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In Three Parts.

EXPERIMENTAL RESEARCH ON AIR PROPELLERS.

By WILLIAM F. DURAND, -
Chairman National Adrisory Commiifee for Aeronautica.

Part 1. The aerodynamiec laboratory at Leland Stanford Junior Universiiy and the
equipment installed with special reference (o tests on air propellers.

Part II. Tests on 48 model forms of air propellers, with analysis and discussion of
results and preseniation of the same in graphic form.

Part TI1. A brief discussion of the law of gimilitude as affecting the relation between
the results derived from model forms and those to be anticipated from
full-sized forms.
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INTRODUCTION.

The purposes of the experimental investigation on the performance
of air %gpeﬂers described in the following report were as follows:

(1) The development of a series of design factors and coefficients
drawn from model forms distributed with some regularity over the
field of air-propeller design and intended to furnish & basis of check
with similar work done in other aerodynamic laboratories, and as a
point of departure for the further study of special or individual
types and forms.

(2) The establishment of a series of experimental values derived
from models and intended for later use as a basis for comparison
with similar results drawn from certain selected full-sized forms and
tested in free flight.

The report comprises three parts, as follows:

I. The aerodynamic laboratory at Stanford University and the
eqmnpment installed with special reference to tests on air propellers.

. Tests on 48 model forms of air grope]lers, with analysis and
discussion of results and presentation of the same in graphical form.

ITI. A brief discussion of the law of similitude as affecting the
relation between the results derived from model forms and those to
be anticipated from full-sized forms, .

The desiin of the aerodynamic laboratory described in the present
report, with its instrumental equipment, the planning of the experi-
mental work on the air propellers, the design of the propellers and of
the equipment for their construction, together with the preparation
of the report in its present form, are the joint work of the present
author and of Prof. E. P. Lesley, of Stanford University. To the
Iatter is due most of the details of instrumental eiujpment and the
entire supervision of the experimental work since April, 1917, when
the present writer was called to Washington, D. C. o
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PART I.

THE AERODYNAMIC TLABORATORY AT LELAND STANFORD
JUNIOR UNIVERSITY AND THE EQUIPMENT INSTALLED
WITH SPECIAL REFERENCE TO TESTS ON AIR PROPELLERS.

By Wourau F. DuranD.

THE AERODYNAMIC LABORATORY OF THE LELAND STANFORD JUNIOR
UNIVERSITY.

The aerodynamie laboratory at Stanford University was installed
during the fall and winter of 1916-17. The immediate purpose in
view was the provision of an equipment for the cerrying on of an
extended investigation on air propellers, the first stage of which was
planned for the year 1917.

FiG. 1.

After due consideration, and with special reference to the facility
of making observations, ;cc{iiustments, etc., the so-called Eiffel type
of wind tunnel was adopted. As is well known, this consists essen-
tially of three elements as indicated in figure 1—the collector A4,
the diffuser B, and the experiment chamber (. At the end of the
diffuser is located an exhaust fan D, which operates to draw the air
from the diffuser and deliver it t0 the room in which the tunnel is
located. This draft of air from the diffuser may be viewed as pro-
ducing a reduced pressure in the experiment room, which is prac-
tically air-tight otherwise except for the enfrance through the col-
lector. In answer to this depression (difference of pressure between
the experiment room and &aﬁ in the surrounding room on the
outside), the air flows as through a nozzle, in through the collector
across the experiment room to the inner mouth of the diffuser, and
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88  REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,

thence on to the fan. The column of air thus flowing through the
experiment room is then available for purposes of aerodynamic
investigation.

The cross section was taken circular and the diameter of the
throat was fixed at 5.5 feet as presumably suited to a propeller
model 3 feet in diameter, & size large enough to give not too wide
a step in passing by a law of comparison from model results to those
for full-sized forms.

The principal dimensions, general arrangement, and structural
details of the tunnel and experiment room are shown on the attached
plans, Plates I and IT, and es 3 and 4.
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Aside from structual details, the chief problem in the design of
the wind tunnel related to the forms of the collector and diffuser.
These were developed as follows:

Suitable lengths were first chosen for the collector and for the
diffuser. Theso are indicated in figure 2, at AC and AD on the
axis 0D. The point A represents the throat of the Venturi tube at
the experiment chamber. Then to a suitable scale the ordinate
AB was laid off representing the throat speed, say 60 miles per hour.

Neglecting the slight chs;lﬁe in density along the path of the air,
the entry and exit speeds will have one-fourth this value or 15 miles
per hour. These are laid up as ordinates at ¢ and D. A smooth
curve was then drawn in through EBF and continued back to meet
the axis O at the point 0.
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The curve OEBF was then assumed as & graphical history of the
air speed on distance, the part from ¢ to A referring to the collector
and the part from A to D to the diffuser. The curve OF for an axial
distance 0 may then be assumed to refer to the history of the ve-
locity of the air outside the collector and during which it is accelerated
from the low or inconsiderable speed of return to the %peed of 15 miles
per hour at . It should be noted that the curve OEB Fwas laid in ss
a smooth continuous curve showing eesy and gradual acceleration
and retardation as distributed along the distance axis CD. It was
then thought desirable to judge the same distribution of velocity
but on a time axis. To this end the transformation indicated in the
disgram was effected. Considering OEBF as a curve of dz/df, the
recgrocal of this curve was laid off as indicated giving a curve of
dif{dz on an z axis. The integral curve of this was then run in as
shown at O,P giving « as a function of £, or £ &s & functionofz. 0,Q
thus becomes an axis of time ¢ and the curve EB F of velocity on dis-
tance is readily transformed into the curve E, B, F; of velocity on time
by the construction indicated. Any ordinate as AB is continued to
the curve O,P and from the point of intersection B an ordinate AR
is drawn and from A, a distance 4,B, = A B issetup giving the velocity
at the time 0,4, from the assumed origin at 0,. A similar construc-
tion for the other points gives the curve EI.éIF; as the time distri-
bution of the velocity in passing through the tunnel, apart from the
experiment chamber. o form of this curve was again considered
by the eye, and between the two a final form of curve for velocity on
distance was chosen. Aﬁam neglecting changein density, these values
of the velocity serve to determine the cross sections of the tunnel as
compared with the section at the throat, 5.5 feet diameter.

Again considering the collector as & large nozzle into which the air
is flowing as the result of a reduction of pressure in the experiment
chamber and under the well-known laws for the flow of gases, it was
found that the changes in density involved were too small to intro-
duce any sensible change in the law of the distribution of velocity
for the section areas assumed, or in the section areas for the velocities
as shown by the accepted curve.

In this general man er the curves for the two parts of the tunnel
were determined. Actually, of course, the width of the experiment
chamber intervenes at the throat point A, but this fact does not
introduce any difference in the character of the curves as showing
the presum%tive history of the wind velocity on its way along the
collector and the diffuser.

At the end of the diffuser and just before reach.inge the %rope]ler
exhaust fan, the form of the diffuser was slightly modified by bringing
the curve of cross-section areas in sh% y so that the areas are
sensibly uniform just before reaching the fan location at the exit
end of the diffuser.

In order to secure the desired uniformity in flow at the entrance
into the chamber from the mouth of the collector, & honeycomb
structure wes built in the delivery end composed of hexa onal cells
8 inches in diameter and 10incheslong (fig. 5). These are of builders’
roofing tin and are soldered at the edges forming & stiff and true
structure with thin walls and presenting the minimum resistance to
the flow of the air.

In order the better to collect the air at the enfry end of the diffuser,
an inward projecting flaring rim was fitted as shown in the drawings.
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PROPELLER FAN.

The exhaust fan at the outer end of the diffuser is of the propeller
type, 4 blades, 11 feet in diameter and with a mean pitch of approx-
imately 5.3 feet. The pitch is distributed on the Drzewiecki system
assuming an advance of 4 feet per revolution with an angle of inci-
dence of 3°. This gives values of the pitch on radius as shown in
Table 1. The form of the blade contour, shape and character of
blade sections, and mode of construction are all sufficiently shown
by the drawing, Plate I11.

Tasre I.—Dimensions of fan propeller,

Width .
mum
Redius. | Pitch. | blade. | thick-
108,

Feet. Feel., Inches. | Inches.
L0 4.50 1.0 2.50

1.5 4.80 11.6 2.05

2.0 4.74 11.8 1.68

L5 4,88 12.8 1.58

3.0 505 12.3 1.35

3.5 8,24 12.3 1.25

4.0 5.40 12.3 .07

4.5 5.58 12.3 90

5.0 5.72 10 ¥

The propeller fan is driven through a belt connection from & 20-
horsepower constant-speed induction motor. Such changes in wind
speed as are desired in the program of propeller tests are obtained
by changes in the size of the drive pulley on the motor shaft. The
general plan of the propeller tests contemplates sensibly constant
wind speed for any given run of tests and variable revolutions of the
test propeller. permits & constant motor speed for the fan pro-
peller for any given run of the model propeller with variations in sli
and other conditions secured by varying the revolutions of the mod
propeller. In the actual tests as reported later, the runs were made
approximately at two wind speeds, approximately 30 miles per hour
and 40 miles per hour and corresponding a.g)]frox:mately to 220 and
310 revolutions per minute of the fan propeller. In order to secure
extreme slips, with the power available, certain propellers were also
run with a wind velocity of about 20 miles per hour.

MISCELLANEOUS DETAILS OF CONSTRUCTION.

No attempt will be made to give full structural details of the equip-
ment. These must in any case be determined largely by the special
circumstances of the case. A few of the more important structural
features may, however, be noted. _

The form of the collector and diffuser tubes was determined by
circular frames made by nailing up a double ring of seven-eighths
inch board segments, sawn to the proper curvature on one side, thus
forming a strong ring of wood 1f inches thick. These rings were then
fastened to uprights made of 2 by 4 inch scantling spaced about 2 feet
between centers and so adjusted vertically as to line up with the axis
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of the tunnel about 8 feet 9 inches above the floor of the room. These
circular rings spaced out in this manner and each of appropriate
diameter, give thus a series of transverse sections of the tunnel.  The
next step was to run longitudinal battens seven-eighths inch thick by
2 inches wide along the inside of these rings spacing them equally
around the circumference. These battens were spaced about 6 inches
between centers at the small end and double that amount, or 12 inches,
at the large end. This entire framework when set up, cross braced,
stayed to the bmld.m% roof and floor, made & very stiff and secure
skeleton on which to lay the inner cow: forming the shell of the
tunnel itself. This covering was of a good quality of heavy cotton
sheetingjlllaid on and stretched with care and secured slong each
longitudinal batten by running on the inside & smsll aj%ane atten
a.p}ﬁ:oximately one-fourth inch thick at the center b{ ee-fourths
inch wide, thus holding the fabric down on the la.rFe attens.

The fabrio was then treated with a standard airplane wing “dope”
(celluloid dissolved in acetone), varnished and rubbed down to a
smooth finish. = At the propeller-fan end for & distance of about 4 feet
the number of longitudinal battens was doubled and for a distance of
14 fest the inside of the tunnel was covered with galvanized sheet iron
in order to give necessary stiffness in the immediate vicinity of the
tips of the b of the fan. This general procedure gave a tunnel
with a smooth, true and fair surface, conforming to the law of cross-
sectional areas es determined, and, as later fest showed, stable and
without sensible vibration or disturbance under the highest wind
velocities employed.

The experiment room was made of matched boarding Iaid on the
inside of joists and studding spaced about 18 inches between centers.
The highest wind speeds contemplated were not much above 60 miles

r hour, and with a reasonable coefficient of flow through the col-
Ea%tor tube this would require a reduction of pressure in ari-
ment room not much exceeding 10 or 12 pounds per squere foof.
This is a very moderate load, and no trouble was experienced in
carrying it with ordinary framing covered with the matched boarding,
as indicated. To give light in the experiment room, two window
sashes were fitted and the glass was reinforced on the inside with
sup.pzzl;ts, reducing the size of pane fo the equivalent of about 9 by
10 nches.

