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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.
TECHNICAL MEMORANDUM NO. 543.

CALCULATION OF THE PRESSURES ON AIRCRAFT ENGINE BEARINGS.*

By 0. Steigenberger.

The area of the beéring.surfaoes plays a decisive role in
the calculation of the driving gear of aircraft engines. Aside
from the torsional rigidity of the crank shaft and its vibra-
tional charanteristics, the utility and life of an aircraft en-
gine depend largely on the bearings. An ample area of the bear-
ing surfaces is chiefly opposed by considerations of weight and
structural length, so that the begring load has to be carried
to its maximum 1imit.

For automobile engines we are generally limited to the de-
termination of the maximum pressures exerted on the d:iving gear
by the gas and by inertia. This suffices 80 long as only one
piston works on one crank. The development of aircraft engines,
however, produced engine types in which two or more pistons work
on one and the same crank. This made it necessary to determine
the resulting pressures more accurately and to give special at-
tention to the combined effect of several forces acting simulta-
neously in different directions in the same plane. -
We have to determine the maximﬁm pressure, the span between

the maximum and minimum pressure, and the pressure curve between

*"Beitrag zur Triebwerksberechnung von Flugmotoren," from Zeit-

schrift fur Flugtechnik und Motorluftschiffahrt, March 14, 1929,
PP 113-1233, ’
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the two pressures with respect to both‘time and location. This is
necessary in order to determine fhe dinensions of the bearings, .
to locate the maximum local pressures, and to obtain data for the
lubrication (determination of the points at which the lubricant
can be appiied).

Moreover, it is very important to know how the total pres-
sure is affeoted by variations in the revolution speed. A method .
is needed which will enable the constructor to determine, without
repeated tedious calculations, the course and variation of the
pressure under different conditions of opeiation. For aircraft
engines the three principal operating conditions are idling speed,
cruising speed, and diving with engine stopped. It is élsb desir-
able to know the effeot of the transition from cne condition: to
anothéf. _

In what follows, we will discuss a method which affords a
goodiidea of the oourse_of the pressure for the above-mentioned
Opergtingvoonditipns, The pressures produced in the driving gear
are of three kinds,‘ngmely,_the pressure due to the gases, the
preséure due torthe inertia of the rotating imasses, and the pres-
sure due to the inertia of the reciprocating masses.

It is assumed that only gas pressures corresponding to the
normal indicator dizsgrem occur at idling speed. For the investi-
gation 1t is expedient to take them at their full value, though
in reality they are somewhat smdller, due to the imperfect mix-

ture. The inertia forces are disregarded because of their small-
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ness and their favorable effect.

At cruising speed tie full gas pressures and the inertia
pressures work together corresponding to this revolution speed.

In diving only the inertia forces at the diving.revolution
speed, which can be assumed to be 20-35% above the cruising speed,
are taken into consideration. The engine works like a pump, but
the resulting pressures, opposed to the inertia pressures, are
disregarded, because they are relatively small.

In the investigation,‘the gas pressures can therefore be as-
sumed to be constant, as independent of the.revolution speed.

The inertia pressures,»on the contrary, are dependent on the rev-
olution speed and vary in the ratio of the squares of the same.
In the determination of the bearing pressures, it is therefore
expedient to consider the gas and inertia pressures apart from
one another.

The method will first be explained for the simplest case,
when only one cylinder works on one crank., The crank oircie is
divided into 24 equal parts of 15° each, starting from the upper
dead center. The divisions are numbered from 1 to 84, the points
for the third and fourth strokes being designated by 1' to 24'.
With reference to the driving-gear constants, T = crank radius,
1 = connecting-rod length, and A = connecting-rod ratis, the
tangential and normal components of the gas pressures on the
crank pin are determined in the usual way from the indicator dia-

gram. The normal components work in the direction of the crank
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web, and the tangential compeonents perpendicular to it (Fig. 1).
For the deterrination of the inertia pressures, the weights
of the rotating and reciprocating massed and the weights per
square centimeter Jf the pistén area must first be determined.
The inertia pressures from thg rotating masses are given by the

formula

Py = % T w2

in which m represents the Totating masses and f the area of
the piston. The pressures from the rotatihg masses_aot in a nor-
mal directieni

- For the pressures from the reciprocating masses we have the
formula

r @? (cos a + cos 2 @).

ol S

Pp =

Their diagram, as baséd on the piston stroke, is plotted in the
usual way (Fig: 2) and resol%ed into normal and tangential compo-
nents the same as for gas pressures (Fig. 3). The tangential
ferces, therefore, are the tangential compenents of the gas pres-
sures, the nofmal components of the inertia pressures from the
reciprocating masses, and the inertia pressures from the rotatiné
masses.

