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PURDUE UNIVERSITY

OFFIGE OF THE DEAN OF ENGINEERING A‘
LAFAYETTE, INDIANA

November 24, 1944

Commanding General

Army Air Forces

Materiel Cormand

Wright Field

Dayton, Ohio

Subject: Letter of Transmittal for Rerort on "Final

Report on Study of Multi~Cylinder Engine
Manifolds", Contract No. W~535 ac-38886,
Engineering Exmeriment Station Project
Me125-1,

Gentlemen:

I am sending you under separate cover three copies
of report on "Final Report on Study of Multi--()ylinder Engine
Manifolds”, which has been prepared by my colleagues Messrs.
Freberg, Hardy and Kemler. This complétes Item 1 of Contract
No, W=535 ac-38886,

We have in previous reports to you discussed in
considerable detail both the experimental and theoretical phases
in the investigation of single pipe manifolds., The pulti~cylinder
engine manifold being consideprably more cpmplex cannot he handled
by mathematical methods so that recourse must be made to ex~
perimental methods for its analysis, An exparimental study of
many manifolds faiied to show how they could be dependably de~
signed except by cut~and-dry methods This method is very long
and expensive and not entirely satisfactory, In order to develop

some shorter and more rational msthod, the possibilities of the
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electrical-mechanical-acoustical analogue were investigatied,
This study showed that it is practical to analyze a mawifold

in the demign stage by this methods In this analogue the air

in the manifold and cylinders is replaced by equivalent lumped
springs and masses of a mechanical system, which in turn is
replaced by inductances and capacitances in an electrical cir-
cuit, Measuremsnts can then be made in the electrical cireuit
which can be interpreted to give indications of the relative
volumetric efficiency of the actual manifold systems The prin-
cipal advantage of this method is that the equivalent of changes
ip pipe diameters and lengths can be easily made in the electri~
cal system and their effects studied rather hurriedly once the
analogue has been set up.

While this investigation was carried far enough to
show that the use of the analogue for this purpose will work
and has certain very definite advantages, further work sheuld
be done on it in order to reduce it to a point where it can be
more simply and easily applied. This report has been concemed
with determining whether or not such a method has possibilities
and not with the reduction of this method to its simplest form.

The experimental work en attual manifolds indicates
that the performance of manifolds which have individual pipes
fréﬁ a common source will give Better results than any other
type of multi-cylinder manifold, These conelusions are based
on a limited number of tests, Because of the many possibilities

with regard te individual cylinder pipe sizes and lengths, size
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and length of common pipe, cylinder spacing, timing, etec. it
is impossible to draw any general con¢lusions from a limited
nunber of tests. The tésts to date do, however, give some
general trends and indicate some fubure factors which could
be studied particularly in connection with the analegue. It
is probable that the maximum amount of information can be
obtained by carrying out a limited amount of experimental |
work in connection with & fuz_c'ther study ¢f the analogue &s
applied to manifold problems,

Respectfully submitted,

2! ""\.\1‘;1 Y
s ‘VQJ\/:J N ,.’,//Zf_ 4y
A. A, Potter

Dean of the Schools of Engineering and .
Director of the Engineering Experiment Station
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SULMARY

The general study of engine manifolds started with the
analysis of the simple single pipe manifold or induction pdpe which
would be used on a single cylinder engine. Previous reports have
considered both the experimental and theoretical phases of the single
pipe mnifold. After considerable expsrimental work reasmable agree-
cent between a simplified theory and expcrimental results was obtained.
The study of multicylinder manifolds is too difficult to undertake
mathematically., The experimental study of such manifolds is difficult
becauss of the many variables involved. A considerable study of many
manifolds failed to show how they could be dependably designed. The
cut and try zethod for mhifolds is of course a long and expensive
procedure. In an attempt to develop some shorter and more rational
method, the possibilities of the eléctricalqnechanic&l.acoustical ane-
alogue has been investigated.

Since this report involves two different approaches to the
multi-cylinder problem, it has been divided into two distinct and in-
dependent pa~ts. The first discusses the work done in adapting the
analogue or eloctrical model to the study of the manifold problem, and
the second to further experimentsl work, The following pives a brief
sumary of each Part.

Part I. |

This section of the report shows that an engine manifold
my be analyzed while in the proposed desimn stage to determine the
speed at which a particular manifold will give peak efficlency. The
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\ analysis is carried cut on a oix cylinder manifold and showa the ef-

feot of changing pdpe diameters and lengths,
The air in the mnifold amd cylindsrs has both mass and

elasticity so it is first replaced by an equivalent system of lumped
springs and masses, The first part of the report shows how this e
chanicsl system of welghts and springs can be replaced by elsctrieal
elamants in an electrical circuit according to the principles of
electrical-mechanical analogies., Jeasurerents can then be made an

this elsctrical circuit vhich may be interpreted to give the volumetrie
effiolency of the original manifold system,

The main value in this method of analysis lies in the fact
that the effect of clanges in dameter and length may be determined
quickly and easily,

In the particular manifald studied the peak efficiency was
reached at about 2900 rppe By vardous changes in dlameter and length
the peak speed wna.miaed to about 3300 rpnm.

Part _II.

The experimental work which has been done t0 date indicates
that the performance of mroperly designed individual pipes from a
comon source will give better results than any other type of multi-
oylinder manifold, The study indicated that for reasonable designs
the common pipe in a six cylinder manifold shows practically steady
flow and is, therefore, not much of a factor in the performance of
the mnifold. This permits symetrical monifolds of the six or twelve
cylinder typs to be broken down into three cylinder wnits (for the

comnonly used types).

i
'
3
N
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The air motion in the three cylinder manifold can be divided
into (1) a raming effact and (2) resonant vibrations, The total
ramning effect includes the entire air colwm. The ramming effect
of the branch colums 1is of greater importance than the common inlet
pipe. Resonance vibrations in the inlet pipe to a thres cylinder sec-
tion are not, in general, effective in inorsasing the volumetrie ef-
ficdency.



alpe
PART 1.
I. Pamose
This part of the report has two purposes; the first purpose
is to give a thorough discussion of electricalemechanigalepcoustical
anmnlogues and the second is to show that they may be adapted to salve
engine manifold problems, Techniques and equipment were developed so
that manifolds for any number of cylinders could be analyzed for maxe
irum valumetric efficiency. |
II, Electricsl-jlechanicd) Analogies
Electrical-pschanical analogles can be set up in a variety
of ways despending upon the conditions of the problema. That is, scme
pechanical systoms have constant forces applied to them to make them
vibrate, others have constant velocity or displacement. The chodce
of the type of analogy then depends mostly upon the electrical circuit
requirenents. Fundamentally, there are two types of analogles, the
direct and the indirect. These will be described separately in suc-
ceading pages,
Direct Analomie for Simple Kechanical System
In a simpls mchﬁniosl systen consisting of a mass, a spring,
a danmper, and a harmonic disturbing force such as shom in Fig. 1,
the equation of motion is given as

.|
;§§+r§+u-r‘am\1t (1)

where ¥ « weight of the mss « 1b
¢ = acceleration dus to gravity - 386 in/sec?
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X w displacenment = inches
t = time - sec
r = damping coefficient - 1b sec/in,
k « spring castant - 1b/in,
F = amplituds of force - 1b
Y = forced frequency -~ radians/sec
This equation may be put in dimensionless form by changing
the variable x and ¢ by making the following substitutions:

X w and Tweowt (2)
where f ia some charscteristic length or displacerent and ¢ 4s
some frequency such as the natur:l frequsncy. (See Freberg and Kemler ..
"Elements of Mechanieal Vibratiom" Chapter VIII « John ‘Wley & Sons
for more detalled discussion).