The room was made practically air-tight by pepering on the inside
with heavy builder’s paper 12id on with 2 8 cifgly heavy paste. For
entry and exit an airlock was provided with doors closing on suitable
packing strips and fitted wi se]f—a.d'usti.wém' es, allowing close
contact between door and packing. With this general character of
construction, the experiment room was readily made substantially
air-tight and of strength sufficient to carry the load due to the excess
pressure of the outer air above that maintained in the chamber.

SPECIAL EQUIPMENT.

The special equipment for propeller testing comprises the following
items:
’%hrus‘b d omette;.
Revolntion counter.
Airepeed meter.
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(1) THRUST DYNAMOMETER.

The general arrangement of this apparatus is shown in the draw-
ing, Plate IV, and will be clear with a minimum of textual description.
The general form of the apparatus was so designed as to-place the
propeller approximately 14 diameters forward of any sensible obstruc-
tion in the path of the air stream, and even here the standard is given
a sharp forward and after edge and stream line form in order to
minimize any-possible reaction on the propeller itself.

The propeller is carried on the forward end of a shaft 1} inches in
diameter, which runs in ring oiling, cylindrical, bronze bearings. This
shaft is driven without longitudmal constraint through a yoke at
the rear end having hardened steel flat longitudinal surfaces which
engage with small ball-bearing steel rollers on a companion yoke
carried bK a bevel gear. This bevel gear runs on ball bearings out~
side the hub, which is bored to provide freedom from contact with
the propeller shaft. The driving motor, a 7.5-horsepower direct-
current motor is placed well over at the si&_e, entirely out of the wind
stream and drives the propeller shaft through bevel gearing and the
yokes mentioned. In this manner the propeller shaft is subject to
angular compulsion only so far as the motor drive is concerned. It
is entirely free to move longitudinally as may be determined by the
other forces in play. These other forces are the pull (or thrust) due
to the propeller itself and some form of weighing or measuring device
calculated to control and balence such pull (or thrust). To this end
the propeller shaft is furnished with two ball-bearing thrusts which
connect through hardened-steel knife-edges with a vertical lever as
shown in Plate IV. This lever is attached to a shaft which extends
outside the standard, well beyond the wind stream wheres it-carries a
horizontal scale beam with suitable weights. An adjusting weight
in the casing serves to adjust the center of gravity of the device Jor
sensitiveness of movement, and suitable stops control the range of
travel of the vertical arm, and hence the horizontal travel of the pro-
peller shaft. .

This arrangement furnishes a sensitive and reliable means of meas-
uring longitudinal forces developed by the propeller and without
constraint due to the motor drive. o frictional forces involved
when the shaft is in rotation are so small as to be quite negligible in
comparison with the roEe]ler forces involved but even these, small
as they are, may readily be eliminated by suitable calibration.

{2) TORQUE DYNAMOMETER.

The general arrangement of the torque dynamometer is shown in
Plate V. The motor shaft is extended to the cading of the thrust
dynamometer stand and is cut for the insertion of a special coiled
spring. _The torque on the motor shaft is then measure by the tor-
sion of this spring. To measure this torsion two fiber disks are fitted
to the shaft, one on either side of the spring, actually at A and B, as
shown, These disks ¢ a narrow metal strip on the edge to serve
as an electric contact. e contacts are electrically connected to
the shaft and hence to each other. A fixed brush resting on the face
of the disk A is carried by the dynamometer frame. From this brush
is Jed an electric conductor, first to a battery, then to a telephone
receiver, and then to a second brush mounted over the disk B, as
shown in figure 6. It is clear that if the contacts on the disks pass
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under the brushes simultaneously the circuits will be closed for the
instant and a click will be heard in the felephone receiver. If the
do not pass simultaneously, the cireuit will not be closed and no clic.
will be heard. Suppose then, with no torque on the shaft, the brush
carrier at B is so adjusted as to give simultaneous contacts and &
click in the receiver is heard; then with & load thrown on and & re-
sultant torque the spri.ngiiwijl twist, the contacts will no longer be
simultaneous, and no click will be heard. Then the brush holder at
B can be moved around to a point where the contacts will again be
simultaneous and the click be picked up again. Obviously the
angle through which the movable brush holder is carried in order to
thus compensate for the twist in the drive ci]iring will measure the
angle of spring torsion, and thus by suitable celibration, as described
later, is readily franslated into torque moment.

(8) REVOLUTION COUNTER.

The revolutions are counted by the movement on a drum, geared
down by double worm—%ear drive and so adjusted in diameter that
1 inch of travel on the face of a paper strip carried on the drum is
just 50 revolutions. The drum is appropriately mounted on & frame
with pencil carrier and with electric connection to a seconds beating
pendulum. In operation the drum revolves and the pencil resti
on the paper draws & line with jogs introduced by the click at secon
intervals. A given length of time is thus translated into revolutions
and the revolutions per minute thence readi ; determined. A gen-
eral view of this apparatus is shown in figure 7.

(4) AIR-SPEED METER.

The ultimate measure of air speed was based on the Pitot tube.
The type employed is that made by the Americen Blower Co. and
known as the A. B. C. tube. In this type the static pressure is indi-
cated through air holes of about 0.02-inch diameter. Exhaustive
test for this pattern of tube has indicated that its coefficient may be
taken as sensibly unity, and for all experimental work, as described
later, such coeflicient has been assumed. It is, however, not con-
venient to make, in connection with each observation, & series of
Pitot tube readings on &ir velocity, and fo avoid this a series of careful
determinations were made between the depression (difference in pres-
sure outside and within the experiment room), considered as an air-
pressure head, and the resul velocity at the propeller location
within the experiment room. is relation measures in effect the
efficiency of the collector and honeycomb baffle, viewed as an orifice.
The relation thus developed was as follows:

Velocity head =0.876 (P,—P,)

where P, and P, denote the pressure heads without and within the
riment room. . .
he lost energy indicated by the difference between this and 100
per cent is distributed presumably among the following items:
Friction resistance of collector surface.
2) Resistance due to honeycomb baffle.
2 genemldigtﬁb%:;cging of the stream &t th peller location, with lower
0Imne e 8 er
velocity as compared with that just at the Every end of 3111:; collector.
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'With this relation between air velocity and experiment chamber
depression assumed, & sensitive pressure indicator showing the
pressure head between the experiment chamber and the surrounding
room serves as an instantaneous air speed indicator.

Such pressure indicator is secured by the device shown in figure 8
and weighing to one-hundredth of & pound per square foot. The
device as shown consists of two manometriccells carried each on oppo-
site ends of a sensitive balance. Thelower ends of the cells dip under
coal oil, the space above the liquid beintﬁ connected in one cese to the
air in the experiment chamber and in the other to the air in the sur-
rounding room. The zero position of the scale is determined with
both cups connected to the outer room. With one connected to the
experiment room, the balance becomes disturbed, and the weights
added to restore equilibrium furnish a direct measure of the depression
within the experiment room. These indications calibrated against
the Pitot tube measures of speed give then the direct relation desired
between the measure of the depression and the air speed at the pro-
peller position. The weights for the balance were of such mass as to
give readings of pressure directly in pounds per square foot. These
readings are independent of the fluid used. Coal oil was selected, as
it kept the cans wet and there was no variation in the meniscus.

TESTS AND CALIBRATIONS OF APPARATUS,
AIR PROPELLER.

No matter what the type of air tunnel, the circuit may be con-
sidered as closed. If the circuit is complete and such as to hold the
air under restraint throu%mut the entire round, the closed character
is evident. If as in the Eiffel type the air is delivered to one end
of a room and drawn from the other, the return outside the tunnel
may be viewed as through the room. The room may furthermore
be considered as of any size, and in the extreme case we may sup-
pose it infinite in dimension, in which case the air may be considered
as delivered at one point and drawn in at another.

Trom this viewpoint the problem is, therefore, that of establishing
and maintaining a continuous flow of air in a closed circuit. The
energy required will then be obyiously the energy dissipated in the
circutt. M no epergnvivere so dissipated, the air circuif once set up
would continue indefinitely. There is, however, a continual dissipa-
tion of energy in the form of turbulence due to surface resistance
and unavoidable formation of eddies and irregular turbulent motion.
This loss the fan or its equivelent must supply.

In considering the operation of the fan we may most convenientl
compare the power aqt{uall&rgequired at the fan with the kinetic
energy in the air ﬂovn.ngb ugh the throat of the circuit. This
gives then a comparison between the energy dissipated in the total
ctirr?it including the fan and the kinetic energy in the air at the

at.

Assuming normal atmospheric pressure and temperature in the
outside room, and with due allowance for the slightly diminished
density at the collector de]iver{, we find for the kinetic energy at this
point the values shown in Table 2, column 3, while test of actual fan
input showed the values as given in column 4. These values indicate
for ‘the speeds employed a relation given substantially by the fol-
owing:
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Energy dissipated =0.86 X kinetic energy of air at throat.

The relation of wind velocity to fan revolutions and of wind ve-
locity to fan horsepower are shown graphically in figures 9 and 10,
respectively.
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Tasre II.

Wind | Kinetle
Pan |Veloclly LY | Fen
stream.

Beste. 591 107
minute. Feet, | power. 1 power.

a5 .
bi] 53.8 7.3 6.40
320 6Lg 11.95 10.00

838 64.6 13.60 1L70
378 72.8 19.45 18.36
408 .8 270 2165

UNIFORMITY OF YELOCITY OVER CROSS SECTION OF ATR STREAM.

Surveys were made over the cross section of the air stream in order
to determine the variation of velocity in time at any one point and
from point to point over diameters horizontal and vertical.

These indicated a mean variation of velocity head on distance of
about 2.5 cent or a mean variation of velocity of 1.25 per cent.
The variation of velocity at any one point with time was substantially
the same. A Pitot tube survey of 20 well-distributed cells of the
honeycomb baffle showed, just in front of the delivery plane, & mean
variation of velocity head of 0.7 per cent. The time variation of a
single cell was sumi’ ilarly 0.8 per cent. These correspond to velocity
variations of one-half the above values.
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RELATION BETWEEN DEPRESSION WITHIN EXPERIMENT ROOM AND
AIR STREAM VELOCITY.

This relation was based on Pitot tube determinations of velocity
and manometric balance measures of the difference of pressure acting
as an air head. Numerous determinations of this relation were made

at the start of the work and they were repeated daily throughout the
tests in order to detect any tendency toward change in this relation.
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The relation was found practically constant and es the result of large
numbers of determinations was taken as:

Velocity head =0.876 (P,—P,)

where P, and P, denote the pressure heads without and within the
expermment room. T '

t should be noted that when the model propeller is in operation
with a velocity sufficient to give a positive slip and hence an additional
accelerating effect on the &ir, we have in effect an additionsl fan in the
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" gystem and hence must expect an increase of velocity of air stream,
%iis effect on the air stream will also be twofold, as follows:

(1) Local and immediately in front of the model propeller, where
there will be acceleration of the air as it approaches the propeller.

(2) Outside the immediate local influence of the model propeller
where there will be an increase in air stream velocity due to the greater
amount of energy supplied in the circuit and & corresponding reduc-
tion in pressure In the experiment room with consequent general in-
crease in the iﬂeed of inflow. It was, therefore, important to ascer-
tain whether the general velocity of sir stream as indicated by that
of the cylindrical shell about the ;E:lpe]ler still remained in the same
relation to the fall of pressure within the experiment room.

Careful and repeated tests showed that thiswas the case and it was,
therefore, assumed that the combined action of the large fan propeller
and the model Bpﬁ-:ﬁe]ler was to produce a velocity of wind stream in
the cylindrical surrounding the model, standing in the given and
fixed relation to the depression caused in the room by the joint action
of the two propellers. This velocity of wind stream then corresponds
to the indefinite stream flowing around and outside of the propeller
in the case of an airplane in free flight, and is, therefore, to be taken
s COITes ondjn% to the velocity of fight through the air.

