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NATIONAL ADVISORY COMMITTZE FOR AERONAUTICS

TECHWICAL NOTE HO. 446

ESTIMATION OF THE VARIATION OF THRUST HORSEPOWER
WITH AIR SPEED

By Shatswsll Ober

The purpose of this note is to present a method of
estimating the variation of thrust horsepower with air
speed, when the power unit consists of a conventionel,
thin, metal, fixed-pitch propeller driven by an internal-~
combustion engine., Such a curve is needed for the esti-
mation of airplane performance in conjunction wWith a curve
of horsepower required for mainbtaining level flight., The
method is intended to be used in conjunction with data on
families of propellers tested with alrplane and engine,
given in the form of sslection charts of ¥/aD and pro-
pulsive efficiency plotted against. Cg, the speed power
coefficient. Complete familiarity with the use of such
charts (reference 1) is presupposed, as well as an under-
standing of the adaptation of them to the dstermination of
approximate characteristics of other propellers (reference
2, Ch. XVII); so this note may be considered an addition
to those refsrences. As far as possible standard symbols
are used and will not be defined, -

The nature of the problem is this. With a definite
propeller whose characteristics are known or can be esfi-
mated, and which has been selected to fit an airplane
having a certain engine and a certain maximum spesd, the
thrust horsepower is known for one alr spesd, With a
chnange in air speed due to & modification of the attltude
of the airplane without & change in the throttle setting
there will usually be a change in revoluticn speed. The
brake horsep.wer of the engine at constani throtctle is a
direct funciiun of the revolution specd. Since the pro-
pulsive efficiency depends only on the ratio of the alr
speed to the revolution speed, both the brake horsepuwef
and the propulsive efficiency can be found if the varia-
tion of the revolution speed with the alr speed is knowa.
The thrust horsepower is then the product of the brake
horsepower and the propulsive efficlency.

The known characteristics of the propeller selectod
(or those of an equivalent propeller 1f it is nescessary
to estlmate the propeller charascteristics) consist of a
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curve J, that is, V/aD, ‘against ‘Cg, and a curve of
M, the propulsive efficiency, also againgt Cg. To be of
any value.these curves must have been derived from full-
scals tests in conjunction with an airplane form not %oo0
diffarent from the onse in which we are interested,

At a given altitude the brake horsepower of a convean-—
tional modern aircraft engine is almost directly propor-—
tioral to the revolution speed at least for the range of
revolution speeds from the rated value down %to the full
throstle static value. The assumption will be made that
the power is directly proportional to the revolution speed
at full throttle or any fixed throttle setting, The power
of the éngine is adversely affected by an increase in al-
titude; that is, by a decrease in density. The exact va-
rlation of englne rower with altitude 1s complicated,
(Reference 3. Y " At constant revolution speed the power or
torque at . any altitude may be expressed as a constant times
the sea-level power., This constant, to be called £, is
assunied to be a function of air conditions only and inde—
pendent of the revolution speed, This assumption is jus-
tified Dy altitude~chamber tests, at least over the range
of revolution speed likely to be experienced, The effact
of &a.supercharger on an engine mgdifies its value of f.
and, on most air-cooled radial engines, requires a change
in parmlsslble throttle opening with altitude.

-

+.
Thess relations are put into mathematical form tﬂ‘the v
follcwing esquations:
" tJhp = b, hp X n . _ (@) i
+ b.hpg = x L ' _' (2)

v

where XN is revolution speqd in revolutlons per minute,
subscript zero indicates sea level, and X 18 computed
from the rated values of revolution epeed and brake horse-
power, This equation defines K.

D, hp = £ % b, hpQ = f K N B - (3)

ik

J_'= V/nD

where: V- 1s the air speed in feet per second, =n is the
revolution speed 1n revoluiions per second, and D 1is

the propeller diameter in feeﬁ In engineering units thig
equation becomes . .. | .. . ___ D
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J 88 v/ND (4

il

or v J W D/88 __(5)
where V 1is expressed In terms of miles per hour 2nd N
in terms of revolutions per minute. Equations (3) and

(5) express the velocity and the brake horsepower im teras
of constants and the revolution speed, Tie speed-power
coefficlent is expressed by tiaes equation

Cg = vf7p

'~ P n®

witn consistent units, With englineering units this be-
comes

6, = (0:838 ¥y siss o
b.hpl/s NEEYE '

where V is in miles per hour znd O is P/PO.

Substituting the values of V and b.hp from egua-
tions (3) and (5)

0.638 J D ¥ ) 0.633 4 D ' 2/5

£ E INL/B Na/s a8 (f K 1/8

K"/’

¢ 88 £\*/%
2/5 = I8 1/8 ! N
" T X orezs D X BT X (G e

At ses level DY definition, f end 0 are 1, so equation
(7)) may be written: i

On 88 Kl./s A,
At sea level N2/% = ¢ X T% ¢ = 5,358 © (8)

The value of ¥2/% mey be left without further solution,
s8 scales giving values of N?/5 and ¥ aré to be found
in references 1 and 2, The value of (¢ is constant for

a given engine at a constant throttle opening and a given
propeller. Tae value may be calculated, but it is aore
convenisently found by making use of the known factors
relating to the high-spsed level flight condition, thvse
being the solution of equatioa (8) and the values of Cg
and J. The solution of equation (8) for other air speeds

n" RE
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at sea level may be performed as follows, the prime mark
being used to indicate corresponding values of the varia-
bles:

