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RADIAL AIRCRAFT-~ENGINE BEARING LOADS
I - CRANKPIN-BFEARING LCADS FOR ENGINES HAVING
NINE CYLINDERS PER CRANKPIN

By Milten C. Shaw and E. Fred Macks

SUMMARY

Dimsnsional analysis and the principle of similitude are
applied to the computation of the crankvin-bsaring loads of radial
engines having nine cylinderg per crankpin. A method of gener-
slizing the results of a relatively few conventional load analyses
is developed to determine crankpin-bearing loads under a wide range
of operating conditions. Charts are presented that give the maximum
and mean crankpin-bearing loads for a production engine at all values
of engine speed to 5000 rpm and at all valucs of indicated mean
effective prossure to 500 pounds per squarc inch. By use of speed
and load correction factors those charts may be readily applied to
all enginss having nine cylinders per crankpin, and to illustrate
this extended usc two other production engines arc considered. The
individual effects of the several enginc dimensions (reciprocating
weight, rotating weight, connecting-rod length, stroke, bore, and
compression ratio) upon the crankvin-bearing loads are determined
and discusscd.

It was found that optimum combinations of engine specd and
indicated mean effcctive pressure cxist for which the mcan and maxi-
mum crankpin-bearing loads are minima for a given power, but such
combinations lic in an impracticable operating rogion. The maximum
and mean crankpin-bearing loads in the practicable region of opera-
tion are decreasecd by an increasec of indicatecd mean effective pres-
sure or campregsion ratio. Polar diagrams of bearing loads show
that the shock load and the range of stross imposcd on a crankpin
becaring increascs with incroascd indicated mean effective vressure
and comprossion ratio,
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INTRODUCTION

The influence of indicated mean effective pressure and engine
speed on the maximum and mean loads acting upcn the principal
bearings of an aircraft engine is important in both the design and
the operation of the engine. In addition, the effects of recipro-
cating or rotating weight, connecting-rod length, stroke, bore, and
compression ratio on the bearing loads are of interest.

In 1919 Burkhardt (references 1 and 2) devised a method of
computing internal-combustion-engine bearing loads. This method was
anplied to a crankpin bearing of a radial aircraft engine by
Prescott and Poole (reference 3) in 1831, Inasmuch as the conven-
tional computation of beering loads is tedious and time consuming,
several approximate sclutions have been proposed (references 3 to 8,
but none of these methods are entirely satisfactory.

A scheme for generalizing a relatively few conventional _
bearing-load analyses hag been applied to an in-line engine. (See
reference 6.) With this methed, a few bearing-load computations may
be extended to obtain charts that give the mean and maximum bearing

load at any combination of engine speed and indicated mean effective
pressure. :

This method has been applied to the radial-type engine to
illustrate further the generalized treatment and load charts are
presented herein for a production engine, which will be “designated
engine A. In order to demonstrate the applicability of the charts
to other radial engines having nine cylinders per crankpin, two
cther production engines, designated engines B and C, are also
considered.

THECRY

The dimensiocnal method of reasoning presented by Buckingham
(reference 7) has been annlied to the generalization of V-type
engine bearing loads in reference 6. The significant variables
that may affect a radial-engine bearing load are:
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Symbol Variable Dimensional Relation
formula
N Engine speed, rpm 71 Independent
p Indicated mean effective pres- FL"2 Do.

sure, pounds per square inch

Lg Stroke, inches L Do.
W Crankpin bearing load, pounds F g
My Reciprocating mass per crankpin, Frég 1 Ty
alugs
x : e ik
Mq Rotating mass per crankpin, slugs FI'L T,
D Diameter of bore, inches L g
Lp Length of master connecting-rod L e
' length, inches
Py Manifold pressure, pounds per it e
gquare inch absolute
i Compression ratio None Ty
6 Crank angle, degrees memdOm T,
n Number of equally spaced cyl- ——}do ~~~~~~~ ue]

inders

The notation used throughout the report is recapitulated in appen-
dix A.

If the engine speed, the indicated mean effective pressure, and
the stroke are taken as the independent variables, an application
of Buckingham's = theorem (reference 8) yields the following equa-
tlon:
2

a
M. N° M_N R
s ) D
W = LS2 p;4<']' I —g, B n) (1)

LS 1) Z LS P LS, i—él D

where () is some function of the nondimensional quantities within
parentheses.
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A similar squation may be derived for the direction of the
resultant bearing loed. In addition to N, p, Lg, My, M,, D,
Igs Py- T, 6, and n, the direction of the resultant bearing
load is affected by O, the angle (in deg) between the axis of
cylinder 1 and the resultant bearing load in the direction of rota-
tion.

When engine speed, indicated mean effective pressure, and mean
stroke are taken as independent variables, and Buckingham's =
theorem is applied, the following equation is obtained:

My N7 M, BT p Ip py
o= Q' TR  C kAL e R ey D’ r, 8 n (2)
P - SIS

where (' is some function of the nondimensional quantities within
parcntheses.

I tho indicated mean effective pressure is assumed to be pro-
portional to the menifold pressure, equations (1) and (2) simplify
to the [ollowing expresaions for a specific engine:

W=1pQ ‘E;, ?) (%)
o N\
" NH
oo (5% 9 i

Equation (3) establishes the fact thet, if W/p 1is plotted against
NL/p at a constant value of crank angle, a smooth curve will be
obtained. Similarly, equation (4) states that, at a particular crank
anglc, a specific relation exists between the angle ¢ and Na/p.

Prescott and Poole (roference 3) stete that the effect of
articulation of a radial engine may be neglected in computing

bearing loads and all connecting rods may be considersd to intersect
the center of the crankpin. The inertia und gas forces at all cyl-

( inders are alsc assumed to be equal. They cite the fact that an
cxact analysis, which cocnsidercd articulation and the small differ-

¢nces that cxist from cylinder to cylinder +took one man 9 months

to complete and did not diffor from the equivalent simplified con-

ventional analysis, which may be made in from 2 to 3 days.

The following equation from reference 3 (with a change of nota-
tion) is an expression for the resultant incrtia force acting on the
crankpin of a radial ungine having five. sc¢ven, or nine cylinders:

L R R T PP P R
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it b L. N8
=B IS { 1L il S ]

Wy =884 X 107 — N etz +ulais JFi {5)
where ' )
Wa resvltant inertia force due to all rotating and reciprocating

mass that acts upon crankpin, pounds
Fe rotating weight per crankpin (contributing to centrifugal

force), pounds

Py reciprocating weight per cirankpin (contributing to inertia
force), pounds

This resultant inertia force is also reported to act with the same
direction and sense as the corresponding rotating-weight componernt
(that is, radially outward along the crank axis)., Equation (5),
which is dsveloped in appendix B, is important in that its use con~-
giderably simplifies the computation of crankpin-bearing loads and
it is a good approximation for radial engines having 5, 7, 9, or
11 cylinders.

