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A unis ssava ETHOD OF CALCULATING THE
PERFORMANCE OF AN AIRSCREW

By C. N. H. Lock, M.A., of the Aerodynamics Department, N.P.L.

Reports and Memoranda No. 1675
25th October, 1934

Summary.—A rapid method is described of making calculations of airscrew
performance by means of charts. The first application is to ordinary strip
theory calculations on the basis of the formulae of Ref. 5. Six charts are
required for each radius for which the value of thrust grading, etc., are to be
derived ; of these six, four depend on number of blades but are otherwise uni-
versal, since they are independent of shape of blade section, and do not
involve the blade width or blade angle explicitly ; they are based purely on the
application of Prandtl theory to the airscrew and contain no empirical adjust-
ments. The remaining two charts involve the lift and drag curves of the
section.

The second application gives a considerable further simplification in that
the charts are required for a single standard radius (0-7) only; the thrust
coefficient corresponding to a given working condition can then be deduced by a
simple operation with three charts while the torque involves three further charts
and a simple addition. The accuracy of the second method is increased if
the lift and drag charts are deduced by analysis of observations on (model)
airscrews, an analysis which can be performed rapidly by means of the re-
maining four charts ; such an analysis of theresults of the ““ wind tunnel tests of
high pitch airscrews "¢ shows that the method will give reasonably consistent
results over a range of pitch ratio from 0-3 to 2-5, while there is little doubt
that the method will cover the range of blade width likely to occur in practice.
Changes of blade section and also of plan form and twist may be included
if necessary by modifying the lift and drag curves. The second method has
also been remarkably successful in its application to the stalled range of an
airscrew, a range in which there is at present no other available method.

It is further suggested that the first method might prove very convenient
for analysing wind tunnel tests of model airscrews at high tip speed; the
accuracy of application of the second method might be improved by basing
the lift curves on full scale values of power, speed and revolutions, combined
with an estimate of profile drag.

Note.—For practical use the necessary charts should be plotted on a fairly
large scale from the tables given in the report ; e.g., Chart 1 should be a trans-
parency measuring at least 22 in. X 15 in. The small scale charts given in
the report are intended for illustration only.
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LIST OF SYMBOLS
(cf. also list of symbols in Ref. 5.)

6 = Blade angle. 1
o = Blade incidence. J Fig. 1. (p. 4).

b =0— o
do §2, Equation 2, and Fig. 1.
ﬂ = ¢ == ¢0. Fig. 1-

W = Resultant velocity relative to a blade element. Fig. 1.
w, = Total interference velocity. Fig. 1.
Q = Angular velocity, radians per second.
7 = Radius of blade element.
R = Tip radius.
x = 7[R.
» = *“ Tip loss coefficient ”” Ref. 5, §2.
s = Solidity = Nc¢/2zxr.
N = Number of blades.
¢ = Blade chord.
k1, kp = Lift and drag coefficients of blade element (two dimensional flow).
= k1, — skp tan ¢ (above the stalling angle).
we  §2, Equation (6).
We  §2, Equation (7).
P, = “ Induced ”’ power loss } (Lbs. £t. per second.)
P, = Profile drag power loss
kp, = Py/2m on® D®

= P,/2n on? Dﬁ} §2 (9) and (12) ; §3.2 (5) and (6).
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1. Introduction.—The present report describes a rapid method of
carrying out airscrew strip theory calculations by means of suitable
charts. The method may be based either on the standard formulae
of the “vortex theory” assuming an infinite number of blades
(R. & M. 8921), or on the improved formulae described in R. & M.
13772 and R. & M. 15212 which include a correction for tip loss.

In carrying out a detailed strip theory calculation on the basis
of either assumption by standard methods (as described, e.g., in
R. & M. 8921 or R. & M. 1674%) it is assumed that values of the lift
and drag coefficients of the section, in two dimensional flow, are
known, at a series of standard radii,as well as the chord and blade angle
of the sections. It is then possible, for each standard radius and for
assumed values of the blade incidence, to calculate values of J (= V/uD)
and of thrust and torque grading, but it is necessary to cross plot
i order to obtain values of thrust and torque grading for given J
before drawing and integrating the thrust and torque grading
curves.

