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THE FORCES AND MOMENTS ON AIRPLANE ENGINE MOUNTS

By Philip Donely
SUMMARY

A resume of the eguations andi formulas for the forces

and moments on an aircraft-enzine mount is presented. In .
2ddition, available experimental data have been included
to permit tne computation of these forces ani moments. A

sample calculation is made and compared withpresent de51gn T
conditions for ene&ine mounts. e o

INTRODUCTION - : )

In the ordinary desisn procedure for aircraft-engine
mounts, certain dynamic forces ani moments have been neg-
lected owing to the lack of information regarding the ve-
locities ani accelerations imposei in flight. The purpose
of the present paper is to present a summary of the equa- =~~~ -
tions and formulas for .these forces ani moments and to in- o
clude available information to enable them to be computed.

The problem of finding the forces anl moments on an
encine mount may be divided into three parts: first, the _ o
Aetermination of the gquallitative expression for the forcses T
and moments; second, the obtaining of data so that a quan- '
titative solution may be made; and third, the dAdetermination
of the conditions of critical forces and moments.

The development of the gualitative expressions in-
volves a consideration of the types of forces and moments
involved and these. of course, depsnd on the motions of
the airplane, or the flight conditions, as well as on the
operating conditions of the engine-propeller units. The
forces and moments on the engine mount may generally be ' T
classified as direct (thrust and torque) and induced (in-
ertia), Although all the induced forces are 6f the same
fundamental character, they arise from such a varlety of
causes that it is convenient further to classify them ac-
cording to source. The following classification and terms



2 N.A.C.A.

Technical Note No.

587

have therefore been adopted for the present paper to fa- - L

cilitate the analysis ani discussion:

Direct forces and moments!
A Thrust
B. Torqus

C. Air forces on engine
or cowlingz

induced forces and moments:

= A,

Those depsnding primarily
-on airplane motion

l. Due to linear
accelerations

2. Due to ansgular
accelerations

3. Due to angular’
velocities

B. Those dependineg primarily
on engine and propeller
(vibration)

C. Those depending on engine-
propeller motion acting
with airplane angular
velocities

1. Due to rotation ‘of
parts (gyroscopic)

2. Due to translation

of parts

QUALITATIVY RELATIONSHIPS

Most of the quaiitative relationships or formulas for .
involved are well known and
The following remarks,

the several forces and moments
need npot be discussed in Aetall.

&y force

Name
Thrust
Torque

Lift andt drag

a force
a force

centrifueal force

Not considered

g force

- -- B -
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however, are offered in order to clarify the final formu-
lag, which give the forces and moments along and about the
three principal axes of the_engine propelTer_comblnatlon

Thrust _and torgue.~ Thrust apd .torgue should, of
course, be considered in the engine-mount analysis. Their
values depend on the engine and propeller characteristics,
as well 28 on the flight condiftions, and may be found Dby
standard methods. The thrust is assumed to be along the X
axis.

Lift ani drag.- In radial engine installatlons the‘ )
1ift and "antidrag" or the X component of air force on the
cowling may be of sufficient magnitude to include in the
engine-mount analysis, For the .present these forces may
be estimated from the data of- reference 1l or 2 or from
wind-tunnel tests. . .

The &a forces.- The a forces arise from the accel-
eration of the airplane as a whole caused by the resultant
air force,

Ty =

R4
o

They may be resolved into components along the prlncipal
engine axes. c. _ Do

The @ forces and moments.- The & forces and mo-

ments arise -from the anzular acceleration of the airplane
about its center of gravity. The «a force ls glven by

Fa =

0| =
o~
a

where 1 1is the distance from the center of gravity of
the airplane to the center of gravity of the engine-pro-
peller combination and the moment by

Ma=1a
Gentrifugal force.- The centrifugal force arises from
the angular velocity, w, of the airplane about its center
of gravity and is given by . . o
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Yibrations.- Vibratory forces arising from unbalanced

engine parts, etec., are not inocluded 'in the formulas given
herein. The guestion of vibration 1€ condidered to be out-
side the scope of this paper, inasmuch as it is not normal-
ly dealt with in terms of forces that can' . be included in
the usual static-stress calculattfons. Certain periodic mo-
ments.due to the gyroscopic action of the propeller are,
however, included with the general considerarion of the gy-
roScopic phenomenon. . - - S