The method used in this report utilizes equations (3), (4), and
(5). A polar diagram of resultant gas force is first determined,
for any convenient indicated mean effective pressure, in the usua
manner by adding vectorially the gas forces of the individuval cyl-
inders. Because of the inherent symetry of the radial-type engine,
only the crank-angle interval from 0° to 720°/n need be considered
and, therefore, in this report only those events occurring at crank-
angle valuss from 0° to 80° are investigated. The resultant
inertia-force circles corresponding to a number of engine speeds are
then obtained from equation (5). Curves of resultant bearing load
are obtained by the vector addition of corresponding resultant gas-
force and resultant inertia-force components. Equations (3% and (4)
may be used to plot W/p against Nz/p end O against N¢/p for
each value of crank angle investigated. These plots are applicable
not only to the value of indicated mean effective pressure for which
they were derived but to all values of indicated mean effective
pressure. The mean load may be generalized in the same manner from
determinations made at a single value of indicated mean effective
pressure.,
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APPLTICATION OF TEE DIMENSIONAL-ANALYSIS METEOD TO ENGINE A

Conventio-nal Computaticn of Crankpin-Bearing L-ads

The gymbols and conventions used n this ajulication are
def'ined in the preceding sectiovn and in figure 1 and are recanitu-
lated in append.x A, Specifications for engine A are given in
anpendix C, and sketches of the comnecting-rud and the crankshaf't
arrangement are shown in figures 2 and 3., resvectively  Throughout
this report, a crank angle € of 0”7 refers to the tos-center nosi-
tion of the piston in cylinder 1 at the beginning of the expansion
gtrcke.

The indicated meen effective vressure corrssponding to rated
take-of f power (245 lb/sq in.) was emnloyed in this analysis. The
standard cycle--indicator diagram for this condition (fig. 4) was
constructed according to refsrence 5, using exoonents of 1 37 for
both the exnansion and the compressicn curves, a diagram factor cf
0,80, and a maximum gas prossiure equal -to 75 percent of the computed
maximum.

The gas force at any value of crank angle g equal to the pro-
duct of the corresp-nding value of the v»ressure from the indicator
diagram and the piston area. The rec:i rocating inertia force at
any crank angle s equal to the »roduct of the reciprocating mass
and the piston acceleravion. Values of acceleration may be found
in Bmith's compilation - f piston accelerat cns (reference ¢). The
resultant load acting on the »iston pin parallel to the cylinder
axis is obtained by algebrazically add.ng the gas force and the
reciprocating inertia force. This resultant load, when multiplied
by the secant of the angle ¢ (fig. 1) g.ves the force acting
along the connecting-r.d axis.

The centrifugal force acting on the crankpin ma) be comjuted
from the values of the rotating mass, the crank throw and the
engine spsod. By the meth d given in reference 3 the resultant load
acting on the crankpin at any narticular crank angle is obtained by
the vector addition of the centr'fugal force and the nine forces
acting along the cylinder axes (each of which is composed of the
algebralc gum of the gas and reci rocating inertisa ferces) with
account taken of the firing order of the engine. BSuch vectors con.
stituting the resultant crankpin bearing load 0D at a crank angle
of 20" are iaboled OA and numbered 1 to ¢ in figure 5, which is a
revresentat.ve polar dlagram of forces acting on the crankpin with
respect to the engine axis for an engine srecd of 2530 rom and an
indicated mean effective pressure of 245 pounds er squarc inch




NACA ARR No. FSHO4 7

; Tn the application of the method of this report it is more
convenient to determine the resultant of the nine individual gas-

] force components and add this vector to the resultant inertia force

| vector (from equation (5)). This method is also illustrated in fig-

| ure 5 for a crank angle of 20° where OB is the resultant inertia-

‘ force vector, OC is the resultant gag~-force vecter (composed of

‘ the nine individual components numbered 1' to 9'), and OD is again
the resultant load on the crankpin obtained by the vector addition

\ of vectors OB and OC. The resultant gas-force curve and the

rotating inertia-force and resultant inertia-force circles are also

ghown in figure 5.

Generalized Load Charts

Maximm bearing loads. - Resultant inertia-force circles were
\ constructed from equation (5) for a number of speeds corresponding
to values of Nz/p from 0 to 50,000. Resultant bearing-load

vectors were obtained by adding vectorially values of resultant gas
force for an indicated mean effective pressure of 245 pounds per

g * square inch (from fig. 5) to the corresponding resultant total

l inertia-force vectors (from equation (5)). Such data are plotted

‘ in figures 6 and 7 according to equations (3) and (4) with crank

angle as the parameter. The gsolid portions of the curves (for

crank-angle values of 20° and 50°) of figure 6 correspond to the

maximum value of W/p over the entire range of NZ2/p shown.

A useful chart (fig. 8) for determining maximum crankpin loads
is obtained from the curves of figure 6. The line OA represents
the locus of optimum combinations of speed and indicated mean effec-
tive pressure for which the maximum bearing load at a given power
level is a minimum.

The bearing loads determined from the maximum load chart for
the conditions of (1) take-off, (2) take-off engine speed and
10 percent above take-off indicated mean effective pressure, and
(3) take-off indicated mean effective pressure and 10 percent above
take-off engine speed are given in the following table:

Condi-{Indicated |Engine{Maximum| Maximum
tion {mean effec~|speed |bearing| unit
tive pres- |(rpm) }load bearing
gure (1b) load®
. (1b/sq in.) (1b/sq in.)
I 245 2500 189,500 3920
2 270 2500 {39,000 3860
3 245 2750 148,500 4800

aThe effective projected bearing area was taken
as 10.1 sq in.

T S S - o
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Mean bearing loads. - The mean load W acting on the crankpin
bearing was determined by plotting W against crank angle, using a
planimeter to obtain the average height of the curve, and was used
to obtaln figure 9 in which ¥W/p is plotted against N2/p.

A convenient chart (fig. 10) is obtained from figure 9 by
plotting indicated mean effective pressure agalnst engine speed with
mean bearing load as the parameter, The use of the mean load chart
is illustrated In the following example. The bearing loads for the
previously tabulated three conditions are as follows:

Condi-|Indicated |Engine{Msan Mean
tion |mean effec-|speed |bearing|unit
tive pres- |(rpm) |load bearing
gure (1b) (load?
(1b/eq in.) (1b/sq
in.)
il 245 2500 133,000 3270
2 270 2500 {31,500 3140
3 245 2750 {41,500 4110
@

he effective projected bearing area was
taken as 10.1 sq in.

Polar diagrams. - A polar diagram cf the resultant crankpin-
bearing load may be obtained for any combination of englne speed and
indicated mean effective pressure from the curves of figures 6 and
7. Representative polar diagrams with respect to the engine axis
(fiz. 11) have been constructed for the following four power con-
ditions:

Indicated [Fngine{Indicated
mean effec-|speed lhorsepower
tive pres- |(rpm)
sure '
(1b/8q in.)
0 2500 )

150 2500 860

250 2500 1440

350 2500 2020

Inasmuch as these diagrams are similar for each span of 720°%n,
they are shown only from 710° to 80° crank angle, A polar diagram
with respect to the crank axis is more useful than a diagram with
respect to the engine axis in defining loads acting on the crankpin.
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Polar disgrams with resvect to the crank axis may be obtained by
rotating each resultant vector of figure 11 counter to the direction
of rotation through an angle corresponding to the number of crank-
angle degrees indicated at the terminal end of the vector.

The polar diagrams with respect to the crank axis for the four
power conditions of the foregoing table are given in figure 12 in
terms of crank-angle degrees. This figure enables the polar diagram
for eny engine speed and indicated mean effective pressure to be
visualized. Point A is the entire polar diagram with respect to
the crank axis for an indicated mean effective pressure of O pounds
per square inch. The distance frem point A to the pole corre-
sponding to any engine speed is obtained from equation (5). The
upper and lower envelopes of the polar diagrams for different indi-
cated mean effective pressures intersect at point A. The pole
corregponding to any engine speed 1s located along the crank axis
by projecting horizontally from the speed scale. For example,
line OB represents to scale the magnitude and direction of the
force on the crankpin of engine A with respect to the crank axis at
an engine speed of 2000 rpm, an indicated mean effective pressure
of 250 pounds per square inch, and a crank angle of 20°. The speed
scales for engines B and C will be discussed under APPLICATION OF
THE DIMENSIONAL ANALYSIS METHOD TO OTHER ENGINES HAVING NINE CYL-
INDERS PER CRANKPIN.