If these dimensionless cuantities are differentiated, they
gve

gl §
and

7hen these terms ars substituted in equation (1), the result is
Ew2[f£+rw,e£.+k,tx.v ain -:’.. T
g " Tar? az ° W

#hen this a:pmslimiadividedby% wzl, it becomss

\ |
S e o] =B
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The first term is dimensionless alnce it involves only the dimensione
less factors T and X, so all others must be dimenslonless, 3ince X,
T, and their derivatives are dimenslonless, all terms in the brackets
are also dimensionlsss. These terms involve only the physical char-
acteristics and applied forece of the sysiem. Therefore, if any two
systems have identical values for these dimensionless terms, the two
systems will have identical motion 2nd frequencics.

If the equation for an electrical circult such es shomn
in Fig, 2 consisting of an Inductance, resistance, capitance, shd an
alternating veltaze in serdes is written on the basis of Kirchoff's
law, it is

L%”‘ %4-%!;-%81119“; (4)

where L « inductance - henrles

q = charge ~ coulonbs

t = time -~ seconds

R = resistance - ohms

C = capitance « farads

Eo = amplitude of voltage - volts
# = forced frequency - radians/scc _
If equations (1) and (4) are compared it will be noted

that they have the same form with

-g-correspmding to L

]
3
3

-

e}
3
3

~

®

a

a
-
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R corresponding to K,

n n Q

dt

n n %tg

Equation (4) may be reduced to dimensionless farm just as

R o

ecuation (1) was by substituting

Qugl and T=t ' (5)

°
The resulting equation that corresponds to equation (3)

S FHs el Bl

From this it may be seen that the terms in the bruckets are dimeny
slonless and determins the characteristics and applied voltage of the
eircuit. In fact sinco equations (3) and (6) are identlcal exgept for
notation, the resulting motion and frequencies will behave the same
for both system if the dimenslcnless terms of one system are equal
to the corresponding terms in the other system.

In some types of mroblems a constant displacement or velocity
is impressed upon the mechanical system, A simple opne mass system
of this kind is shomn in Fig. 3, If a harmonic velocity V; is im-
prossed at the top of the spring, two equations may be written both
based on the equation '

Vysin Y tauVy+Vy 2 (7

(6)
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The velocity of V, can be arpreased in terms of both the damping or
fnertin forces, that is
P
Bp=Vr or Vz-;l (8)

Pld o vz./;gaz ®

The two equations are therefore

To reduce these to a dimensionless form, the dimensionless quantiw
ties

3‘ «-E adre wt
F
[+]
may be substituted to glve

an Ly, Bfe, W 43
w r k daT

Y F a'g . WJF a4
vlam.z)_r. /'Lf;f" dT+""'k_Q—&'f2'
Dividing both equations by ) Fojk gives the dimensionless forms
v, & (V] dg.
ar| [5]T- [;!3 Fiv w2 e
and )

W w?

!l?gjm v], . [-h- a,+ "3 (100)
©

d
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These dimensionless terms are the same as those previocusly

found for the othar mechanical systen where a force was aprlied,
The tem Y.}.E. difrars from | —F2 & | only in form but may be made
°

1wl
similary by combining two dimensicnlesas terms as

V) k T W2 _lmaw | yfw?
@F, ke Fo & Fo &

Since the system has simple harmonic motion velocity V i3 equal to

the product of the displacerent ,e and the angular velooity or
WL

This can be explained physically by asmeing that § 1s the maximm
displacement. Then V is the meximum veloeity. The dimensicnless
equations then are expressed in percentage of maximum displacement
or velocity. The quantity ;Ku; also corresponds to \7(% because
when ;.E). is rultiplied by the other dimensionless term, that is

[&_] [ »] P
rw kg g

the original value obtained by the first analysis is obtained,
The equivalent electrical circuit is stomm in Fig. L.

From Kireckhoffs law it 1s inown that
Il - 12 + 11’2 . (11)

The values of Ij > and I, are therefore

I),2=0 3-;2. (12)
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f‘z ® (13)

&

L

5 (18)
These terms when substituted above gve for 11

4B
1 +0 Y

d 2
I = 'Ji /32 a + C T2
Dimensionless terms of the form
g- %;and T -‘Lt
my be used to give ths equations
o .ﬂ,r_ﬁ. T | et E +.3‘.1.£}. (15a)
tnE X CR.LL 1l T

o

I | g Y
[c"}i‘r m[ﬂ”{:f—?ﬁ]‘ﬁ'a fE2 o

°
These terms are analogous to those in the mechanical system where a .
force was impressod on the system,
| Direct Analomue for Uulti-ase Svstems -

Usually probiems involve several msses, dampers, and springs.
Thess tvo may be represented by analopous electrical sircuilts. The
general relations may be conveniently inferred from a two mass system
such as shown in Fig, 5.
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For this system two force esquations can be written. They

aYe
W&
K3 d:%*r"%t“‘l“:l*kz("l xz)""ld“)t (18)
and
W, & dx o
“:”‘d‘;;a”za‘{g"“z"z-ﬁ)-rzsm V,t (27)

By using dimensionless quantities of the form

X-f ad Tawt

thoss force equations reduce to

2
d X X
L1';"'11"’2"‘E{-’i’““'1.11“’"?‘171-‘]‘“‘111"1“‘2 Uy % - £y %)

-Flain -l—)l T
w
and
2dx

;-2.22‘) .;?- pz“’ kz(fzxz [11)-1’231:):())_3'1‘

Dividing by the first coefficlients gives

Y/
?. [;1_5] . L“lafz]xl+[:z;2] [3’:""'1135] %

1
P e i") (m)
- 1 sin 0—-1 T
Ltl Ilwi] [‘“]
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Since 1y and 13 are sane length or displacement, taking them equal
will rean that x3 and x3 are telug reasured to the same scnle. This 1a
desirable to facilitate measurements. Under these conditions then the die

mensionless conglants are

N8 r, e
i ,,,7-&-——-2‘0

k ke k2 g
T T st

ne e VY, Y

mle? l?’w w

The equivalent electrical circuit is shomm in Fig, 6. Bach mesh
15 mace {0 include all the elemants needed to give voltage drop terms
corresponding to each term in each force equation. The veltage equations

then are
a2 '
WP h Atk @) -nangt ()
and
2
.1,2......2““: +32§3+6]5(qz-q1)-3281n¢t (20b)

By using the dimensionless forme

Q--&mdi‘-nt

the dimensionless terms are found to be

oA =k

C—L—-'\—" -——-L-’ d—v—-—L— a
0 R7 0 12 oy Al N G2 1 L2 “@
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—3 = A %

L o0l Iz 602

These correspond term for temm with those of the mechanical system.

The close correlation of terms in the electrical and mechanical
systen suggests the possibility of setting up an electrical circuit om
#hdch measuremonts could be made, These measurements would not only rep-
recont answers to the electrical problems but could be correlated with
angwers in a nechanieal system as long as the dimensionless quantities
for the two systems are mde ecual.