The charts here described make it possible to determine thrust
and torque grading directly for given values of J and so avoid not
only the labour of computing the formulae but also the labour of
cross plotting. The method is specially convenient when results
are required for a single working condition only. There still remains,
however, the labour of drawing the thrust and torque grading curves
and integrating them graphically, The only way of obtaining
further simplification is to confine the calculations to a single
standard radius and (assuming the shape of the thrust grading curves,
etc., to be the same for all cases) to use a constant integrating factor
to determine the area. Considerable success has been attained with
the application of this simplification to the airscrews tested in the
recent research on high pitch models at the National Physical
Laboratory* and the combination of this method with the graphical
method is the principal subject of this report. The combination
of the two reduces the labour of calculation to such an extent that
the performance of a given airscrew at a single value of J can be
obtained in a few minutes and its complete performance in con-
siderably under an hour.

2. Basts of Graphical Method—We proceed to describe the
graphical method as applied to calculate the performance of a blade
element at a given radius for a given value of J. The method has
become possible as a result of neglecting the profile dragin calculat-
ing the interference velocity. It has been shown that this omission
is fully justified at any rate so long as the blade section is operating
below the stalling angle.® The formulae thus simplified are given
in Ref. 3, p. 22, and in Ref. 5, §3.
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For the purpose of computing the charts it is convenient to use
a slightly modified set of formulae. These may be obtained most
simply from the geometry of Fig. 1 together with the fundamental
relation
sky W .
wl:m’ O € )

which is identical with Ref. 5, p. 4, equation (7). Here % is the lift
coefficient of the blade section in two dimensional flow, s is the
solidity ratio at radius 7 given by

(where N is the number of blades and c¢ is the chord length of the
section), and x is the tip loss coefficient defined in Ref. 5, §2. The
formulae may also be easily verified algebraically from those of
Ref. 5.

Fic. 1.

The figure is similar to Fig. 1 of Ref. 5 and represents the various
velocity components in a plane at right angles to a blade at radius 7.

In calculating the charts it is convenient to use J (=znV/RQ)
and B (Fig. 1) as independent variables. Then ¢, is given by the
equation

tan ¢y = V/rQ
= J/nx , ;i v “ s s (2)

b=dyg+ 5. .. «a . o . (3)

and ¢ is given by
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From equation (1) .
sk, =2x sin ¢ tan § , v .  sx 4)

since

by the geometry of the figure. Equations (2), (8) and (4) determine
skr, as a function of J and f; or J and ¢ only (for given x) since # is
a known function of ¢ and x (for a given number of blades) by the
Tables or Charts of Ref. 5 (Table 1 and Figs. 3, 4, 5 and 6). These
equations do not involve s and k;, separately nor do they contain
the blade angle 6 nor the incidence «. It is therefore possible to
construct chart 1 (Fig. 2)* consisting of a set of curves of s&; against
¢ for a series of constant values of J.

The essential feature of the method is the use of this chart in
conjunction with Chart 2 (Fig. 3) consisting of curves of sk, against «
for a series of constant values of s, derived from the lift curve of the
blade section in two dimensional flow. Chart 1 is superposed on
Chart 2 (one of these two charts must be transparent), the scale
of ¢ in Chart 1 being equal but in the opposite sense to the scale
of o in Chart 2. The zero of ¢ on Chart 2 is adjusted to coincide
with a value of ¢ in Chart 1 equal to the known value of the blade
angle 6 of the section. The value of ¢ for any point on Chart 1 and
the value of a for the corresponding point on Chart 2, then satisfy the
geometrical relation (Fig. 1).

p=0—a. . i .. (5)

Hence the point of intersection of the curve of Chart 1 for a given
value of J with the curve of Chart 2 for a given value of s (corres-
ponding to the chord length of the section) determines values of
sky, (and &), ¢ and «, which are solutions of equations (2, 3, 4 and
5), fora given value of J; from these the thrust and torque of the blade
element can be determined when the blade angle 0, the “solidity”
s and the relation between &, and o are known. This result could not
be obtained arithmetically for given J except by successive approxi-
mation. The dotted curve in Chart 1 shows the position of the curve
of sky against ot of Chart 2, for s = 0-07 with the zero adjusted for
6 = 24-45° corresponding to an airscrew of P/D 1-0. Its inter-
section with the curve for (e.g.) J = 0-8, gives :—

sky =0-0225 , ¢ =22-45°, oa=2-00°.