Figure 13 shows that the pelar diagrams with respect to the
crank axis for a particular speed and indicated mean cffective presg-
sure may be obtained from & diagram for the same indicated mean
effective pressure but a different engine speed by translating the
center of the crankpin (the pole) alcng the crank axis. Portions of
two polar diagrams with respect to the engine axis for the same
indicated mean effective pressure but different engine speeds are
shown in this figure. Line BC 1is parallel to line AD and, when
these diagrams are rotated to obtain diagrams with respect to the
crank axis, line BC will rotate into line B'C'. It 1s thus
evident that the diagram with respect to the crank axis is merely
translated in a dirsction parallel to this axis when the engine
speed varies and the indicated mean effective ovressure is constant.

The polar disgrams with resnect to the master connecting-rod
axis are also of interest with regard to loads acting on the bearing
surface. These diagrams are obta:ned by rotating the diagram with
respect to the crank axis in the direction of crankshaft rotation
through an angle of 180 + a,, where a, is the angle defined in
figure 1. Polar diagrams with rcsvect to the master connecting-rod
axis for an engine gneed of 250C rpm and indicated mean effective
pressures of O and 350 oocunds per square inch are given in figure 14
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in terms of crank-angle degrees. The relative velocity between the
bearing and the crankpin destroys the symmetry found in the polar
dingram with vespect to the engine axis (fig. 5).

Rubbing lactor. - The rubbing factor (reference 3) may be
obtained by insevting the mean load from figure 10 into the equation

RF = (1.41 x 107°) 1@ (5)

where RF is the rubbing factor, (ft-1b)/(sq in.)(sec). Although

the ribbing factor is not gensrally considersd a good criterion for
the severity of bearing operating conditions, it is given for con-

venience.

Verification of the Generalized Load Charts

In order to check the gemeralized load charts (figs. 6, 7,
and 10), a conventional snalysis was made for an engine speed of
2500 rpm and an indicated mean effective pressure of 368 pounds per
gquare inch, The results obtained from this analysls and from the
generalized load charta are tsbulated:

8

)

Crank|From conven- ‘From figures 6!Percentage
angle|tional analysisiand 7 difference
(deg) I— i
W ] W o] W o]
(1) | (deg) ! (1d) | (Qeg)
!

0 {29,000 { 18,5 l28,500{18.5 | 1.7 | 0
10 17,000 § 70,5 {16,500 | 70.0 2,9 S
20 24,000 { 89.5 124,000 90.0 e it
30 {30,500 i 79.0 0,500 | 79.0 @ 0
40 555,800 4 75,0 135,500 75.0 0 0
50 138,500 } 74.5 |37,500 | 73.0 2.6 2.0
60 |36,000 | 78.0 |36,000177.5 | O ; .6
70 132,500 | 86.0 {32,500 !85.5 0O ! .6

Mean {30,000 ;wuu--m-gso,ooo ------ R

This close agreemernt is considered a satisfactory check of the
accuracy of the computations as well as of the generalization method.
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Individual Effects of Engine Dimensions upon Crankpin-Bearing Loads

Reciprocating weight. - It is evident from equation (1) that an
increase in reciprocating weight may be compensated by a decrease in
engine speed. Crankpin-bearing loads ccrresponding to any recipro-
cating weight at any value of crank angle may thus be determined
from figures 6, 7, and 9 by use of an equivalent engine speed.

From equation (5):

2 2
T CR AT
i DENDY RN
Wp = 28.4 % 1076 = WE 4T + {2 7z LR) Fy (7)
L
o
L A
-6 " S 2 It Bl S

W.r. = 28.4 X 10 o Ni <i Fo + 3 =+ Z ('Z_i_.R) Fi (8)

where
Fy standard reciprocating weight per crankpin, pounds
Fi;' mnew reciprocating weight per crankpin, pounds

Ny equivalent engine spoed with standard reciprocating weight,
rpm

N actual engine speed with new reciprocating weight, rpm

Equating (7) and (8) and solving for Nj:

SR & i 11/2

}
7 L™ !
1 it ,
Ter |2+ 2\zTg) | T2
N:‘: =< .l: 2.:: N (9)
!F RES 1/ s ; Fy
= G} o ) H 4
L LZ 4 \L L’RI -i
Because Lg/2 Lp 1is equal to 0.25 for onginc A,
/Fo + 0.516 Fi'\%/z
N = j N (10)

\Fb + 0.516 Fy
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The maximum and mean crankpin-bearing loads for any engine
speed N, indicated mean effective pressure p, and the new
reciprocating weight F;' may be determined from figures 8 and 10,
by use of the actual indicated mean effective pressure and the
equivalent engine speed Nj from equation (10)

The relative effect of a 1l0-percent increase or decrease in
the reciprocating weight per crankpin upon maximum and mean bearing
loads 1is illustrated for take-off conditions in the following table,
which was obtained from equation (10) and figures 8 and 10:

Standard 10-percent increase in 10-percent decrease in
reciprocating| reciprocating weight reciprocating weight
weight ' =11.3 74 Fi' = 0.9 Fy
i) 1
T | 7 ; W
W @ W i w W W
(1v) | (xp) | (1B) j(per-| (1b) [(per-| (1b) i(per-| (1b) |(per-
cent) cent); cent) cent)
! i
39,500135,000(42,000} 6.3 |35,000] 6.1 137,000{~6.3 ‘S0,000 = Ok

Rotating weight. - The crankpin-bearing load corresponding to
any rotating weight at any value of crank angle may also be deter-
mined from figures 6, 7, and 9 by use of an equivalent engine speed.
This equivalent engine speed may be obtained in a manner similar to
that used to derive equation (10)

[Fo' + 0.516 Fi\s/z

Nc o |
\FC + 0.516 Fj /

(11)

where
F, standard rotating weight per crankpin, pounds
F.' new rotating weight per crankpin, pounds
N, equivalent engine speed with standard rotating weight, rpm
N actual engine speed with new rctating weight, rpm
The relative influence of a 1l0-percent increase or a 1l0-percent
decrease of the rotating weight per crankpin upon the maximum and
mean bearing loads is illustrated for take-off conditions (2500 rpm,

245 1b/eq in.) in the following table, which was obtained from
equation (11) and figures & and 10:




NACA ARR No.

ESHO4

18

Standard 10-percent increase in 10-percent decrease in

rotating rotating weight rotating weight

weight F,' =1.17F, F,' = U8Eg

i s
W § W W W W
(Ip) | (1) | (1b) |(per- (1v) |(per-| (1b) {(per-{ (1b) |(per-
cent) cent) cent ) cent)

39,9500435,000141,500¢ 5.1 |34,000] 3.3 57 y500 =81 HEQIEQ0 |- 706

Connecting-rod length. - The connecting-rod length plays an
unimportant part in the development cf bearing loads. It affects
only the ratio of the connecting-rod length to the crank throw
which, in turn, influences the acceleration of the piston and thus
the magnitude of the reciprocating force. Practical values of the
ratio of the connecting-~rod length te the crank throw for radial
aircraft engines lie in the range from 3.0 to 5.0. It has been
found that changes in the ratic of rod length to crank throw (due to
a change in the comnecting-rod length) within this range affect ths
resultant crankpin-bearing lcads by less than 1 percent.