The correlation needed in setting up a system depends upon the
answers desired. If the points of mexcimum response, that is the natural
frequencies, are wanted, the terms involving only masses and spring con-
atants are needed,

When dealing with a larpe number of masses, spring constants,
etce the calculations may be simplified by choosing one mass, one spring
constant, one damper, one force, stc, and the corresponding yuantitles
in the electrical system. ‘\Therearter, all other electrical elements are
directly or indirectly proportional to their mechanical counterpart ace .
cording to the basic analogy. This may be demonstrated using the terms
of the two mass system. Combining two or more dimenalonless quantities

gives

il s - 21

2 2

_3:_][12_4} n_c_“['zw] e oo
o Ry MW jire B nr
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' The elements of the direct analogy ray be sumed up in a
table such as Table 1. The analogous quantities and the dimsnslonless
quantities are listed in Table II.

Indirect Analogy for Simple Mechanical System

In the inverted analogy the approach 1s essentially the
same, that is, through differential equations. In this case the
force i3 made analogous to the current and the velocity analogous to
the voltage. The expressions for each type of elementl, both mechanical
and electrical, are listed in Table III with the analogous quantities
directly opposite ene another,

To begin with let us take the sams example as used pre.
wviously, that is, Mg, 1. The equation rust be a force squation be
ocause a force is applied so that one writes

%%-rrv-bk/vdb-?oainl}t (23)
This may be reduced to dimensionless form by substituting

.'%&M T-wt



] 5
and their dorivatives into equation (23). The result 1s

g% + [ﬁ]z-&[—#}/‘a T - &%} ain[—a-‘-);]'l' (24)v

These terms in the brackets are dimensionless and detsrmine the
characteristica of the system.

. If in an electrical elrcuit we put all the elerents in
parallel with the disturbing ourront as shown in Fig, 7, it is nec-
essary to supply a canstant amplitude current because it is analogous
to the force. Also it is necessary to write a current equation,

The supplied must eaunal the sum of the other currents so that we can
wite

L+ By L -
cdt+a+1. fEdt. I,eing ¢ (25)
Now this equation is the same as equation(23) term for term with

C corresponding to %

£ »ony

& " "

% " " R

1, " "R

¢ " ] l’

&

L ]
& 3
jEd‘t " "j'db
The electrical equation may be put in dimensionless form by sub~

stituting
b dTa) ¢t
RoTea
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and the dariv:tive so that the result i»

Y | 1 I
g'r"* [ﬁli.] Y+ {m] fr dat ..E Eol]m[}%]r (26)

Thus all the terns in the brackets are dimensionless and they

along determine the characterlstics of the circult, Since equations
(24) and (26) are the same, except for notaticn for an electiric cinr.
cuit with the same dimensionless constants as for the recharical
systen, the resulting motion will be the sare,

In the inverted systen it should be noted that the diagrams
are sinilar as shown by the adapted dlagrans of Pig. 8 wherein parallel
elerents are equivalent to parallel elements and series elements are
equivalent to series elements. In cmparixig the direct analogy with
the inverted analogy, it is found that the dimensicnless constants
are different in most cases as shomn in Tsble IV,

When damping is neglected in a free vibration system, the
two systems become identical.

Indireot Anslomies for Kulti-knes Svstems

It 13 necessary to develop certain generalities for multi-
mss gysters in order to deal with minifold problems. A two mass Sys-
ten will be used to illustrate the mrinciples for an inverted analogy.
A similar analysis was used for the direct analogy. (See Freberg and
Kenler, "Elenents of lechanical Vibration").

A two mss systom such as Fig. 9a ocan be dramn schematic~

ally as shom in FPig, 9b, The equivalent electrical circuit of an
inverted annlogy takes on tho same form as the ~echanical system as
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shomn in Fig. 9c. The analomous quantities gliven in Table IXI help
in drawing up this diamram, From this the equatlons for velocity and
voltage may be written as followss

d dl

ky
v,_..wi j?zdt El-% fladt.
s} 1
Vl',l B =Ry
V1-V2-+i§ 31-32"‘102% (27)
F
y.é BymRy I,

These equations may be combined to give various forms which can be
made nonedimensional by changing variables, If the first and second

are considered the equation is

a
v.%l. /Pzdt-f%;—&ﬂ (28)
For the first and thinrd
v.F3 . 190 (29)

noh
For the first, fourth, and fifth

1 4F d F
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For the first, fourth, and sixth

P, dF, 4
V-;§-+,-‘:Tg+k-i7‘% (31)

These may be reduced to dimensionless forms just a3 a single mass
systen by substituting terms of the form

v - - .
Z-glT wt, & % (32)

The dimensionless forms of equations 28 through 31 become

‘ol  HE3 / 2as+___ldd§' (33)

WPy WwWiF,

2%k b T g3+ o) (34)

w F,, nw fa G
ZV% %  KkeF, K F ad dad
— . — (35)
Wi 5, w?r, / ky Fop Ca dr

erd - %";‘f ?6*$-“-é§‘*ia';7j‘ (36)
Similar changes may ts nade in the elsctrical equations
80 that dimsnsionless termms may also be determined, On the other
hand the analogous texms may be substituted in the mechanlcal terms
that are dlmensionless to obtain the equivalent terms directly.
They are
e 1

mw? 1,007
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i
iu .rrs- ..;!.9

(37)

§

St L
F

w? 10,02

2 .5

¥y Ll

Yol B
fa Lol

g~

These are get up cn tha assumpiion that the ratio of various forces as
indicatzd are equal to analogous ratios in the eloctrical circuilts,
Etuation (37) are not 4n a gonerally convenient form for actually using
then with the greatest ease. (ne equality may be divided by another in

scveral instances so that the basic relations are

')

klg
2
L)

W5
P

ky
r W

(38)
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These ecuations show that the whole system is detormined once the
first set of values are determined, The remaining quantitiss are
proportional to those in the orlginal system,

This apalysis cin Be repsated for 3, 4, or any other number
of nasses, The result, however, will de the same as the two mass
system. After one inductamce, one resistance, and one capléitance
have been chosen to correspond to the mechagical quantities, all othrers
nill bear the same relative proportions as Lhe machanioal cuantities,
that s, eithor directly or indirestly proportional as shown in Tahle IV,
This 13 a generality for either the direct or inverted nnalozy keeping
in mind which quantities are analogous and whethor they are directly
or indirectly proportional.- The diagram for the final electrical cire
cult 1s shown in Fig. 9d.

ITY. Apalogy for Ascustical System

In an acoustical system the problems and analysis 1s very
nearly the same as an ordinary mechanical systen except the mass,
spring, and resistgnce are distribvuted. This is ordinarly handled by
partial differential equations, The equation of motion in a pipe is
then given as (See Yorse - Vibration & Sound - MeGraw-Hill)

22, 2
do-—-é-;'} r%{-r,‘-%—;% (39)

where d, « mass denaity ~ 1b aeczlin."

