
AEROPLANE PERFORMANCE
ESTIMATES.

Paper read by Mr. R. Ghadwick, A.F.R.Ae.S.
before the Institution at the Engineers' Club,
Coventry Street, W., on the 8th February, 1924.

Mr. S.T. G. Andrews in the Chair.

In calling- upon the lecturer the CHAIRMAN remarked that Mr. Chadwick
needed no formal introduction, as his work with Messrs. A. V. Roe and
Co. was well known. The CHAIRMAN then read a-telegram from Mr. A. V.
Roe regretting- his inability to be present at the meeting-. •

Mr. CHADWICK said :—
There are several methods for estimating- the probable performance of

a new aeroplane design, and we will consider three methods.

ist Method.—Prediction from formulae or graphs obtained by averaging
the performance test results of a large number of aeroplanes.

2nd Method.—Estimation of the performance by calculating the wing
lift and drag from model tests and the drag of the remainder of the aeroplane
from tests on component parts.
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8 AEROPLANE PERFORMANCE ESTIMATES.

The propeller efficiency has also to be calculated and the performance
obtained from the resulting' values for h.p. required and h.p. available at
all speed within the flying- range.

3rd Method.—Estimation of the performance from the results of Model
Tests in the Wind Tunnel on a complete scale model of the proposed
aeroplane.

The first method is usually employed to make a preliminary estimate of
the performance, and is particularly useful when considering- the possibility
of meeting- a prospective purchaser's requirements.

By the first method a close approximation can be made of the probable
performance without the necessity of preparing- any drawing's.

The graphs used in the first method are also useful in considering the
effect on the performance of an existing- aeroplane, of varying' the load
carried.

The second method is more laborious, and is usually employed to make
a detailed estimate when the design has been more or less settled.

It is necessary to use this method when looking- into the effect on the
performance of varying-, the Aerofoil Section, propeller dimensions, wing
bracing- arrangement, etc.

The Aerofoil Model Test figures should be taken from models as like
the arrangement and shape of the full-scale wing as possible.

For example, if it is proposed to use a biplane arrangement of wings with
rounded tips and aspect ratio 7, then the model should have the same pro-
portions, so as to reduce the amount of correction from model to full scale.

Unfortunately-, it is seldom possible to do this, and we have to make
numerous corrections when using existing data, as will be seen later.

The third method is not frequently resorted to, unless the proposed design
is a considerable departure from the average type, or it is required to obtain
special information regarding the proposed design.

The method is expensive, and takes a considerable time before the model
test results are available.

In any case it is necessary to make an estimate by the first or second
method, and a general arrangement drawing must be prepared before the
model can be made.

Perhaps the best way of considering the first and second methods of
performance estimation will be to take an example and work it out.

In order to save time we will take a straightforward proposition in which
the paying load consists of mails or goods, and we will state only that part
of the specification which concerns the performance.

We will also assume that the aeroplane will be of average type and
proportions.
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AEROPLANE PERFORMANCE ESTIMATES.

The specification may be something as follows :—

Specification of Required Performance.
Paying Load ... ... ... ... ... ... 700 lbs.
Crew (2 @ 180 lbs.) .. ... 360 lbs.
Fuel (70 galls.) ... ... ... ... ... ... 510 lbs.
Oil (4 galls.) 40 lbs.
Instruments ... ... ... ... ... ... 25 lbs.

1,635 lbs-

Performance with Full Load.

Speed at Sea Level not less than ... ... ... 11c m.p.h.
Speed at 10,000 ft. not less than ... ... ... 105 m.p.h.
Landing Speed not to exceed ... ... ... 50 m.p.h.
Service Ceiling not less than ... ... ... 17,500 feet.
Time to 10,000 ft. not more than ... . . . . . . 16 mts.

Engine.

The engine to be used is a Rolls-Royce " Eagle," of which the following
particulars can be taken :—

Weight dry ... ... ... ... ... ... 900 lbs.
Normal h.p. at 1,650 r.p.m. (crankshaft) ... ... 330 b.h.p.
Max. h.p. at 1,800 r.p.m. (crankshaft) ... ... 350 b.h.p.
Normal Engine Speed... ... ... ... ... 1,650 r.p.m.
Max. Engine Speed ... ... ... ... ... 1,80c r.p.m.
Reduction Gear Ratio ... ... ... ... .6 to 1
Fuel Consumption (normal power) ... ... ... 23 galls./hr.
Oil Consumption ... ... ... ... ... .025 pts./h.p. hr.

• Having the requirements of the specification before us we proceed as
follows, using the First Method :—

First of all we visualise the type of aeroplane which we consider most
suitable for the work it is intended to perform, and generally our visions
are influenced by thoughts of machines we have had experience of and which
had round about the required performance.

