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NATIONAL ADVISORY COMMITTEE FOR AFRONAUTICS,

TECHNICAL NCTE NO. 1¢.

THE STPADINESS PACTOR IN ENGINT SETS.

By

W. Margoulis, Aerodynamical Expert,
Paris Office, N.A.C.A.

The following discussion on the Steadiness Factor in Engine Sets
=}

was prepared by the Paris Office of the National Advisory Committees
for Aeronmutics.

8 1. TORMULA OF THE STEADINESS FACTOR IN ENGINE SETS.

In a paper* "On the Flywheel Effects of Aviation Engines,™
. Lecornu points out that the usual method of determiniug the stead-
iness factor cannot be applied to aviation engines coupled to a pro-
peller because, in this case, the resisting torgue is a function of
the angular speed of rotation, and not of the angle of rotation of
the crankshaft.

For engine sets, the equation of motion, accurding to M. Lecorau

is:
Luhal 20, ~fa '@ (1)
do g
in which I ~ is the moment of inertia of the flywheel effect and pro-
peller;
&) - the angular speed of rotation;
& - the angle of rotation of the craxnkshaft;
C, - the torque of the engine om the crankshaft (brake torque)
47&)2 - the resisting torque of the propeller.
Integrating formula (1) we obtain:
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See Transactions of the Academie des Sciences, 1909,




But in four-siroke rmulti-cylindered engines, the brake torque
may be represented with sufficient approximation by the equation:

a0 :
5 e sin N&
8, = Gask a8 2 2 (3)

in whick C  is the meazn value of the brake torgus;

& C Ce(ma.x) - Ce(min)

e
N -~ +the nunber of cyliaders.

© - angle of rotation of crankshafts.

value taken frcm formuia (3)

Replacing C, in formula (2) by itvs
formula of the Steadiness

and integrating, M. Lecornu obtainas as

Factor:
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§ 2. - REDUCED MASS OF PARTS IN MOTION OF AVIATION ENGINES.

In the eguation of motion/ M. Lecornu has notallowsd for the
mass of the parts in motion of the engine itself, such as pistons,
conne cting rods and crankshaft, whose mcments of inmertia cannot be
ignored. Nor has he taken intc account the variation of the brake
torque as function of the variation of the angular speed of rotation,
nor of the resisting torqus of the engine ivself. *

If the reduced mass of the engine parts in motion (that is, the
mass of tha parts reduced tc a peint distant frcm the axis of the en-
gins by the wait of length) were constant, the eguation of motion
would be:

2
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in fact, the effective moment depends on the diagram of ths pres-
sures indicated and on the forces of inertia of the pistons and con-
necting reods, wkich are a function of the variation of the angular
speed. To determine ths effective mement we generally calculate the
forces of inertia by assuming that the speed of rotation is constaunt
and that ths resisting engine torgue is pull; but this is ocnly a
first spproximation.
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in which T is, as before, the miment of inartia of the fly whesl ef -

fect aaa prcpeller

A4 is the reduced mass of the other engine parts in motion

C; is tkhe torQue iudicated which does not depend on the
sperd of the engine

,((2 is the resisting torque of the engine and propeller; in
; point of fact, the resisting engine torque may be ex-
pressed by the formula a + b W/ 2 in which a is very
small and way be iguored. Moreover, if we take a intn
account (which we must do in studying low speed regimes)
the following foamulias will not be modified, on condi-
tion that we admit € . =C_, ~a *
mi oy}
WE Will EXAMINE IN DETAYL THZ CONDITIONS REQUIRED FOR THE REDUCED
MASS OF THE PARYTS IN MOTSON OF AN AVIATION ZNGINE TO REMAIN CONSTANT.

We know that the mass of seugine parts in motion, reduced to ths
axis of a crank (/<& 1), ie expressed by the formulia:

ALq =My + Nz 075 M +3 (U +0.25 1) :; (6)
in which
M, is the reduced mass of ths crankshaft
Mb - the mass of a connecting rod
MP - the mass of a piston
v - the speed of the piston

w =~ the rim speed of the axis of a cranlkpin

In this expression the term vz/w2 hag the value:

p ol (sin & + g-sinz & )2

jon which n is the ratio of the radius of the crankpin tc tke length
of the counecting rod, a watioc wkich, in what follows, we assume
equal. to 1/5.