The g forces and moments.~ Gyroscopic cauples ariss

from the rotation of the propeller and certain parts of the
engine, both of which act in éonjunction with an angular
velocity of- the airplane. The equations for these couples
may be derived from mechanical pFinciples as Ziven in any
2ood textbook on mechanics. '(See refersnce 3.) Propellers
having three or more blades zive rise to nonoscillatory
couples for all practical cases as given by the egeneral

expression IS

Mg = I wp w

in which the subscript p differentiates the anzular ve-
loclty of the propeller from that of—the_airplane.

In the case of 2-blade propellers the couples are
osclillatory and, unlike 3-blade propellers, must always
be considered with respect to two axes even when the an-
gular veloclty of the airplane occurs. about only one axis.
If ¥ 1is the angle of the propeller blade from the XZ
Plane, the instantaneous momsnts arse

— -
Mg = -2 1 Wp W sin® ¥ . .
Mg' =2 1 Wy w sin.w_pog W-m
in which ¥ is the precessional moment of which the fre-

quency is equal to twice the propeller speed, and Mg‘ ils
the moment about the sxis of rotation of the airplane of
which the frequency is also twice the propeller speed.

The average value of H_! is zero; the average value of
M, 1is the same as the value of My for a 3-blade pro-
peller of the same polar moment of inertia.

il

1

Hi
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The g, fdrces and moménts.-~ The. gf fo;céé and

moments arise from the reciprocating motion of certain
engine parts acting in conjunction with angular veloclty
of the airplane. They are oscillatory in character and
small in magnitude. -In the. case of V-type and radial en-
gines, analytical expressions for the gy forces and mo-

ments generally cannot be determlined and the éblutions, .
if made, must be made graphically. In some special cases-,
expressions can bs given as follows.' . -

(1) Four-cylinder in-line enzina with cranks 180°

apart:
a 2
_ R RZ sin® ¢ :
Mg, = -2muRVg (\1 - L TEC 2—7>(s1n 36)
»
Fg, = 2mvcw% sin 2 6

(2) Six-cylinder in-line engine with cranks 120°
apart:

Mg, = g— VawmR [ (sin & - cos &) (1 + 2 sin® 6) ]

th = 0

In these eqhations the symbols used are defined as follows:
R, length of crank throw.

L, length of connecting rod.

Vo» crank speed 1n feet per second.
g, erank angle from top deal center.
m, reciprocating mass psr cylinder.

For an sngine of conventional desiegn of approximately
150 horsepower the maximum valune of the g moment would
be of the order of 20 and 30 foot-~-pounds for the 4- and 6-
c¢ylindier ensgines, respectively. Likewise in thesse two
cases the unbalancedl forces would be of the order of 4 and
0O poundis, respectlvely. : : coem :
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In view of the small magnitule and complex periodic
nature of the =& forces and"moments, they may properly
be neglected in static strese calculations of the enzine

mount. ) i ST, -

-

fotal forces ani moments. Summatlon of the 1mportant
forcese ani moments e£ives the total values ‘along ani about
the -three principal axes oricinating at the center of

gravity of the enzine:; By the use of the symbols Asefined
in table I, and followine the N.A.2.A. convention of signs

thesee forces and moments are:

X = ~ane+'ve:2 (re +qz)_+;7:;—e (—fxm -'!rlcp Ya) + T
Y = —ny ¥ + ?:h (F +r® + %? (e ; ® xy)
Z = —ngWg + To%a (p® + &) + E-e- (-a ¥, ¥ A xy)
. g & :
L = -Q -~ IXe o
M o= —IYek - Ip wr
N = —IZe P + Ip w g

In addition to the foregoling expressions for the vrin-

cipal forces andi moments on the engine, the ‘gyroscopic for
mulas may now be somewhat extended for the case of the 2-
blade propeller to include rotation of the mirplane about
both the pitchineg ani yawing axes. These formulas are:

M

e -BIp wlq sin y cos ¥ +r ein® )