Let us suppose we conclude that the requirements can be met by either
a monoplane or a biplane, then we will choose the biplane as it offers a
better'example for the purpose of this paper. , .

https://doi.org/10.1017/S2976690700000589 Published online by Cambridge University Press

https://doi.org/10.1017/S2976690700000589


io AEROPLANE PERFORMANCE ESTIMATES.

The next step is to estimate the weight of the complete aeroplane, and
to assist us in this we make use of collected data such as is shown in :—

*Fig. i.—Weight of Honeycomb Radiators. Weight of Tanks.
Fig. 2.—Weight of Struts with Fork Ends. Weight of Struts with

Wooden Fairings.
Fig. 3.—Weight of Wooden Propellers. •
Fig. 4.—Weight of Oleo Undercarriages.
Fig. 5.—-Weight of Aeroplane Components in percentage of Gross

Weight of Aeroplane. Weight of Power Plants.
It is important to collect and tabulate as much information as possible

on the subject of our component weights, as this class of information is
invaluable when considering a new design.

For example, it is useful to plot variation of wing % weight against wing
loading, etc.

In our machine the known weights are :—

(a) Load - ... 1,635 ^ s .
(b) Engine ... ... ... ... ... ... 900 lbs.

From Fig. 5 we see that the average weight of the engine accessories
for a water-cooled engine is 1 lb/h.p. We therefore get

(c) Weight of Engine Accessories ... ... ... 350 lbs.
i

From Fig. 1 we find the weight of the tanks is
(d) Fuel Tank (70 galls, capacity) ... ... ... 60 lbs.

Oil Tank (4 galls, capacity) ... ... ...'• ... 16 lbs.

We now know the weights of the power plant and accessories and the
tanks.

It remains for us to find the structure weight.
We see from Fig. 5 that the average structure weight for aeroplanes

with standard load factors is 33 per cent, of the gross weight, and we will
take this value for our example, so that we get

Load. P.P. + Accs. Tanks. Structure.
(e) Gross Weight = W = 1,635 + 900'~f 350 + 76 + .33W.

= 2,961 -f- .33W.
T h e r e f o r e . 6 7 W = 2 , 9 6 1 . : •

' ' •<> and W =t Gross Weight = 4,421 lbs.

* The figures indicated in the text will be found in numerical order commencing at
page 29.
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• AEROPLANE PERFORMANCE ESTIMATES. n

The structure weight is therefore :— :

(f) - 3 3 W = -33 x 4.421 = IA6° l b s -

We now have a complete weight estimate for the aeroplane.

(g) Load • ... 1,635 l b s -
Structure ... ... ... ... ... ... 1,460 lbs.
Power Plant ... ... ... ... . : ... .... , • 900 lbs.
Power Plant Accessories ... ... .. ... 350 lbs.
Fuel Tanks ... ... ... . . . . . . ... 60 lbs.
Oil Tanks ... ... -. 16 lbs.

. Gross Weight ... ... ...,: ... 4,421 lbs.

The weights of the power plant accessories and also the structure weight
are based on the assumption that the machine and engine installation is to
be of average type. -,•• 1

If any marked departure from standard practice .a contemplated, we
should here make an allowance for it if we consider that a saving in weight '
will be effected.

We now proceed to the question of performance, and to assist us in
arriving at a close estimate of this we have collected and plotted the results
of a large number of performance tests on different aeroplanes.

These results can be shown on graphs of the type in following slides :—

Fig. 6.—Speeds with different wing and engine loadings.
Fig. 7.—Rate of climb and ceiling with different combinations of wing

and engine loading.
Fig. 8.—Rate of climb curves.
Fig. 9.—Climb curves for average aeroplanes with good carburation

at all heights.
Fig. 10.—Speed variation with altitude.
Fig. 11.—Landing speed and wing loading.

Using these curves we can obtain a close approximation of the probable
performance of the aeroplane at all altitudes below the ceiling.

It should be noted that the curves in Figs. 7 and 9 assume Aerofoil
Section R.A.F. 15. If a different aerofoil section is employed an equivalent
wing loading should be found for use with these curves.

This equivalent loading is

« ^ 1 T A- K. Max. (R.A.F. 15).
Actual Loading X ^ - ^ ^ — - , ^ - 5 ,

h L Max. (Section used).

It is also assumed that if a different aerofoil section is used it will have
round about the same efficiency as R.A.F. 15, otherwise the curves will not
apply. . ' ' -: -

For the speed curves (Fig. 6) the actual wing loading is taken.
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12 AEROPLANE PERFORMANCE ESTIMATES.