& . 3 i)
Developing the term vz/w in a Fourier's series, we obtain:

v2 + ;13+

SIS

2
Cos & —%’—50329 ud %"COSSL = g_Cosll-Q... (7)

=
< 2 8
* In the most usual case the equation of motion is
(1 +44) % =0 ~a-nw-fw?




To sxpress the reduced mass we have therefore:

Ay =My +Nx0.75 My + (O, +0.25 Mp) (0.505 N + A) (8)

in which
il

2 .
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-1/2 {Cos 25 +Cos(28 +2%X )+ Cas(25 +4°C) ¢ N

Siais {iGes 36, #BosB G 4398 |+ Cosldgd + 655 0 ¥ o]

- n'?‘/S{Cos 46 +Cos(46 +4°C) + Cos(48 +8X ) + ....} ©)

& is the angle made at the mcment vnder consideration by the crank-
pin of any cylinder taken as a reference cylinder, witl whe axis of
this cylinder; £ +0OC is the same angle of the cylinder the stroke
of which precedes that of the reference cylinder, the condition of
equaiity of the jntervals between the strokes requiring ol = 4 77/N.

Expressions (8) and (9) show that the reduced mass is equal to
a constant plus the sum of 4 series of cosines of N arcs increasing
in aritimeticai progression in the ratic of 4 77 /N, 8 77 /N, 16 77 /N,
and 32 77 /N, eaca of thess series being muieiplied by a certain num-
erical factor.

Now, we know that these series are null or equal to N Cos £
NCos2g .....according as tue ratio

is a fraction or a whole number.
We may therefore write:

S{Cosg + Coas( @ +o )+ } = 0, when %is a fraction, oris=

L
ot
EN Cos 9

- %{Cos 28 +Cos(2@ + 208 ) } = 0, when L% is a fraction,

or:-é—NCos 26

el ;-1{003 34 + Cos(38 +30< ) + } = 0 when f\? is a fraction,

OI‘=~§N00539

N,

e

- %—{COS 45 + Cos(48 +40C ) + } =D wheng is a fraction,
n &

or = - ‘é‘-NCos 4 £




~ The maximum values of each of the series being in the ratic of
1/10 to 1/2 %o 1/10 to 1/200, we may ignore the fourth series.

e taus arrive at the following conclusion:

THL REFDUCED MASS OF THE PARTS IN LCTION OF AN AVIATION ENGINE
1S CONSTANT WHEN THZ NUMBER OF CYLINDERS, BREING OFF, IS G EATER THAN
3; AND 4LSO WHEN THE NUMB&R OF CYLINDERS IS FVEN AND GREATER THAN S.

1% follows that if the numoer of cylinders is 5, 7, or uparls,
the squation of moticn (5)

(I+4)a %_’;_L =¢ -fuw* (10)

may be strictly appiied.

TR STEADINESS FACTOR MAY THUS BE DETERMINWD WITH SCRUPULOUS
TXACTITUDE eithor by making a graphical integration of the expressiocn:

W J'.‘ f o 246

I

g 4 2 (11)
e 2 a e d 131
w I vo Y4
or by the apprcximate expression:
2
» le V INz + 16¢€ (12)
IR 2f
in which C ; is the mean torque indicated;

Bl i . )
i, | i (max) i (win)’
I is the sun of the mcment of inertia of the steering whesl
and propellsr plus the reduced mass; the value of the latter
is, as shown above, for most aviation engines equal to:

c. - i :
= Jd 7% = 1 {Ma + 0.876 MM, + 0.505 Nmp}
r being the radius of the crankpin;
1 / 2
é = Cpy/ed

We mey remark that in formula (12) of the Steadiness Factor, the
values of Cypi and Cj are obtained direct from the diagram of indicated
pressures, without taking intc account the forces of inertia as we

must do in detecrmining Cme and A Ce‘



If we compare expressions (4) and (12) we ncte that cma/é? =
Cpi/ £ » Cor in both cases the velues of p are, by definition,
proportional tc the mean torquss, but that A C, 3 may be dlfi?rent
from A Gy and that the values of dgiffer qith the mechanical
efficiency of tos engine, that is, from 5 to 10%k.