Now that e« (or sk) is known it is a simple matter to determine
the thrust coefficient of the blade element and the “ induced power
loss”. These may be most conveniently obtained from Charts 3

* Tables 1 and 2 contain data for comstructing the charts (for radius
# = 0-7 only) ; they should of course be drawn on a considerably larger scale.
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and 4 (Figs. 4 and 5) consisting of curves of dk/d(x?), and 3w,
respectively against skp, for a series of constant values of J. These
charts are computed from the following formulae derivable from the
geometry of Fig. 1.

w, = w, sec $/REQ  (definition)

xsin f
W,= W/RQ (definition)
= x cos fijcos ¢, .. .. . .. (7)

Neglecting the contribution of the profile drag to the thrust
(which is justifiable below the stalling angle), the element of thrust
on a blade element is given by

dT = oc dr - W2 By cos ¢,

so that
o (Ii ap . 71_1 . dcz;l;‘) = sky W.2cos ¢
and
gg—):?f sk, - W2cosd .. .. .. (8

Similarly the element of thrust power loss is (Ref. 5, §3 (11))
dP, = w, dT sec ¢ ,

and its coefficient is given by

dkPl 5 dk’l
e e S _.2 Zc‘c e

i Ji) T ()

derivable from Ref. 5, §3, (17) and (33).

It has been found convenient to use the chart of w, against sk
(Chart 4, Tig. 5) in combination with equation (9), rather than to
construct a chart of dkp [d(x?), because w, (as well as dkp/d(x?)) is
nearly linear in s&i.

In order to obtain the torque and efficiency from the equations

ko = (] kn/27) + ko, + Fp, N 1)
Ep. -+ ke,
l—p= =" (1)
Q

(Ref. 5, §3, (34) and (35)) it is necessary to obtain the coefficient of
profile drag power loss at the blade element. This is given by the
equation

dhp Jd(3?) = (73[8) skp W3 N 6 0)
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derivable from Ref. 5, §3, (18) and (33). In equation (7) B is seldom
greater than 10° and so W, is practically a function of ¢, or J only
v 3 k
(for given x). A table or curve of ?g WS (: S—;—D "7 (;g) as a function
of J is therefore prepared by putting f = 6° say, in equation (5)
giving, cos ff = 0-995, (Fig. 6). A value of skp is determined from
the profile drag coefficient of the blade section plotted against o
(Chart 6, Fig. 7). If desired a chart of dkp [d(x?) against skp for
given ] may be prepared, the curves being straight lines.

An essential feature of the method is that the 3 charts 1, 3and 4
(with curve 5) are of universal application for a given radius and
number of blades, being independent of blade section, chord and
blade angle. Charts 2 and 6 on the other hand involve the lift and
drag coefficients of the particular blade section, with a constant
multiplier for blade width but are not affected by the blade angle
or the particular value of J. The combined charts cover all values
oi 0 and s up to the limits of the scales of sk and ¢.

It is proposed to calculate sets of Charts 1, 3 and 4 over suitable
ranges of skp for radiix =0-3,0-45,0-6,0-7,0-8,0-9and 0-95 and
for 2, 3 and 4 bladed airscrews. The method will then determine
dkr|d(x?), dkp |d(x?), dRp [d(x?) for a series of even values of J at all
the standard radii, and it will then only be necessary to plot these
three coefficients against x® and integrate graphically in order to
obtain &p and /ep1 " /epz. (See Ref. 5, Figs. 10, 11 and 12.) The
torque coefficient and efficiency are then given by equations (10)
and (11).

The effect of compressibility could be included in calculations by
this method provided that the values of % and kj, for the sections,
considercd as functions of the ratio of the wvelocity to the velocity
of sound, were known. Conversely the methed would be wvery
convenient for analysing observations of the type made at the
i A.IE. on high tip speed airscrews, Ref. 6.

Charts for use by the above method are being calculated at the
time of writing but have not vet been used. The method has only
been used in conjunction with the further simplification of making
calculations at a single radius and using integrating factors. This
miethod will be described in the next section, being to some extent
mdependent of the graphical method and having been used first in
point of time.

3. Sumnplified Mecthod of Calculation.—In order to save part of
the labour of making detailed strip theory calculations, attempts
have often been made in the past to use calculations at a single
standard radius, and to determine the thrust and torque by means
of integrating factors. It seemed worth while to attempt this
method on the basis of the assumptions of Refs. 2 and 3. The use
of charts of the type already described is specially convenient when
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working at a single standard radius. The method has the additional
advantage that it can be used either direcily, to calculate the thrust
and torque of the airscrew from the lift and drag curves of the
standard section, or znversely to deduce lift and drag curves of the
standard section from the thrust and torque of the airscrew. The
thrust and torque of a typical airscrew might be calculated by the
detailed strip theory set forth in §2 and afterwards the inverse method
for a standard section employed to deduce lift and drag curves.