It will be seen from the curves that the performance of an aeroplane is
dependent on the combination of engine loading- and wing loading and also
on the fineness ratio.

For the preliminary estimate we assume that the fineness ratio of our
machine will be about average.

The engine loading is of course

•4>421 = 12.65 lb./H.P.
35O

We have now to find the wing loading, which in combination with an
engine loading of 12.65 lbs./h.p. will give us the required performance.

We will first try R.A. F. 15 Section, and from Fig. 11 we see at once
that the wing loading must not exceed 6.6 lbs./ft.2 with a Kunax. of .513
(which is the figure for R.A.F. 15 Aerofoil Model uncorrected) in order to
obtain a landing speed of 50 m.p.h.

Before going further we make a check on the speed at 10,000 ft. with
this wing loading and engine loading 12.65 lbs./h.p., using Fig. 6, from
which we find that with this combination we shall be'low on speed and will
require to increase the wing- loading slightly.

We will therefore try Aerofoil Section No. 64, which has a higher KL
max., and will enable us to use a higher wing loading for the same landing
speed.

This section is also a very efficient one, and enables deeper spars to be
employed than does R.A.F. 15. •

No. 64 Section has a max. KL of .617 uncorrected, and again using
Fig. 11 we find that we can increase the wing loading to-7.8 Ibs./sq.lt-
without exceeding the specified landing speed.

Note.—The speeds given in Fig. 11 are stalling speeds, and we shoul'l
allow a slightly lower stalling speed than the specified max. landing speed.

However, we can safely assume that the KL max. of the full scale wing
will be higher than the uncorrected model value, and also we will rely on
the lift of the fuselage and tail plane at large angles of incidence to help
in reducing the landing speed.

With this in mind we will assume that a loading of 7.8 lbs./ft.2 will be
satisfactory.

Again checking the speed at 10,000 ft. from Fig. 6 we see that it will be
106 m.p.h., which is just above the specified speed at that altitude.

We now look into the climb figures, but first of all we must find the
equivalent wing loading as we propose to use No. §4 Section.

Equivalent Loading = 7.8 X " - | ^ = 6.5 lbs./ft.2

617
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AEROPLANE PERFORMANCE ESTIMATES. 13

The combined equivalent loading is therefore :—
12.65x6.5 = 81.2.

From Fig. 7 we see that with a combined loading of 81.2 we may expect a
Service Ceiling of ... ... ... ... ... ... 17,800 ft.
Absolute Ceiling ... ... ... ... ... ... 20,000 ft.
Rate of Climb at Sea Level ... 950 ft./mt.

These values meet the specification, so that we now proceed to obtain a
few more details of performance, using Fig-. 9, from which we see that we
shall obtain the following climb figures :—

Time to Height.
5,000 ft. in 6.25 mts.

10,000 ft. in 14.75 mts.
15,000 ft. in 29.50 mts.
17,500 ft. in 42.50 mts. (Service Ceiling).

The rate of climb at any altitude can be found by drawing on squared
paper a graph with altitude in feet as ordinate and rate of climb in ft./mt.
as absica.

If we draw a straight line between ordinate o and absica 950 to ordinate
20,000 and absica o, this will represent fairly accurately the rate of climb
curve (See Fig. 8.)

We now only require to know the speed at all altitudes below the ceiling,
and to obtain this information we make use of Fig. 10, which is a very useful
graph. •

We have already found from Fig. 6 that the speed at 10,000 ft. = 106
m.p.h., and we therefore make a table (Fig 12).

Altitude
in feet.

Distance below
Absolute Ceiling.

Fraction of
Ceiling Speed.

Equivalent
Speed.

Sea Level

5,000

10,000

15,000

17.5°°

20,000

20,000

15,000

•10,000

5.OOO

2,5OO

O

1.367 1-367
1.298
1-340

= in.6

i.340

1.298

1.215

1.136

1.298

1

1.215

1.298
1.136

1.298

= 109.5

= 106

= 99-2

= 92.8

We may draw a complete performance chart as shown in Fig, 12.
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i 4 .AEROPLANE PERFORMANCE ESTIMATES.

Thus we obtain a complete estimate of the performance of the proposed
design without having to make z. single drawing

The next step in the procedure is to lay out the general arrarfgement of
the aeroplane; this we do with the assistance of Figs. 13 and 14, which give
the average proportions of a large number of aeroplanes in terms of the
wing area and wing (mean), chord.

As our machine is to be of average proportions we may use the values
given in the tables.

(a) From Fig. 14 we find that the average aspect ratio for two-seater
biplanes is 7.3 to 1.