¥y = paticis displacermsnt
t = tine - 2ec
r = damping coefficient per unit volume - 1b aec/in.“
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P, = equilibriun pressure - .‘lb/i.n.2
¥ =1
X = distance along the pipe - in,
The analogous electricgl ecircuit would have to be supplied by a
transmission line., The transmission line equation is

L25.n 223 ¥ (40)
dt 2t C Ox2

where L « inductance - henries
Q = charge = coulambs
t w time ~ seconds
R w resistance - ohms
C = capacitance - farads
X = distance along wire - inches _
This shows that the tmo are identical in the direct analogy. They
could also be made identical in the lnverted analogy by writing a
force equation in terms of the velocity and a current ecquation in
terms of the voltage,
This approach 18 possible with a simple system consisting of
a single cylinder and its intales pipe. With the addition of more cyl-
inders the pipe becomes branched and the analysis and equations becomes
extremely difficult to set up, Therefore, a simpler approach is de.
sirable,
Usually in acoustical problers branched pipes are approxi-
mted by lumping masses, darplng and elasticitj. When the lumps are
very small, the syatem approaches the distributed aﬁstem very closely.
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It was necessary to choose Letween tho direct and inverted
analogys Sevoral reasons led us to try the inverted andogy first
among which were considorations of possiblo electrical circuits. Sub-
sequent trials indicated that the reasoning for the direct anslogy
was easier and that msasurements could be mde to indlcate valumetric
efficiency almost directly. In the indirect systen no satisfactory
means of measuring volumetric efficisncy was found. This was mainly
because the volumetric efficiemcy depends upm the diaplaeer;!mt, Hete
ever, the displacement has no counterpart in the electrical system
except f E dt. Normally no interpretation is placed upon this tem
in electrisal work so rezsocning becomes difficult.

After a number of preliminary tests and trials the direct
analogy was then adoptede A one cylinder svstem is shown in Flg., 10a
and its direct equivalent electrical system is shom in Pig. 10b. Neo
attention will be devoted to valve action as yet in order to slmplify
the explanation. The piston nmoves with nearly sinusoidal motion and
acts on the cylinder and pipe volumes. The eir in the c¢ylinder moves
80 slomly compared with that in the pipe that its mass effectes my
be neglected., It doss act as a spring, however, The pipe acts both
as a mass and a spring. Therefore, some means must bs adopted to allow
for the distributed miss and epring effects of the pipe. If the air
in the pipo were divided into amall lumps we would have a close ap-
proximation of a distributed systom., Actually relativaly few lumps
are neededs Figures 1la and 11b show a single pipe system represented
by two springs and two masses,
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"hen there are two cylinders jointed by a cormon intake pipe,
the diagron changes slightly due to the new conditions at the point
of branching. The aystem is shomm in Fig, 12a, The weishts are con-
centrated at the middle of pipe length they represent and if the lengths
were divided into more than one lump the lumps should be equal to give
a better ddatribution of harmonics in pipe,

The eguivaient eiectrical circuit is shom in Fig. izb. It
indicates that the method of handling branched pipe systems requirea‘
the introduction of a new concept. The displacement of a mass of air
in e pipe equals the sum of the displacements in its branches. This
is the law of continwty. This is analogous to tho electiridal prineciple
that the electricity flering in one wire equals the sum of that flowlng
in its branches, To correlate thls principls in the tre svcicoms Lhe
ore pipe may be considered in series with each branch simuli-qnec zlye.
In the c¢lectrical system then each of the branch condensers .3 :ia
parallel with the main condenser individually. That is, eac: "ranch
cordenser is in a mesh by itself with the main condenser. T .l: rakes
all condensers in parallel,

The branched system involving three cylinders comnected to
a cormon pipe such as shomn in Fig, 13 forms the basis for the six
cylinder investigation. The lumping of masses and elasticities 1s as
indicated. The electrical circuit using the direct analogy ia shown
in Fig, 13
» In all these cases, the mathod of determining the equivalent
values is basically the same a3 for & one mass-one spring system,
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The analogous terms given in Table II nmust be mde enual. hen multi-
mas gysteris are involved, one value of inductance, capacitance, and
resi:atance are determined; from then on the rest of the values are
directly or indirsctly proportional to the analogous toerms depending

vpon which terms are Lelng considered.

IV, Determination of Acoustical Values

It has been shown that the air in tha nipa acte se 2 mngs,
The air in the pipe also acts 23 a spring so there is same 1linit to
the volume that can be assumed to act as a concentratcd mass. Our
investig:tions indicated thit a mnifold system dould be represented
by relatively few masses, The welght of these masses 1s dependent
upon the volume and specific weight so that it may be exprassed an-
alytically as

T ad, -‘-’—rzﬁ Y4 ' (41)
whers W = welght in pounds
d = weipht density = 1b/eu in. = 94%%% 1b/cu in. for air
d = pipe diameter - in.
f = pipe length - in,
The spring constant of the eylinder 13 glven by the expros-

sion usually used for Helcholtz resonators and gives tha forcs rec.

essary to move the alr in the pipe one inch., It is owyrzsszel as

k= do o (a2

8 6v

P
I~
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where k = spring constant - 1b/in,

d, = specific weicht in 1b/cu in.

¢ = velocity of sound in air (1100 x 12) in./sec

d = pipe diamster - in,

¢ = acceleration dus to gravity

V = volume of air acting as a spring - cu in,
Since the rass may be concemtrated at the mideseclion of lumps the
spring volumes are taken between centers,

It is necessary to modify the above results so that all

pipes or masses and springs are such as to represent only one diameter
of pdps., The reason for this is that the electrical eircuilts have no

way of representing pipe areas. Thus, charges in velocities and
displacements dus to changes in area in the pipe would not be repre-
sented in tho equivalent electrical circuits,

Fortunately, this can be overcome by setting up equivalent
pipe systens having only e diamstar pipe. This is done by maintaining
the same potential and kinetic energy capacities of the air in the
pipe. This method is used in other engineering problema.to simplify
the solutions. )

To retain the potential energy capacity the original pipe
my bs replaced by ancther having the desired diameter and another
length. Thus, the potential energr capacity in the original pipe my
be set equal to that of the equivalent pipe or

’o..-m".m '.%

where the forcs F and the displacement are
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P = pressure (lié) x ~L

2
P',-pmsm(w.':') x Y1,
so that the equivalent langth of a pipe of the required diareter is
2 .
fo=t () 3)

For the kinetic energy we have il
K128V C 128, V2

where the mass ¥ and the velocity V are

L QL_ZT.GE' V . Yoluge
A T 2/

e
¥, - gx.’_zf!.. v.-;.#‘??;._

80 that the equivalent length of pfpe fo maintain the kinotic energy

T ' w

This method is somewhat confusing in that the lengthsidr the potential
energy or k may be increassd but the lengths may be decreased to
maintain equivalent masses,

Fortunately there is a less confusing method, First, find
the values of the spring constants k and the masses W. Then make the
change to otmlvnlenlt. values of k and W, The potential enerpgy 1s
given by the equation

PE. w12k ¥ a1/ kg%,
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where x 1s the dizplacement, Sinco the volume passing any point re-
ming the sams we have that
XA = X Ay

80 that the equivalent spring oonstant k . is
LN WXy
k.-k (A) -k(d) (45)
The kdnetic energy gives the relation for the masses, It is
= f= s 2 l/ -’ v z
KE = 1/2 8V u 1/2 X, v,

where V is the velooity glven by the rslations
Ve m.'i!!. 3 v‘ - !ﬂk.%

so that

HO-N

">

(46)