It is evident that the success of the present method does not
require that the fictitious lift and drag deduced in this way should
agree closely with the true lift and drag of the section at the standard
radius ; it is sufficient if the same lift and drag curves are deduccd
from an analysis of screws of widely different pitch, solidity and
plan form having the same blade section at the standard radius. As
a first test of this method it is therefore convenient to use it to

analyse the experiments on a family of model airscrews described
in Ref. 4.

3.2. Inverse method.—Wlhen thrust grading curves are plotted
on « basis of radius squared as in Ref. 5, Fig. 10, in accordance with
§2 (8), the curve approximates in form to a scmi-circle or semi-
ellipse for which the area would have the value

7 ) )
1 x mid ordinate.

The mid ordinate corresponds to x% = (-5 or x = ()-707 and the
value x = (-7 has been chosen for convenience. The procedure is
otherwise precisely similar to that used m detailed strip theory
calculations except that the formulac

by = [{dkp)d(®)} d(x?) .. . o (1)
ke, = [{dkp Jd(3)} d(x¥) .. . (2
kp, = [dkp,ld(x®)} d(®) .. " ¢ - (3)

are replaced by
kT = i‘ﬂ dk'r/[l(x?')

= (74/16) sky W 2 cos ¢ .. . (4)
kp, = ov dkp [d(+?)

= Jw, kr , .. .. .. . (5)
kp, = tm dkp [d(x?)

= (7%/32) skp W2 .. .. .. (6)

The chart of sk against ¢ for given J (Chart 1, Fig. 2) is con-
structed for radius 0-7, as well as the chart of w, against sk (Chart
4); the chart of dkr/d(x®) and curve of (1/skp) X (dkp,/d(x?)),
(Charts 3 and 5) are replaced by a chart of &2t against sk and a curve
of kp, [skp against J according to equations (4) and (6), (Figs. 4 and 6).
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The inverse of the method described in §2 is then employed to
deduce curves of %, and kp against o from observed performance
curves of an airscrew in the form of curves of &y and Ag against J.
First read off skp from Fig. 4 for given J and Ay Next read off ¢
from Iiig. 2 for given J and sk, and deduce « from § 2(5). To
obtain kp determine w, from Chart 4, Fig. 5, from the observed
value of J and frem the deduced value of sky. Then obtain 4p, from
the relation

sz = kg — J krl2m — w0, by,

using the observed values of &y, £g and J, and deduce skp from the
curve of kp,[sky against J in Fig. 5.%

The observed thrust and torque coefficients of the meuin series
of two and four bladed model airscrews of varying pitch* have been
analysed in this way, and the values of 2 and Ay deduced from
them are plotted in Figs. 8 and 9 for the two bladers. The results
for the four bladers are similar, and tiie smoothed values for two and
four blades as well as the mean of the values for two and four blades
are recorded in Table 3.

The extent of the variation of the AL and Ap curves with pitch
for two bladed airscrews is shown i IFigs. 8 and 9 and the results
for two bladed and four bladed airscrews were found to be in reason-
ably good agreement with each other. Ior a range of pitch from
0-3 to 1-5 the agreement on Ay below the stall is good enough for
practical purposes ; at still higher pitch values there is a small but
definite variation with pitch.

The kp points appear to be more scattered than the &y points
but for the higher pitched screws the contribution of the drag to the
torque is small; in the extremc case of the lowest &p (P/D 2-5)
shown in Fig. 9, the drag contributes only 33 per cent. to the torque
observation from which it was deduced. Thus for a screw of this
pitch the extreme variations in Fig. 9 would correspond to variations
of only about 1 per cent. on torque. It has been verified by com-
parison with direct strip theory calculations that the tendency for
the & values of the highest pitch airscrews (Fig. 8) to depart from
the mean curve is due almost entirely to the assumption of a constant
integrating factor, since the detailed strip theory results (Ref. 5) are
in good agreement with experiment.