N, =_ZIp w(; sin ¥ cos y f q cogz‘W)

QUANTITATIVE SOiﬁTION

Oritical flieht conditions.- The practical guantita-
tive solution of the engine-mount forces involves, first,

R Tl T EN

n

e
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a Belection of the critical, or most severe, conditions.
It is apparent that, since the normal component of the
resultant acceleration of "the airplane zives rise to the
most important single force on the engine mount, the se-
lection of the critical conditions reocuires primarily an
-appraisal of the magnitudes of the secondary forces in
cases where the norwal acceleration is a maximum or near-
ly so. Tnese cases ‘ars:

(1) ‘For acrobatic typcs'
a.. Abrupt pull up, powar off.
Q. Abrupt pull up, power on.
'c;'Pull out -from fast ilve, pcécf cff.
1. Puil;out froh faét divc, ﬁower on;
e. Inverted maneuvers. o

(2) 'Ncnacrobatic typec.
a. Low-speed gust coniificn.'

b. qiah—speed zust coniition.

In addition to these cases," there may be seome others
in which the normal acceleration may be comparatively low
ani the otherwise secondary forces may become of paramount
importance.” Ths most important coniition of this charac-
ter is the inadvertent spin of multiengine airplanes, in
which the centrifugal andl gyroscopic forces might be largse.

Of the foregoing cases, the power-off pull-up 1is less
severe than the power-on pull-up and may therefore be elim_
inated. The power-on pull-up, while commonly considered
to be a mansiuver only in the vertical plane, often involves
in practice an inadvertent angular velocity in roll at% peak
acceleration that may be equal in magnitude to the angﬁlar
velocity in pitch or to that experienced in a deliberate'
snap roll. It is therefore more severe than the snap roll,
since the normal accelerations are greater, ani the snap
roll nsed not be considered. . . . T

The dive pull-outs, although they 4o not necessarily
involve greater normal accelerations than the abrupt pull-
ups, have different conditions of engine speed and should
therefore be examined.
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Inverted maneuvers are sssentially of the same charac-
ter a3 normal maneuvers and may be treated as such, bearing
in mind the roverse directlions of sone of the pertinent
guantlities. : S

In the gust conditions for the nonacrobat1c types, the
minlmum flying weight is of principal concern. :

Quantitative data.- In order to obtain a quantitative
solution for the general equations in any given case, cer-
tain data concerning moments of inertia and velocities and
accelerations in the critical conditions must be availlable.
In the followineg data and equations, all angular velocities
and accelerations apply only to maneuvers, not to the gust
conditions for which angular guantities are not known bdut
may be important. In such cases, therefore. the designer .
will have to make conservative assumptions.

(1) Linear velocity:

The only linear velocity used is the veloclty along
the X axis that corresponds to the flight ¢ondition for .
which the analysis is made.

(2) Linear accelerations:

The force factor, or acceleration in & wunits, albng
the X axis may be calculated from the formula =

ny =_T_f D_coswa + L gin b.+ cos (Y + a)
. a - : ' ' ) ) i

where 7Y is-the flizght-path angle measured from the vertil-
cal, below, and positlive for a dive pull-out.

The acceleration along the T axis nay be calculated
in the game manner but, since the data and condltions ars
vague, it is better to assume a value for n.. The maxi=—
mum recorded value was approximately 2g on an F6C- 3 air-
plane (reference 4y,

t

The force or load factor alonz the Z axis is calou-
lated in the usual manner from the air speed, 1ift coeffi-
cient, and other pertinent data.

I
|
4

i
* il

i
Bl
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(3) Angular velocity:

The total angular velocity gq 1in pitch consists of
the angular velocity of the airplane about its instanta-.
neous flight-path center plus the rate of change of angle

of attack. Conservatively, neglectine the effect of grav—
ity
n do
- B2z, da
v dt

It is apparent that in maneuvers involving low rates of
change of angle of attack at peak normal-load factor, such
as pull-outs from fast dives, the seconi term in the ex-
pression is small and may evdn be negative; on the other
hand, in abrupt pull-ups at relatively low speeds, the
seconl term becomes of appreciable importance. In any
given case. however, the relative values of the first ani
seconil terms will deveni on the manner in which the ma-
neuver is performeil, which; of course, is affected to some
degree by the maneuverability of the airplane. Thus, in
figure 1, & considierable scattering of points 1s noted at
the transition from low to hiegh values of n,/V, with a
limited scattering in the mildi fast pull-outs ahdi in the
abrupt, lower .speed pull-ups, where, respectively, the -
first and second terms-of the expréssion for 'q predom-
inate. For design purposes the upper envelope of the o
points is .recommended.