Similarly the local result immediately in front of the model propel-
ler is to be taken as similar to the local acceleration of the air im-
mediately in front of the airplane propeller, causing a local flow of air
aft to meet the forward moving propeller.

RELATION BETWEEN DIAMETERS OF WIND STREANM AND DIAMETER
OF MODEL PROPELLER.

It was assumed from precedent and from general experience in
wind-tunnel work that a propeller model 3 feet in diameter could be
roperly run in & wind siream 5% feet diameter without sensible
isturbance at the boundaries of the stream and hence with sensibly
the same result as though in an indefinite stream.

The experimental examination of this question was approached
from three different directions, as follows:

(@) Successive reduction of wind-stream diameter with compara-
tive study of thrust and torque coefficients.

(3) Pitot tube survey of wind stream with model propeller in
operation, with special reference to distribution of velocity in the
cylindrical shell outside the tip eircle of the propeller.

(¢) Comparison of thrust and torque coeflicients for four sizes of
propellers of successivegrincreasing diameters.

o results of these thres examinations may be briefly indicated.

The diameter of the wind stream was reduced by 6-inch steps by
blanking over the deliveiily end of the collector with suitable flat
annular rings. This had the effect of closing off an outer zone of cells
of the honeycomb baffle, leaving the remainder operative. This gave
wind streams of diameters, successively, 66, 60, 54, and 48 inches,
and within which & propeller of 3 feet diameter wasrun. The results
were then reduced to the form of thrust and torque coefficients by
a?stul?ﬁng, %t equal values of V/ND, a force variation with the square
of the speed.

The torque and thrust coefficient curves thus derived give the
following indications: The torque and thrust of the 3-foot model in

20165°—S. Doc. 128, 653-2——T
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wind streams of 5 feet and 5.5 feet in diameter are sensibly identical.
For a wind stream 4.5 feet diameter the torque and thrust were about
2.5 per cent greater than for the wind streams of 5 feet or 5.5 feet
diameter.

For a wind stream 4 feet diameter the torque and thrust were 6
to 7 per cent greater than for the wind streams of 5 feet or 5.5 feet
diameter.

With the model propeller in operation and throwing aft a slip
stream of pronounced velocity, the wind stream across the entire
section forwerd of and about the propeller was subjected to survey
by Pitot tube. The results indicated a relatively abrupt break in the
influence of the propeller close about the tips of the blades, and that
the size of the slip stream propsr at and just in advance of the pro-
peller was practically determined by the diameter swept by the tips
of the blades. The velocities in the ﬁlindrical ring lying outside
the blade tips were also compared with -the depression within the
chamber and found to agree as previously stated. These tests indi-
cate that the special influence of the propeller in disturbing the
distribution of velocities through the wind stream extends to but a
slight distance beyond the circle swept by the tips of the blades.
The indications of this test, therefore, support fully the anticipated
relation between diameter of propeller and of wind stream.

As o final test in regard to this important question, four propellers
of diameters, successively, 30, 36, 42, and 48 inches, and similar
geometricale, were tested out in reglﬁa.r course and the results re-

uced to thrust and torque coefficients by assuming, at equal values
of V/ND, aforce variation with the square of the speed and with the
square of the diameter. The results of these testa are shown in figures
11 and 12 end indicate substantially the same values of the coeffi-
cients for the same value of V/ND for all four propellers. This indi-
cates apgarently that the diameter of the propellers might have been
increased to 42 inches, or possibly even to 48 inches, and runin a
wind stream of diameter 66 inches without sensible departure from
the conditions in an indefinite stream.

As & matter of fact, as may be noted in the figures, the values of
the coefficients for the diameters 30, 42, and 48 inches lie most satis-
factorily on a continuous smooth curve. Those for the diameter 86
inches lie slightly above. This slight variation is apparently due to
. some slight departure in geometricel similarity between the pro-
peller for 36-inch diameter and the other three.

In any event these results together with the others noted above
seem to Justify fully the use of the propeller models of 36 inches diame-
ter in the wind stream of 66 inches diameter.

CALIBRATION OF TORSION DYNAMOMETER.

The torsion dynamometer was calibrated as shown in figure 13.
A Prony brake was attached to the shaft at the propeller position.
A load was applied and the corresponding yield of the spring was
noted. These tests were made at various speeds, and loads were
applied varying from zero to the full capacity of the driving motor.

ese calibrations were conducted daily throughout the tests in order
to detect any change in the ratio of sprinag]jyield to moment in pound-
fee(tia.l ’lc‘lhe ratio was found to be practically constant for all speeds
and loads.
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PART II.

TESTS ON 48 MODEL FORMS OF AIR PROPELLERS WITH
ANALYSIS -AND DISCUSSION OF RESULTS AND PRESENTA-
TION OF THE SAME IN GRAPHIC FORM.

By Wnuaraw F. DuraND.

SELECTION OF PROPELLER MODEL CHARACTERISTICS.

As a first stage in the propeller investigation, it was proposed to
try out 48 models with characteristics distributed es nearly as
E‘cl)lssible in a representative way over the field of gropeller design.
purpose of this selection was to establish & definite series of
design constants and data for these ttipes and characteristics and
also to furnish a means for check with the similar work done in other
laboratories. 'With the results thus determined for a set of forms
and froportions regularly distributed, further research may be
d.irglc ed along such lines as appear to indicate the most useful
results,
After due consideration of the matter the following characteristics
were selected to make up by combination the 48 models:

Val
Piich ratio (mean}............ 0.5, 0.7,0.0. ceum e reieeeeaeneas lmé
Distribution of pitch.......... Uniform and variable. .o coveveeecacecaanannan 2
%ea.n b%aﬁiﬁhﬁ th trota,f:io S ggﬂand 0.20. caeee.... Y P g
orm o e contour......... N straight parallel and curved iapering..
Type of blade section......... Plainsg.nd cambered....c.coeeniimiinninian. 2

'With the fixed diameter of 36 inches, the three values of the
pitch become 18, 25.2 and 32.4 inches, respectively.
m’.!l'fhe uniform-pitch propellers have this value throughout the blade
surface.

For the variable pitch forms, variation according to the Drzewiecki
method was followed. The angle of incidence chosen was 8° and
the propeller was given the standard pitch for the uniform pitch
propellers at the 13-inch radius, the pitch at other radii varyin
according to the law determined by the angle of incidence selected.

The blade-ares, or mean blade-width ratios wers so chosen as to

ive for one a rather moderate ares and for the other a rather wide
lade or full area. _

The forms were so chosen 2s to give one a blade with nearly
parallel sides and the other a more rounded and tapering contour.

The two types of section show for the one a flaf driving face and
for the other & rather pronounced camber. The amount of camber

1Ratio of mean width to radins.
g9
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or maximum height of the arc was made one-third the maximum
thickness of blade at the outer portion and somewhat less near the
hub. The maximum thickness and general character of the sections
were taken to represent in proper geometrical ratio average practice
with air propellers of full dimension.

The various characteristics of these model propellers are shown
more definitely by Tables III, IV, V, and figures 14 to 24.

Tasrs III.—Characteristics of model propellsrs.

Dism- Pitch | Mean | Bha Blade
Wo. | “gter. | Fteh | paygo, ‘?.fgf‘g blgde. section.
Inches.| Inches.
1 36 32.4 [\E:] 015r 1} Non-cam.
2 86 a4 .9 271 1 | Non-cam.
3 36 2.4, .9 AT - 2 | Non-cam,
] 4 36 32.4 .9 20 ~ 2| Non-cam.
) 86 28,2 o7 187 1 | Non-cam.
[} 80 25.2 .7 20r 1 | Non-cam.
T 88 25.2 .7 d57 « 2 | Nom-cam.
8 38 25.2 .7 207 - 2| Non-cam.
¢ 38 18.0 .8 dbr 1 | Non-cam.
10 86 18,0 .5 207 1 { Non-cam.
n 88 18.0 .5 by ~ 2 | Non-cam.
—~ 13 g6 18.0 .5 2Ar —3 | Non-cam.
13 88| 30.6-83.9 .8 151 1 { Non-cam.
14 86| 30.6-33.9 .9 20r 1 | Non-cam.
15 36| 80.6-33.9 .9 b1 2 | Non-cam,
- 18 88 | 80.6-33.9 .9 20 2 | Non-cam.
17 8| 22.8-24.8 .7 JI6T 1 | Non-cam.
18 30 | 22.8-26.8 T Ar 1 | Non-cam.
19 36| 22.8-20.8 .7 161 23 | Non-cam.,
1 20 30 22.8-20.8 7 .r 2 | Non-cam.
2 36 15.3-19.8 .5 51 1 | Noncam.
223 86| 15.8-10.8 R 2071 1 | Non-cam.
28 36 | 15.8-10.6 b A5y 2 | Non-cam.
M 38| 15.8-19.6 R «0r 2 | Non-cam.
25 38 824 .9 BLE 1| Cam,
26 36 82.4 .9 .20r 1] Cam.
27 36 82.4 .9 A8 2 | Cam.
28 86 82.4 .9 207 2 | Cam.
29 36 . 25.2 .7 A8 1{ Cam.
30 86 25.2 .7 207, 1{ Cam,
31 36 25.2 T A8 r 2 | Cam.
82 36 252 .7 .20r 23| Cam,
33 36 18.0 N4 A5y 1} Cam.
R 36 18.0 B 207 1| Cam.
8 36 18.0 .8 A8y 2 { Cam.
a8 36 18.0 .5 207 2 | Cam.
87 36| 80.6-88.9 .9 187 1| Cam.
83 33| 80.6-83.9 .9 207 1| Cam.
30 86| 80.6-33.9 .9 Jdb6r 3| Cam.
40 86 | 30.4-83.9 .9 20r 2 { Cam.
41 86 22.8-26.8 i L8 1} Cam,
42 80| 22.8-26.8 7 A0 1] Cam,
43 88} 22.8-20.8 7 JA8r 2 | Cam.
44 88| 22.8-20.8 7 207 2 | Cam.
45 38| 153-19.6 .5 187 1| Cam.
46 3| 15.3-10.8 N 27 1| Cam.
47 36| 18.3-10.6 .5 JA87 2| Cam.
48 36| 15.3-19.6 .5 2r 23| Cam,
49 30 2.0 .7 JA5r 2 | Non-cam.
50 43 20.4 T A8y 2 [ Non-cam.
38 48 83.6 7 JABr 2 | Non-cam.

« TaBLE III,—CHARACTERISTICS OF MoDEL PROPELLERS.

Pitch.—Where a single value is given, the pitch is uniform. Where
two values are given, they relate to radii at 4 and 18 inches from
center. The pitch is understood to vary in the Drzewiecki system
from one value to the other for an angle of attack of 3°. _

Pitch ratio.—For the variable %:h propellers the pitch ratio
relates to the pitch at radius 13 inches.
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Mean width of blade—The mean width of blade relates to the
actual blade—normally that part Ifi.ng beyond radius 0.2r approxi-
mately. The face area of a two-blade propeller will then be mean
width 40.8D, and hence the two values of the face areas employed
are approximately 0.06? and 0.0817-.

Stape of blade.—The numbers 1 and 2 are employed to designate,
respectively, the straight or curved forms, as sbown in figures 14, 15.

lade section.—The terms ¢ cam.” and “non-cam.’”” are used, respec-
tively, to designate the cambered and noneembered forms of blade
secfion, as shown in figures 16-23.

TasLe IV.—Dimensions of model propeller sections.

Form, [ pads st
Propeller| area,and | %t ™| 45 | A%, | and | EG. | EE. | Ex. | BB | @
numbers. sectlon section. BD.