(b) The required wirig area is • /• ' = 566 sq. fl.
• 7-o-

(c) The wing dimensions will be : A = 2 (CX7.3 C) = 566 sq. ft. where
C = Chord (mean). •

(This is neglecting- any allowance for tip rounding and body gap in lower
plane.) •

• We will allow, say, 50 sq. ft. for body gap and tip rounding, and so get
A=566 + 5o=6i6=i4.6 C2.
Therefore C = chord = 6.56 ft.—say 6 ft. 6 in.

(d) Span (mean) = 7.3 x 6.56 = 48 ft. .

(e) The C.G. is assumed to be at .33 of the equivalent chord.

(f) The equivalent chord is taken at .55 of the gap above the lower wing.

(g) Tail and elevator area combined '
= 12 per cent, of m.p. area = . 12 x 566 = 68 sq. ft.

(h) Aileron area (total)
= 12 per cent, of m.p. area = . 12 x 566 = 68 sq. ft.

And so on, using the values given in Figs. 13 and 14. We can fix all
• the dimensions of the machines and produce a general arrangement drawing
as in Fig. 15. .

It is necessary to make a rough calculation of the lift reactions at this
stage in order to fix fairly accurately the sizes of the various interplane struts
and bracing wires, these sizes being used when calculating the parasite
resistance of the second method.

2nd Method.
We will now check the* performance, using the second method.
The first step is to decide on the propeller diameter, and this is quickly

done by the use of Dr. H. C. Watt 's useful Nornogram, shown in Fig. 16,
from which we find that the propeller must be either a 2-blader 12 ft. dia.
or a 4-blader id ft. 3 in. dia. . . . . . . .
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AEROPLANE PERFORMANCE ESTIMATES. 15

We will decide to^use the 12 ft. dia. 2-bIader, as we have ample ground
clearance, and the 2-bladed prop, is simple and easy to transport.

The reason for fixing the propeller dimensions first is that we have to
calculate the velocity in the propeller slipstream before attempting" to estimate
the resistance of parts of the aeroplane structure which are placed in the
slipstream, and also we must know the area of the propeller circle to see
what parts come in the slipstream.

Calculation of Thrust h.p. available.
We must now calculate the thrust h.p. at various forward speeds of the

aeroplane, and from this the thrust in lbs. as the slipstream velocity depends
upon the thrust in lb. /ft.2 of the propeller.

The curves in Fig. 17 which are taken from C.I.M. 704 by Mr. H. Bolas,
provide a ready means of obtaining the thrust h.p. available at all speeds.

We will decide to have the max. propeller efficiency at 100 m.p.h. for
cruising, and this fixes the following data to be used in the calculations :—

Vpforward speed considered.
V0 = designed forward speed=ioo m.p.h. . . •
Ho= designed max. revs./sec. of propeller= 18 r.p.s.
D = dia. of propeller in feet=i2 feet.
h=thrust h.p. available at V ft./sec.
H0 = b.h.p. of engine at designed r.p.s. =350 b.h.p.

^ a . ratio =

The calculation may be tabulated as in Fig. 18.
In Fig. 18 the values in Column 3 are read direct from the curves in

Fig. 17.
Column 4, which shows the thrust h.p. available, is obtained by multi-

plying values in Column 3 by the max. b.h.p. of the engine =350 b.h.p.
Column 5, which gives the thrust in lbs. of the propeller, is obtained by

multiplying the values in Column 4 by • ' g y = -y— The values in

Column 4 are used in calculating the thrust per sq. ft. of effective propeller
disc area, which determines the slip velocity, as will be seen later.

Note.—The thrust horsepower available at any altitude for a given
forward speed is assumed to vary directly as the variation of b.h.p. of
engine with altitude.

(The correction factors to convert b.h.p. at sea level to b.h.p. at an
altitude are given in Fig. 23. This assumes that the engine revs, remain
constant for a given forward speed at any altitude.)

Working on this assumption we calculate the Values of thrust h.p. at
various altitudes and fill in Columns 6, 7, 8 and 9, multiplying the values in
Column 4 by the appropriate correction factor from Fig. 28. • . ; , •'••'•
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16 AEROPLANE PERFORMANCE ESTIMATES.

Propeller Effective Disc Area.
To estimate the slipstream velocity we require to know the thrust per sq ft.

of effective disc area of the propeller, upon which the slipstream velocity
depends, and so we proceed to estimate what the effective disc, area is.

The effective area of the propeller depends on the blade form and. the
shape and size of the fuselage nose.

The ineffective diameter of the blade near the boss varies from 30 per cent.
to 40 per cent, of the propeller diameter.