3.3. The Direct Method—The direct application of the graphical
method at a single standard radius now requires little further
explanation.  The method described m Section 2 1s followed in
detail excepr that the chart of dey/d(x®) against sk, and the curve of
(1/skp) X dkp,|d(x?) against J (Figs. 4 and 6) are replaced by a chart
of kr against sk, and a curve of kp /skp against | respectively
according to equations (4) and (6) of §3.2.

* A detailed example is given in Appendix A.l.
1 A detail calculation is given in the Appendix A.2,
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The most useful course for the practical designer of airscrews
who uses a definite set of blade sections will be to compute the thrust
and torque of a typical screw (of P/D 1-5 say) by detailed strip
theory below the stall (assuming that the lift and drag of the sections
is known), and then to employ the #nverse method of §3.2 to deduc:
standard %, and £p curves which could be used in conjunction with
the direct method to calculate the performance of screws over a
wide range of pitch and solidity. In the absence of data of this
kind (and in any case above the stall) it is suggested that the values
of & and kp, given in Table 3, which were deduced from the model
airscrew experiments of Ref. 4, should be used for this purpose.

In order to secure the greatest possible cconomy of time in
calculating &g it would be desirable to construct a chart of :(—

(J #r/27 + u0c k)

against sk Then &p, is deduced {rom the curve of kp /skp against J,
and Aq is given by

ko = (J Bx/27 + Y, by) + ke, )

It is reasonable to assume that the results are valid over a large
range of values of s (solidity ratio) and for a complete range of angles
of pitch (to the degree of accuracy indicated by Ifigs. 8 and 9). A
change of blade twist or of plan form might affect the lift and drag
curves obtained from analysis of airscrew performance in so far
as these curves differ from the actual lift and drag curves of the
section at radius 0-7 (Fig. 10) ; the required alteration might be calcu-
lated on the basis of detailed strip theory, or a model test of a typical
airscrew. The &y and Ap values of Table 3 (mean of 2 and 4 blades)
are compared in Fig. 10 with the measured lift and drag curves of
the section at radius 0-7 (deduced by interpolation from Table 3 of
R. & M. 8921). The lift curves are in good agreement near zero lift
but there is an appreciable difference at high lifts and a similar
disagreement on drag in the high lift region. The values of maximuin
lift and minimum drag are however in reasonably good agreement.
The effect of change of blade section should be allowed for by alteration
of the lift and drag curves either directly on the basis of a test of the
aerofoil section at a radius (-7 or of a calculation by the theory of
thin aerofoils (Fig. 10) for the lift, and by estimation for the drag.

4. Tables for constructing charts.—Tables 1 and 2 give values of
the quantities ¢, sky, w,, &y, as functions of J and g, and of Zp [skp,
as a function of J, (for f§ = 6° only) for radius x = 0-7. These
quantities are directly calculated* by means of formulae (2), (3), (4),
(6) and (7) of §2 and (4) and (6) of §3.2, combined with values of x
derived from Rel. 5, Figs. 3, 4, 5and 6. Of these quantities, ¢, w,,
and kp, are independent of number of blades for given g so that

* ]t is vnnecessary to calculate every entry in the table directly, as inter-
mediate values may be filled in by plotting the figures in any column against J.
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only sk and 2y have to be repeated when N varies. Results for
2, 3 and 4 blades are given in Table 1 while values of sk and &g for
6 blades and infinity blades are given separately in Table 2 as they
are less often required. Charts 1, 3, 4 and 5 can be constructed by
direct plotting from these tables, and it seemed preferable to publish
the tables rather than to attempt to reproduce the charts themselves
on a sufficiently large scale.

5. Further Simplification for the Torgue.—In so far as the con-
tribution of the drag to the torque is fairly small below the stall,
especially for high pitch airscrews, it might be worth while to assume
the drag coefficient to be independent of incidence ; on this assump-
tion Rq is a function of sk;, J and s only, which varies only slowly
with s so that a limited number of charts for different values of s
would determine values of £q directly without the need of using Figs.
6 and 7 and cquation (10) of §2 or (1) of §3.3. This further simplifi-
cation suggests the possibility of using the method to analyse full
scale airscrew data in which the forward speed, rotational speed and
engine power only are known. The best way to do this would be to
estimate the profile drag power from curves such as Figs. 2-7 already
available, and then to use the observed torque power less profile
drag power, to calculate a point on a curve of sk, against «, precisely
as was done in §3.2 on the basis of observed thrust coefficient.