Inches. (Inches. Inches .[Inches.Inches.|Inches.| Inches. \Inches.
4 0.80 06 15

.

2.45 78

113 7| Zn %

5 ;s 10] 27 80

o B 27w 33
iR Er

% ¥ 71 27 &
2 4 |/mas.l 10 20 &0
% 45 18| 270 5
&k g

2 14 71 380 &

6 18 }F1 Az . %g g.g - gg
. 4 8 2
26 38 7| 3.60 &
2 ajmas) ) 18 8
3¢ 46 16| 8,60 42
3 15 4.{. 8200 78
~ ™ ThEZ &

4 7 1 imAs] Bk 0
pa A :
7 3 7} 3.22 &
81 43 [}F32 A By, ;..g g:ég g
5 a7 | ) iao 4

- 418 7] 430 &
Flina E1E &
. @ HE 5
28 40 I 7 58 o
2 s ) 48 g
38 43 { 16| 2.5 2

F) denotes form No. 1, a3 in figure 14.

Fs denotes form No. 2, as fn ﬂgure 15.

A, denotes smaller ares, mean blede width ratio 0.15.

Ag denotes r areg, mean blade width ratio 0.20.

B: denotes blade section with plain face, figures 18, 18, ete.

B2 denotes blade section with cambered face, figurea 17, 18, ete.
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TapLE V.~Nominal and dynamic pitch of propeller models.

v v .
Propeller| KD |Dynamio| Nominal || Propeller| NP |Dynamic| Nominal
No. for pitch. | pitch, %o pltch, | pltch,

Te=0, T O

Inches. | Inches, Inches. | Imches.
1 L1738 42,3 324 25 1.200 43.2 824
9 L128 40.6 32,4 38 1.088 30.1 2.4
3 1.108 43.1 324 2 1.170 431 324
—~4 1.020 20,8 324 2 1.002 30.8 82,4
] <996 85.8 25.2 2 L0006 36.2 26.2
[ 910 82.8 25.3 30 872 3L.4 26.2
7 904 34,7 25,2 31 . 968 3.8 2.2
. 8 .870 3L.3 25,2 7] 010 3L8 25.2
9 . 768 27.2 180 33 70 nT 18.0
10 680 .5 18.0 84 671 4.2 18.0
1 .57 2.2 18.0 a5 . 765 7.5 180
12 . 690 4.8 18.0 33 718 25.9 18.0
13 1.178 423 32.4 87 1.148 41.3 83,4
14 1.008 39.8 32.4 a3 1.108 80.8 324
15 1.193 429 324 39 1160 4.4 82,4
.16 1,109 89.9 824 40 L0654 7.9 32.4
17 948 L 31 25.3 41 14 82.9 25.2
18 .867 81.2 25.2 42 584 aL8 25.2
19 023 3.2 25,2 43 042 38.9 23.2
20 . 800 32,0 25.2 44 . 861 810 25.2
21 LT04 20.4 18.0 5 .5 257 18.0
2 . 078 24,2 180 46 . 600 24.8 180
23 T30 25.9 1.0 47 .29 26,2 18,0
24 664 2.9 18,0 48 692 24.0 18.0

Dynamic Pitch=DX (ﬁVb for T—é)

CONSTRUCTION OF MODEL PROPELLERS.

The model propellers were made of Pacific coast sugar pine (Pinus
Lambertaina) a wood light, strong, and which upon careful test was
found to retain its form without change once well seasoned. The
stock obtained was well seasoned at the start but was sawn into
g}‘ocks 1_’a, little larger than the propellers and allowed to still further

out.

he propellers were hand formed from templates laid out carefully
according to the characteristics desired. The general arrangement
of the swinging crab for carrying the templates is shown in figure 25.
The templates carried on the swinging arm or crab were located at
values of the radii 4, 7, 10, 13, 16, 17.5 inches, Th:c?roper applica-
tion of these templates Eave gix lines across the blade lying on the
final finished surface and at intervals of 3 inches, except at the tip,
as noted. The intermediate area was then readily taken down by
ju%Ement and the face reduced to a smooth continuous surface, fair
with the lines determined by the edges of the templates.

The form of blade contour was then laid out on the helical surface
thus determined, and the blade reduced to proper contour form.
Similar templates were prepared for the back of the blade and the
pr.opeé' distribution of thickness and form of blade section thus deter-
mined.

The propellers were then given two coats of shellac and two coats
- of varnish and rubbed down between coats.

The 48 models tested are shown in figures 26, 27, and 28. The
three other models, together with No. 7 to which tfley are similar
geometrically, are shown in figure 29,
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. m%

13" Rad.

10* Rad.

7* Rad.

4" Rad.

Fid 8
F1G. 16.—~Propeller model sections, (For dimensfons sce diagrams and tables.)
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wan

13* Rad.

10 Rad.

7" Red.

4" Rad,

P16
F16, 17.~Propeller model seotions  (For dimensfons see dingrams end fables.)
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7

13* Red.

10":B.ad.

7* Rad.

4" Red.

Fr Ay By
F1G. 18.—Propeller model sections, (For dimensions see diagrams and tables.)
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s WDJE

13 Rad.

10" Rad.

7" Rad.

4’ Rod.

Fy A8
Fia. 21.—~Propeller mode) sectlons, (For dlmenslons see diagrams and tables.)
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METHOD OF CONDUCTING TESTS.

The items involved in a single set of observations are the following:

1) The wind speed.
2} The revolutions per second or per minute.
8} The thrust. '
4) The forque (moment).
6) The density of the air. .

The_ wind speed was determined by reading, simultaneously with
the other observations, the depression in the room. This with the
relation established by Pitot tube calibration gave the velocity head,
and this with the density gave the speed. It may be noted that the
relation between the Pitot tube measurement of velocity head and the
manometer measure of the depression was determined day by day as
a matter of routine, but was not found to vary more than 1 per
cent from that given by the ratio 0.876 as noted previously.

The revolutions per second were determined by taking the length
on a strip of paper from the revolution counter drum covering &
period of some 10 seconds lying on either side of the instant of
simultaneous observations. 1s was then readily converted into
revolutions through the factor 50 per inch and hence the relation
between revolutions and time determined. It may be noted that the
nature of the record was such as to permit a reading of revolutions to
one-tenth of one revolution per second.

The thrust, as has been previously noted, was read directly from
the weights and rider on the scale beam. The belance was sensitive
to about one two-hundredth of a pound, end including slight per-
tlfn'ba‘bions(i the readings could normally be made to one one-hundredth
of a pound. -

Thlg torque moment was read from the circular scale as noted in
connection with the description of this part of the equipment. The
reading, including perturbations, could usually ba made to one-tenth
of one division of the scale which corresponds to 0.007 pound-foot.
The relation between the scale divisions and the torque at the end of
the propeller shaft was, in the manner previously noted, determined
daily throughout the series of tests in order to insure against any
change in this relation.

Before starting & propeller test & dummy hub was putf in place
of the propeller and the driving motor started. It wes allowed to
run from 15 to 20 minutes until bearings had attained a running
temperature and the torque indicator showed no tendency to change
from & steady position. The CIp_o‘ent,mn of the torque indicator was
observed for various speeds and if found to be sensibly constant was
noted, The thrust balance was adjusted to read zero. The model
E.rope]ler was then put in ﬁlﬁon and driven at various speeds

om that required for zero thrust to thrusts of from 50 to 60 pounds,

Simultaneous observations were made of—

Torqu mt).
Torgue(momest)..
Room depression.
Barometer.

Dry-bulb temperature.

Wet-bulb temperature,
Revolutions per second.
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When the test was completed the propeller was again replaced by
the dummy hub and the forque zero again observed. In the reduc-
tion of observations this zero value was subtracted from the observed
torque, thus eliminating the {riction of the mechanism between the
torque spring and the propeller. .

In the general plan of gocedure the propeller fan was run at a
given uniform speed and the model propeller was run st & series of
revolutions suited to cover the range in operating conditions desired.
With increase in the revolutions of the model propeller there develops -
naturally some increase in the speed of the wind stream. The actual
observations were made, therefore, under a series of determinately .
varying values of the revolutions and a consequent slight variation
in wind-stream velocities.

In most cases, moreover, the model propellers have been thus run
at two or more values of the fan speed.

All values thus derived are then reduced to coefficients, as explained
in the following section.

REDUCTION OF OBSERVATIONS,

Let Ve=velocity.
N=revolutions.
D =diameter.
A =density of air,
T'=thrust.
¢ =torque. :
P,=eﬁectiveupower=power delivered to or sbsorbed by the
propeller.
P,,=use§ power=power realized in forward movement of
ane.
p=efficiency.

In this notation, and for the purposes of general discussion, we
assume the units employed to constitute a homogeneous system
throughout, such, for example, as the foot, the pound, and the second
or the meter, the kilo and the second. At 8 ater point, and when
dealing with commercial units, horsepower, speed in miles per hour -
and revolutions per minute, the corresponding symbols will be suit-
ably defined.

o conditions of any one test as dependent on the relation between
the wind stream and the speed of the propeller itself are most con-
veniently indicated by the values of the ratio V/ND. The relation
of this function to pitch and slip may be noted in passing. If we
lot p denote pitch, m the ratio of pitch to diameter, and & the slip
ratio, then we have

V=pN (1—8)=mDN (1—s) and
-N%=m {(1—s8)

Assuming that the thrust (or pull) developed by the propeller
varies directly with the density of the medium, with the &rga of the
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ﬁr.ope]ler disk, and with the square of the wind stream speed, we
ave .

T~ADV?

Hence_'KDZ—:-V; will be a dimensionless coafficient if all quantities are
measured in absolute units. If T is measured in gravity units, the

. . . . g T o
dimensionless coefficient will be AT :
Similarly, for the torque @, the two corresponding dimensionless

coefficients will be A—,%—V; and A—Ig)%ﬁ
The efficiency comes immediately from the equation

_Iv _
P=5xNQ ' h

If, then, these values of thrust coefficient, torque coefficient, and
efficiency are plotted on an abscissa of V/ND, we shall have a com-
plete expression of all relations involved in the operation of the pro-
peller, and in such form as to be readily applicable to any proposed
or specified case.

In Plates VI to XXI are shown diagrams giving values of the
thrust and torque coefficients and of the efficiency, all for the 48
models tested. For convenience the actyal scale of ordinates gives
velues of 100 times the thrust coefficient and of 1,000 times the
torque coefficient. L o

Let T, and @, denote the thrust end torque coefficients, as defined
above. We have then

_TAD T

\ 1,000

e LOT,V/ND

27€,

It should be noted that for canvenience of use in English meas-
ures the numerical values of the coefficients as plotted correspond
to the measure of force in pounds force; that is, in gravity units for
T and Q. These coefficients are therefore not dimensionless so far
as the scale of ordinates is involved, but may be made so by multi-
plying by g. It is evident that the abscissa V/ND is dimensionless
so long s the units are homogeneous.

ILLUSTRATIVE PROBLEM.

Given a propeller 8 feet diameter similar to No. 1 and making
1,200 revolutions per minute, with a spéed of 72 miles per hour at
an elevation of 3,000 feet, what should be the thrust, torque, horse-
power, and efficiency ¢
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We find immediately the value ¥/ ND=0.66. Then from the dia-
gram we find for the thrust and torque coefficients, respectively,
0.685 and 0.970.*% YWe then have

7= 0085 X64 X11,152 X0.071 _ 047 nounds,
100
Q_=O.970 X512 X11,162 X0.071 _ 444 pound-feet,
1,000
_ 393 X27 X1,200 _
P, 33,000 89.5 horsepower.