In order to obtain a good idea of the effect of the séparate
pressures, it is expedient to refer all the pressures ﬁo the
crank pin at rést and to plot them as vectors proceeding from the

crank pin. With reference to the three above-mentiened operating
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conditions, the separate pressures are plotted gccording to their
origin,

The tangential and normal components of the gas pressures
~on the crank pin are first combined. The separate rgsultants
(here equal to the connecting-rod forces) form vectors which vary
in magnitude end direction. If their end points are connected,

a closed curve is obtained as shown by.the dash line in Figure 4.

In like manner the total inertia pressures are plotted from
the rotating and reciprocating masses (Fig. 5). Here also a
closed curve is obtained, which is naturally repeated in the
four-stroke cycle. Since 2ll inertia forces vary as the square
of the revolution number, the direction of the vectors remains
the same for all revolution speeds. Hence it is only necessexry
to enlarge or reduce each vector in the ratio of the squares of
the revolution numbcrs in order to obtain the new pressure dia-
gram. These pressure diagroms cre similar for a2ll revolutlon
specds.,

While the gas-pressure curve alone gives on idea 6f the
coursc of the pressurc at idling speed, the curve of the.inertia
pressures shows the course of the pressure in diving. It still
remains to plot the pressure dicgram for the cruising revolution
speed. This is accomplished very simply by adding geometriéally
the individunl vectors of the inertia-pressure diogram to the

.
vectors of the gas-pressure diggram. The combined resulting new

vectors zive the pressure diagram for the cruising revolution
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speed. This combination is plotted in the upper part of Figure 4,
where 2ll the forces acting on the crank pin are taken into ac-
count. |

It is expedient to plot the inertia-pressure vecters as
lines, ginoe on them lie the end points c¢f the resultants cof all
the other cruising revolution speeds. Since the gas pressures
mzy be assumed to be constant, it is cniy necessary to calculate
the inertia pressures corresponding to the revolution speed asA
given above ocnd plot them on the inertia-pressure vectors, in or-
der tb cbtain the pressure diagram for any revolution speed. In
most cases only @ few values are necessary to obtain the dési:ed
information.

As was to be expected, at the revolution speed n = 3400
TaPelle, the maximum preséures‘(points 24, 1' and 2') come from
the inertia pressures at the end odf the second and beginning of
the third stroke.

The outermost tangents from the crank pin center on the curve
enclose the angle within which the vearing pressures act on the
crank pin. We can determine the location of the maximum pressures
and therefore the points where the lubricant must be applied,
which is led through the crank shaft to the connecting-rod bear-
ings.

foreover, if we wish to determine the load on the connecting-
rod bearings, it is only necessary to calculate the scale of the

pressures. The conversion coefficient is obtained from the in-
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verted ratio of the piston areg to the orea of the connecting-rod
bearing. The points of equal load lie on circles around the
crank pin center. These are plotted for a given case in Figure
4, The moximum mean pressure lies between 50 and 55 kg/cm®, be-
cause for a crank angle of 370°, the pressures lie in the field
of these eduidistants.

The above example refers to a case where only one connecting
rod acts on one crank. It shows that the customary calculation
method, which takes account of only the maximum explosion pressure
or the maximum inertia pressure, is entirely adeqﬁate. The method
here proposediacquires its importance first in the consideration

f engines having rmoTre thon one cylinder for one crank.

If it is assumed that the connecting rods of these engines
are all alike and act directly on the crank pin, the method 1s
quite simple. We deteranine the gas and inertia pressure Cconpo-
nents for one cylindecr, find the crank positions from the ignition
sequence cnd add the corresponding normal and tengential cowupo-
nents of the individﬁal cylinders olgebreoicelly, since théy are
21l referred to the crank pin. The different pressure diagrons
zre then plotted just the sane as for a one-cylinder crank.