We will assume that in the case of the propeller under consideration
the ineffective portion of the blade = 33 per cent. =4 ft.

Therefore effective disc area = 77/4 (12°—42)
= 77/4x128 = 100 sq. ft.

Having- found the effective disc area of the propeller we now proceed
to make the tables and curve shown in Fig. 18A. The curve shows the
relationship between the horizontal flying speed and the slipstream velocity.

In Fig. 18A, Columns 1 and 2 are taken direct from Fig. 18.
Column 3 shows the thrust in lb. /ft.2 of effective disc area, which is

obtained by dividing the values in Col. 2 by 100 it.2, the effective disc area
for our propeller.

Column 4.—The outflow velocity in ft./sec. is obtained from Fig. 19,*
which is another of Dr. Watts ' curves, and which can be used to find the
added velocity which must be imparted to the air by the propeller in order
to obtain a given thrust in lb. /ft.2 of effective disc area at any forward speed.

Column 5 shows the values in Col. 4 converted to m.p.h., and Column 6,
which shows the slipstream velocity in m.p.h., is obtained by adding together
the values in Columns 1 and 5, thus giving us the actual slipstream velocity
at the'various flying speeds considered.

Parasite Resistance.
Having now obtained the slipstream velocity at all speeds of flight we are

in a position to estimate the parasite resistance of the aeroplane.
We may make use of charts and tables such as are shown in Fig. 20

and Fig. 21. These figures show the resistance in lb./sq. ft. of frontal area
at 100 m.p.h. of various forms and components which form part of aero-
plane structures.

These resistances can be stated in various ways, but the most convenient
way for performance estimation is to give them in lb./ft.2 of frontal area
at 100 m.p.h.

It is assumed that the resistance of all these forms varies as V2, which
is near enough for our purpose.

Taking the values of resistance per sq. ft. of frontal area from Figs. 20
and 21, we make up the tables shown in Fig. 22, which shows the resistance

• Design of Screw Propellers. H. C. Watts. D.Sc, A.M.Inst.C.Ey A.Inst.N.A.,
F.R.Ae.S. (Longmans, Green & Co.)
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AEROPLANE PERFORMANCE ESTIMATES. 17

at 100 m.p.h. of the parts but of the slipstream and the resistance of parts
in the slipstream at a slipstream velocity of 100 m.p.h.

The resistance of any part at 100 m.p.h. air speed is of course found
by multiplying its frontal area in sq. ft. by the value of resistance/sq. ft.
for the particular part, given in Fig. 20.

As we know from the curve in Fig. 18A the relationship between flying-
speed and slipstream velocity, it is an easy matter to obtain the parasite
resistance both in and out of the slipstream at various forward speeds within
the flying range and at ground level.

This is done by multiplying the total resistance at 100 m.p.h. out of slip

taken from Fig. 22 by — ^ where V is the flying speed considered and

Vs2

the total resistance in slip at a slipstream velocity of 100 m.p.h. by

where Vs is the slipstream velocity concerned.
The results of this calculation are shown in Columns 3 and 4, Fig. 22A.
The resistances in and out of slip are then added together in Column 5,

Fig. 22A, and give us the total parasite resistance at the various flying speeds
at sea level.

To obtain the parasite resistance at altitudes we assume that the slip-
stream velocity is the same for any given flying speed at all altitudes, that
is to say, the curve in Fig. 18A holds good for all altitudes. Also we know
that the resistance of a body at any speed considered varies with altitude
fiirectly as the relative air density.

Hence we obtain, the parasite resistances given in Columns 6, 7, 8 and
o, Fig. 22A, by multiplying the total parasite resistance at sea level for
any given flying speeds by (plp0) =the relative air density at the altitude
concerned. •

The values of relative density may be taken from Fig. 23, which shows the
density at altitudes as a fraction of Standard Ground Level density.

Fig. 23 also shows the variation of density p/s with standard height,.

and variation of \p!po with altitude and the variation with altitude of the-

power developed by rotary and stationary engines. • . >
All these curves are very useful in performance calculations and are used

later in this example. '

Having found the total parasite resistance at all speeds and heights we
must now calculate the aerofoil drag.

Aerofoil Drag. . . ' • ' . ' . '
Most of the available data on aerofoil characteristics is obtained from

wind tunnel tests on monoplane models with square tips and aspect ratio 6.
The model characteristics must be converted to full scale before they can

bfl used in the performance calculations.
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18 AEROPLANE PERFORMANCE ESTIMATES.