Experimental dAata on the angular velocities in roll
and yaw are scarce; 1in - 'view of ‘this fact and considering
the relatively complex nature of the gqualitative relation-
ships for p and r, the following values based on avail-
able experimental data are suggested.for design purposes:

Maneuver ) 2 z
Abrupt pull-up Umax Unax -
Snap roli ngx'-' Upax ]
Spin Qma x zqma.x

Dive pull-out 0 .0
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(4) Anegular accelerations: )

The angular acceleration in pitch .can be:calculated
fairly accuratesly for the start of a maneuver such as a
pull-up but at the point of interest., namely, at--the peak
acceleration, the calculation .is extremely inaccurate ow-
ing to the introduction of daxping. The only theoretical—
1y correct way of determining the desired scceleration is
to solve the complete equations of motion.

Since such a procedure would be not only laborious
but also inaccuraste, as previously indicated, the follow-
ineg method. ls suggested for.design purponras:

1875 L&

Y, L

This formula represents the maximum value of A obtained -
on the P¥-§ ailrplane in an abrupt pull-up from level
flieht and assumes for any other alrplane that the anegular
acceleration in pitch is inversely proporiional to the mo-
ment of inertis and wvaries directly with the tall leneth.
Attenpts to elaborate on the foregoing formula have been
unsuccessful to date, owineg to the. scarcity of data that -
could be considleredi comparable with those obtained on the
P¥-9 airplane. It is -felt that the formula should egive-
congervative nesults for the abrupt pull-up condition, In-
spection of the P¥-9 dats leads to the conclusion that
the angular acceleration is negliglble for the dive pull-
out condition:

The quantitativq solution of angular accelerations in
roll anil yaw is even more difficult than the solution for
A and, 1n gensral, cannot be performed with suitabdle pre-
cision. Perhaps a reasonable, conservative assumption is
that the critical instantaneous values of extermal moments
in roll ani1 yaw are equal to those in pitch; then the an-
gular accelerations are inversely proportional to the mo-
mente of inertia about the axes in question.

= - Lot 2 at Ty ~IE

Moments of inertia.- The moments of inertia of the
airplane, &neine, and propeller may bve ieterminp& as setl
forth in thé& appesndix. -
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BEXAMPLE

The following example is given to illustrate the ap-
plication of the equations and data for the forces and
moments on engine mounts. A fighter airplane is used and
the analysis 1s given for assumed appliedi conditions for
Poth an abrupt pull-up with power on and pull-out from a
fast dive with power off. ’

Airplane . . . . . . . . . . F80-4 (reference 5):
Weieht . . . . +. ¢« « ¢« « . 2,600 pounds
Px 2 . . . . . . .. . . . 12.5 feet®
a L B
Py 2 + 4 v « + 4« . .« . . 20.0 feet®
. Ta _
Py 2 . . . . . 26.0 fest® -
a :
Iy « « « « « « .+« .. . 1,010 slua-feet”
a
a
Iy e+ & e s+ & 4 + + « « 1,814 slug-fest
a
Iy, + e e e e+ e e .. 2 2,100 slug-feet®
Engine . . « « &« « o+ « « + o Pratt & Whitney 1300
425 hp. at 1,900 r.p.m,
¥eight . . . « « « « « .« . B00O pounds
Ixe e « s+ s+ « + + « + . . BO slug—fseta
IY ¢« « « 4« 4« « v v « . . 25 Slug-feet?
=)
IZ - . . . . . . . 3 . Y 25 Slug—feetg
)
Propelier diameter. . . . . . 9 feet .
Ip « « v o v« v v o o . . 4.7 slug-feet
Weight . . . . . « « . . 70 pounds

Weight of propeller
plus engine . . . . . . 870 pounis



Xz

As

= =5.,5 fest y =0
= =4.2 feet y, =0
= 4,3 foet | y, = O

sumptions:

Co

nX = -1
ny = 0
nz = "8

Terminal velocity, Vt . s
Dy o o o &

Propeller speed
Wi ¢ o o
High-sveed level flight, Vi,
Propeller spsed at high
speed wr,
st . L] L] L [ 1] . « . n_ .