/

8 z, COMPARISON OF THE STEADINESS FACTOR OF ENGIN® SETS AND OF ENGINES
HAVING A CONSTANT BRZKE TORQUE AS A FUNCTION OF THE SPEED OF
ROTATION.

The hypothesis usually admitted in determining the Steadiness
Factor is tbat of constent resistance. I will show that in both cases
there is a vary simpls relation between the Stezdiness Factors, and
that, generally spsaking, there is no eppreciable difference beiwsen

them. *

In the case of an engine having a constant brake toraue

Cmi’ the equation of motion is:
ded  _imo
I 575‘ i Ci Cmi

and as C.
0 =Gy + S sin L&
2 y2

we obtain ifor the value of ths Steadiness Factor:
W &y
il ¢ (13)
2AC,
A i

r

b=

c

On the other zand by substituting in expressicn (12), and instezd of
£ writing its value Cmi/Co) , we obtain as the value of the Steadi-~
ness Factor when the resisting torque 1is variable

o i) L n S
r, = o M fe “mi_) (14)
i \2 & ¢ ( a8

Finally, if an engine has-a resisting torque orake provortional
to the square of the speed of rotation, but the mcment of inertia I
of all the parts in motion is zero, which would constitute a LIMIT
.for the case uxder ccnsideratiom, we should have:

1 ey 2 Cm:i./~/-5 G4 {(15)

Comparing the expressions (13), (14), and (15) of the Steadiness
Factors : r,, p and r, we see that :

* This conclusion is rot in agreement with that of M. Lecornu, who
says: "Formula (4) by means of which we calculate the steering wheel
of an aviation engine, has no resamblance whatever to the ordinary
formula. ®
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= r“'-‘rrz (18)

that is, THE STEADINESS FACTOR OF AN ENGINE SET IS EQUAL TO THE SQUARE
ROCT OF THE SUM OF THE SQUARES OF THE STEADINESS FACTOR OF THE SAME
ENGINE HAVING 4 CONSTANT TCRQUE AND OF THE STEADINESS FACTOR OF THE
SAME ENGINE SET FOR WHICH THE MOMENT OF INERTIA OF ALL TdE PARTS IN
MOTION IS ZERO.

Tue Steadiness Factor is thus INCREASED by the fact of the vari-
ation of the resistivg torque, which was, moreover, evidsnt a priori,
since the propeller acts in the first place as a STERERING WHEEL on
account of its mass, and in the second place it functious as & REGU-
LATOR by causing variation in the resisting torque. Fur ther on we
shall see, however, that the increase in the Steadiness Fzcter is us-
wally negligible.

TR QUANTIT/TIVE DETLIMINATION OF THE DIFFERENT STEZADINESS FACTORS.

From expressions (13) and (15)

b of

v
T

= &::ﬂ. (v)

Now, if we neglect the resisiting torque of the engine

c i
g = jg = u_)—%l_

in which P is the motive power of the engine.
We know that for a propeller having a dizmeter D

p_ = £(V/aD) & °D°

We have therefore:

P .

/ S m ) o
= £(V/uD)D° = 0.04 ~ xD°=0.06 4 xD 18
(V/nD)D w7 A= (18)

e
Y

in which n is the r.p.sec. and,é) is the usual characteristic coeffic-
ient of the propzslier.

On the other hand, if the engine has no steering wheel, as is the
case with most aviation engines, and we consider a family of propel-
lers differing only in pitch, we have approximately:

I=k71° (19)



Substituting for ¥ and I in expression (17) their values (18) and
(19) we have:

Ty 4 £(V/mp) = 0.1848 (20)
- "V 1

Now, practically, /57 varies between 0.C05 and 0.01 iy e ol
on the other hand, K for the usual two-blade propeller = 0.003 kg~
mass/o®; therefore:
*v 0.267 to 0.534 (23)
b I N
For N =4, »,/r, = 0.065 tc 0.130
Equation (16) may be written as follows:
Ty = T \/l + (rv/rc) \,/ 1 + 0.0042 to 0.017 = 7,

Frcm this study we may therefore concluds that:

THT STEADINESS FACTOR OF THE ENGINE SETS USED IN PRACTICAL WORK MAY
BE DETERUINED BY THE USUAL FORUULA THICH ASSUMES . CONSTANT RESISTING
TORQUE.