The corrections required to convert model monoplane values to full scale
biplane with rounded tips and staggered planes are :—

1. Correction of scale/speed (from vl 10 to vl 30).
2. Correction of wing- tip.
3. Correction of biplane effect.
4. Correction of aspect ratio.
5. Correction of stagger.

These correction factors are shown in Figs. 24, 25, 26, 27 and 28, and
represent an average pi a considerable amount of data collected from various
sources, but principally from results of experiments carried out at the
National Physical Laboratory. They are arranged for correcting model
values obtained from models with aspect ratio 6 and square tips. If the
model varies from these proportions then the test results should be first
corrected to standard by dividing by the appropriate correction factor from the
curves.

They are plotted in bases KL/KL max. and L / D / L / D max., which
makes them applicable to aerofoil test figures for aerofoils which have their
lift and drag curves spread over varying ranges of angle of incidence.

Unfortunately, the correction factors published up-to date are not strictly
applicable to any and all wing sections, but as we have no other information
on the subject at present we must apply the data which we do possess.

In practice the factors shown above appear to give good results, so we
can carry on until such time as the existing data is amplified.

Whenever possible we should use test figures for models of as nearly
the same form as the full scale wing, as we can obtain and test at a high
speed, as this reduces the number of corrections to be applied.

For example, if a biplane test on the section to be employed is available
we should use the figures from this test when calculating the full-scale
figures for a biplane.

The characteristics of the main planes in our machine are as follows :—
Plane Arrangement ... ... ... ... ... Biplane
Span (mean) ... ... ... ... ... ... 48 ft. o in.
Chord (mean) ... ... ... ... ... ... 6 ft.. 6 in.
Aspect Ratio .. ... ... ... ... ... 7.3 to 1
Area ... ... ... ... ... ... ... 566sq.lt.
Wing Tips ... ... ... ... ... .. Rounded No. 3
Stagger ... .." +i.5°

Gap/Chord ratio ... ... ... ... ... ... 1 to 1
Aerofoil Section ... ... ... ... ... ... No. 64

The model aerofoil characteristics for No. 64 section monoplane are shown
on Fig. 29, which also shows the corrected characteristics for the full-scale
wings
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AEROPLANE PERFORMANCE ESTIMATES. 19

Fig. 29 also shows the tabulated calculation for the correction of KL and
L/D from model to'full-scale.

The full-scale models for K/L are obtained by multiplying the values of K L
at various values of model K L / K L max. by the appropriate correction factors
from Figs. 24,1 25, 26 and 28, as shown above.

The same procedure is followed in correction L/D.
The resulting values are then plotted and give us the characteristic curves

for the full-scale biplane wing.
Having obtained these we are in a position to calculate the drag of the aero-

foil of our machine at all speeds and altitudes.
The lift and drag of an aerofoil is found from the formulae :—

Where KL = Absolute Lift coefficient.
KD = Absolute Drag coefficient.

Lift = KLp/gA.V.»

Drag = KD P/g A.V.*

Lift is in lbs.
Drag is in lbs.
p = density of air in lbs./ru, ft. at

the altitude considered.
g = 32.2 ft./sec./sec.
A = Wing Area in sq. ft.
V = Speed in ft./sec.

(Note:—p/g at Standard Ground Level = .00237.) Slugs/cu. ft.

Fig. 30 shows the tabulated calculation for the aerofoil resistance at all
speeds and altitudes within the flying range.

The aerofoil drag is found as follows :—
The required K L at any speed V.ft./sec. at sea-level is obtained from the

formula :
_ L Lift in lh./fr.2

~ -00237 x v a .
The value for L/D at this Ki. is taken from the wing characteristic curve

and the drag of the wing is obtained by dividing the total lift by this value of
L/D.

For example, in our case the required K L at 100 m.p.h. or 146.7 ft./sec. is

K - 7-8 .
L ~ .00237 x 146.72 —" " •"

The value of L/D corresponding to KT. = .155, is found from Fig. 29 to
be 14.2, and therefore the drag of the aerofoils at 100 m.p.h. and sea-level, is

M l 1 = 311 lbs. •
.14-2

It will be noted from Fig. 30 that we have calculated the Aerofoil re-
sistance at convenient speeds within the flying range arid at sea level, these
resistances being shown in column 5. •
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20 AEROPLANE PERFORMANCE ESTIMATES.

For convenience, in columns 6, 7, 8 and 9 we have shown the speeds at
altitudes 5,000, 10,000, 15,000, and 17,500 ft., corresponding- to the aerofoil
resistance given in column 5.

We have done this because :—
for any given wing- lift and drag the speed varies with altitude inversely

as the square root of the relative air density = \l

The speeds given in columns 6, 7, 8 and 9 are therefore obtained by divid-

ing the speeds in column 1 by values of /y , appropriate to the altitudes

considered.