0.685 X0.66 X 10
=T vt xor 0742

LOGARITHMIC DIAGRAMS,

The thrust and torque coefficients, with the curves of efficiency, as
iven in Plates VI — XXI, contain all the fundamental data as
erived from the model e?eriments and may be used for the solution

of various problems which may arise. They are not, however, the
most conveniently adapted to the solution of the problems commonly
arising, especially when the data involves horsepower, speed in miles
Fer hour, and revolutions per minute. For the treatment of prob-
ems involving the data in this form, it has been found convenient
to use the coefficients or functionsf

P, and P,
AND? ANCIE

plotted on an axis of V/ND.
these expressions the units employed are still understood to

constitute a hom:geneous system as in the preceding section. It is
also readily seen that with absolute units for force these expressions
give dimensionless coefficients. With gravity units for force, they
must be multiplied by ¢ in order to give coe%cients independent of
the system of units.

To derive the values of these coefficients from those for thrust and
torque we have

P 7\?
sv=sve(ap) - - - - - ®)
Py () - . ®
ANDS AVEDA\ND) " * ° ° "
The most convenient %raphica.l representation of these coefficients
is by means of the Eiffel logarithmic diagrams.}
*Asmming a density at 3,000 feet of 0.071 pound per cuble foot.

Foradissussion of these with other sp [ , reference may be made tggpcr by Marchis pub-
ed in Report of the Natfonal Advisory Committes for Aeronantics for 1916, p.
i Nouvelles Recherches sar 1a Resfstance de Pair et I’Aviation, p. 309.



118 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.

To develop these diagrams we first, for numerical canvenience,
sssume a standard or reference value A, for the density of the air,
and standard or reference values N,, D, for the revolutions and diame-
ter. 'We then have o

log. 'A—-%;—ﬁg =log. P,—log. A/A,—log. A,—38 log. N/N,—3log. N,

—51log.D/D,—%log. D,
=log. P,~log. A{A,—3 log. N{N,—5 log. D/D,

1
+log. A NFDF

Denote the left-hand member by ¥ and the last member on the right
by B. We then have .

y—B=10g{Pe x 2N D6 g, P,~log5 -3 1og.71\}:
D .
—510g.—5°. T (D)
Similarly we have for the abscissa '
V - .
1°g'WD =log. V{V,—log. N/N, flog. D/D, +log.W?f7—°

Denote the left-hand member by z and the last-term on theright by A,
and we have -

~

z—A=log.|:—1-J,7D—-:—-N%)—a]=log.%—log.%—log.£:. C e @®

In terms of vectors each of these equations may be interpreted as
representing the equality of & pair of vectors; the two sides of (7)
representing & pair of vectors parallel to Y and the two sides of (8)
a pbalr parellel to X. It further appears that' N/ N, and D/D, appear
in both (7) and (8), that is on both the X and Y axes.

This immediately suggests an. inter;%retation of these, each in terms
of a single vector inclined to X and Y and at such an angle that the
X component will give the value which is laid off in the direction
of X and the Y component, that laid off in the direction of Y.

Thus suppose for convenience of discussion that A <A,, N<N,
D<D,. en all vectors on the right-hand sides of (7) and (8) will
be essentially positive. ’ .

Wo have then in figure 30 the following vector representations.
Let O denote-the origin for vectors and X and Y axes. Then:

0Q@=x—-A. _.
0A =log. VIV,.
A F=—log. N/N,.
FG= _1%5. D|D,.
OK=y—B.
OH=Y % P,
Hl=— o%. AJA,,.

. IJ=—-3log. N/N,.

J K= —5 log. D/D,.
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Noting the values of A Fand IJ it is clear that they may be viewed
as the horizontal and vertical projections of a vector OZ whose length
is 4/10 log. A/ N, and whose inclinetion to the horizontal is tan —13.
Similarly the vectors F@ and J K may be viewed as the projections
of a vector ZE whose length is +/26 log. D/D, and inclination to the
borizontal tan —'5. Thus the compound vector CZE represents
completely the members of (7) and (8) involving N and D, the hori-
zontal projection giving the N and D terms in (8) and the vertical
projection. those in (7).

Y Yi R a
T
K y, E\
pe —
4
d / / E\
/ \
y ¥4
J / L4
: /
Dg /
I L < I
/] /- 1
H B // 5!
o, L %; M (u o
’ X
0 s A F @

F1a. 30.

These representations mey be denoted by writing equations (7)

and (8) as follows:
yy—B=log. P,—log. AfA,— 1’/%1/1-0_ log. NfN,— 1/553"/%- log. D/D,.
.. (9)

z—A=log. V|V, 1/%1/1_0105_3;. N/N,— 1/2%1/% log. DD, .- -.. -.(10)

As a matter of fact it develops that the use of equal scales for the
horizontal and vertical axes, the former for equation (8) and the
latter for (7), leads to an ill-proportioned diagram. It is found,
therefore, preferable to use & scale for the vertical measurements



120 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.

one-half that for the horizontal and to adjust the length and slope
of the oblique vectors accordingly. In such case it is clear that tﬁe
actual lengths of the vectors IfandJ K, figure 30, will be one-half the
lengths with equal scales th.rouﬁgout. e have then 1?4+ (3/2)=
13/4 and 12+ (5/2)*=29/4, and hence the length of the vector (Z
in terms of the unit of X will be (4/18/2) log. N/N, and in terms of
the unit of Y13 log. N/N,. Its inclination to the axis of X will
be tan.~13/2. Similanly the length of the wvector ZE in terms of
_ the unit of X will be (+/29/2) log. D/D,, and in terms of the unit of
Y, +/29 log. D/D, Its inclination to the horizontal will be
tan.?5/2. Similarly, the length of IJ in ferms of the unit of X
will be 3/2 log. N/N,, and in terms of the unit of Y, 8 log. N/N,, and
the length of J K in terms of the unit of X, 5/2 log. BID.,, and in
terms of the unit of Y, 5 log. D/D,. It is thus clear that we may
?x]i)ress these vector relations by writing equations (7) and (8) as
ollows: )

3 V13 , ' '
y—B=log.P,—log.AlA,— W_g‘/—;- log. N/N,— Vz%i?log.l)/l?a ...(11)

2 413 2

z—A4=log. V/Vo—:/—l_—-é- 5 log. N/N,— 1/§.log. D|D, ... (12)

29

In these eqilations all terms of (12) are measured in terms of the
unit for X. 'In equation (11) log. N/N, and log. D/D, will be meas-
ured In terms of the same unit as in (12) while the other terms will be
measured interms of the unit for Y. o factors 3/2 and 5/2 in (11
Wﬂé Ehl%n give lengths suited to the scale of Y for the components J,
an .
; ]}‘o realize practically these various vector relations we proceed as

ollows:

(1) Draw axes 0,X, and 0,Y; accordin%) to convenience. The
conditions to be observed in selecting O, will be noted later.

(2) From a convenient point 0, lay off a scale of

V Vo V Va
z—A ==10g. —Fﬁ—log. m=10g. m-‘-m

and place at each point thus determined the corresponding values
or scale division of V/ND.

Actually this operation may be carried out as follows:

(a) Take & series of values of V/ND over the range desired, as for
example from 0.20 to 1.00.

(b) Select a unit for a logarithmic scala such that the log. over the
range of these values, viz, log. 1.00—log. 0.20=1Iog. 5, will cover a
convenient, 1 on the axis of abscissa.

(¢) Locate the value V/ND=1.00 at a convenient point and find
the distances from such point-to the left for any other value # from
the equation log. 1.00—log. z=log. 1/z. Lay off this distance to
the left of the initial point, and at the point thus determined place
the number % or its division mark for a scale of V/ND. See Plates
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XXIT-XXXVII. The point 0, will then fall at the value of V,/N,D,.
In the diagrams of Plates XXIT-XXXVIT we have V,=100 miles
per hour=440/3 feet per second, N,=1,200 revolutions Evver minute=
20 revolutions per second, D,=10 feet, and hence V,/ ,=0.783.
(8) From the same point 0, and with the same unit lay off a scale
of log. V/V,, giving to V various values, as desired, and at each
Eoint thus determined place the value of V expressed in miles per
our. Actusally this is realized by taking a similar seale as for V/ND,
locating V,=100 at 0,=0.733 on the scale of V/ND, and then put-
ting in the other scale numbers and divisions as desired. See
Plates XXTT-XXXVII. B
(4) Again, from O, and with a unit one-half that for the scales on
0.X,, lay off on 0,Y, a scale of

4,NS2Df
y—B=log. I:P‘XW

and place at each point values of P/AN*D® (homogeneous units).

Actually & scals or regular series of values of P/ANDS is taken
covering the desired range, as for example from 0.0004 to 0.0030
(homogeneous units), see Plates m-%xxvn. Then locating
any point of this scale on the axis of ordinates according fo
convenience, the remainder is completed according to the scale
adopted. Thus the distance from 0.0004 to 0.0005 will be log. 1.25,
the distance to 0.001 will be Iog;].1 2.5, ete. This locates the scale
according to convenience and without the need of specific reference
to the point O, as origin.

(5) goﬂ also from O, a scale for values of log. 1} (homogeneous

units) and place at each point the value of P, expressed in horsepower.
To this end write equation (7) twice, as follows:
y—B=log. A°N°'D°5+1°g'A__Z\II')§i‘F B ¢ )]
-N'o:-Dc:.bs
y—B=log. P.+log. 22322¢" . . (14)

The first of these g})ves a logarithmic scale for P,/JAN*D® beginning
at & point log. A NSD,® from the origin, or O, The second gives a
logarithmic scale of P, beginning at 0,, while f)eyond are laid off the
other terms indicated. Now, at any given point determined by (13)
it is desired to find the corresponding value for P, if the latier were
laid off from O, as in (14).

At this point we shall evidently have

P
log. P,=log. A, N D +log. A_N%ﬁ
Whence A, N,® DSf=ANTF.
Let y=any value of the ratio P, /A N*D".
Then for the particular point where AND® =A,N,*D S we shall have

—_— Pe =z Pe .
Y=ANDF A, Nj:DS
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This will give the value of y corresponding on the scale to any
assumed value of P,. Other values may be found similarly, or one
value of P, being thus located on the scale the remaiming scale
points and values for P, may be run in with the scale unit-in a similar
manner as for the scale of y.

(6) Through any convenient point draw a line N, @ as an axis of
N and inclined at an angle tan™ 3/2 to the axis of X.

(7) Draw a similar line D, R as an axis of D and inclined at an

gle tan—* 5/2 to the axis of X.

8) Select any convenient point XN, on the axis of ¥ for origin
and with the unit of the scales on 0 X ley off & scale of (y13/2)
log. N/ N, giving to N various values as desired and at the various
points determined by the values of (+/13/2) log. N/N, mark down
the corresponding values of IV expressed as revolutions per minute.
For all values of ¥> N, the value will be positive and for all values
of N< N, it will be negative. Lay off the positive values down-
ward to the left and the negative values upward to the right. This
will give a scale of & and N, at the origin selected, and increasi
downward and to the lefs as shown i Plates XXII-XXXVIL
The reason for this particular direction of the scale of N will appear
at a later point.

(9) Similerly and with the same unit lay off on the axis of D a
scale of (+/29/2) log. D/D,; and likewise increasing downward and to
the left. See Plates —XXXVII.

(10) At some convenient point on the diagram lay off an axis ST
for values of log. A/A, and take any convenient point for origin. From
this point and with the unit of the scales on 0Y lay off a scals of
log. A/A, ahd merk at each point the value of A or altitude, as may be
desired. For values of A>A, we shall have positive values and for
values of A<A,, negative values. Positive values should be laid off
below the origin and negative values above. This will give & scale
increasing downward and with A, at the origin as seen in Plates
XXII-—X%_XVII.

(11) It must be noted that the unit selected for the scales of
0,X, must be such that for this and for the various resulting scales,
vertical and obliq%g, the range of values desired for the various
Eaﬁmtms V/ND,V, N, D, A, end P, will come within the scope of

6 diagram.