In 0s%t receht engines with two or imore cylinders working
on one crank, only one connecting rod, cclled the "master connect-
ing Tod," ccts directly on the crank pin, while the connecting
rods of the other cylinders, called "articulated connecting rods,"

are hinged eccentrically to the master connecting rod. The pointé
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of articulation do not therefore descrive circles, but curves of
o more or less ellipticzl shope. For these curves the known
equations of craenk drive no longef hold good, but must be replaced
by others. Heither thelstrokes, piston speceds nor piston accel- |
erations equal those of the naster rod. It also follows that
the angle between the ignition point and the dead center like-
wise differs for the different cylinders. No simple method for
calculating the wost favorable articulation has yet been devised.

In practice one seeks mathematically the smallest structur-
ally allowable articulation radius and angle, which is generally
not equol to the éylindér dngle. The effect of the stroke dif-
ference on the compression ratio is offset by slight differences
in the articulation radius, since it is preferred to have all
~the articulated connecting rods of the same length. As regnrds
structural reqﬁirements, only coupromises are possible, which
generolly necessitate different articulation rodii and angles.
We ore interested in the eifect of this eccentric articulation
on thc inertia pressures and will occordingly give a method for
obtoining the equation for the piston acceleration with an eveen-
tricolly articuloted connecting rod. We shall use the following
notations:

T crank radius;
1 1length of master connecting rod,

p articulation radius of articulated comnecting rod,
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1" length of articulated coﬁnecting rod,

o crank angle

B angle of deviation cf the master connecting rod,

Bx "\ L o " grticulated " "

Y cylinder angle,

o) al*tir;ulation angle of the articulated connecting rod.
The distance of the pistcn pin from the center of the crank

shaft at the time is designated by =x.
x=Tcos (Y —a) +p cos (¥ - 86 +B) + 1' cos B4.

If we remember that sinf = A sina and put ¥ -8 = ¢
we then have, after several transformations for x accerding te

the binomial theorem and disregarding the quadrétic terms

X =Tcos¥Y cos a+ 7T sin? sin a +

' P . . .
+poos€-—2->\2 cos € sin® @ — p A sin € sin a +

o . . P L . a2
[r sin¥Y cosa-r cogY sina+p sms——g— X sine sirPa+p Acose sinaj

+1'-
' 2 1

For simplifioation, if we put

T sin¥Y = a p cose =d
T cosY =D %Kg cos € = e
'p sin€ = ¢ o Acose =1

% X sine and OMNsin € can be disregarded, since they are

very small. Then
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X =bcos o+ asina + d - e sin® a +

[a cosa — b sina + ¢+ f sin a]®

!
ol PRA
2
:_(ﬁf_grl_'b_)_+e\j.sin2a +<a.'__c__(il;:_;b_2\gina._
as 2 a ¢\
- 27 _ cpgr a + (b - &=V -
27 ( T
_alf-">o ; c?
"”LjT*““l sina cosa + 4 + ! -5 -

The first deduction from this equation gives

ds _ dx d& _,, 4x

dt = da at da

If we now put

_((f-—-b)z_’_e\:u- (b_.@'_.g\:q;
g 1 J ’ = v/
c V) _a _ e
(a—‘i—'- (f-—b))-—- t, Tr (f D) 0,
2 2
- ﬁ%r = 8; a+ 1t - 8%' = k*';
then .
X = u sin®a + t sing + s.cos®a + g cosa+t
+ o sina cosa + k!
and ’

v = w (%t cosa+ 0 cos 3a — q sina - (s - u) sin 2a).

