow as

U'_lz__oc T
U 2 4/(1 4 20)

Blockage = &, = approx. -

* The C,, values given in Fig. 5 include those for the struts, so that the strut wake is in effect included in the body
wake. Thisignores the fact that C,S for the struts is approximately half C,S for the tody, and that the coriesponding
wake is off the tunnel centre line, but since the 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. 2118 by including the Mach
number as shown -

’

CA B e o %
JO+5 -
In the case of this propeller in the H.S.T., S, = 15-9 sq ft, tunnel area = 65 sq ft and expressing
the thrust coefficient as C; (= 2r) for convenience ‘ '
B S
X 65 X 2 ,\/<1 4 g_g) g*

!’
8?—-—-

— Tlﬁ' Cr NG _1
C 2’
Jo+5)
The value of thrust to be taken in calculating Cy is T, the final thrust (see Appendix IT).

Table 2 below gives values of (UB/U) X (1/8%, &, ¢., . and ¢, at the point A on the
propeller disc at 0-7 radius. ' ‘ o : :

TABLE 2 \
Individual and total blockage efffects at 0-7R in the plane of the propeller disc
M @ ) ) peehy Effective | Bffective
Images Struts and Images ronh et ¢ | total total with
M, Body of Body Images of Wake (I’él&X_. 0-1‘(1)185) (2) 4 (8) -+ | zero thrust
ep = &p/f% | &' = &[f% | &, = e,/f° ’ e 4+ 6) |@+@)+4)
»
0-2 .—0-0023 0-0098 0-0011 0-0006 —0-0050 0-0065 0-0115
0-3 —0-0025 0-0110 0-0013 0-0007 —0-0052 0-0078 0-0130
0-4 —0-0029 0-0125 0-0014 0-0008 —0-0057 0-0090 0-0147
0-5 —0-0034 0-0148 00017 0-0010 —0-00€4 0-0111 0-0175
0-6 —0-0043 0-0188 0-0021 00011 —0-0075 0-0145 0-0220
0-85 —0-0050 0-0219 0-0025 0-0017 —0-0084 0-0177 0-0261
0-70 —0-0060 0-0264 0-0030 00025 —0-0094 0-0225 0-0319
0-72 —0-0066 0-0288 0-0032 0-0036 —0-0100 0-0256 0-0356
0-73 —0-0089 0-0301 0-0054 0-0044 —0-0104 0-0275 0-0379
0-74 —0-0072 0-0315 0-0036 0-0054 —0-0107 0-0298 0-0405
0-75 —0:0076 0-0332 0-0037 0-0068 —0-0110 0-0327 0-0437
0-76 —0-0080 0-0349 0-0040 0-0089 —0-0112 0-0366 00478
0-77 —0-0085 0-0370 0-0042 0-0123 —0-0113 ~ 0-0422 0-0535
0-78 —0-0090 0-0392 0-0044 0-0172 —0-0116 00492 00608

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 that 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 8 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 the.
results can be published.
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LIST OF SYMBOLS FOR APPENDIX I

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.

— /(1 — 7). .
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
R
pV? S,
thrust coefficient
= T/3pV* S,
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APPENDIX 1I
Corrections to Thrust Observatlons

i. 1 As explained in section 4.3, the propulsive thrust of the propeller is derived from :—

~

(i) Tare drag of motor and struts.

(il) Buoyancy correction due to pressure
gradient.

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

(iv) Increase in drag of struts due to in-
creased speed in slipstream:.

Thrust = — Observed drag .
balance reading -+

1.2. The evaluation of the tare drag of the motor and struts, item (i), is straightforward from
the tests of those items without the propeller, Fig. 5. 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), (111) (iv).

i.e., T, = — observed drag + tare drag.
The corrections under headings (ii), (iii), and (iv) will now be considered individually

1.21. Buoyancy correction.—When a propeller is developing thrust the Worklng 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 requires that the air between the boundary of the wake
and the tunnel walls flows in a passage of increasing area in the downstream direction. Thusin a
wind tunnel there is a rising pressure gradient in the downstream direction, an effect which is.
absent when the propeller is operating in free air. Such a pressure gradient actlng 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. 1566°, page 62, the following equation is given for the buoyancy correction

AD = — (A + 4') dpldx
or AT = (4 + A') dpldx i
In the present application the value of 4’ is likely to be very small and can be neglected as the
body is well streamlined and of a high fineness ratio. (se¢ R. & M. 1566°, 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 determme the values of the local pressure gradients and use those
to determine the correction. Thus . :

. 4
: AT1'=J nvzd—p - dx .
dx
According to R. & M. 21183°, the pressure rise through a propeller disc in compressible flow is

1/8* times the pressure rise through the same disc in incompressible flow for the same thrust.
Hence

AT! ___j w‘if’ dx .