(12) %‘.or the various values of V/ND compute, for any given pro-
peller, the values of P,/AN®IF by the relation of equation (5) and

lot tile corresponding point on the diagram. The actual coordinate

istances from O as origin will be (x—4) and (y— B) as in equations
(7) and (8). With the scales above noted laid off on 0, X, and 0,7,
the spot for any pair of values V/ND and P,/AN*DP may be, however,
directly determined by suitable interpolation on the scales and with-
out the laying off of logarithmic coordinates as such.

The location of the origin O and of the gxes 0X OY is not neces-
sarily within the scope of the diagram. All that is needed is a set of
scales along 0, X,, 0,Y, giving for V, V/ND, P, and P,/4N'D® the
ranges neadfulin practica.lg;)rob ems, Likewise for the oblique scales
t,h%y must be of suitable length to give the series of values of N/ N:,
and /D, needful in practical problems. )

Thus in the diagrams of Plates XXTI-XXXVII the actual origins
for the horizontel and vertical scales are not indicated. The hori-
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zontal and vertical axes are placed where convenient and likewise the
oblique axes for ¥ and D.

(13) In a precis%]g similar manner and to the same scales a curve
is laid off for P, /4 N®DS,

Taking now the curve for P,, let L denote for any given case the
location of V on the velocity scale and U the location of the value of
V/ND on the scale for this quantity. Then E on the corresponding
curve will give on the suitable scale the value of P/AN*D". Now
draw a vertical LB and take & point B representi . on the power
scale. Then lay off B equal to the value of log 4/4, taken on ST as
the distance from _the origin or 4, to 4 (4 here assumed less than 4,).
Then through € draw a line parallel to N,@ and lay off 0Z equal to
1(\?/1—3/2) log. N/N,, taken on N,Q ss the distance from origin or N, to

(I here assumed less than ¥,). Next draw ZE parallel to DR
:;lﬁltﬂ 15: gneets the curve for values of P/AND® (D here assumed less

an D,).

Then the following relations are readily seen to obtain:

(@) The points U and E must lie on the same vertical, and the
determination of one will necessarily fix the other.

(6) Hence if the value of V/ND 1s given (and hence the point U),
together with N and D, the construction may be carried out in the
refv;rse sense and & point L determined, which will mark the value
of V.

(¢) More generally the com%ound vector OZE must necessarily
give, by verticals drawn through its extremities, the values of V and
of V/ND, the former by & vertical drawn through O, the extremity
of the N vector, and the latter by a vertical drawn through E, the
extremity of the D vector. -

(d) The Opower vector P, is always assumed to be laid off with its
origin as 0X. is means simply locating the point B in accord-
ance with the value of P,, as laid off on the power scele 0, Y.

(¢} The three vectors BO, OZ, and ZE may be laid off in any order
according to convenience, and the result will be the same. In the
diagram the full line OZ E shows the two vectors for revolutions and
diemeter in the order N D, while the dotted line OZ E shows the
same vectors in the order DN, starting in each case from the point
C. Similarly, the vector BC may be put in between N and D, or
adjacent to E, if desired. In e 31 are shown four different com-
binations of aigebraic signs, each with the six different sequences in
which the vectors may be arranged. There are in all eight different
combinations of signs, each with the six different sequences, or in all
48 different figures or patterns which these three vectors may effect.
Those shown in figure 31 are simply for illustration.

(f) According to the data given, the actual construction may pro-
ceed from L to U, or vice versa.

(¢). The power scale is taken positive upward. Hence LB is the
.Eosative direction of this vector. From the form of the second mem-

er of equation (7) it is clear that if —log. AfA,is to be essentially posi-
tive; that is, if it is to have the same sign as P,, then A must be less
than A, Hence if B('is to be laid off upward, it must eorrespond to
A<A, 'This accounts for laying off the scale on ST in the direction
previously indicated.
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Similarly if —8 log. N/N, and —5 log. D/D, are to be intrinsically
positive, we must have N< N, and D<D, and hence the scales on
0@ and OR must be laid off in such direction as to give, when meas-
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ured from the origin N, or D, a positive or upward component for
N<N, and D<D, This sgain accounts for the direction in which
these scales are laid off, as previously indicated.
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(%) In the general case A, N and D may have any relation to A,
N,, and D, and hence the values of the vectors representing density,
revolutions and diameter may beﬁpositive or negative, or, of course, 0.
I Gpositive, they will be laid off in the proper direction by ¢
BC, CZ end ZE in the direction of decreasing values of A KTand
along the corresponding axes, and if negative, the will be laid off
in the proper direction 5 te.ki.nf similarly, B, CZ and ZE in_the
direction of increasing values. It is seen that the manner in which
the scales of A, N and D are laid off on their respective axes will give
the proper direction in which they should be laid off in order to com-
bine properly with & positive value of P,.

(#) Hence, if we are able to start with the point B (determined by
the value of P,), the remainder of the vector BOZ E should be traced
out, each element parallel to its axis and in the direction in which the
corresponding quantity lies, reckoned from the origin (4, N,, or D,).
Furthermore, the last or closing element of this threefold vector must
always end on the curve. .

() On the other hand, if the data are such that we must start with
the point U or E and work over to the point B, then the vectors
EZ, Z0, and OB must be traced through in the inverse direction to
that in which they lie on the axes of D, N, and A. The reason of this
is obviouséy to so trace these vectors that when the diagram is com-

leted and the vectors are traced through in the positive direction
or P,, then the other three will also follow in the same direction as
that in which they lie on their axes and thus properly combine with
& positive value of P,, as noted above.

As a general rule or guide in the matter of the direction or sense in
which the wvarious vectors should be drawn, it thus results that
irrespective of the particular direction in which the construction of
the vector may require it to be drawn the final result must be such
that when complete and when fraced through from B to its end on
the curve the various vectors must all be traced in the direction
determined by the lay of the correspond:.nt%l quantity A, N,or D from
A,, N,, or D,, on the respective axes for these quanfities.

The variables involved in this logarithmic diagram are, as we have

seen,
Pc)-Pu; o, VIND, A, V; Nx D.
In connection with any single construction, for example, that involv-
ing P,, the variables are: _ o
.. VIND, A, V, N, D.

Certain of these may be known and the others unknown. The
various cases thus arising may be briefly indicated.

In the following analysis the letters and vector symbols of figure
30 are used m‘zjhﬂgxed meanings as follows:

L means the point on axis 0,.X,, determined by V.

U means the point on axis O X‘ , determined by V/ND.

B means the point on vertical tﬁrpugh L, determined by P,.

B means the vector for A, counting from the point B.

CZ means the vector for N, counting from the point C.

CZ, means the vector for D, counting from the point C.

Z E} means the vector for D, counting from the point Z.

Z,E means the vector for &, counting from the point Z,.

Z or Z, means the point of juncture of the vectors for N and D.
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E means the point on the curve at the end of the vector 0ZE or
OZ.E and on the vertical through U.

We have then cases as follows:

(1) Enown or assumed P;-A, V, V/ND.

Unknown N, D.
‘With V find the point L, and thence with P.and A find 0. With
V/ND find U and E. Then from O and E draw vectors parallel, re-

spectiveéy, to the axes of N and D and extend to the point of inter-
section Z. Then CZ gives N and ZE gives D.
(2) Known or assumed P,, A, V, N.
Urknown V/ND,D. 7

Find ¢ as in problem 1, and thence with N find Z. Then draw
vector ZE par to axis of D to meet curve at . Then ZE gives
D and E gives U and V/ND. ' T

(3) Known or assumed P,, A, V, D.

Unknown V/ND, N.

Find O as in problem 1, and thence draw vector for D, gEi‘vin Z,.
Then draw vector Z, E parallel to axis of N to meet curve at E. ’%hen
Z,E gives N and E gives U and T{/jND '

(4€Known or assumed P,, A, V/ND, N.

Unknown V, D. '

With P, and A find 7, and draw horizontel line I, With V/ND
find U and E and through E draw parallel to axis of N vector Z,E.
From Z, draw line parallel to axis of D to intersection with L1, at O.
Then vector OZ, gives D and (' determines L and V.

(5) Known or assumed P,, A, V/ND, D.

Unknown V, N.

Same general procedure as for problem (4) with appropriate inter-
change of N for D. ]

(6) Known or assumed P,, V, V/ND, N.

Unknown A, D.

With Vand P,find Land B. With V/ND find Uand E. Through
E draw parallel to axis of N vector Z,E end with ¥ find Z,. Then
through Z, draw garallel to axis of D line to meet vertical through B.
This determines ¢. Then vector CZ. nges D and BC gives A.

(7) Known or assumed P5; V, V/l\lf , D.

Unknown A, N.

Same general procedure as for problem (6) with appropriate in-
terchange of N for D. o

(8) Known or assumed A, V, V/ND, N.

Unknown P,, D.

With V end V/ND find L, U, and E. Draw vertical through L
and through E parallel to axis of N vector Z,E. Then N determines
Z,. From Z, draw parallel to axis of ) line to intersection of ver-
tical through L. is gives point ¢. Then A gives B, B gives P,,
and vector CZ, gives D.

(9) Enown or assumed 4, ¥, V/ND, D.

Unknown P,, N.

Same general %rocedure as for problem (8), with appropriate inter-
change of N for D. )

(10) Enown or assumed A, V, N, D.

Unknown P,, V/ND. o

V/ND follows immediately from V, N, D.

Then proceed as in (8) or (9).
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Entirely similar constructions may be carried out involving P, by
using the corresponding curves, dotted instead of full line, in the
diagrams of Plates XXX VII.

EFFICIENCY.

The value of efficiency is given by
p= %—'=ratio of coefficients for the two functions
e

Py /AN®D® and P /ANCDE.
Calling these ¥, and ¥,, we have then

log. p=log. 4, ~log. ¥,.

Hence the intercept E, F (fig. 3(3]is equal to log. p, and to evaluate
the same we have only to go to the logarithmic scale for efficiency
and by any convenient means step from the origin a distance e ual
to E K. ere F falls, the efficiency may be read. This is readily
done by dividers or paper strip.

There are & number of other constructions which may be worked
out by the aid of these logarithmic di and related to the de-
termination of various characteristics of propeller performance such
as the thrust T, torque @, and a series of special dimensionless coeffi-
cients as listed by Lgarch.ls A

DISCUSSION OF RESULTS.

Thrust in relation to pitch ratio.—As shown by the curves of thrust,
this quantity for a given value of ¥/ND increases with pitch ratio.
This is entirely in accord with the results to be anticipated.

Thrust in relation to blade area.—At any given value of V/ND the
thrusts for the narow and wide blades are very nearly the same.
There is & general tendency for the wide blade fo show a greater
thrust for moderate and low values of ¥/ND or for moderate and high
values of the slip with & lesser thrust for large values of V/ND or
very low values of the slip.

rust in relation to blade {'orm.—The thrust developed for & given
velue of V/ND is in general greater for the straight blade than for
the curved forms. There are, however, some exceptions to this
geuneral indication.

Thrust in relation to constant and variable pitch.—For & given value
of V/ND there is but slight difference in the thrust. As a general
rule, the value for variable pitch is slightly less than that for the
uniform pitch.

Thrust in relation to blade section.—For a given value of V/ND the
thrust developed by the cambered section is in general greater than
that for the plain section.

Power in relation to pitch ratio.—As shown by the curves of torque
and power, these quantities, for a given value of V/ND, increase
with pitch ratio. ig is entirely in accord with the results to be
anticipated.

1 Ses paper published fn Second Annual Report National Advisory Committee for Aeronantics, p. 585,
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Power in relation to blade area.—The wider propellers, having a
smeller dynamic pitch than the narrow ones of the same form and
nominsl pitch, show a somewhat less power (effective and useful)
than the narrow propellers at low slips or high values of V/ND. -

They show the same values of power at values of ¥/ND somewhat
less than those for maximum e 'encgr.

At the lower values of V/ND or high values of slip, the wide pro-
pellers show in general more power-then the narrow.