Stroke. - The effect of a change of stroke at any value of
crank angle may be determined from figures 6, 7, and 9 by use of am
equivalent speed. The following expression for the egquivalent speed
due to a change in stroke was derived from eguation (5) following
the method used for a change of reciprocating weight:

LS,\l,/z iy
Ny ={ oo~ ) N (12)
where
Lg gtandard strocke. inches
Lg' mnew stroke, inches
Ng equivalent engine speed with standard stroke, rpm
N actual engine speed with new stroke, rpm

The relative influence of a lO~percent increase or a l0O-percent
decrease of the mean stroke upon the maximum and mean bearing loads
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ig illustrated foir take-off conditions (2500 rpm and 245 1b/sq in.)
in the following table, which was obtained from eguation (12) and
figures 8 and 10:

Standard O-percent increase in 10-percent decrease in
gtroke gtroke stroke
]JS L’w‘ = l.l LS L’S: = ':).C) IJS
5 W W 104 W
¥ W B : i
(1b) | (1b) (1b) i(per-} (1b) |[(per-| (1b) |(per-| (1b) l(pern
cent) cent.) cent) cent)
39,500}33,000 {43,500 10.1{36,500{ 10.6{35,000(-11.4}28,500{~-15.6
!
i

Bore. - When the principle of similitude (reference 10) is
applied to equation (L), it is scen that the pffect of a change of
bore upon the function (! may be accomplished by guitable changes
of stroke and speed. It will be shown that the crankpin-bearing.
load corresponding to any bore at any value of crank angle may be
determined from figures 6, 7, and 9 by use of an equivalent engine
gpeed and a load cirrection factor.

The Tunction &) in eqvation (1) will change in the same way
if, instead of varying tho bore, Lg and N are adjusted as indi-
cated in the following formulas:

(1) =4 3%) s (15)
Np' e (%7\1/2 N (14)
where
(LS‘D equivalent stroke with stundard bore and equivalent engine
gpeed, inchos
D gtandard bore, inches
1)1 new bore, inches
N actual engine speed with new bore, 1pm
Ny equivalent engine speed with standard bore and equivalont

stroke, rpm
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Because from equation (12) a change in bearing load due to a change
in stroke may be determined by use cf an equivalent engine speed,
equation (13) may be replaced by a second equivalent gpeed, which
when combined with equation (14) yields a single resultant equiva-
lent speed:

Np = (%—,) N (15)

This equivalent engine speed Np with standard bore and stroke will

change the function (! in the same way as a change in bore.

Inasmuch as Lg appears outside of the function {2 in equa-

ticn (1) and has been considered to vary inversely with D in the
foregoing discussion, it is evident that a correction factor K,
where

/Tyt \O
£ ={3) (16)

must be applied to the load cbtained from the charts (figs. 6, 8,
9, and 10) by use of the equivalent speed Np. In the expression
for the load angle & (eguation (2)) Lg does not appear outside
the function (J' and thus no load-angle correction factor need be

used. The load angle for any bore may be obtained from figure 7 by
use of the equivalent engine spced Np.

The relative influence of a 1lO-percent increase or decrease of
bore upcn the maximum and mean bearing loads is illustrated for
take-off conditions (2500 rpm and 245 1b/sq in.) in the following
table, the values of which were obtained from equations (15) and
(16) and figures 8 and 10}

Standard 10-percent increase in 10-percent decrease in
bore bere bore
D (B e e D) aBpls et (GpsieliD)
it W W W W
W W
(1p) | (1v) | (1b) |(per-| (1b) {(per-| (1b) I(per-| (1b) |(per-
: cent) cent) cent) cent)
39,500133,000139,000}-1.3 |31,500(-4.6 140,000} 1.3 |34,500] 4.6
i
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Compression ratio. - The compression ratic affects the shape of
the indicator diagram and therefore the gas force developed in the
engine cylinder. The effect of compression ratioc upon gas force
during the exhaust stroke, the intake stroke, and most of the com-
pression stroke is quite small. The compression ratio has a con-
siderable effect upon the gas force, however, during that portion of
the expansion stroke when the piston is near the top-center position.

Inasmuch as the nondimensional compression ratio r enters
equations (1) and (2) apart from the other variables, an egquivalent
gpeed or indicated mean effective pressure cannot be used to compen-
sate for a change of compression ratio (that is, the principle of
similitude cannot be applied). It is therefore necessary to con-
gtruct a new indicator diagram and repeat the analysis for each dif-
ferent value of compression ratio. It is seen in the following table,
however, that the maximum and mean crankpin-bearing loads change very
little when the compression ratio changes from 6.0 to 7.4.

Crank| Standard l0-percent increase in 10~percent decrease in
angle| compression| compression ratio compression ratio
(deg)|ratio e . - p
W g | (1b) [(per- |(deg)!(per-| (1b) |(per- |(deg)|(per-
(1b) ! (deg) cent cent cent cent
de- fdif- in- dif-
crease) ifern crease) fer-
: i ence ) ence)
0 |34,000112.5/32,506; 4.4 |10.0{-20.0{35,000! 2.9 |10.5|-16.0
10 |22,500{36.0/21,000| 6.7 |38.5 6.9{25,500{ 13.3 | 32.5| -9.7
20 25,500156.0124,000 Gl GO B AT AT, 0001 519 51.51 -8.0
30 132,000|58.5{31,500| 1.6 |59.5| 1.7{33,000! 3.1 |s57.5| -1.7
40 57,000161.0{36,500 1.4 61.0! 0 37,500 24 0 6L0 O
50 59,500 65 .51358,500 a.5 65.0i .8]39,500 0 66.0 =8
60 38,500171.5138,000 3:5 Ty @ e o 189500 2+6 Tl 0
70 36,500:79.0136,000 1.4 79.01 0 38,000 4.1 7955 .6
Mean |33,000|-~--|32,000] 3.0 | ~w-- . 54,000] 3.0 | ~---|-----

Maximum-load and mean-load charts (figs. 15 and 16) and polar diagrams
(fig. 17) with respect to the crank axims are presented for the high
values of compression ratios of 8.0 and 9.C where the loads were sig-
nificantly altered.

Summary of individual effects of ongine dimecnsions upon
crankpin-boaring loads. - The individual offects of the several
engine dimonsions upon the mean and the maximum crankpin-bearing
loads of cnginc A at tako-off conditions arc summarized as follows:
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Change in dimension

10-percent incrcase}l0-percent decrease

Dimension Increasc |Increase | Increase |Increase
in maxi- |in mean in maxi- |in mean
mum load |load mum load |load
(percent) | (percent)! (percent)! (peorcent)

Reciprocating weilght 6.3 B -6.3 ~3.1
Rotating weight 5l 503 ~5.1 ~-7.6
Connecting-rod lengtha 0 0 0 0

Stroke LOrd 30,6 -11.4 -13.6
Bore =115 ~-4..6 3 4.6
Compression ratio ) -3,0 0 3.0

8The change of the mean and maximum bearing load due to a
l0-percent increase or deocrease in connecting-recd length is
too small to warrant a detailed analysis, '

APPLICATION OF THE DIMENSIONAL-ANALYSIS METHOD TO OTHER ENGINES
HAVING NINE CYLINDERS PER CRANKPIN

Method. - By use of an equivalent speed and load correction
factor, as discussed in the foregoing gection, the charts shown in
figures 6 to 10 are applicable to any engine having nine cylinders
per crankpin. The following equation of over-all equivalent engine
gpeed Ne for changes of reciprocating weight, rotating weight,

stroke, and bore was obtained by combining equations (R, 111y,
(12), and (15): ‘

r 1/2

D{LgLg' (Fe + 0.516 Fy') (¥,' 4 0516 Fi)] ]

Ny = N (17)
D' Lg (Fg + 0.516 Fy)

An equivalent speed factor C 1is obtained by substituting
gtandard values from appendix C into equation (17)%

+1/B
[LS' (32.72 + 0.516 F;') (Fg' + 41.50)
= 0.0315

b

2‘ =
o

(18)
Dl
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A load correction factor for a change of bore is given in
equation (16). This expression reduces to the following equation
when D 1is re.laced by the value for the standard bore given in
anpendix C:

2
K = 0,0266 (D') (18)
The elinement charts of figure 18 are presented in order that C
and X may be conveniently determined for any engine having nine
cylinders per crankpin. The foregoing method is illustrated by
a'plying it to two additional nine-cylinder radial engines.