6. Stalied Range.—The simplified method of §3 has been applied
successfully to a stalled airscrew, with the single modification that

it has been necessary to replace equation §2 (8) or §3.2 (4) by the more
exact equations

dk:|d(x?) = (#®/4) s W 2 (R cos ¢ — kp sin cﬁ)l
by = (n/16) s W2 (kg cos ¢ — kpsin¢) ]

(Ref. 5, p. 8, equation 24). According to this equation the method
of analysis described in §3.2 determines the value of

sky, = Sk, — skp tan ¢ (definition of & ) .. (2)

(1)

and also values of sky and of ¢, so that the true value of sk can at
once be calculated. In Fig. 8, all points for which « is greater than
10° include this correction and it is evident that results above the
stall deduced from airscrews of varying pitch are reasonably con-
sistent. In the direct application of the method the value of ¢ is
at first unknown, and it would be necessary to proceed by successive
approximation. The method is described in detail in Appendix A.3
which shows that the additional labour required is quite small.

It is important to emphasize that beyond the stall the results of
detailed strip theory calculations based on aerofoil data at present
available have been found to be unrcliable, and that it is essential
to use the lift and drag coefficients for the standard sections (such as
those of Table 3) derived from tests of actual airscrews.
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7. Conclusions.—The simplifications of strip theory calculations
described in the present report have arisen naturally from two
modifications of the standard formulac as described in R. & M. 13772,

(1) The omission of the profile drag coefficicnt in calculating the
interference velocity ; this made the graphical method possible.

(2) The use of thrust grading curves plotted on a base of the
square of the radius instead of the first power. This suggested the
possibility of obtaining reasonably accurate results by making
calculations at a radius 0-7 and using integrating factors.

A very rapid method of computing airscrew performance has been

developed which gives good accuracy up to P/D 1-0 or 1-5 and fair
accuracy up to P/D 2-5.

It would be possible to include the effect of compressibility of
the air in calculations by the approximate method of §3 but the
accuracy obtainable is doubtful because the effect falls off rapidly
on proceeding inwards from the blade tip. The possible accuracy
could be determined by comparison with detailed strip theory cal-
culations in which the effect of compressibility was included ; for
this purpose the graphical method as described in §2 would be
convenient.

I e - < S )

=



APPENDIX

A.1. Detailed calculation by inverse method (§3.2).—Analysis of observed
performance on a model airscrew. Airscrew 2 blades, standard section and
width, /D 1-5 (normal blade angles). Observed data (from Ref. 4, Table 5,
p. 18).

1-20 1-40 1-60 1-76

. 5 10-0835 |0-0590 [0-0285 |0
i0-0214 0-0220 0'02135 0-0189510-01495 0-00915|0-0030
I |

¥ | - -

! |

J 10-19 ’0‘30 0-40 10-60 [0-80 11-00
krp 0~1310()~1330|

kg i()-0244§()-022710'0218

Blade 'Lnglc 0 = 34° 19, s = 0-0705, at ¥ = 0-7.

Details of calculation for J = 0-30.

From Chart 3, for kp = 0-1310, J = 0-30, read off skLO = (-0457.
From Chart 1, for s/eLO == (0-0457, ] = 0-30, read off ¢ = 14° 6’.
Then « = 0 — ¢ = 20° 13",

kp
From observed values, work out kg — l2: (total power loss) = 0-0163;,.

I'rom Chart 4, for s/\'LO == (-0457, | = 0-30, read off we = 0-0799 and
calculate /ep] = Jwe kp = 0-0053.

Then kp, = kq — Jh1/27 — kp = 0-0110,.

From curve of Chart 5, /’epz/skp = 1-054, so that skp = 0-01048, skp tan ¢
= 0-00263, skj, (accepted value) = skLO -+ skp tan ¢* = 0-0483.

Hence for o == 20° 13’, ky, == 0-686, kp = 0-149.

The complete results are given in the following Table and plotted in
I‘lgs 8 and 9.