Thus, both the maeses and the spring constants are corrected in

the same direction. This is as would bs expected for the natural fre-
quency of a simple systen would then be thae same as evidenced by the
squation for the natural frequsncy

Lo /K
2-rr1u

Since damping is comparatively difficult to evaluate only
apmroximate valuss can be used for the present. Thesc were deter-
mined in a general way based m critical damping and by test.
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V. Apparatus |

A number of tests were rin on one cylindsr to develop the
equipment and technique. Then 2 three sylinder manifold wes reduced
{0 an equivalent electrical circult and the techniqus refined until
the results were comparible with the test ddta from the actuval manie
fold. A sample result of this tost work is included in part VI,

The apparatus to be descrdibed 1s that for a six cylinder
menifold. It will 11lustrate all the calculatlon and test retails
needed for any mnifold,

The apparatus used on the six cylinder investization has
to duplicate the motions of the pisten, the valves, and their influence
on the intake svstem. The piston motion produces nearly a sinusoidal
force or pressure which the valve allows to act on the intals system
for a dafinite period of the ecomplete cycle. The piston velocity
was simlated by a motor driven generator consisting of rotating oon-
densar plates that produce a camstant sinusoldal voltags. In thie
way six sets of rotating condensers could be spaced to introduce the
cerank angle phase relationship for the pressures in the different oyl
inders., These voltages, after golng through an amplifMar and output
power supply, emsrge as constant amplitude currents which are now fed
to a rotating contactor switch that reproduces the valve action. The
switches connect the pipe circuit to the cylinder oondensers only
for the time the valves are opsn, These switchcs are on the same
shaft as the rotating condensers so valve timing was mintained, A
schematic dagram of this unit is shomn in Plg. 1, with the electric
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shom in Fig. 152« The actual units are shomn in separate pictures,
The rotating condensers are shown in Fig, 16, the rotary contactor
in Fig. 17, and the power supply with the rest of the setup in the
background in Fig. 18,

The manifold system for the engine i3 as shom in Fig, 19
This was divided into lumped masses as shown. Indications rmere that
the supercharger volure was grent enough to act as a very weak spring
30 would not be important in this investisation, The electrical cim |
cust is shomn in Fig. 19. The switching 1s also shom in this dia-
gran, The piston motion is always applied to the cylinder volume so
the one condenser remains with the semeriting unit at 211 tines, The
rest of the eireuit is switched in and out to simmlate valve actlon.

The calsulation of masses and elasticities will be illustrat-
ed to show the general procedure., Using the dimensions of the pipes
as glven, the volume of alr in the pipe running from cylinder 3 to
the point where it joins tha pipe from cylinder 2 is 34 cu In, Thle
volume was divided into two equal parts each having a volume of 17 cu in.
because it was felt these masses should be kept reasonably small since
they were close to the oylinder and therefore quite effective in the
manifold, The weight of these two lumps of air is then

1.17::-{%%.0.000751\:

The spring constant of the cylinder is given by equation 26 as

2
rade 2P
g YV
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where d = ripe dlameter « 1.92 in,
V = cylinder volume « 75.71 cu in,
The diameter of 1l.92 inches represented approximately the pipe dia-
nster over the region concerned. Small variations from this had
negligible results in the test data and would have been difficult
to handle in setting up the system. This gilves the spring constant as

2 2.2
k 1728 x 3 %%x 75,71 2029 1b/in,

In dbtermining the spring constant of a certain length of pipe, the

aly difference is. that V represents the volume between ends of the
spring. Thus, the spring constant is

K .ML_L&EL&LO 2 %2 20,4 1b/in
=S et 16 % bs— = Ok *

where 8.5 1s the volume of air between the valve and tre first lump.
Since the plpes were not all the spms size, 1t was necessary
to reduce the manifold to an squivalent system in which voltage could
be measured and made to represent pressures, That is, we are dealing
with total forces when we measure voltages. Therefore, to be able
to indicate pressures, we must reduce it to an equivalent constant
diameter pine. This also takes care of the currant flom which canw-
not easily be rade to change along ths eircuit as the velocity changes
when the pipe size changos, This change to an equivalent system
involves maintaining the same enerpgy storage capacitles as explained

earlier. As such, only the ratio of areas needs to be considered.
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Thus, in the large plpe leading from the supercharger, the area is
5,6 sq in. and the volure of each lurp of air 1s 52,5 cu in, The
weigzht 1s, therefore,

REEX (Qi%g)- 0,0023 1b

Since the basic area was teken as 2.9 sq in. for the pipe nsar the
cylinder, the above mass must ba corrected by the ratio

—_ W(M 2
Actual Area

po that the equivalent weight rust be

W' = 0.0023 (-52’-2-)2 = 0,00062

The spring constant rust also be corrected in the same direction

k' - k (Bas;g Area \?

Actual Area |

The remainder of the quantities can be determined using these procedures.

In setting up the electrical quantities we must maintain
the dimensionless terms given in Table II. Since we will not need
the force quantities, we can omit any consideration of them. Further,
the resistance is such an unknown quantity in the actual manifold
that we cannot Justify any rore than just appraximate values of ree
sistance in the electrical circuit. This leaves us only two terms
that must be maintained

K2 - A
Ww?  1Q?
..l)._._l_

w N
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By meking all frequencies in the mechanical system in the same ratio
as in the electrical, we eliminate the last quantity so we have really
only one term that determines the ejulvalent values. The values for
one condoneer and or:e coil are found from this cquation. . The rest
aro proportional to those according to the analogy.

To 1llustrate this procedure, let us take the values al-
ready determined for the pipe above. The cylinder spring constant
was k = 2,29 1b/in, and the mass of the first lump was 0,00075 ]:b.

A ratio of 2 was maintained betwsen the analogous systers, that 1s,
all electrical frequencies wore twice those in the mechanical. This

glves

.2 1
0,00075 x (1) 8 (2)°

80 that
I = 0,212 x 10"'6

.Nom 1PC 48 chosen as 0.25 mfd

L « 0,85 henmry
Since in the direct analogy all inductances are dirsctly proportional
to the mass, the other inductances are

W
I& - 0085m*5lv—5-

VI. Tost Results

A number of preliminary tests were mace on single cylinder
mnifolds to develop the technique and procedure for the more elaborate
manifolds described in the main report. Thess results checked well
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with data from the actual ranifold and eylinder,

LEter thiz more extenaive tests were rade on a three cyl~
inder manifold for vhich actual results were kncwmi. Those rasults
are shom in Fig, 20a.