Production engine B. - The svecifications of engine B are
given'iﬁ‘ébiéndix D. From figure 18 the equivalent-gpsed factor

is seen to be 0.986 and the load correction facter, 0.88C. The
crankpin-bearing locads at any engine speed or indicated mean cffec -
tive pressure may be determined from figures 6 to 10 by using the
equivalent-speed equation (N, = CN) and the load correction
factor K. For example, the maximum and mean load on the crankpin
of engine B at an engine speed of 2800 rpm and an indicated mean
effective pressure of 300 pounds per squarec inch are found to be
35,800 and 22,100 pounds, respectively, by usc of figures 8 and 10.

In order to verify the use of the cquivalent speed and the load
correction factors, a polar diagram was constructed for engine B in
the conventional manner at an engine speed of 3000 rpm and an indi-
cated mean c¢ffective pressure of 368 pounds por square inch. The
valueg obtained from the load charts are compared with the values
from the conventional analysis in the following table:

LR E TV SEICRDEI ALY FO Bl Sl b
Crank|From conventional |From load charts|Pcecrcentage
angleianalysis difference
(deg) e o o p e po

(1p) (deg) (1b) | (deg)

&) 40,520 3.5 40,500 LS OGN ¢
10 i 26,500 39.5 26,000 | 40.0 etgh s
20" LB0N500 60.5 31,600 i 61.0 %, B 8
30 358, 0600 61,1 39,500 SREL, 15 w0
40 45,500 B85, 5 45,500 683.0 10, .8
50 48, 500 g7 .0 48,500 67 .0 +0 0
€0 47 000 1&+d 47,500 72.0 IR 3
70 44,000 80.0 44,500 | 80.0C 1.5 0]

Mean | 40,200 | -~~vvowi 32,500 . I i
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The close agreement between the values obtained is considered an
adoquate check of the two methods used herein. Speed and load
gcales for this engine have been included on the polar diagrams
givensin figures 12 and 17.

Production engine C. - The specifications of engine C are given
in appendix E. From figure 18 the equivalent speed factor is seen
to be 0.955 and the load correction factor, 1.000. The maximum and
mean crankpin-besring loads for this engine at an engine speed of
2600 rom and an indicated mean effective pressure of 300 pounds per
square inch are found to be 37,700 and 30,300 pounds by use of fig-
ures 8 and 10. Speed and load scales for this engine have been
included on figures 12 and 17.

APPLICATION OF THE DIMENSIONAL-ANALYSIS METHOD TO A DESIGN PROBLEM

The foregoing analysis enables a broad cvaluation of the rela-
tive influonce of both operating and design variables. Scveral
examples have been presented to illustrate the use of this analysis
in predicting the changs in crankpin-bearing load that is brought
about by a change of tho operating variables. Although the several
design variables have been independently trcated, thesc quantities
are interrelatcd and onc cannot be changed without influencing the
others. The following discussion illustrates the manner in which
the foregoing analysis may be applied to a design problem.

It is customary in engineering design to evaluate the perform-
ance of a device in terms of a rclative efficiency. A group of
vossible engines, having ninc cylindors per crenkpin, might bc con-
sidered on the bagis of the relative magnitude of the crankpin-
bearing load per indicated horsepower developed. Many other design
criteria must, of courssc, be considerced in arriving at thc most
desirablc engine dimcnsions.

In order to determine approximately the variation of bearing
load per unit indicated horscpowor with the bore of a radial engine
having a fixed strokc, the reciprocating and the rotating weights
are assumed to vary ae the cube of the bors, according to geomctric
similarity. The rcciprocating end the rotating weights per crankpin
may then be expressod

F,t o= Ky (D)2 (20)

1

T, =K, (D')° (21)

The corresponding values of K; and K, for the thres cngines
arc as follows:
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Ko
A 0.348 0.142
B .390 .18%2
C ,335 .146

The equivalent soneed factor C 1s obtained by substituting equa-
tions (20) and (21) intc equation (18):

: o " 111/2
n ﬂﬂ%)S?LS'!BEJZvLO.SMSKl(D’Yﬂ{?E (Dt ) +41.ﬂ$
" : 2

B = e ORI T MRS T S - o =

(2

)

Do

It 1e evident from figure 8 and equation (§) that the maximum
bearing lvad for ongine A in the »racticable operating region is
g ven by the following expression to a good approximation:

~

W & 7835 x 107° w# (23)

For any other eng:ne this sguation bscomes

~

3 98B v g 45 (24)

vhers K ig the load corvection factor given in equation (19) and
nr

N, 1is tho equivalent enging spoed from eguation (S2).

The indicsted horsupower por crankpin developed by any engine

hp = 8.91 x L8 1y )% pw (25)
from cquatione (19). (2z), (24), end (25)

W

o L».olll K1K9(E’)4+-(Ce4588 By + 0.7912 Kz)(D')+-Z9.1Q(D')"2]

ih9
(26)

The quantity in bracksts in equation (26) (the spec.fic bearing-
load factor) is »lotted against bore in figure 1¢ for engines A, B,
and C. These curves show the variation of gpecific bsering locad with
bore for a given stroke. 1t is evident that the minimum value of
anecific bearing load is obtained for a bore-stroke ratio slightly
less than 1. The d'mensions of the three engines ccngidered are such
that the resvective valuss of snecific bearing load lie close to the
optimum valucs.

N

b
9]
by

(§>
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DISCUSSION

The maximum and mean loads acting on the crankpin bearing of a
radial engine increase significantly with speed in the practicable
operating region. An increase in indicated mean effective pressure
causes a slight reduction in the bearing loads existing at practi-
cable values of engine speed. Optimum combinations cf indicated mean
effective pressure and engine speed for which the maximum bearing
load is & minimum at any power level are seen to exist (fig. 8), but
such optimum conditions do not lie in the range of practicable engine
operation. When a radial engine is operated at full-throttle setting
the maximum and mean crankpin-bearing loads will be minima for the
engine speed obtaining. (See figs. 8 and 10.)

It can be seen in figure 12 that the difference between the maxi-
mum and minimum loads increases directly with indicated mean effective
pressure. Figure 17 showg that this range of load is accenbtuated at
high values of compression ratio. If the range of stress to which a
bearing is subjected is taken as the criterion of fatigue severity,
bearings operating under high values of indicated meen effective pres-
sure or in conjunction with high values of compression ratio should
be the first to fail by fatigue.

Representative values of the crankpin-bearing operating character-
istics of producticn engines A, B, and C, obtained from the maximum
and mean load charts of this report, are given in table I.

CONCLUSION

A method of computing the load acting on the crankpin of a radial
engine under all opsrating conditions has been developed by use of
dimensional analysis. By the principle of similitude the results
obtained for a particular enginc are readily applicable to-any radial
engine having the same number of cylinders.