Tall length,

mputations: -

nZ/Vt . . . . . . . . . . . .
_ 1875 . 13

AEIETLRIEX 8 . . .

nz/VL . . . . . -. o - . . . . -

qt'_gﬁ terminal velocity . .

ar,

-  N.ATE.A. .Teéhnical Fote No.

~at high-speed level flight.

B&7 .

260 miles per hour

46,56 revolutions per
second

283 radlans per seconi

162 miles per hour

31.7 revolutions per
second

199 radians per second

33 square feet

13 feet

0.0308

8.05 radians per seconda
0.0483 "
1.C radiian per second

1,58 radians per sgecond
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Forces on N.A.C.A. cowling'(gstimated):

Cowling dimensions:

Note:

Outside diameter e e e e e 51 inches
e« « o s . 48 inches

Ingside diameter
Length ,; e o s
Projectedl area,

Projected area,

e 4 e e e 12 inches

frontal, S¢ 1.62 square feet

Antidrag coefficient at
- termlinal -wvelocity ... . . 2.0

Antidrag coefficient at

hizh speed

Lift coefflicient at terminal

velocity . e

Lift coefficient at high

speed . . . .

Antidrae load =

Lift force
Lift force =
Piteching moment

M = 0 at zero 1

plan Sp A 4.17 square feet .
. 8 P+ @ . L] . L] 2-0

o e 4. . 0
e e v e e 1.25

2.0 X 1.62 X 1/2pvt2 for dive pull-out
2.0 X 1.62 x-1/2vaa for abrupt pull-up
0 at Voo

1.25 X 4.17X 1/2PV;® for abrupt pull-up
due to unsymmetrical antidrag load:

ift
50

= 0.9 X 1.63 x —X 1/20V;® for abrupt pull-up

The foregoing
cowline and
magnitude o

calculations:.are for.an arbitrary
are included to show the relative
f the cowling forces and moments.
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Load Axis Existing Abrupt Pull-cut
ruales pull-up _i
1b. : 1b. 1b,
nZWe YA . 6,980 6,960 ° 6,960
2 e
Lift of cowling 2 0 ~-473 0
Total Z 4 6,960 7,387 6,360
Total Y Y 0 O 0
ny¥, X - 870 870 .
m - _ X - 800 ~-6056
Cowline antidrags X - 208 603
We X, . al
(a® + %) X - 365 155 _ __
&
N . . i
Totml X X - 2,543 1,023
moment- Axis Existing Abrupt Pull-out
rules pull-up
£t.-1b. FL._1ib. £4,-1b.
Cowling drag Y 0 ’ -78Q B o
Ipwr = Y "o  -1,290 T 0 o
Iy N Y o] -200 -200 _
e
Total Sy 0 ~2,270 -200
Ipwa g T o . 1,290 " 71,250

Q : X -2,360 ~1,180 300
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Periodic Axis Existing Abrupt Pull-ocut
couples rules pull-up
t.-1b. ft.-1Dh. ft.-1Db. -
2Ipwq sin® Vv 2 0 2,590 sin? ¢ 2,500 ein® ¥
2 2
ZIpuu-cos (U 4 0 2,590 cos V¥ 0 ]
2I_wq sin ¥ Z 0] 2,590 sin V¥ 2,500 sin V¥
i .
= cos V¥ cos Y cos
ZIpuu'sin v Y 0 2,590 sin ¥ 0
cos V¥ L cos V

In a comparison of the normal loads, it will be noted
immediately that, owing to the o« forces, the effective
normal-load factor =n, 18 7 ,387/870 or 8.80 g, as compared

with the present design-rule value of 8 g. In the case of
the X forces, there is no fair comparison available and
in the Y directlon in all cases the load is zero.