An exception to the above statement is noted in cases of the pairs
29-30 and 33-34 in which cases the dynamic pitch of the narrow
blades 29 and 33 is so much greater than that of the wide blades
that the power for the wide blades, at all points within the range of
the tests, is less than for the narrow blades.

Power in relation o blade form.—The power required for a given
value of V/ND is in general greater for the straight blade propellers
than for the curved forms, The following exceptiox, ., ., moted:

Propeller No. 2, practically equal to No. 4.

Propeller No. 9, practically equal to No. 11,

Propeller No. 10, slightly less than No. 12, o

Propeller No. 18, less than No. 20. Ju-

Propeller No. 28, practically equal to No.28. .

Propeller No. 30, practically equal to No. 32, .

Power in relation to constant and varicble pitch.—The variable and
constant pitch propellers show little difference in power coefficients.

For the 0.9 pitch ratio the values are practically the same, two
pairs xa;how_lczﬁl shghtlIy greater values for congfant pitch and six
peirs practically equal. "

_For the 0.7 pitch ratio one E']iair shows slightily. less for the constant
pitch, two pairs show practically the same and five pairs show slightly
more for the constant pitch. -

For the 0.5 pitch ratio one pair shows less for constant pitch, one
pair shows ]ﬂractically same for both, six pairs show greater for
constent pitch.

Power an relation to blade section.—The blades of cambered section
show effective powers of from 11 per cent to 35 per cent greater than
the noncambered sections. The difference is more marked in the
narrow blades than in the wide ones.

Efficiency in relation to pilch ratio.—The maximum efficiency of
propellers of given form otherwise incremses with the value of the
pitch ratio. e same is true for the efficiency over the usual work-
ing range. Broadly speaking, for equal values of V/ND eiﬁcieng
increases with the pitch ratio. For very small values of V/NID,
however, the lower pitch ratio propellers show the greater efficiency.

Efficiency in relation fo area.—The narrow propellers show in gen-
eral a higher efficiency throughout the working range, & higher
maximum efficiency and a larger range.

There are & fow exceptions. Certain of the wide cambered blades
show a slightly higher efficiency at extreme slips than the corre-
sponding narrow cambered blade. This is the case with 25-26,
29-30, 33-34, 37-38, 41-42.

In other cases the efficiency of the wide cambered blades is equal
or more nearly equal to efficiency of the narrow cambered blades
than is the case with noncambered forms.
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iency in relation to blade form.—In general the curved form
of blade contour shows a higher efficiency In the working range as
well as & higher maximum efficiency. '

There are a few exceptions in the case of maximum efficiency
but these are not marked. There are no exceptions in the case of
the efficiency over the working range. The ranges of the efficiency
are not markedly different.

tfzimiency in relation o uniform or wariable piich.—The variable
pi plagellers show in general less efficiency than those of con-
stant pitch, both as to maximum efficiency and as to the efficiency
over the working range.

There are one or two exceptions to this statement but these are
not marked nor are the advantages of the uniform pitch propellers
over those of variable pitch pronounced in characfer, there being
a number of pairs in which the efficiency curves are practically
identical for nriform and variable pitch.

The eff.... . ‘range for variable and constant pitch is practically
the same.

It is, of course, entirely possible that some other value of the
angle of attack in the Drzewiecki system or some other distribution
of pitch than th . here exhibited might show values of the efficiency
superior to those or uniform pitch. )

fficiency in relation fo blade section.—The plain section propellers
are markedly more efficient than those of cambered sections.

In general there is little difference in the range of efficiency, 11
peirs having equal and other pairs varying some one way and
some another, but ¥ithout exception all show thet the plain-face
forms are more efficient in the working range as well as having 2
higher maximum efﬁqi%ncy.

29165°—S. Doc. 128, 85-2——9
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PART TL

A BRIEF DISCUSSION OF THE LAW OF SIMILITUDE AS AFFECT-
ING THE RELATION BETWEEN THE RESULTS DERIVED FROM
MODEL FORMS AND THOSE TO BE ANTICIPATED FROM
FULL-SIZED FORMS.

By Wniurax F. Duraxp.

THE LAW OF KINEMATIC SIMILITUDE IN ITS RELATION TO PROPELLER-
MODEL EXPERIMENTS,

The use of model propellers as a basis for thetﬁrediction of the force
reactions of full-scale propellers raises at once the question of the law
of kinematic similitude, according to which we mat.i hope to interpret
the results of tests on model forms in terms of the performance of
full-scale propellers.

The subject of kinematic similitude has been adequately treated by
many aut{mrs and no general discussion of the problem is here re-
quired. It seems, however, proper to note certain aspects of the
subject with special reference to its relation to the problem of the
air propeller.

In its broader aspects the existence of & law of force relation between
a model and a full-scale body implies the existence of a functional
relation between the force reactions to which a body is subject and
the various attendant determining conditions and dimensions.

These various parameters fall under the following groups:

(@) All dimensions and characteristics required to define the body
as a geometrical and as a physical entity.

(b) All mechanical or dynamic characteristica of the medium in
which it moves. .

(¢) The conditions of operation involving primarily the velocity
relations between the body and the medium and between the body
and the earth.

These various characteristics, or the variables which represent them,
fall, furthermore, into two classes which we may denote by a, b,
G . . T, Y 2. . .

The va.ria,% esa, b,¢,. . .denote characteristics or parameters,
the value of which may be definitely expressed or measured for any
given body, thus a geomstrical dimension, & velocity, the density or
viscosity of & medium,

On the other hand, the variablesz,4,2. . .denote characteristics
or parameters, the numerical measure of which can not be directly
determined for any given case. Such max]';?e, for example, the in-
fluence of geometric form independent of dimension, of roughness or
quality of surface, or of turbulence in the medium.

18L



132 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.
Then the functional relation referred fo above may be expressed in

the form: o N ]

F=f(@bc. . Jo@be. . .2,9,2. . ) . . (1)
Where F denotes a force reaction between the body and the surround-
ing medium (such as thrust on a propeller) and f represents & known
or determinable and ¢ an unknown form of function.

The function ¢, furthermore, contains variablesz,y,2. . .,repre-
senting parameters or conditions which usually do not admit of nu-
merical evaluation. In any event, the numerical values are not-de-
terminable in any specific case, and the form of the function itself is
unknown.

The value of this function for any specific case is, therefore, wholly
unknown and is not determinable by any purely algebraic process.

1t is, however, determinable for any specific case by experimental
procedure. This plainly implies placing the body under ﬁﬁgerating
or functionjnﬁ conditions, measurmng the actual force F taking
note of the values of the parametersa, b,¢ . . .

With these known, the numerical value of the function £ is directly
. found and thence that of ¢. This, let us say, is for a body A. Sup-
pose then another body B with different values of the parameters
g b ¢ . . . ,butforwhich we may assume the same numerical
value of ¢. If such assumption is justihable, we may then find imme-
diately the value of F for the body B. = '

The key to the whole procedure is the use of the same numerical
value of ¢ for A and for B. Under what conditions may this be done ¢

Assume that the function ¢ is made up of two functions expressed
. th(e fo(x;zr)l: ) & ' ))

@ (p, (@bc . ., . b, (xyz2 . . .

Suppose further that ¢, is a known function while ¢, is unknown,
as also the numerical values of z, 4,2 . . . Supposefurther that
for the two bodies A and B the parametersa,b,¢ . . . areso
chosen that ¢, has the same numerical value for each; also that the
conditions on which «, ¥, 2 . . . are assumed to depend are the
same in both A and B and hencez,y,2” . . . , whatever may be
their actual values are assumed to be the sams for both A and B.

Then under these conditions it is clear that ¢ will have the same
value for both A and B and a value determined experimentally for A
may be used for B or vice versa. S

he conditions for a relation of this character are, therefore, the
followinﬁz

(1) The existence of & function ¢, and involving measurable
parameters such as a geometrical dimension, velocity, density, vis-
cosity, coefficient of elasticity, etc., and with numerical values so
chosen that the numerical value of ¢, will be the same for both 4 and B.

(2) The assumgtion of equal values for A and B of parameters
fﬁ_ffl’ 2 . . . based upon equal conditions or characteristics the
influence of which they are assumed to measure. Thus if  be
assurged to relate to the influence of the material, texture, or quality
of the surface, then if both bodies are given, as nearly as may be
surfaces of the same material, texture, or quality, we assume equai
values of ¢. Again if y is assumed to rolate to the influence of
geometrical form as such and independent of absolute dimension,
and if we make the geometrical form the same for both A and B, we
assume equal values of ¥,
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Form as such may, of course, be determined by geometrical
dimension. In detail, however, unless of some definable eharacter,
a form will require & vast (at the limit an infinite) number of dimen-
sions for itsegetermiua.tion. If, therefore, the forms of the bodies
A and B were dissimilar, & vast number of geometrical measures and
dimensions would require to be included in the functions under con-
sideration. Due to this fact, no attempt has been made to develop
or use any such functional relation except in the case of bodies or
forms which exhibit some considerable degree of geometrical similarity
and which permit of definition in terms of a small number of con-
trolling dimensions plus the characteristic involving geometrical
similarity., Thus spheres are defined by the diameter plus the
characteristic of sphericity, cylinders by the diameter and the length
plus the characteristic of a constant circular cross section. .

ain with the assumption of complete geometrical similarity
?oches are determined by a single defining dimension plus the stated
orm. :

The question mfg, therefors, arise as to whether thereis any param-
eter ¥ to which the influence of form as such may be related and
permitting the assumption that for like forms we may assume equal
vealues of y or, in other words, equel influences on the value of the
function ¢,.

If, then, these general conditions and assumptions are accepted,
itis clear that between the two values of the force F for the two bodies
A and B functioning under suitably related sets of conditions, there
will exist & determinable relation, and & value for 4 found experi-
mentally may be used to determine the corresponding value for B,
or vice versa.

From this analysis it will be clear that the justification of this
general procedure will depend on the following:

(1) other all the variables, parameters and conditions upon
which the force relation depends are, as a matter of fact, includeg in
the list of ¢, 6, ¢ . . . 2 ¥ 2 . . . represented in the
formula.

(2) Whether, in point of fact, equality 'of condition between the
two bodies, such as quality of surface or geometrical form, is a
justification for assuming equal values of the function ¢,.

The latter of these two conditions merits some further considera~
tion., It raises immediately the questions:

Does geometrical form as such, snd independent of absolute
dimension, constitute an independent determining characteristic for
force relations such as those under present consideration ?

Does quality or material, or texture of surface (expressed usually
in terms of smoothness or rough.ness), constitute an independent
determining characteristic for force? and in particular, to what
extent is the assumption of tﬁeometrical form as an independent
parameter inconsistent with the assumption of equality of surface
texture or smoothness ?

Regarding the latter point, it is clear that, carried to the limit
necessary in order to include molecular or short range forces, such
as those responsible for the formation of turbulence near the skin of
& body moving in a mobile medium, geometrical similarity and equal
degrees of smoothness are mutually mconsistent. Geometrical simi-
larity implies an increase of dimension in the irregularities consti~
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tuting texture or roughness of surface. (_]iﬂl%ual degrees of roughness
or like qualities of texture in bodies of different over-all dimension
iraplies & lack of geometrical similarity carried to the limit of surface
texture.

Again including forces of molecular order the question may arise
as to the influence of the actual substance of the surface gs between
the two bodies 4 and B. .