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.




22

NACA ARR No. ESHO4

APPENDIX A

NOTATION
equivalent-gpeed factor
diameter of bore, in.
new bore, in.
rotating weight per crankpin, 1b
new rotating weight per crankpin, 1b
reciprocating weight per crankpin, 1b
new reciprocating weight per crankpin, 1b
reciprocating weight per cylinder, lb
load correction factor
congtants
length of master comnecting rod, in.
stroke, in.
new stroke, in.

equivalent stroke with standard bore and equivalent
engine speed, in.

rotating mass per crankpin, slugs

reciprocating mass per crankpin, slugs

number of egually spaced cylinders

engine speed, rpm

cquivalent engine speed with standard rotating welght, rpm
equivalent engine spsed with standard bore and stroke, rpm

equivalent engine speed with standard bore and equivalent
stroke, rpm
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Subscript

m
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over-all equivalent engine speed, rpm

equivalent engine speed with standard reciprocating
weight, rpm

equivalent engine speed with standard stroke, rpm
indicated mean effective pressure, 1b/sq in.
manifold pressure, 1b/sq in. absolute

rubbing factor, (ft-1b)/(sq in.)(sec)

compresgsion ratio

crankpin-bearing load, 1b

mean crankpin-bearing load, 1b

rotating inertia force per crankpin, 1b

rotating inertia force per crankpin, 1b
reciprocating inertia force per cylinder, 1b

resultant inertia force diie to all rotating and recip-
rocating mass that acts upon crankpin, 1b

angles defined in figure 1
crank angle, deg

angle between axis of cylinder 1 and resultant bearing
load in the direction of rotation, deg

functions

individual cylinder number
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APPENDIX B

THE TOTAL INERTIA FORCE ACTING UPON THE CRANKPIN OF A RADIAL ENGINE

The analyses discussed in the body of the paper utilize an
expression for the resultant inertia force acting upon the crankpin.
This total inertia force is the vector sum of the rctating lnertia
force and the individual reciprocating inertia forces for each cyl-
inder. The rotating inertia force per crankpin V. may be deter-
mined from the following equation:

d I
Wo & BB % 2070 Ty E—S N? (B1)

The following exprsssion for the reciprocating inertia force per
cylinder Wi" 1is given 1n reference 1l (with a change in notation)
to a very good approximation;

I.:r\

[}

~B L
‘VT{" = 28.4 %X 10 Fi” 5

N@ (cos O i GO 9) (B2)
\ &S

where F:'" is the reciprocating weight per cylinder in pounds
1 I & gat p e

Prescott and Poole (reference 3) give the following equation
(with = change of notation) for the resultant inertia force per
crankpin:

~

-6 Lg ?! { Ilf.LS : { (
W, = 28.4 X 10 = HE Bl |2 2o S E T (B3)
‘ i

[ab] B

g i l_ 2 1

This force is reported to act along the crank in the direction of
the rotating force W,. Therefore. from equation (B3) the expres-
gsion for the reciprocating inertia force W; per crankpin is

7 i
Wy = 26.4 x 1078 2 »2 {% +7lst ) LPy" (B4)
L i | |

In order that eguation (B3) be valid, it is neceasary that the vec-
tor sum of the n acceleration factors [cos 8y + (Ls/2LR) cos 2 6ml

’ ’ : - . {n n{ ks 3
be equal in magnitude and direction to the expression |§-+Z \E—iﬁ
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(where the subscript m is the number of an individual cylinder of
an engine having nine cylinders). An outline of operations required
to compute analytically the magnitude R and the direction 7y of
the vector sum of these n acceleration factors follows:

172
R = (x2 + Y2 / (BS)
y = tan~1 (X/y) (B6)
n 4 !
A ;E: (cos O + E_%E cos 2 6%) sec fm Bin By (B7)
m=0
Bl e 2
Y= / \cosop+ i cos 2 6y ) sec fy cos By (B8)
m=0 ° g
e -1/ ST
¢m = gin \E—iﬁ sin Qm) (B9)
and where
m 6 Bm
360
1 0 nkn>—%
120 36
n-1 ==+ 8 (n -~ 2) (‘H‘)" B
a0 ¢ 360 \
B & 2 (-;;-) + 0 (n - &) ()~ fn
. /720 360
P O 5’\—‘5-)-—9 (n—e)("‘ﬁ")—ﬁm
a - 1 (720) (360) -
% ( 2 )\ n/) " ? n P
/o + 1) /139) /360
8 e el (n ~AEATE LY Ve
n + 3\ /720 360
e ey | e
] n + 5\ /720\ X (§§9 It
R ./7.20.\ : .:56.0. e
3 (n —.L)t_?r) + 6 2 ("E‘) ~ Bm
and where By is the angle between the Y axis (fig. 1) and the
connecting rod of cylinder m. ;
|
|
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The vector sum of the n acceleration factors given by Prescott
and Pocole (reference 3) is compared with the exact analytical pro-
cedure for a number of representative cases in table II., It is evi-
dent that the resultant inertia force may be obtained to a very gocd
approximation from eguation (B3) for radial engines having 5, 7, 9,
or 11 cylinders. The equation does not apply to a three-cylinder
engine.
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APPENDIX C

SPECIFICATIONS OF PRODUCTION ENGINE A
NEharholl CyTInadens .. o v v 4 o o« 6 0 el s e e bt e S 1S
Arrangement of cylinders . . . . . +. s « ooshe Bingle~vow radial
Numbering of cylinders viewing :
antipropeller end . , . . . . clockwise; top cylinder, number 1

Baring erder, . a.s DRI Ol SN v e SR s
Direction of crdnksnaft rotatlon
viewing enbipropeller oend . . « ¢ e s o o ol ueerclockyise

Bore, in. e i o w e m wm i Rafieer e e ol NCESIR TSP R
Stroke, in. S I T PR LRI e s T
Pigton area, sq in. O R PTP CURRR PR
Engins apeed at take-off, DM . .« o . s o e ere 0 sl EEE RS 2B0 0
Indicated mean effective pressure

BRI GFT, 1D/Bg 10 .. v.c 0+ spins Nied miles it aRian R SIS
Brake mean offective pressure at

o e M TR € RO A T T - e
Assumed mechanical efficiency at

take~of f, percent R PPN (SRR L e B
Manifold pressure at take-off,

in. Hg absolute B PR P BT G T
Compression ratio o v s e W woe 9 Beien Teea 1ol SO CRITURESREEINC N AR
Mgabterarod! lengbh, 10, « ¢ e o o o o dee 0wl s s iy it eSS
Articulated-red length, in. DI T e PRI Sl S R A
Ratio of master connecting-rod

lenatliito) crank BhIOW. o, v o o o ol o loisa o el o RSSO
Spark advance (both plugs), deg B.T. s 420
Valve timing:

iiptake valve openg, deg R.TElw . off Bise s o020 aat it S Ro

Intake valve closes, deg A.B.C. B I T LT

Exhaust valve opens, deg B.B.C. R R R B e

Q

liEransibevalve clegeg, dog B.T.0y & & o & el Sl i 25
Crankpin diameter, in. . 3 . RN S 2%0
Effective length of crankﬂLn bbaang, in, sl Lackli g Huaie A AL
Projected crankpin bearing arca, sq in. i dome ek aiigstrans i LOCES