The important thing to note is that the peak volumetiric ef-
ficieney comes at about the same speed. The difference in walues is
not pavticulafdy significant except that it indieates that the amount
of damping or resistance in the electrieal circult is not sreat enough,
This cne handicap that 1s hard to overcome, not becauso the equivalent
circvit con not handle 41t but because the value of friection thru the
valve and pipe is uninown. Sinca it is not lnown, the equivalent re-
gistance can not be determined. Even values reasonably cleoae are
not known. Mo efforts wers imde on this manifold to inereacs the
electrical resistance and thereby make the reusnlts sheck more closely.
Fowsver, come cther cases were tried with diflsrent amounts of re-
slstance. Scue wore hlgher as that shown above while othera with
more resistance foll bslew. An Intermediate value showed close corre-
lation,

Usling the above rmethods and apparatus & number cf tasts
wire m-e to find the volmetric. efficiency for different intake sys-
tems for the six cylinder éngine. After trying several methcds, one
was found that checked for single and three cylinder investigations
very closely. It was, therefors, adopted and used for all the tests
on six cylinder mnifolds,
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The method of measuring is eaxsiest understood by mferring\
to Fig. 20. In Fig. 20 the brok~n line curve reprcsents the current
which is analogous to the piston velocity. The drizing circuit
produces a fixed cwrrent which is proportional to piston veloclty
and independent of the circuit connected to it. Ths total charge
that flows into the ergine i3 equal to the sum of the charge that
would flow due to this current and the charpe that 1s stored on the
cylindar condenser at the tixe of velve closing. A measure of the
charge that will flow dus to the fixed current of the driving eircult
can be obtained by discomnecting the pipe circuit. Under these con-
ditiors all of this charge will come from the cylinder condenser.
The charge that flows during the intnks stroke from T.C. to B.C (dot
during the entire valve opening re~icd) is the charge th-t would flow
for 1003 volumetric efficieney. Since the charme on a condenser g
fiven by

) = EC
the voltape El Fig. 20 is proportional to the charge for 1007 volu-
metric efficiency. The charge that would flow into the driving circuit
during the entire valve opening period is proportional to El" Mith
simple harmonic: pistcn motion and 60 valve timing, Fy! would be 757
of Ej. The volumetric efficiency of the engine with no inertia or
friction in the intake system would also be 75%. Since the charge
flowing into the driving circuit is independent of the pipe that 1s
connected to the circuit, this charge will alweys flow into the
driving circuit. When & pipe with no inductance (mass) and no
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registance is connected to the cylinder condenser, this charge will
flom frox the pipe into the driving circult may coms fron the cylinder
condenser or, on the other hand, some excess charge my flow from the
pipe and be stored in the cylinder conderser, The total charge nouin};
fron the pipe to tha cylinder would be squal to the charge measured
by El' plus the charge stored in the cylinder condenser at tha time
of valve closing, This charge that i3 stored in the eylincder condenzer
s proprrtional to B, Fig. 20, Since Ej' is eqml to .75E, the total
charre floadng frop the pipe to ths cylinder is proportional to

5 El + EZ' The veluastric efficlency in

& LT3 By + B
Vole 6ffs o ,_____,_1,1,{1",“2, (7

Therefore, only two veltages must ts3 measured to find the volumairie
efficiency.
Proposad Ipgine lanifold
The dimensions of the poposed englne —anifold were taksn

from a set of drawlngs and from these the volumes and arezs of dife
ferent parts of the manifold were caleulsted. Thes'e ware ccnverted
to lumped masses and springa. After this, the alectrical elerments
were datermired and coanected up.

ter the clrcults were set up with no dampinz the Zest mas
run ang the cuives shomn in Fig. 21 werc obtained. Thsze indicated
guite definitcly that the maximum volumeiriec efficlency was obtatned
at about 3000 or 3100 »pm. All cylinders scered to be reasonably
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well balonced. This test did not include sufficient darping to proe
’.vide a set of curves with the general trend that would be expected.

A second test was run with 2000 ohms introduced at the valve,
The results are plotted in Fig. 22, These curves show the peak vol-
unmetrie efficlency somewhat below 3000 rpm. Cylindors 1 and 6, 2 and
5, and 3 and 4 occupy similar positions in the manifold so should
follow the same tendencies. The sets ssem to be about correct. There
nas a olight lowering of the point of maximun volumstric efficiency
when these results are compared with the case with no darmping. It
was of Interost to find out what effect the large end pipe had on the
rost of the svsten so another set of readinga was taken with the big
pipe eleents grownded. This had the effect of removing this pipe
from the ranifold. The test results are plotted in Fig., 23. The
variation betwesn cylinders is leses but the general trend 1s the same
as before with the maxirum at about 2900 rpm. It was further decided
to mn 2 test with the common pipe between the front and rear three
oylinders as removod. This was done by rrounding at the corresponding
point in the manifold. The results on the first three cylinders are
shom in Fig, 24. It shous that the peak efficlency is above 4500 rpm
80 the common pipe mentioned above is very important in determining
peak efficlencies, It suggests the possibility of designing this
pipe and the individual cylinder pipes in such a way that thelr ef-
fects may be combined to give the pesak where it is desired. The next
‘section will describe scme of these investipgations,
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A further test was made using 5000 ohns rosistance at the
valve., These results Fig, 2% show the peaks have generally shifted
to lower speeds, It shows that friction has the effect of raising
the volumetric efficlency at low speeds and lowers it at higher
speeds,

Revised Manifolds

The present manifold would peak at too low a speed to pot
best results at peak specds Thorofore, scveral atiempts were made to
nodify the present manifold. Tho first aitempt was to increase the
diameter of the pips connecting ths manifolds of the front and rear
thres oylinders as indicated in Fig. 26 because Fig. 23 showed that
the large pipetad little effect in shifting the peak. The test ro-
sults for this manifold are shown in Fig. 27. The maximum peak now
comas at about 3300 rpme Agaln the paris of cylinders agree quits
closely. The removal of the end plpe was also tried with this setup.
These results are shomn in Fig, 28. There is possibly soms lowering
of the spead at which maxinum volumstric: effisclency occurse The
variation also is somewhat less between the cylinders.

Another pipe modificztion 4s shown in Fig, 29. The pipes
were retained at thsir original dlameters. Undsr these conditions,
the test results yielded the curves shown in Fig. 30. The average
peak volunstric efficisncy seens to be at about 3300 rpm. For some
reasn, the curves are irregular but the sylinder pairs agree very well,

A third modification is a modification on the previous.
mnifold ﬁthrth. ripe to cylinder 1 and 6 being made 1.67" in dlameter
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as shown in Fig. 31. The test results are showm in Fig, 32, The
averuge spoed for peak volumetric efficlency is about 3300 rpm. At
the sams time, the circudt was grownded at the point corresponding
to ths point where the manifold for thres cylinders enters a common
pipe so that ths comon pipe was in effeot removed. Under these
conditions, the test resulte are shom in Pig, 33. The pesk values
cccur here at about 4000 rpm. |
VII. Conelusions

This investigation has shown the techniques and methods
developed to use the electrical analogue for analyzing complex engine
mnifolds and their effect on volumetric efficiency.