The second deduction gives the piston acceleration:

t:@c:@— _d_:_g_': .
dt da at da ’?

o’
Il

w3(- g cosa - 2 (s - u) cos 3a - t sina - 30 sin®a.
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The coefficients of the acceleration equation are

q = %T (1' r cosY - r p sinY sine);
2(s - u) =ll—,- (r2 cos 3Y + P® N2 cos2¢ + 1' p A2 cose -
- 2P NT cosc cos YY)
1 . . P A . . )
t = 7T ' r sin¥Y - 5 sin 3¢+ P N sine€ cos ¥ ;
20 = %T (2 v p A sin¥Y cose - r? sin 2 Y);
If we put :
&:u and Z,':.E
[ L
then
q=4 <% cos Y - r sin ¥ sin e\;
J
2 (s -u) = (%i cos 3Y + p A2 cos? € +
s -
+ P A cCos € — @ AT COS € COS Y>;
t =4 (% sin Y - EEA gin"'2 ¢ + T sin ¢ cos ¥ );

2

20 v (Br A sin Y cos ¢ - %— sin 2Y);

Lastly we put

- g; p X =i AT = j;

=R

re _ . P A2 _ . oA _ ..
TP poo E >
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and the coefficients are simplified to

A ;'; & Q=-(gcosyY -1 sin¥y sin €);

B = _ ﬁ (s —u) =—-(hcos3Y + icos® ¢ + k cos € —
- j cos € cos Y);,

C=- % t = - (gsin¥Y - n sin® € + r sin € cos Y);A

D=~ ﬁ o =-(h sin42'Y - j sin Y cos €)

and the piston acceleration becomes

b=w?p (Acosa + Bcos3a + C sina + D sin 3 a);

square--
The accelerating and retarding forces per/centimeter of the

piston area are then determined from the equation

p=2w0’p (Acosa+ Bcos 3 + C sin a + D sin 2a).

i

At first thought this equation.for the more general oasev
appears very troublesome on account of the coefficients. Such
is not the case, however, since some of the coefficients drop out,
and the calculation is further simplified by the use of tgbles.
The values obtained With the aid of this equation give, when
plotted against the piston stroke of the articulated connecting
rod, the inertia-pressure diagram for eccentric articulation.
Figs. 6 and 13 show these diagrams for a V engine and for an X
engine. The resolution .of these pressures into their tangential
and normal components has to be done mathematically (Figs. 7 & 14).

Exactly the same method is followed with the pressures from
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the gas forces whereby, for simplification, in order to be able
to use the same indicator diagram, the piston stroke -of the ar-
ticulated connecting rod is reduced to that of the master con-
necting rod.

| Lastly, all the pressures.are represented in vector diagrams.
Figurés 8 and 15 are pressure diagrams for pure inertia pressures;
Figures 9 and 16 for pure gas pressures (idling speed) and the
total pressﬁres at cruising speed.

It still remains to determine how great the effect of the
eccentric articulation is in comparison with the central articu-
lation. We will therefore investigate both cases for an X en-
gine and for a nine-cylinder radial engine.

For the X engine (Figs. 13-17) it was found that the inertia-
pressure diagram suffered considerable distortion. This was the
greatest for the normal compenents, even the absolute maximum
pressures showing increases. For the gas forces the disfortion
is not so great. At the revolution speed, when all forces work
together, the maximum pressuies remain almost equal, and the
variations in the normal gznd tangential directions are not very,
important. |

' The effect of the eccentric articulation is much greater on
the radial engine (Figs. 18 and 19). While in the central artic-
ulation the tangential components of the inertia forces of the
first and second order disappear and the hormal components remain

equal and in the same direction with reference to the crank shaft
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so that they can be eliminated by a revolving counterweight, it
is found in eccentric articulation that there are inertia forceé
which cannot be balanced by counterweights.

The course of the gas forces alone show considerable varia-
tions. The effect of the eocéntric articulation is espeoially
,notioéable at the normal revolution speed. The course of the nor-
mal and tangential pressures shows much greater variations. Of
especial intérest here are the tangential pressures which deter-
mine the torsional curve; While, with central articulation, the
taﬁgential pressures vary between 6.75 and 14.3 kg/cm?, i.e., by
7.55 kg/cm? = 64.5% of the mean pressure, the variation, with ec-
centric articulation, is 16.96 - 4.36 kg/cm® = 12.68 kg/cm? =
108% of the mean pressure. The torque is fherefore considerably
less uniform; the period of the first harmonic extends over ?200'
instead of 800, and consequently all the critical revolution
speeds are considerably altered. Moreover, the lateral pressure
of the pistons is increased, and the master connecting rod is
stressed by additional bending moments, which alsc increase the
lateral pressure in the main cylinder. Hence it follows that
the effect of the eccentric articulation must be taken into ac-
count in radial engines.