Reciprocating and rotating weights:
Total weight of niston assembly, 1b e e 1 e ROl L RO
Weight of upner end of master rod, 1b i i eithe Smnl el B o8 M 6
Welght of upper end of articulated red, 1Ib ot o giettr s 60
Average total reciprocating weight per cylinder, 1b . . . . 8.95
Weight of lower end of master rod, 1b PR 1 AL B Bl e
Wolohitt of exankpin bearing, 1D . o oiidi o inare Lot e SRR G
Welghtl of lower end of arbiculabed .red, LD s « ia beiis o SIS0
Weight off knuckle pin, 1b.. « « 4 g e L wRei e PR GReTD
Total weight of small rotating oarts, lb PR RN e DR L
itotal rotating weight per crankpim, 1b . W o L oGRS S A0e
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e o opal i Bato (57 orc | NSRS R
Arrangement ofYeylinders . . . 4 . 0 o« s
Mmmbering of cylinders viewing
antipropoller end .- . . .
numbsr 1y
Sl B Rl L
10, 8%

Hsedme oo TS R 8 D L . S

of cranksheft
antipropeller

rotation
(57110 LA S R S

Direction

viewing
Bore,
Stroke, in. silnt Lok ae il e LR SRR R e
12aUshrainy Ehglorsl Bl St SRR S R B e T T TR
Pnrine epecd absbake-ofE sPPm 0o, bt 50
Indicated mean cffective prossure

CO SRR R T L P A
Brake mcan effective pressury

AR B TR R N
Assumed mechanical efficiency at

take--off, wercont P Bl R Wy e R B
Menifold pressurs at take-ofi’,

IS EATS DIATEGE o i B ® o o R ek iR
GemMProgRlon  RALILO o0 o " vt shet e T ot et T o7l el
Negtor-rogd dength, N, . 8 o o0 e @ T el oW
Articulated-rod length, in. SRR, B Y
Ratro of master connecting-rod

length to crank throw U Do e e
Spark advance (both plugs), deg B.T.C. . . . .
Valve timing:

Intake valve opens, deg A.T.C. . o SRS

Intake valve closes, deg A.B.C, FRL R

Exheust valve opens, deg B.B.C. kol R L

Bxbianetsavalveseclossa, deg B.B.C. . . . . .
Uaarkpin diamebars Nt . L L 0L gt dh BN,
Effective length of crankpin boaring,
Projected crankpin bearing arca, sg in. S o
Reciprocating and rotating weighta:

Total weight of piston assembly, 1b . . . . .

Weight of upper end of master rod, 1b T e

Weight of upper end of articulatcd rod, 1b .

Averago total reciprocating wolght

Woight of lower end of articulated rod, 1b

Totel rotating weight per crankpin, 1b . . .

.
ETANRL S e S I i SO A - R R T T BT B

porosl indian SRIED S, FoE o S
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SPECIFICATIONS OF PRODUCTION ENGINE B

S TR B A ]
double-row radial

. clockwise; top eylinder of rear row,
odd numbers in rear row
HRWRG IRE S AET CET T
g L

18,'11,-4,715, 8

clockwise

el ) B MR UEIT50
SRR a8 12 0]
R e e L~ 535 ok
S5 g RO TR SPE0O0
B e N e B2 4G
3 o R R L
TR AR e R
st il iRl N R EN TS
S WAL v R RS £ 230
o T R Ta
o ey kiR E L AN 04
ISRCEEN BT o AR By
Sl BERE, S 36
B AR e R G
e U RO e VO
R S 1 S
TR RS SR S 50 1)
e S IS G
RPN L S SR 0 A1
s et S LR
L e L MBS Z N
SRt RO A R e

8.24
A TR T 5 M
slztad . L EEAileR




0o
[{s]

NACA ARR No. BSHO4
ATPENDIX B

SPECTFICATIONS OF FRODUCTION ENGINE C

bRl ReyLINAOPE &+ o & o o & o & vl el Sl L SiENE
Anrangement. of cylinders . .+ & ¢ & el she e doubLe row radial
Numbering of cylinders viewing
antipropeller end . . . . . clockwisge; top cylinder of rear row,
number 1; odd numbors in rear row
BB DR . . . v o e s e oaos o Ly 325 05, 116, SR ENEIEE B NS
10, 3, 14,07 LBDEEHe RS IsE
Direction of crankshaft rotation
viowing antipropeller end . . . « oo aiis o = o« el kolivokine
Bore, W in, B O Tt s i o L L L B T
Stroke, in. e LS e e e e ol e e G A I G T A
PLStOH area, s8q in. 5 o o e R N SR R
Engine aspced at take- olt, PIM o+ o wels a el e oo SRNISURE R S EEEICIC
Indicated mean effective pressure
SR Sof T . Ibfog In. . . . v e ehd v el e s ey RARERES R IR
Brake mean effective pressure
ptlitEkesnit, 10/80 1n. . . . . o ol e e o b B IR SRS
Agsumed m»chan lcal efficiency at
take-off, percent . . . . o e abm e e e IR RPN RS ST L
Manifold prussure at 1ax\—uft
eNHERabEOIIEO . o @ o 6 0 s e o elia e en s N
@epeatlion Patilol. & o o o o e e w shie e el e men s CHEREE R R B
Maetar-podt longthy in. . . o o o o o8 s e Lo i RN R RS By i
Articulated-rod length, in. o e e TG Gl R S A O E
Ratic of master connecting-rod
BeRavh@bo crank "ThYOW . . . o o « o s ol ol balk opaei USRS AR
Snark advance (both plugs), deg B. 20
Valve timing:
insakosvalye opons, deg AT.C. o wlo o o W00 G REEIETEE R SRS
inielcetvalve cloges, Gog A.B.C. « !+ o ot SR T T i e
e et Bvalve openg, Qeg B.B.C. « .l o e o Rl R i ol
Exhaust valve closcs, dag 570 LR PR S B S ) e e B

-3
Q

Crankpin diameter, in. T T PR P o s S
Effective length uf crankpin bearing, in. PRI R SR B 0
Projected crankpin bear:ing ureuﬁ sq in. ST CA MR B R

Recinrecating and rotating weights:
Totaliweight of pigton agsembly, Ab ¢ ¢ o « Ll &b UL S GRBRTT
Mottt Supper-end of magter rod, Bbid R e E
Welight of upper end of artioculated ved, Ib . . 8 S S 60
Aversge total reciprocating weight per cylinder, 1b . . . . 8.57
Welght of lower end of master rod, 1b « . v +« ¢ & +« &« » « 14,24
Welght of erankpin-bearing, 1b . .0, . o .. o ale B N EEES
WNelght of lower end of articulated rod, 1b . . W o v o E039
FoEe walght of knuckle pin, Ib v v v & % o s e 2 ol SNCREE
welght of emall rotating parts, b . ¢ . o v ol b oo ol 079
lenalSrasating welaht per crankpin, Jb oF LSRN G e
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TABLE I - CRANKPIN-BEARING OPERATING CHARACTERISTICS FOR

PRODUCTION ENGINES A, B, AND C
Powor|Engine|Indi- {Indi- | Maxi-| Maxi-| Mean |Mean {Rubbin
con~ [sSpeed |cated |cated | mum | mum bear-lunit {factor
di- ((fpm) |mean |horse-| bear-lunit | ing |bear- (ft-1v/
tion effcc~|pover ing | bear-; load |ing (sq in.)