8 5, - VARIATIONS OF THE STEADINESS FACTOR FOR A GIVEN ENGINE.
It is useful tc taks into account the variation of the Steadi-
ness Factor for a given ergine as function of the angular speed and

of the power when the gas intake is varied.

We have demonstrated above that

w 2
r, =T, = = N(.:I
72 T
We may wlso admit that
e el ~t 2
AC=aT bbmi (22)
Therefore
3
o w

awtbd Pm;

which shows that ¥FOR A GIVEN ENGINE THE STEADINESS FACTOR DEPENDS ONLY
ON THE SPEED OF ROTATION AND POWER.




As an example we nave laid off (see Fig, 1), in the plans XV,
the group of characteristics at different gas admissions of a radial
type, 5 cylinder engine, of 60 indicated horsepcwer at 1200 r.p.m.
The r.p.m. are laid off on the axis of X, the iudicated powers ou the
axis of ¥, and the values of ry on ths axis Ofsa

The figure shows that the Steadiness FPactor is diminished when
the mumber of rsvolutions is reduced and the power increases.

The variation of the Steadinsss Factor ¢f an engine set composed
of the engine in question and a propsller would bs determined by plot-
ting the prcpelier curves P_ = f(n) in the plane XY for different
values of V/nD. If the mechanical efficiency L of the engine is
admitted to be constant, these curves would be of *the form:

3O \
By = A a0 (24)
2 ]

The value of 6 varies little for a propeller fitted on.a given
airplane; it increases slightly whern the cpeed of the =irplane de-
creases, as in a climb, for instanae.

Fig. 1 and formula (23) show that the Steadiness Factor of an en-
gine set mounted on an airplane decreases siightly when the incidence is
jncreased without any change being made in the gas intake, and in-
creases when intake incrsases, incidsnce remaining constant.

§ 6. - MINIMOM SPEED OF ROTATION.

The minimun speed of rotation is of practical importance since it
determinses the minimum thrust of the propelier, both in airplanes and
ships.

The minimum Steadiness Factor is equal to 1/2, since:
0.5 o)
« RO ke e = 1/2

& mex 'a) min &/ mex

> 3

For engine sets used on airplanes, we can igncre the term r.
and determins the Steadiness Factor by formula (23), substituting for
Pyy its valus in function of «/ drawn from formula (24).

The term r_ can only be of practical importance if we wish to de~
termine the characteristics of an engine fitted with 2 Renard fan-
brakes, ths determination to be made as fully as possible and at the
various rates of gas intake. Under these conditions, and esgpecially
for low rates of rotation and at full intake, [j becomes very large
and ry can no longer bs ignored (see Formula 20).
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Fig. 2 gives the values of Ty rc gnd r_ as furction of ) end
of C .* for a thvee cylinder enzins giving 30 HP at 12C0 r.p.m. (see

T R
Fig. %, Padc)
o We have ignorsd the variatiocn of the reduced mass, for the term
5 . N (025 M, v MD,\. = 0.7% of the itotal reduced mass.

We bawve teken into account the constant term of the resisting
englue tocrque (seo v.3). The formulas swployed for the Sieaainess
Factors are:

2
r. = B 2 (25)
c 2 &+ blus
2y
¥ . (26)
a + mei
" i

ry, = \/ 2 Wil

On the surface r,, = fin, Cmi) we nevs indiceted the curve AB ccr-
responding to the coefficient rp = 1.

Fig. 2 shows toat it would be easier to obtain low speeds of ro-
tatior with a fan brake absorbing much power, and that in such a case
the term r., is of real importance in INCREASING THE STEADINESS FACYOR.

*
In this case it is more convenieny to use Cmi vhan Pmi'

o The mirimun specd of rotaticon woald be zero on condition of employ-
ing a Banard far-bvake with infioitely large brake surfaces. This is
evidently a practical impossibility; and besides, we ave not well
acquaintad with the variation of the engine torque in very low speeds
of rotavion.
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