Trom fhe-curves'of,fJ'and'ﬂ 'g§£§£§€“69 gelect dg'
_ X Ogt

J', and mn', From N!'2/5 = ¢ X ET_ , find NT', It then

follows that V! = Ji N! g%, b.hp'= X N' (sea level),
and t.hp! = bhp' m! = K N!' n!,

Phus is obtained ¢ne value of ¥ with the correspond-
ing thrust horsepower, or horsepower availadvle, If a
slight amount of discretion is used in choosing the values
of Cg! repetition of the procedure for five or six points
will permit the drawing of a satisfactory curve of thrust
horsepower agsinst velocity. This curve can be drewn for
any fixed throttle setting, but will usuelly be of Interest
for the maximum throttle setting only.

The accuracy of the resultant curve can, of courss,
be no better than that of the test data used, that of the
suitability of the test data to the sirplane for which 1%
is used, or that of the plots of propeller characteristics.
It is usually not possible to find N closer than 2 %o 3
per cent.,

At low values of (g the curve of V/aD against Cg
becomes nearly straight; it must pass through the origin.
Equation (8) indicates that the revolution speed tends to
a constant value at low air speed, _

In order to find the variation of thrust horsepowsr
with forward spesd at other altitudes, the procedure may
be repeated, reverting to equation (7) end inserting thc
proper values of f and 0 for the altitude in guestion.
The values of 0y and J would be found on the charts
used previously., It is much simpler, however, to find
the ef-fect of altitude on the sea-leavel curve assuming, as
will ugually be the case, that such a curve has already
been drawn, The method of finding thias effect is a gen-
eral ome and i1s in no way limited to cases in which the
sea~level curve has been found as outlined adovs.

Starting with equation (7),

) T . - . ‘_‘ ‘/5 L. S -
wazsn Bs o B8 s ENMS
¥ r T *gessn ) (7)
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in transferring tie curvé'oftt;hp'h ainst "V’ to another -
altitude, we maigtéin“a'cbﬂatahtﬁfv a2l ( a procedurse
similar to the maintenance of constant angle of attack

when' transferring a curve of- hofsebower required for lev-
el flight from.-sga level to some ‘altitude), With J con-

stant, Cg and ﬂ are fixed, 'and’ the’ only Variables in-
equatiqnf(?) are f and - Gy or

- . . L 1/5 : — ._

Nz/s = constan? X —\ . T (9)

N = _'édnstant.x/g.- (10)

R

¥hen both f.and ¢ arée'l, N is constahnf, which 1% thei
the sea~level revolution speed, N,. This fact, together
with the cdonstant value of J, permits the followlng -

equatlons? : . - .TF.,;éj.,—’ f'%
. i‘%/3°. = v/ =/% - R "‘_‘:"“—(il) -

bibp = € ENM ot o aEy :

t.hpo = K No m - . ‘ (13) .

The values of T are the same since 'J iws constant

: S _
t.hp/t,hpy = £ X N/No =f/5- .. (14)

Equations (11) and (14) give the factors by wnich the co-
ordinates (V, t.hp) of any point on the sea-level curve
must be multiplied, respectively, to obtaln the curve at
an altitude corresponding to the valuwues of £ and o.
With the usual unsupercharged engine, ff decreases with
altitude somewhat more rapildly than . o3 hence the revo-
lution speed at the same V/nD decreasss Blowly with al-
titude (the reduction is about 6 per. cént at 15,000 feet)

The method tacitly assumes that the characteristics
of the propeller are independent.of. the absolute value
of the vower it is absorbiag and that ths gefficiency ig a
function of Vv/aD &alone. The first assumption requires
for its justification that the propeller should not twist
to chsnge effective blade sngles With varying loads. Pro-
Tellers of the usual tnin metal type ar.e known to Ewist
somewhat under load so some error, not exactly deteruina-~
ble but surely small, will be caused in revolution speed
{te error would be to underestimats), so in thrust horse-
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power. -The second assumption requires that the propsller
cararazteristics be independent of the angle of the shaft
to the Ilight path, at lesst for the wvariations of aagle
of atlfack encountered with ciange of altitude. Tne inde-—
bendence ¥F propslleér characteristics of the angle of in-
clination of the shaft, at least up to 10°, has besn so
well ostablished by tests in the W.A,0.A, propeller re-
searcih tunnel that it is standard practice to omit tests
at other than 0° inclination. Tais change of inclination
with altitude arises from the fact that the speed at the
same V/nD 1is less at altitmde, while the true speed at
the same angle of attack of the alrplane increases (V =
Vo /o). The change in attitude of the airplane at constant
V/aD ‘%ill be of the order of 4° at 15,000 feet, becouing
larger as the air.speed arproaches & minimum, " -

For the determination of curves of horsepower avail-
able from the propeller at altitude, given the sea~level
curve, the method described above is simple and more ac—
curate than others customarily used for the same purpose,
The method for finding the original sea-level power avall-~
able curve is only a little longer than approximate meta-~
ods using generalized propeller data, and would asually
more than justify the increased labor by finding the air-
Plane performance with a propeller specifically fitting
the ogrerating comnditions,

Hassachusette Institute of Technology,
Cambridge, Mass,, December 1;_19§g-
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