Values of ^ , are given in Fig. 23.

Having- found the total parasite resistance and aerofoil drag- of our
machine at all speeds and altitudes, we proceed to add these values together
to find the resistance of the complete aeroplane at all speeds and altitudes.
This is done in Fig. 31.

We are now in a position to calculate what thrust horse power will be re-
quired to fly the machine.

The H.P. required at any speed V.

H P - R X V
= H ' F ' R ~ 550

H . P . R . = Thrust H.P. required.

Where R = Total resistance in lbs.

V = Flight velocity in ft./sec.

Therefore taking; the values of total R from fig. 31, we multiply them
by the corresponding flying speed in ft./sec. and divide by 550, thus obtain-
ing the horse power required to maintain the aeroplane in horizontal flight
at the various speeds and altitudes considered, these values as shown in
Fig-. 32.

We next make Fig. 33, which shows the values of thrust h.p. required
taken from Fig-. 32, plotted against thrust h.p. available, taken from Fig. i8f

which we found earlier in the calculations.
These values were plotted for each altitude considered and, of course, show

the excess of thrust h.p. available from the propeller over that required for
horizontal flights.

This excess of thrust h.p. is a measure of the rate of climb at the various
altitudes, which is

„ r „.. , . , , H.P.e x -335000.
Rate of Climb in ft./mt. = ^ TTr . - — ^ .—;Gross Weight of Aeroplane.

where.H.P.e = Excess H.P. available for climbing. ,
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The curves showrwin Fig. 33 also give us the speed range at the various
altitudes, the intersections of the thrust h.p. required and thrust h.p. avail-
able curves being the limits of high and low speed.

The tabulated calculation for the best rate of climb at the various altitudes
is shown in Fig. 34; for this we take only the max. excess, h.p. at each
altitude considered.

The rate of climb curve is then plotted as shown in Fig. 34.
We now wish to know the time required to climb to any height, and this

is obtained as follows :—
The rate of climb is plotted in minutes/1,000 ft. against altitude in feet, as

shown in curve 2, Fig. 34, so that the shaded area to the left of the curve up
to the height considered, represents to scale the time required to reach that
height, and we can thus draw the time/height curve shown on Fig. 34.

The speed/height curve is drawn using values from Fig. 33.
We have now obtained all the information necessary to enable us to

draw the complete performance chart for the aeroplane," as shown in Fig. 35.
This chart gives us the max. speed, min. : speed and best climbing speed

for all altitudes, also the rate of climb at all altitudes and the time required to
reach any given altitude below the ceiling.

As a matter of interest, the performance as estimated by the first method
is shown dotted, and the close agreement between the two estimates will
be noted.

3rd Method.
The third method of estimation is by utilising the results of the wind

tunnel tests on a model of the aeroplane, and is very similar to the 2nd method
as regards the calculations to be made.

The calculations are, however, simplified, as we obtain from the wind
tunnel tests a table of lift and drag coefficients for the complete machine at
various angles of incidence, so that it is not necessary to estimate the parasite
resistance or correct the wing characteristics before calculating the lift and
drag of the complete aeroplane.

Models are now tested at values of vl of 30 and over so that no scale/
speed correction is necessary, and the model values for K L and KD may be
used direct for the calculation of the full-scale lift and drag.

It is preferable to test first the fuselage complete with undercarriage and
empannage, so as to obtain the resistance co-efficient of the parts in the slip-
stream.

The model wings can then be added and the tests made on the complete
model.

The performance calculations are then carried out in the following order :—
1. First calculate the KL required for various flying speeds, as in

the 2nd method.
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2. Then read from the characteristic curves of the model, the
values of L/D corresponding to the calculated values of KL for the
various speeds considered, and using these values of L/D calculate
the resistance of the complete aeroplane throughout the flying range.

3. Having obtained the resistance at the different speeds of flight,
proceed to calculate the thrust h.p. required to fly the aeroplane level
at these speeds, as in 2nd method.

4. The thrust h.p. available is then calculated as in the 2nd method.

5. The remainder of the calculations are carried out as in the 2nd
method, and therefore call for no further comment.

After a brief discussion the Chairman proposed a very hearty vote of
thanks to Mr. Chadwick for an extremely interesting and valuable paper.
This was passed with acclamation, and the meeting then closed.
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In the discussion following' Mr. Chadwick's paper I made reference to
the possibility of replacing methods of piecemeal performance estimates by
generalised mathematical methods. It was quite impossible to make any de-
tailed suggestions in this direction, and. it therefore seems worth while to
give a fuller- explanation of my meaning and some indication of the way in
which the estimation of performance might be simplified.