The total pressure rise through a propeller actuator disc in 1ncompresmble ﬁow 1s



Also, since the momentum along the tunnel is constant to the first order, the ultimate pressure
rise can be derived from the thrust as-

P — b=

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 4(ps — po). 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 dp/dx of the equation for buoyancy drag.

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

AT{=0-012-§§1 . for J=0.
—0-018512 |, for J=1-0.
:—'02014%;1 , for J = 2-0.
=o-0130ﬂ£; , ~ forJ=30.
;0-009% _for']-;4-'o.'
—0 ., dorj—4o.

As the bulk of the tests on this pfopeller were made-at J values between 1 and 4 an average
value for 47, has been taken, s.e. : -

4T;~=0-01‘2ﬂ£§.

This correction is subtracted from the approximate thrust 7.

1.2.2. Propeller Blockage 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 1pV* 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 : Thrust T, = — D 4 D,

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.AE. Report Aero. 2096. : : : ’ ' L

~ * This now includes the Addendum by Thomson which formed part of the original R.A E. Report.
| ‘ 17 |
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If AV is that part of the blockage correction produced by the propeller thrust, then. this
correction to the thrust is : o

ATy = ADy = AV . %D

av
Writing Dy = 1pV? CpS.
Then AT, = A(LpV? CpoS),
, ALpV?  AC
?T A Tz = Do [ %;)Vz + ;CDI:OJ . |
_ ALpVA | (AM, M,  dCp
= D () + (G x 2 x )

allowing for the effect of compressibility on both p¥? and Cp,.
Now, for normal blockage corrections, '

A3V
e = (2 — M)
, aM, h
and R = (1 4 M e.
Hence AT, = Dye [(2 — M3+ 1+ 1M J(/‘,JD :. g_%

In Appendix I, the propeller blockage is given as

8;:-——']%'>< '————CT Xlz.
Lo

For the present application this expression can be simplified by assurﬁing Cr to be small (it never
exceeded 0-03 at high values of M).

‘ g T
:He???' , 7 _ 15 - Wz .
Finally : ‘ '

-

ATé = Du X — 1_16‘ . 14—‘1_ {(2 —M“Z) + (1 + %Muz)_u . dCDO}
2

>pV254192 i CDO dMu .
— CD(J Tl : { (2 . an) + (1 __{_ %MuZ) Mu N [ZCDO} ]
16 (»& Bt . . ‘ o Cp aM,
—_ CDOK. :' ’ 1 { ( _ 2 Loanyra M. . dcuo}‘ '
- 1—26 'Tl >< 1 — Muz (2 Mu ) + (1 + 5M%¢) CDO dM“ .

This correction is subtracted from the_apprbximate thrust T;.

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. o : ' ‘ .

It has been based on the following assumptions :—

(a) That the slipstream diameter is constant and equal to the propeller diameter.

(6) That the ratio of the C,,S value for the exposed portion of the struts and the total C,S

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

(Vote.—This assumption disfegards possible changes in the relative contribution of the struts,
motor body and interference drags 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 :—

CpS (exp.) _ iy -
.5 (total) — 0 2= K say.
And, in free air, ‘ -
Slipstream speed Vs [1 + T, } — 1 e,

free stream speed ~ V 1pV2S,
Therefore £g == TZ;IS — assuming the thrust coefficient to be small.
P 4 .

Therefore, following section 1.2.2:—

ATy =KDy e |(2— M) + (1+ 3005 22 . 422)
. Do u“
: : T, | M, dC
— K1 2 1 . _ 2 lM‘Z % DO
- K4V S i @ — ) + o+ a2 oo
; CDO Tl { . 2 1 2 Mu chO}
——79— (2 M1¢)+(1+5Mu)c.—m'dMu .

This correction is added to the approximate thrust T5.-

(Note.—TIt does not contain the factor {I/(1 — M%)} as the propeller blockage does; " this is
because the velocity increment in the slipstream for a given propeller thrust coefficient is

independent of M (see R. & M. 2113%).)