In short, it may be said that the effect of the eccentric
articulation can be disregarded for the first draft, in which it
is only hecessary to determine the order of magnitude of the

pressures to be expected. A normal diagram for all engine types
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will suffice for the gas pressures, beoauée the connecting-rod
ratio is of subordinate importance so long as it remains within
the usual limits. This greatly simplifies the investigation,
since the pressure diagrams need to be plotted only once and can
then be combined as desired.

In the above methods all the forces and pressures have thus
far been referred to the crank pin at rest, for which, along with
clearness, the viewpoint was also decisive that, for the connect-
ing rod bearing, the lubrication was mostly effected through the
crank pin. PFor certain cases, especially when the articulated
connecting rods are hinged to one master connecting rod, it often
appears important to know the direotionAand magnitude of the
crank-pin pressures with réspect to the connecting rod at rest.
The pressure diagram can be easily obtained by considering the
master rod stationary and by turning fhe vector diagram of the
crank-pin pressures 15° at a time about the crank pin. The rela-
tion of the corresponding points of the diagram to the connecting
rod are thus determined. A new closed curve is thus obtained,
which shows the course of the pressures with respect to the con-
necting rod. We can thus arrive at important conclusions for the
location of the dividing line, the loading of the bearing cover,
the direction of the pressure change, the delivery of the lubri-
cant to the articulated connecting rod, etc. Figure 10 shows the
pressure diagrams for a V engine for both rotational directions

of the master rod.
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It still remuins to determine the pressures on the journals.
This is done by turning the oorrésponding vectors of the two vec-
tor diagrams of the crank-pin pressures of adjacent cranks by the
amount of the crank angle in opposite directions and adding the
vectors geometrically. The correspondence fecllows from the order
of ighition. It should here be noticed that the pressure scale
changes, e«sges, 2 ¢ 1 at n + 1 journals for n cranks.

For the main bearing it is generally preferable to determine
the preésure distribution with respect to the bearing itself or
with réspect to the crank case. For thils purpose we use the same
method as for the pressure determination. of the connecting rod.
We make the vector diagram of the journal pressures circle around
the journal and plot the separate points of the curve in their
relation to the bearing. This was done in Figure 11 for the
front and rear bearings of a 1l2-cylinder V engine and in Figure 13
for the middle bearing of the same engine. Here also the gas
pressures (idling speed) and inertia pressures were determined
separately and then combined in the pressure diagram for the nor-
mal revolution speed. Moreover, the equidistants of the wing
loading were plotted ¢n both diagrams. It can be seen exactly
where the lubricant must be applied.

In conclusion, attention is called to the fact that the
method here presented for representing the pressures in the driv-
ing gear does nct show simply the magnitude and location of the

individual gas and inertia pressures on the piston pins and jour-
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nals, dbut also furnishes en indication of the utilization of the
@riving gear, i.e., the ratio of the useful pressures (tangential)
to the force-consuming pressures (normal préssures). Only the
tangential pressures need to be vlotted, in order to obtain the

torque curve rfor the determination of the degree of irregularity.
Summarzry

We first described a method for determining the pressures
developed in the driving gear of a crank-Griven engine. This
method gives a good idea of fhe gas and inertia pressures at var-
ious revolution speeds. Since two or more oylindérs work on each
crank in most aircraft engines, the equation for the piston speed
and acceleration was-developed for the case of an articulated
connecting rod hinged to a master rod. The effect of the eccen-
tric articulation was investigated on an X engine and on a 9-cyl-
inder radial engine on the basis of the pressure diagrams for
central and eccentric articulation. The crank-pin pressures, Tre-
ferred to the crank pin and to the reciprocating master connect-
ing rod, were determined for a l2-cylinder V.engine, and from
these pressures the journal pressures were determined with respect
to the journal and the main bearing.

Translation by Dwight M. Miner,

National Acdvisory Commititee
for Aeronautics.
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