{ I | I
] I 0-19 | 0-30 | 0-40 | 0-60 | 0-80 1 00 | 1-20 | 1-40 | 1-60 | 1-76
o = 1220 147120° 187117 56°| 14° 47 9° 597 [ 6° 207| 8° 97 | 0° 7' | —2° 29’| —4° 27"
kL, o= ! 0-687; 0-686! 0-683} 0-6311 0- ')b71 () 486G| 0-369! 0-242) 0-111 0
k- 1 0-2011 0-149, 0-109) 0-051 0-022,0-0115! 0-0070- ()075‘ 0012 | 0-020
[ i ! H

, | | .
1 ! s | | * | ! x

A2, Detailed  calculution by divect mecthod (§3.3) (below the stall).—
Calculation of periormance of an airscrew having 8 blades, solidity 0-100,
P/D 1-1. The data used are the values of &1, and %p given in Table 3 derived
from analysis of the model tests of Ref. 4. Results therefore apply strictly
to a screw having the same section and plan form as those models.

Blade angle at 0:7 is 07 @ tan 0 = 1-1, 0 = 26-6°.

Details of the calculation for J = 0-8. As explained in Section 3.3 the
transparent Chart | (for 3 blades x = () 7) of sky, plotted against ¢ is super-
posed on Chart 2 (or the single curve of sky, against « for s = 0-1) so that the
axis of ¢ in Chart 1 coincides with the axis of o of Chart 2 while the zero of
the scale of Chart 2 coincides with the point ¢ = 26-6°, equal to the known
value of 0. Then the value of sy, for any value of J may be read off without
shifting the charts. Lor ] == -8 the point of intersection gives sky, = 00370,
¢ = 23-4°, o == 3-29; these values satisfy the relation ¢ = 0 — «. Next
the value ()f 111 = () 1115 18 read from Chart 3 for ] = ()8, sk, = 0-0370.

* This term Illd}7 be omitted below the smn ie. , for values of « less
than 10°.



kp, = }we hp = 0-0026.
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From Chart 4 for sky = 0-0370, J = 0-8, read of fiw, = 0-0232 and so

From Table 1 or Chart 5, for J = 0-8, kPZ/SkD = 1-240.
From Chart 6 for « = 3-2° skp = 0-0009 and so kpg = 0-0011.
Finally kq = J kr/2n + kp, + kp, = 0-0146 + 0-0026 - 0-0011 = 0-0183.

The calculation may be slightly simplified by using a chart of (] kp/27 +
kp ) against sky, in place of Chart 4 (w. against skr).

Results for the complete working range are given in the following Table.

sky,

skp
A

kQ

1-3
0-0033
30-9
—4.3
0-0020
0-0115
0-0056

1-2
0-0105
28-5
—2-9

0 -0013

0-0340
0-0087

1-1
0-0178

28-0

—1-4
0-0010
0-0590
0-0124

1-0
0-0241

26-5

—0-1
0-0009
0-0780
0-0148

0-8
0-0370
23-4
3-2
0-009
0-1115
0-0183

0-6
0-0490

19-9

6-7
0-0015
0-1455
0-0202

0-4
0-0587
16-6
10-0
0-0025
0-1705
0-0205

0-2
0-0653
13-6
13-0
0-0045
0-1872
0-0204

0
0-0665
10-6
16-0
00085
0-1875
0-0209

For J = 0-2 and 0 the calculations have been repeated by the method of
the next section A.3 appropriate to the range beyond the stall ; the modified
results are

J SR, SkLO a’) l o4 Skp Ry kQ
| L —
0-2 0-0654 | 0-0643 | 13-4° 13-2° | 0-0048 | 0-1840 | 0-0205
0 0-0666 | 0-0650 10-4° | 16-2° | 0-0088 | 0-1845 | 0-0209

The effect of the correction for stalling is evidently small for a screw of
this pitch value.

A.3. Direct calculation above the stall.—Owing to the necessity of taking
account of the term skp tan ¢ in §6 (2) it is necessary to proceed by successive
approximation, but the convergence of the process will be found to be so
rapid that very little extra labour is required.

Beyond the stall, sky, is a function of « (Chart 2) which varies slowly with
o while skr, is a function of ¢ (Chart 1) such that ¢ varies slowly with kL

sky, and sky, satisfy the relation §6 (2) :—
SkLO = sk, — skp tan ¢

These considerations suggest the process illustrated by the following example.
The essential point is that (after the first step) Chart 1 is used to deduce
o from sk, and Chart 2 is used to deduce sz, from o throughout the process.

Airscrew :—standard 2 blader, P/D 1-8; 0 = 39-33° and s = 0-0705
at ¥ = 0-7. The mean values of &, and kp from Table 3 are used in con-
structing Charts 2 and 6. The numerical values refer to J = 0-8.