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

, , T, Cp T . M, dC
ATy 4 AT + ATy = AT = — 0-01233 — 126 I {(2 — M+ (I rﬁ‘j}
C‘DO Tl . M 2 1 2 Mu. chO}
+ e (2 = MO+ (L 3MA 2 )

The resultant correction to be added to Ty.. - ,
The contribution of each of the above items as a fraction of the thrust 7; at various values
of M is given in tabular form below :—

. TABLE 3
Corrections to Thrust
. Buoyancy | Prop. blockage | Slipstream Net

M, Cpo correction correction correction correction

ATYT, AT}/T, ATYT, AT'|T,
0-2 0-1083 —0-0120 —0-00175 +0-002708 —0-0110
0-3 0-1086 —0-0132 —0-00183 +0-002675 —0-0124 -
0-4 0-1104 —0-0141 —0-00206 - 1| —-0-00279 —0-0134 | o
0-5 - 0-1147 —0-0161 —0-00248 +0-00205 —0-0156
0-6 0-1225 | —0-0187 —0-00338 +0-00343 —0-0187
0-65 0-1310 —0-0208 —0-00584 +0-00539 —0-0213
0-70 0-1670 —0-0235 —0-02038 +4-0-01656 —0-0273
0-72 0-2260 —0-0250 —0-0532 +-0-0408 —0-0374
0-73 0-2600 —0-0258 —0-0644 +4-0-0478 —0-0424
0-74 0-3050 —0-0266 —0-0747 +0-0535 —0-0478
075 0-3650 —0-0277 —0-1058 +0-0732 —0-0603
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LIST OF SYMBOLS FOR APPENDIX II

A volume of body.

A’ virtual volume of body in accelerated flow.
% Longitudinal pressure gradient.

4D buoyancy drag.

D observed drag.

D, tare drag.

Cpo  tare-drag thrust coefficient.

AT,  thrust correction for buoyancy effect in incompressible flow.

AT;  thrust correction for buoyancy effect in compressible flow.

l length of body. ‘ _
y radius of body at distance x from propeller disc.
M,  uncorrected Mach number. o
B 1— Mz |
- T thrust.
Ss.  propeller-disc area.
C tunnel cross-sectional -area.
o initial pressure far upstream of propeller disc
: ;,5; . pressure immediately before propeller disc.
Py pressure immediately after propeller disc. .
~$s final pressure far downstream from propeller disc.

AT, thrust correction for field speed (incompressible flow).

AT;  thrust correction for field speed (compressible flow).

AV velocity increment, ,

& blockage factor on general field speed due to propeller (compressiblé'ﬂow).
Cr propeller-thrust coefficient = 7,/1pV?% S,.

Vs slipstream speed. A

&s blockage factor due to slipstream.

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

20




APPENDIX IIT

‘Calibration of Motor

" 1.1. The motor is calibrated on the dynamometer stand by measuring the electrical power
input and the mechanical power output. The difference between the two quantities, 7.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-
traction of the aggregate losses under the observed operating conditions from the electrical mput.

1.2. The quantities observed during a calibration run are therefore :—
Electrical power input.
Applied voltage.
Stator current.
Stator winding temperature.
I.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
(1.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 = 1* Ry (1 + aT)
(ii) Rotor copper loss = Input power X slip
=W X

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

1.3. The procedure followed was first to 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 method 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
requiring temperature correction (losses /) 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 / by
the temperature coefficient times temperature difference and then adding to the total losses L.

Hence total losses = L 4 (I X « X temperature difference from 0 deg. C.).
21



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 X thrust in Ib.
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’. This has had the result that the present calibration is not so consistent as is desirable.

It is hoped that by modifying these end rihgs, the iron losses and the 6verheating'wi711»be

appreciably reduced and thus the overall losses will be reduced with consequent improvement in
the reliability of the method. ‘ '

LIST OF SYBMOLS FOR APPENDIX III

I motor current.
T stator-winding temperature.
R, stator-winding resistance at 0 deg. C.
o temperature coefficient of resistance of copper.
o fractional slip.
w mput power in watts,.
L total losses (except thrust loss).
1 losses Tequiring temperature correction.
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F16. 21. Variation of Maximum Propulsive Efficiency with Tip and Forward Mach number.
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