It seems clear that no course of abstract reasoning can serve to -
definitely determine the extent of inconsistency which may be
involved in these considerations. It seems equally clear that we
must admit that the assumption of equal values of ¢, resulting from
similar qualities or conditions on which ¢, is assumed to depend,
does not rest on an entirely rational foundation; or otherwise that
such assum%gion can not be justified by abstract reasoning and the
extent to which it may be justified must, therefore, be sought ulti-
mately in actual experience. -~

We find further, in some cases, that it seems desirable to omit
the influence due to certain parameters, especielly in the a, 3, ¢
class, In such cases again it is clear that experience alone can
furnish a guide as to the extent to which the assumptions above
outlined can be safely made and a law of kinematic similitude use-
fullﬁraemployed.

ving in view then the general problem and remembering the
uncertainty whether sll the parameters of the a, b, ¢ class are included,
the need occasionally of definitely omitting some of them and the
lackof a comfplete rational basis for assuming equality in the numer-
ical values of the ¢, function, it is clear that the final justification
for the use of a law of kinematic similitude must be sought in actual
experience rather than in abstract reasqning.

}[)‘u.ming now more specifically to the screw Erope]ler, the chief

aill'amet.ers on which the operationn must depend may be listed as
Iollows:
a) Characteristics of the propeller 25 a geometrical and physical body.
@ G 1) The dia.meterpor Igggnera.l def%er‘l)nin.i.ng di1:tlen.a£1)oxi’.ﬁr1 cel body
§2g The pitch of the helicoidal surface employed for the driving face, Thia
may have two different modes of specification, viz.:
a) The single value of the pitch if uniform.

gb The distribution of values if variable,
(8) The form of the contour bounding the blade or helicoidal surface em-

ployed. ..
4) The area of the blade on the driving face.
5) The cross section or thickness of the blade., This may have two modes
of specification, viz.:
a) Areas of cross sections and their distribution radially.
b) Forras of cross sections.
(6) Thgladorm and dimensjons of the hub or central body carrying the
pos i

7} The character and finish of the blade surface.
8) The density of the blade material.
9) The coeficient of elasticity of the blade material.
(b) The characteristics of the medium.
(10) Density.
11) Viscosity.
12) Compressibility (velocity of sound).
13) Character and extent of turbulence or departure from homogeneous
conditions,
{c) The characteristics of operation.
4) Speed of translation or speed of advance.
15) Speed of rotation.



BEPOET NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS. 135

Characteristic (12) is mosf convenieneii}ly represented by the velocity
of sound in the medium which, as is well known, is jointly dependent
on the densify and on the coefficient of elasticity.

We have thus, without going too far into detsail, some fifteen vari-
ables or conditions, any one of which may exercise an important in-
fluence on the results realized from the propeller.

These various parameters, falling in part in the @, 3, ¢ class and in
part in the z, % z class are in any case far too numerous to permit
of the practica fe developraent of & functional relation of the charac-
ter contempllated. If, however, we assume full geometrical similarity
then & single controlling dimension, such as diameter or pitch, plus
the assumed geomstrical form, serves to completely define a given
propeller, in geometrical form. .

e are, therefore, reduced to characteristies 1, 7, 8, 9, 10, 11, 12,
13, 14, 15 plus form. Of these 1, 8, 9, 10, 11, 12, 14, 15 belong in
thela, b, ¢ class of parameter and 7, 13 plus form belong in the z, ¥,
2z class.

In order, therefore, to determine our functional relation, we must
assume like conditions regarding 7 and 13, and this with similar forms
is then assumed to justify the assumption of «i([lual values of the
variables representing them in the function ¢,. this is indeed the
case, we may omit , ¥, 2 from the expression of the functional
relation and write

F=f(be . . . Yo f(p(@ec . . D)) . . . . . (2

It only remains now to discuss the development of the form of the
functions f and ¢,.

The theory of dimensional units, as is well known, furnishes the
most; general method for the determination of such funections and
functional relations.

Let us assume the following notation:

Dimension.
Force (thrust), T ccemereieiiiconacecicccacancnencnncancacansnnacans M7
Dismeter, D..ceereeeceneivenncaccrennconasacrscacacncsconssesassnnnn L
Density of blade material, Ay eounnne e, ML
Cosfficient of elasticity of blade material, B. - ... ooooocoeimomnmnecnan-. T2
Density of medium, A. . oo oso i e ie i ctcncncen. M
Viscoaity of meditmm, . oo ceeooiimiaiii e ieiiiciicccecaanaaan M7
Velocity of sound in medium, & .o cee i iiaiicaaianaaas LTt
Velocity of advance, P v i iieiie e e ceceacanas LTt
Revolutions, Nueeeeeeeeeoaemaamenaieee e cceeeeceenceaanannaans i

ﬁn'ghen, applying the theory of dimensional homogeneity,* we readily

DN p U E 4
T-0P{ gy 7 g £) - - - @

We have now to examine the quantities entering into ¢ in order
to determine the conditions under which this function may be given
the same value for fwo different propellers. Obviously, to this end
the five functions DN/ V, p/DV4, U/'V, EfV?4,, and 4,/4 must have
the same values for each propeller.

The first condition is readily fulfilled, implying as it does that the
two propellers are operating under equal slip, or, otherwise, that the

1 See Buckingham, *“Transsctions American Socfety of Mechanical Engineers.” 1915,

Loal
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ratio between the circumf{erential velocity at the tip of the blade and
the speed of advance is the same in each case.

With the second function, assuming each &ropeﬂer working in air,
we shall have the kinematic viscosity u/A the same (except as the
value may be modified by difference in pressure change in the air
while passing through the propellers). Then the remaining terms
imply equal values of the product DV, or velocity varying inversel
with the diameter. This is not an easy condition to be fulfilled,
since it calls for very high values of V with reduced values of D.

Again, if the medium is air for each propeller, the value of U will
be the same in each case (extecgpt again as the characteristics of the
air may be differently affected by the pressure changes in passing
throu%g the propellers}). This will require equel values of ¥ in order
that the ratio UV may be the same in the two cases.

With the fourth and fifth functions, assuming air as the medium
in each case, 4 will be the same, and hence 4, the density of the blade
material must also be the same. Then unless the values of E widely
differ in their relation to 4,, it will follow that V* and ¥ must be the
same or nearly the same for the two forms 4 and B.

The introduction of these characteristics of the blade material
E and 4, implies the consideration of some degree of distortion and
hence change of form. The assumption of geometrical similarity
in the two propellers implies either no distortion under loed or distor-
tion to like degree so that when under load the two forms will still be

cometrically similar., Taking into account centrifugal force in pro-

ucing tension at any given cross section of the blade, the forces acting
at right angles to the radius in producing bending stress and centri-
fugal force . modifying such bending stress, it may be shown that
like geomefrical forms under load imply equal values of the two
functions E/V?4, and 4,/4. That is, the conditions for equal values
of ¢ in the two cases are also the conditions which imply lﬂ(e geomet-
rical forms when distorted under load.

The five conditions, therefore, substantially reduce themselves to
the following:

(1} .DN/V the same.

(2) DV the same.

(3) V the same.

(4) E/V?*A, the same.

(5) A,/A the same.

Obviously conditions (1), (2), (3) are not independent. From any
two the other must follow. = . -

Obviously the only way in which these five conditions can be simul-
taneously fulfilled i8 by making D, N, V, E, and A, the same through-
out, and thus the two cases become identical.

In model experiments, however, we are only interested in such
cases as will permit the use of different values of D, a small value for
the model and a la.r%er value for the full-sized form.

I, then, D is not the same, we mayhave thechoice of simultaneously
meeting conditions (1), (2), and (5), or (1), (3}, ), and (5).

Condition (2) would require for the madel vera)lu h values of ¥
and would, therefore, be cult of reslization. nditions (1), (8),
(4), and (5) require the same values of V/DN, of V, of DN, of E
and of A,. These conditions may be met, up to the point at least of
the ability to produce, under experimental conditions, values of the
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wind-stream velocity V and of the product DN, equal to those met
with in actual practice.

The omission of condition (2) is, furthermore, equivalent to neglect-
ing the influence of viscosity. Where the movement is so excessively
turbulent as that about an air propeller, this seems permissible with-~
out the danger of involving an error of sensible magnitude.

In any event, in order to reach a practical solution of the problem
we may omit the infiuence of viscosity, and the law of comparison
commonly employed is then based on the remaining conditions (1),
f(31)1, (4), and (5), requiring for both model and full-sized propeller the

ollowing:

(1) Equal values of the ratio V/ND.

(2) Equal values of the wind speed ¥ and hence,

(8) Equal values of the product DN.

(4) The same material for both model and full-size propeller, or
in any case equal values of E and of 4,.

Vith this understanding equation (3) becomes

. vV U E 4
T==AD~V‘3¢(-N—D - le) e . @

The form of equation (4) is then equivalent to the assumption that
under conditions giving constant values of these functions, the thrusts
(or other like forces) on two propellers geometrically similar are
related as the densities of the media, as the squares of the diameters
and as the squares of the speeds.

The forms of equations (3), (4) have been developed on the assump-
tion that the force in question is any characteristic force such as
thrust. The same general form and involving the same functions
for the make up of ¢ will obviously hold for any other force. Hence
the torque, the effective work, the useful work and the efficiency will
also all be expressible in terms of the same functions which make up
the functions ¢. Hence the conditions for similarity with reference
to work and efficiency are identical with those for a characteristic
force such as thrust.

In particular we shall have for useful work P, and effective work

‘ P,=TV=4DV*,.
P, =2xQN=2xAD*V3N$,.

But the relation between 2xDN and ¥V may be readily thrown
into ¢, and we may thus write

PG = -Dz Vs¢z-
Hence
Efficiency =p=P/P, =%:-

This equation is equivalent to the assumption that two propeliers
fulfilling the conditions for equal values of the functions ¢ Wlﬁ) have
equal efficiencies.

xperiment indicates that the influence of compressibility and of
blade distortion are on the whole small and may, in many cases,
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be neglected. With this further departure from the conditions
indicated by equation (3) we have

T= 4DV (%’-
or as it is usually more convenient to write

|4
T=4DV*% D—N) B ()]

This gives but a single condition, V/DN the same implying equal

glips forgl model and flu?fsize propeller. PyIme ed

he equation in $his form is then equivelent to the assumption
that at equal values of V/DN, or of the slip, the thrusts (or other
like forces) on two proggllers, ieometricaﬂy similar, are related as
the densitiss of the media, as the sqt ares of the diameters and as
the squares of the speeds. Also that at equal values of V/ND, or
of the slip, the efficiencies will be equal.

We have thus three factors, viscosity, compressibility and distor-
tion, the influence of which, in determining the conditions of kinematio
similitude, becomes of practical importance. As we have_already
geen, the first of these can not be readﬂuy included, while, to a degree at
least, the other two can. Cases will often arise, however, when it
will be desired to extend the results of model experiments to speeds
other than those under which the experiments were made, and the
extent to which error is thus introduced becomes of interest.

A considerable amount of experimental data indicates that while
the influence of these three factors is measurable under carefully con-
trolled conditions end with due care in measurement, the aggregate
error due to their omission is often not serious, and hence for man
practical Elurposw the conditions of similitude as indicated in (5
will furnish satisfactory results. At the same time it is undoubtedly
true that, so far as may be practicable, the speeds should be the same
for both model and full-size propeller, thus including the influence of
compressibility and distortion under load.

elaw of kinematic similitude, as actually applied, involves, there-
fore, the possibility of error under two heads:

(z) Departure from the conditions needed to insure e ual values
of the function ¢ so far as dependent on the @, b, ¢ class of variables,
and as discussed just above.

(b) Departure from the conditions needed to insure equal values
of the function ¢ so far as dependent on the z, ¥, 2 class of variables,
end as discussed at an earlier point.

With these two possibilities in view it will be apparent that in its
practical application the law of kinematic similitude must rest ifs
suthority and utility upon actual experience. To this end there are
needed further carefully conducted experiments on models and full-
size forms, similar geometrically, and under conditions calculated
to furnish & somewhat more definite measure of the influence of these
various departures from the indicated conditions.

‘With such relation established and expressed in terms of a series
of factors or percentages, the use of the data derived from model
experiments would be attended by incressed confidence as to reli-
ability and general availability for design purposes.
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