The " ceiling " of an aeroplane is a function of the ratio of airscrew h.p.
available at standard density to the airscrew h.p. required for level flight at
the same density. For. any aeroplane this ratio varies with the indicated air
speed, and the absolute ceiling is determined by the maximum ratio of
h.p. available to h.p. required. But for every indicated air speed there is
a particular value for this ratio, and there is corresponding " ceiling " for
each indicated air speed. Obviously if the " ceiling " for each indicated air
speed can be computed it is only necessary to correct the indicated air speeds
for density at the corresponding " ceiling " to obtain complete information
as to the machine's maximum speed at all altitudes within its range.

If, therefore, a general expression giving the ceiling in terms of the
power required/power available ratio can be obtained, the ceiling at any
value of indicated air speed can be computed directly from the value of this
ratio as shown by the h.p. required and h.p. available curves at standard
density.

The usual method of determining both absolute ceiling and speed at
heights, as exemplified by Mr. Chadwick, also depends on the assumption
that there is a general relation between ceiling and the power ratio referred
to. The precise nature of this general relation is concealed in a series of
curves of engine performance at varying altitudes, airscrevy characteristics

' and so forth, and its application in this form involves successive recomputa-
tion of both engine- and aeroplane characteristics at a number of different
heights—which is a somewhat.'laborious process. If the engine output
varied directly with density, and if airscrew efficiency were constant at
constant indicated air speed, then the density at the " ceiling " for any indi-
cated air speed would be given by

. • '• ' / F F . P . r . n . \ 2

where pc = density at ceiling (standard density = 1) and H.P.r.o., H.P.a.o.
are respectively airscrew h.p. required for level flight, and available at full
throttle, at unit density.

Actually the engine output falls more rapidly than does density, and the
airscrew efficiency is not constant at constant indicated air speed. The fact
that the engine output varies rather less rapidly with altitude than does the
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air pressure, and that in general the airscrew efficiency at a given indicated air
speed improves with altitude, suggested that the substitution of pressure for
density in the above expression giving

'1-1 P r.o.

would

Po

(where pc and po are pressures at ceiling and sea-level)
give reasonably accurate results at least for rough predictions. Ex-

perience with this expression during the War indicated that it was at least as
reliable as the method based on average curves for engine output at "heights,
and the airscrew designer's estimate of his airscrew characteristics.

Recently Mr. Walter S. Diehl, in Report No. 171 of the United States
National Advisory Committee for Aeronautics has investigated the relation

' . H .P . ao , .
between ' the ceiling of an aeroplane and the ratio ^ p r o taking into
account in great detail the data at present available as to engine output varia-
tion with altitude, and airscrew characteristics, and has embodied the results
in'two curves which give ceiling in feet as a function of this power ratio. One
of these curves applies to the normal aeroplane, the other 'to the special case
of an engine which, by supercharging or other means, can maintain constant
r.p.m. independently of altitude. The first of these curves, which is at-
tached herewith, gives figures for ceiling which do not differ appreciably
from those arrived at by the expression

ll - (H.ITTIO)'
for heights of less' than 23,000 ft.
sioh is too optimisitic.

Above that height the suggested expres-
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It would thus appear that having; once obtained curves of power required
and airscrew power available at unit density over the whole range of flying
speed, the ceiling- at every air speed within that range, and consequently both
the absolute ceiling and the speed at heights, can be derived at once from the
values of the sea-level power ratio at various air speeds, without computation
of the complete performance curve at any other altitude.

It should be pointed out that both Mr. Diehl's curve and the suggested
approximate expression for ceiling assume that airscrew efficiency at the same
indicated air speed rises with increase of altitude. This is generally the case
over the part of the speed range which is of material consequence. But it
should be pointed out that in cases where the airscrew reaches maximum
efficiency at a speed appreciably below the maximum level speed at sea-level,
this general method of dealing with the problem will exaggerate the ceiling
for high air speeds—or the maximum speed at low altitudes. This error is
not of very great magnitude in the case of normal aircraft with airscrews
giving maximum efficiency at a speed reasonably close to the maximum speed
at sea-level, but it is obvious that if the airscrew gives maximum efficiency at
an abnormally low speed—as may be the case if maximum rate of climb at
sea-level is desired—a more detailed analysis of performance at altitudes is
necessary.

W. H. SAVERS.
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AEROPLANE PERFORMANCE ESTIMATES. 35
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AEROPLANE. PERFORMANCE ESTIMATES.
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AEROPLANE PERFORMANCE ESTIMATES.
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AEROPLANE PERFORMANCE ESTIMATES.
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