The design of manifold furnished for the engine shows that
the peak volumetric efficdency occurred at approxirstaly 28C0 or
2900 rpme This 1s sorewbat below the desired peak which was 3400
or 3000 rpm. Therefore, several nodifisations were tried., By ine-
croasing the diarester of the pipe camécting the flopt and rear groups
~of three cylinders to 2,38 inches, the peak efficiency was recched
at about 3300 rpm, However, this resulted in reduction of tre vel-
ooity in the pipe to about 140 ft/sec. If this same pipe were brought
in between oylinders 2 and 3, and between 4 and 5 the pipe is shortencd.
The effect on the efficiency is about the same, that is, the peak is
reached at about 3300 rpme With this same manifold and the individual
pipss to the cylinders reduced to 1,67 inches, the sare peak was
still reached at about the same speed bu the performance of cylinders
1, 2, 5, and 6 mas increased at other speeds.
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By changing the dilameters or lenzths of certain individual
or comson pipes, it is peseible to show mried iprovement in the
volumetric efficisncy. By coreful test, it should be possible to
shift the curves 8o as to give the desired sharactoristics for the
individaul cylindors as well as for the whole engine., Consideration
of distribution and velocity are factors in determining which desien
18 Dbest,

Further work could bBe done to find more effective designs
which would raige the peak spsed even rore., Yore oould be learmed
about baloncing the volumetric efficiencies for the individwal cyl-
inders. General ﬁles for irprovement of a manifold could probably
be formlated after a nunber of further tests. They would indicate
the effect of the dlameter and length of each pipe.
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TABIE IX,

Direct Mechanjcal and Electrical Analogy
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PAR? I,

I. Pw.ose

The experimental work for this report was doms to obtain in-
formation concerning the sffects of vibrations in intaks manifolds on
multi-cylinder engines of the six and twelve cylinder types. Most
of the work was done an three cylinder groups that could be eormbined
into six or twelve cylinder manifolds,
II. Experimental Apreratus

The engine used for the tests covered by this report was a
six oylinder, Franklin, aircooled, automobile engine, This engine was
used because it had individual intake ports which permitted the use
of a8 wider variety of manifolds than would be poasible with an engine
having dual ports. The engine dimensions and an intake valve 1lift
eurve are given in Fig. 1l. The valve 1ift on this engine was not
great snough to permit high volumetric efficiencies to be odtained at
high speeds. In order to study the effects of vibrations it was nec-
essary to design many of the manifolds to give maximum vibration ef.
fects at relatively low speeds because high valve friction tended to
prevent the vibrations from producing the desired effects at high
speeds,

The engine was motored by another automobile engine (Fig. 2).
The peak compression pressures obtained during motoring were used as
& measure of relative volumstric efficlencies,

Compression pressures were mesasured with balanced pressure
gges. Pressure diagrams in the various parts of the manifold were
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obtained with magnetic pressure plck-ups used with a cathode ray
oscillograph. Descriptions of the instruments and their calibration
are given in a previous report on this project.*

Manifolds for the engine were mds of standard pipe fittings
welded together and drilled out so that they had wmiform interml dia-
meters, The pipe fittings used on the 1" diameter manifold were 3/4"
pipe fittings with the threads drilled out so that the intemal dis-
meter was the same as that of 1" pipe (1.05"). 1" pipe £ittings were
used with 1-1/4" pdpe. | '

Tests on a six cylinder menifold indicated that the flom
through the comon Inlet for six cylinders was so wniform that vibra.
tions of the air in the common inlet were small and of little importance.
Bacause of this, most of the tests were run on three cylinder séctiona
that miéht be used on six and twelve cylinder engines, The psrformance
characteristics of a complets six or twelve cylinder manifold made up
of sections of this type should be the same as those of cne section,

A pleture and the dimensions of each manifold are shown with the perw
forrance data for the manifolds.
ITI. Theory

Plgures 3 and 4 illustrate some features that are cormon to
mny multi-cylinder engine manifolds. There is a eoumon inlet pipe
leading to a Tee or header, . Branch pipes lead from there into the

* "Prograaa Report on Study of Multi-Cylinder Engine Manifolds" by
Jo A, Hardy and E; N. Kemler, Army Air Porces Cooperative Research
Project, M-125-1, Contract no. W535 ao~388860.
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eylinders. On six and twelve cylinder engines of the inline o V type,
the oylinders are often connected in groups of threse The intake
strokes of these throe oylinders are evenly spaced with respect to tire
90 that thers is little or no overlap of the valve opening periods
o the different cylinders. In other words, during the intake stroke
of one cylinder the valves on the other two cylinders are closed and
the volumss of these cylinders are not connected to the manifold. The
volume of the branch pipes leading to these cylinders, however, is
still econnected to the rest of the manifold and will influence the
performance of the one oylinder under consideration,

During the intake period of any e cylinder, tiw air in
the branch pipe for that cylinder and also the air in the common inlet
pips are accelerated during the firat part of the intake period and
decelerated during the last part of the intake period. The air in the
otber branch pipes does not move veary much during this period and there.
fore does not comtribute very much to the inertis effects of the sys-
ten. The volumes of these other branches, however, acts as & spring
omnected to the middle of the pipe leading to the active eylinder as
shomn in Fig. 4 _

The decelsration of the air tomard the end of the intale
period is brought about by the stopping and reversal of the piston at
the Dottom of its stroks. Under some opereting conditicns the air may
" be decelerated and stopped before the intaks valve closes. In this

case soms alr zay flow back out of the cylinder and less than meximm
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charging effect will bs obtained, Under different operating conditions
the flom of air may not be stopped at the time of valve olosing and
the cylinder will be prevented from receiving & maximum charge as &
result of the valve closing. In this case the valve itself finally
~ stops the flow of air. The pressure at the intaks port will be & mxe
imm at the instant when the air flow in the pipe stops. Any reversal
of flow will decrease the pressure,

The action of the air as described in the precesding para-
graph will be called a remming action. It produces high volumetrie
efficiencies wder proper operating conditims by using the kdinetlo
emergy of the air in the intake pipe to compross the air in the oyl
inder, Thie 1s the only typs of vibration of importance that exists
when individusl intake pipea leading from a common inlet such as &

" supercharger housing are used. The folloming equation will give the
speed at which the maxdimum benefits can be obtained from remming.®

u.cﬁr\,.& Q)

vhere N « speed at which paak volumetric efficiency will ocosuwr, rm
C = & constant which dspends principally on the effective valve
olosing angle and on the amount of friction in the system.
T4 usually has a valus between 0.6 and 0.7. .

k = spring constant for the cylinder volums and & part of the
panifold volume which acts as & spring in the vitrating systam, 1b/in.

# "Progress feport cn Study of Multd-Cylinder Engine Manifolds", Army
Forces Coopsrative Research Project 1-125-1, Contr:ot No. 535 ac-38866,
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B = effective mass of air eatering into the "ramming® vidbration,
1b/g o 1b-sea’in. "

This 1s the equation for the natural frequsncy of s simple
vibrating system omsisting cf e mss and one spring with the oon~
stant, C, added, It is easy to apply to single oylindar intake pipes
but it is soretimes difficult to use on multi-cylinder intake maniw
folds because it is difficult to determine what the effective mass
and spring constant are. This equation is applied in analyzing experimsntal
rosults given in this report. The equation can be put into & more
convanient forn by subatituting for k and m in terms of engine dimene
sions. The equation wil]l them be:

2
n.cﬁ\f%{_ (2)

2
where a = cross-sectional area of intaks pipe, in.