Engine tive load | ing (1b) |1lond® (sec))
pres- (1b) | load® (iv/
sure (1v/ 8q
(1b/sq 8q in.)
‘Nin,) in.)
A i 2500 { 45,200]14520 145,200{4520 {159,000
2 |z2500 | 150 41,300(4140 |36,500{3650 |128,000
S 2500 250 39,200{3930 32,60013260 (115.000
4 2500 350 37,80013770 }30,000{3000 105, 500
S elo0 250 48,2004820 {40,900]4090 |159,000
6 |3000 | 250 58,800(5880 |51,700{5170 (218,000
13 1 2500 0 33, 500 {3590 38,50013590 {138,000
] 250U 150 395,2001328C 131,000(2290 lOl;OOO
] 2509 230 33,70013140 27,600 (2580 9¢, 0090
4 2500 550 32,100}12990 |25,500 |2380 91,400
5) 21750 250 41,100 13840 {34,600 {3220 {135,002
R o Lmuﬁ__4§999 250 EZE%GQ 4700 143,800 4090 lTl%i?El_
C & 2500 0 41,200 {3760 41,200 {5760 149,000
z 2500 150 37,700 15440 33,000 {3010 119, 000
3 {2500 | 250 35,700 [3250 129,100 |2650 [L0S, 000
4 2500 350 34,400 13140 127,300 [2480 | 98,500
5] 2750 250 43,300 13990 36,400 13310 144, 000
6 3000 250 52,700 14800 46,000 1200 199, 000
SThe effoctive projected bearing areas are:
Engine Bearing arca
(eq in.)
A 10516
B @
C 10798

Prne rubbing factor (refervnce 3) is computed from the equation

REF = ANW whers

Engine

Q W e

A

1.41 x 1073
1.43
1.44

National Advisory Committee
for Aeronautics




TABLE II - COMPARISON OF TWO METHODS OF COMPUTING ACCELERATION

FACTORS FOR RESULTANT INERTIA FORCES E
=3
; == ]

- Number !Crankf E - Y g 5 \23 E Percentage %
& i ?f cyl-iangleivector 7 .j'cos 6y + g Gn\i _r_1 4 B ? “' ; | difference oy
; R |inders 5 —. 2 Iy 1 oj2 4 \2Ig/t | o

Magnitude 5 Direction Magnitudei DirectionjMagni- Dirsc- S
R 74 R . 7 tude |[tion %4
(2eg)  (Qeg)
0.555) 3 0 | 2.348 6.00 1.585 | 0.06 | 32.6 { 0.0
o . 80 i .826 50.00 1.583 60.00 | 91.6 .0
0.333] =& 0 2.641 0.00 2.639 C.00 0.1 | 0.0

333; 5 20 2.646 20.01 2.639 20.00 2 1

333 5 80 2.642 80.09 2.639 8C.00 1 1

333| 5 1135 2.643 135,00 | 2.633 | 135.00 1 .0

T
0:333) 7 | ~0 ] 3.720 0.00 3.604 c.00 | 0.7 | 0.0

3331 7 i 20 3.715 19.85 3.694 20.00 5 .8

.33 7 60 3.696 | £9.93 3.694 60.00 L s ¢

3330 7 80 3.697 i 80.12 3.694 80.00 2% 2

Basik - 4 436D 3.707 100.21 | 3.694 | 100.00 4 2

} ,
0.333} 9 | o 4,765 ! © 0.00 4.750 .00 0.3 | 0.0

333 9 20 4.765 20.00 4.750 ; 20.00 5 e

3330 9 40 4.765 40.00 4.750 40.00 3 .0

3331 S 60 4.789 59.40 | 4.750 6C.00 8 .0

0.333! 11 0 5.813 0.00 5.806 .00 0.1 .C
.333( 11 20 5.821 20.10 5.806 20.00 .3 .5
3331 11 80 5.839 59.95 5.806 60.00 .6 .

0.250f{ 9 C 4.645 0.00 4.641 0.00 0.1 }0.0 o
.2501 9 60 4.645 | 60.00 4.641 60.00 1 .0

National Advisory Committee for Aeronautics




NACA ARR No. ESHOY

Rotation )

(view/ng antipropeller end)

U
1%
x!
Y 1 < 2,

(2 —

)V § e
Qo
- {’) '\‘

’/l

cylinder radial engine,

Fig. |
40.
|
|
/.
"/
/
7
o/ /s
\/'\9/
—————————————— =X
/

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure |. - Schematic diagram of the mechanism of a nine-
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Figure 5. = Polar diagram showing the magnitude of the re-
sultant force on the crankpin of production engine A and
its direction with respect to the engine axis. Engine
speed, 2500 rpm; indicated mean effective pressure, 245
pounds per square inch; compression ratio, 6.7.
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Figure Il. - Polar diagrams showing the magnitude of the re-
sultant force on the crankpin of engine A and its direction
with respect to the engine axis at an engine speed of 2500
rpm and various indicated mean effective pressures for a
compression ratio of 6.7.
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Figure 12, - Polar diagrams showing the magqitude qf the re-
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and C, and its direction with respect to the crank axis at
various engine speeds and indicated mean effective pres-
sures for a compression ratio of 6.7.
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effective pressures of 0 and 350 pounds per square inch,
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Figure 15. - Maximum load on crankpin of productlon engine A at two compression ratios
for velues of 1ndicated mean effective pressure from 0 to 500 pounds per square inch
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| Figure 17. - Polar diagrams showing the magnitude of the re-
sultant force on the crankpins of production engines A, B,
| and C, and its direction with respect to the crank axis at
different engine speeds and indicated mean effective pres-
sures.




NACA ARR No. ES5HOMY

Figure

Engine
c
B
A

o

1000

1500

1750

2000

3 =9
Q2250 X
¥~ \\ S
D R
: g
A

& S
2 St
<2500
2 ;
Ly

2750

(Y]

o000 \\\\\ I

Figs - 17b

3250 Kj\l

Point A 0
O == D= — -0~ 250

e = e =l 350

imep
(1b/sq in.)

Engines A and C
i 3
SRR ITALLINNS

Force scale, /b

NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Maximum load Mean load
(1b) (1v)

45,200 45,200
40,300 34,000
37,600 29,100
35,200 28,400

(b) Compression ratio, 9.0.




R
% 55 ]
-u 50 :
L3 45 -
e
@ ) 35
g 1
o 30
s 1
5 25
s ]
204~ |
e 1
E- 15 —
= i
7 10 -
o

o J
- 51—
o

- 4
o | -
Figure

A

—
=

I
~
°

L (5.

W RS T R R

T

130

o

100

P o ~ oo ©»
O e a oo

&
(=]

©w
o

Lnd
o

10

1]

Reciprocating weight per crankpin, Fi',

3.5
3.0
256=

(&}

o gu 0k ol
s 3

o T

& ]

a0 Lax

Ay 1
S ot il
T
S vl 5q
E .5—- v
Bl ]
w -

34 3]

2=

(a) Alinement chart for equivalent speed factor.

C = 0.0315

Connect

connect Ly’ with 0', obtain intersection on B;
A with B and obtain

Fc'. 32.72% Fi', 80.4; Lga BLaRs: D5 6125,
1.00.

connect

Example:

Answer :

D'

Stroke, Lg',

1
L' (32.72 + 0.516 Fi')(F.' + 41.50)]2

Fo with Fi', obtain intersection on A

c,

intersection on C.

Bore,

— 7.0

— 8.0

—10.0

Load correction factor, KX

1o.30

3.0 —1_0‘25

*ON ¥¥Y VOIUN

hOHSG3

(b) Alinement chart for load correction factor.

K = 0.0266(D"')2
Example: D' = 6.125
Answer: K, 1.00.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

I8. - Alinement charts for equivalent speed and load correction factors.
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Figure 19. - Variation of specific bearing-load factor with bore.