SkL
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First Approximation, determine & (14-4°), « (24-93°) and shy, (0-0487),
(not sky, ) by the use of Charts 1 and 2 exactly as described in A.2 ; deduce
skp (0-0173) from « by Chart 6 and obtain skp tan ¢ (0-0044). Then :—

Second Approximation
Skry = sk, — skp tan ¢ = 0-0443.
Deduce ¢ (14-0°) from skr,, using Chart 1.
Deduce « (25-33°) from the relation o = § — ¢.
Deduce skp (0-0179) from « using Chart 6.
skp tan ¢ = 0-0044;
sky, (0-0485) from o using Chart 2.

Thivd approximation.
Skrg = sky — skp tan ¢ = 0-0440,.
A repetition of the process then gives ¢ = 13-95°, & = 25-38°, skp = 0 +0179,,
skptan ¢ = 0-00445, sky, = 0-0485.
The subsequent operations are precisely the same as in A.2. using

o and skp.

It is evident that the values given by the second approximation (skro =
0-04405), skp = 0-0179 are accurate enough for all purposes, while for most
purposes the first approximation to skr, (0-0443) is sufficiently accurate.
The complete results of the calculation for a series of values of J are given
in the following Table.

j | 0-3 0 0-6 0-8 1-0

é 14-0° 16-0° 20-2° 24-7° 28-6°

« 95-33° 23-33° 19-13° 14-63° 10-73°
skL, 00440 0-0438 0-0440 0-0444 0-0415
shy, 0-0485 0-0481 0-0475 0-0465 0-0426
sk 0-0179 | 0-0151 0-0096 0-0046 0-0021
kr 0-1280 | 0-1282 0-1313 0-1355 0-1305
kq 0-0318 0-0290 0-0279 0-0274 0-0280
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TABLE 3
Values of & and kp at ¥ = 07 deduced from analysis of per-
formance data of actual model airscrews :—R.A.F. 6 type sections ;

Ref. 4: standard 2 bladers (Figs. 8 and 9) and 4 bladers ; also mean
of 2 and 4 blades.

Range of pitch ratio 0-3 to 2-35.

: 9 Blades 4 Blades 0 agéeZnBC{ides

kr, kD k1, | ki kL kp

|
L0 0-0212

—4 -4

—4-25 0 0-0208

—4-0 0-026 0-0183 0-017 0-0194 0-021 0-0187

—3-0 0-087 0-0136 0-081 0-0137 084 0136

—2-0 0-141 0-0107 0-137 0-0114 -139 0110

—1-0 0-192 0-0091 0-184 0-0102 -188 0096
0 0-239 0-0082 0-230 0 0089

0-283 0-0077 273 0-0095
0-323 0-0078 -311 0-0099

1 -278
2

3 0-360 0-0083 0-349 0-0107

4

5

-317
-355

[eeRaw

0

0

0
<0096 0-235

0

0

C

0-399 0-0093 0-385 0-0119 - 392

0-435 0-0107 0-423 0-0134 -429

0

0
-456 0-0152 0-463

0

0

0

[ReNeRewRan] ool OO OoOo SO0
<
mid,
W
3

6 0-470 0-0123 0

7 0-503 0-0143 0-492 0-0173 -497 0158
8 0-533 0-0167 0-526 0-0199 -529 0184
9 0-563 0-0199 0-558 0-0230 - 560 0215
10 0-587 (0-0243 0-590 0-0265 0-588 0254
11 0-609 0-0299 0-620 0-0310 0-615 0305
12 0-629 0-0370 0-649 0-0370 0-639 0370
13 0-642 0-0450 0-660 0-0450 0-651 0450
14 0-651 0-0540 (-665 0-0580 0-658 0560
15 0-660 0-0660 0-665 0-0730 0-662 0695
20 0-688 0-148 0-652 0-158 0-670 0-153

25 0700 0-252 0-673 0-249 0-686 0-2505
3( (0-705 | 0-357 0-690 0-337 0-697 0-347

35 0-698 | 0-461
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Crart 4 ;

Two blades, radius 0.7,
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Rawm. 1675 Fie. 2,

Aralysis of obszrved performeance of model 2 bladed airscrews.
Values of Ly plotted sgeinst & for radius ©7 derived From
sirgceewe  of pikch values ss foliows.
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R. & M, {1675.
Fie. 10.

A ——C—

Life_and Drag Coefficient Curves for o Seckion ak 07
Bacius of an Arscrew Blade.
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