In the case of appliel moments the present rules recog-
nize only the engine torque, which is used with a factor of
gsafety of 2. Actually it is easily sesen that several other
applied moments are present, owing to gyroscopic action-and
the o moments, which will tend to add sufficient load to
make the present requirements unconservative.

A separate set of couples, which varies periodically
in magnitude, is present for the actual case and is of suf-
ficient magnitude to induce severs vibrations in the struc-
ture of an airplane. As explained in the text, however,'
these vibrations can be eliminated through the use of a 3o
blade propeller. _ =

The cowling force coefficients were estimated from
wind-tunnel tests and, as may be seen, the resulting forces
are of such magnitude and dlrectlon as to warrant their
consideration.

Langley Memorial Asronautical Laboratory,
National Advisory Committee for Aeronautics, - : —
langley Field, Va., December 10, 1936.
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- APPENDIX

Moments of inertia of airpiénes, encgines, ani propel-
lers:

1. Airplsanes:

Reference 8 zives a very complete set of tests on alr-
vlanes to determine the princlipal moments of inertia for an
airplane. Quite an accurate methoi is outlined in this ref-
erence. :

FPiegure 2 will serve for aporoximate calculations of
conventional military airplanes. It should not be used as
an accurate methoi dbut as a roush approximation.

2. TBrngines:

The followineg table gives the results of some touts. by
the Brreau of Aeronautics, U.S. Navy, for the moments of
inertia of single-row raiial engines:

sagize  leghn Tto l2e
T slug—ft.i Blug—fz;i -
R-1340-12 765 28.15 27 .55
R-1820-04 939 37.85 35.85 _
GR-1820-82 942 59.80  s9.87 -

As no similar data are available for twin-row or in-
line enzines, the following approximations are snugeested:

{(n) The radial ensgine, either sinele-row or twin-row,
can be assumel to be replaced by a homogensous Aisk of the
same mase and dAiauveter msnd s thickness equal to the Aistance
between the front of the forwari cylindere to the bvack of
the rear row of cyliniers.

() The in-line or V-type encine can be assumed to be
replaced by a rectangular homoseneous body of the same
over-all Almensions as the eneine.:

i
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These moments of inertia may be calculated by the
method outlined in reference 6.

4, Propellers:

Figure 3 gives the results of (unpublished) tests to
determine the moments of inertia of propelliers. The mo-
ment of inertia of the crankshaft (reference 7) is about
10 percent or less of the propeller moment of inertis and,
for the purpose of this paper, shonli be multiplied by the
gear ratio andi addeil to the propeller moment of inertia.
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g e -

TABLE I —
Force |{Moment Velocity Acceleration Moments of inertia
Axis|parallel| about Linear
to axig | axis |[LineariAngular (‘;g-units) Ansular| Airplane}Engine
_ X X L w P - Ny lo¢ IXa IXe
Y Y M v q ny A Iy, Ly,
Z Z N w r n @ I I
z Za_ Z,

%, distence along X axis from c.g. of airplane to c.g. of propeller L

x,, disvance along X axis from c.g. of airplane to c.g. of.engine

Xz, distance along X axis from c.g. of airplane to c.g. of prepeller-
engine comb&nation

y, distance along Y axis from c.g. of airpléne to c.g. of propeller
¥,,» distance along Y axis from c.g. of airplane to c.g. of engineﬂ_ﬁ L

¥, distance along Y axis from c.g. of airplane to c.g. of propellér—
engine combination '

z, distance along Z axis from c.g. of airplane to c.g. of propeller

z,, distance along 2 axis from c.g. of airplane to c.g._of engine -
z,, distance along Z axis from c.g. of airplane to c.g. of propeller—

engine combination

I,s polar moment of inertia of propeller o ) e R

W, angular veloclty of propeller in radians ver second
T, thrust | |

Q, torque

p, radiue of gyration : . c—
Subscript "a'" refers to airplane

Subscript Y"e" refers to engine
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Figure 1.- Angular velocity of an airplane in pitch.
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Figure 2.~ Radii of gyration of single-engined military tractor biplanes.
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