V = offective volume » cylindsy volums plus part of manifold
3

volume, in.
1 = offactive pips length, in,
¢ = velocity of somd in alr, in/eec = 13,900 in,/sec for air
at 100°P
The "ramaing” vibration 4s not 3 resonant vibration, that
1s, 1t does not acoumlate energy from one cyeles to the next,
The best volumstric efficlency can be obtained whem all,
or nearly all, of the kinetic energy gained by the air in the branch
pips and inlet plps during the first part of the intake process can
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be used to compress the air in ths oylindsr toward the end of the
intake stroks. The kinetic energy of the air in the branch pipe can
be used quite advantagmously, btut the kinetic energy of the air in
the inlet pipe mmet be partly used for corpressing the afy in the mani-
fold volune and therefore is not as effective in increasing the volu=
metyic efficienocy. Generally the maximm pressure at the manifold
Tee vhish results from the deceleration of the alr in the comon inlet
pipe will not be obtained until sometime after the maximum presscure
at the port 1a obtained. This is due to the fact that the extra volume
of the mnifold comnected to the inlet pipe acts as a reservoir for
the air and evan though the piston or valve stops the alr in the branch
Pipe, the air in the inlet pips can continue to flow into this volume
wntil its kinetic energy is uzsd up in coampressing the air in the
manifold. The extra volume of the manifold also prevents the air in
the common inlet pipe from being acceleretsd as quickly as the air in
the tranch pipe during the first part of the intake stroks, The overall
nsnlththatthonotimofth_eairint.hacominlcthgabeltd
the motion in the brench pipes,

The effect of the intake strokes of all three cylinders
cennscted to this mnifold is such that a steady state foroed vibratiom
of the air in the inlet pipe my exist. The frequency of this vi-
bration is the same as the cyclic frequency of the engins (3/2 times
the rpm.) The vibrating system consists of the mss of air in the
inlet pipe and the volume of the mnifold and one of the cylinders,
ly me oylinder is comected to the mnifold at any one time.
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Such a systen has a natural frequency of vibration. When the driving
frequency is nsarly the sgme as the natural frequency, szall exciting
forces will cause large amplitudes of vibration because snsrgy is
scoumiatod from one oycls to the next. Mhen this conditim exists
the vibrating system 48 said to be in resonance,

The natural frequency of such a system is given by the same
type ct equation as was ziven for the speod for yesk ramming effects

r.g%,\ %frcynles/ﬁn (3)

2
where & « area of inlet pipe, in.

6 = velocity of somd in atr = 13,900 in./sec ot 100°F
- 1 = length of inlet pipe, in.
V » volums of menifold and ans cylinder, in.3
fhen the driving frequency (3/2 times the rpm) is nearly

equal to the natural frequency the amplitude of the pressures resulting
fron this vibration will be greatest. This high pressure amplitude,
however, does not uaml‘l.y produce bensficially wffects on the three
oylindor systems because the air motion in the inlet pips tends to be
bshind the motion in the branch pipes causing the mressurs peaks to
occur after the valve closes as was indicated earlier in this discus-
sion. At driving speeds below the natural frequency soms beneficial
affects my be obtained even though the pressure amplitude is relatively
low becauss the peak pressure will ccour at the time of valve closing.
At these low speeds the vibration is essentially a "ramming® vibration

not a resanant vibration.
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In general it does not seem likely that the vibratiom of
the air in the coomon inlet pipe to three cylindsre can be mads to
produce volumetric efficiencies as great as can be obtained by using
individual intaks pipes for all engine oylinders. A cormon inlet
pipe to three cylindera ssts up vibrations that waste energy in conm.
pressing air in the manifold, At speeds where a resonant effect
carries energy over from one intake stroke to the naxt the pressure
peaks occur too late (after valve olosing) to produce beneficial efw
feots,

The four oylinder manifolds discussed in the preceding re-
port on this project showed that irportant bensficfal effects could
be obtained from a resonant vibration of the air in a comon inlet
pipe on a four cylinder manifold. The phase relation of the driving
force on a four cylinder engine is much that the peak pressure occurs
at the tims of valve closing when ths vibrating system is in resonance,

IV. Experipents) Results
Single Criinder Data

Some tests mere run with pipea on one cylinder of the engine.
The results of these tests are shown in Figures 5 and 6. The com~
preosion curves (Fig. 5) are typical of the ourves that are cbtained
with roet single cylinder intake pipes. The prineipal vibration 4a
s remming vibration as shom by Pig. 6. There 1s a large drop in
pressurs during the first part of the mﬁm stroke. The pressure
builds up at the end of the intake process due to deceleration of the
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air in the pipe. The speed at which the peak volumotric effieiency
osours can be caloulated from the equation given in the Theory. Cal-
mﬂztedspeedaatthopéalcmdactmlspeedaatthnpeakaugivmin
Table I, The valus of G used for these calsulations was 0,63, The
actual and caloulated peak speeds agree quite 6losely and thus check
tho thecretical reasoning.
Iyo Cvlindex Manifolds

Tests on some two oylinder manifolds were given in the
propress report on this project. Two additional modifications of the
two oylinder manifolds were tested an the six cylinder engine. Thess
manifolds had long branch pipes (26%). The first test was mm with a
short cormon inlst pipe. The results of this test are shomn in Fig. 7
The speed for peak volumstric efficdency was 1700 rpm. The calculated
speed based on the ramdng action in the branch pipes is also abeut
1700 rpm (See Table I for 1-1/4" x 28.5" pips). The maximm compres-
sion pressure, however, is lower than for a single cylinder inlet pipe
of similar size (Ses Fig. 5)¢ This is due largely to the extm fric-
tion in the Tee of the two oylinder manifold.

This manifold was also tested with a 30" inlet pipe attached,
The results of this test are shomn in Figures 8 and 9, The pressure
dierrans taken at the Tee show that the vibr.tion of the alr in the
inlet pipe increased in amplitude and becare nearly sinusoldal at the

hicl: speeds indicating that 2 resonant vibration developed. At these

high speeds, howsver, the pressure peaks ocourred too lats to produoce
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benefits. The principsl vibration ceusing a high volumstrie efliciancy
i» a raming action at low spsecs, The mas3 of air in the sommon in-
let pipe enters into the rarming action along with the air in the branch
pipes. It is aifficult to calculate the peak speed from the equations
given in the Thoory because of the wcertain effect of the extra mani-
Told volums attached to the inlet pipe at the Tee,
Threa Cylinder Manifolds, 1" Diapeter
Figures 10 and 11 shom the results of a tost rn on a 1"
dia-ster manifold with long (25") branch pipes. Mo extra length of ine
let pire was ussd. The pressure dlagrams show that the pressure amp-
1litudes at the Tee are very small. This indicates that the vibration
of the mass in the inlet pipe hae only a small effect on the perform.
ance of the manifold, The volumstric efficilency ehould be effected
principally by the ramming sction in the branch pipes. The pressure
dlagrams taken at the intake port on cylinder 1 show the effects of
rarming. There is a big presswe drop (Fig. 11) during the middle
part of the intakes stroke resulting from the acceleration of the air
in the branch pipe. Toward the end of the stroke there is a pressure
rise resulting from the deceleration of the air. The vibraticns are
olmost identical to thoss in single cylinder intake pipes, The maxi~-
mn volumetric efficiency should be obtained at the speed where the
gressure at the tims of valve closing is a maximm, Apparently the
effective valve closing angle is scmewhat earlisr than that shomn on
the pressure dlagrars, becavse the compression pressures reach a



«50-
moximum at about 1400 rpm while the pressure dlagrans show that it
should occur at a higher speed.
The important dimensions to be used in calculating the speed
for peak volumetric efficiency caloulatsd from equation 2 (Theory) are

as follows:
Plpe Jength
langth of branch pipe to header 250
length of port "
inlet Tee to branch plpe 2.5"
total length “31.5m
Yolupe
volume of cylinder 60 in.3
1/2 volume of pipe 14 1n.3
3

total volume 74 in,
area of pipe = 0,858 in.z

Table I gives the actual and caloulated spsads for peak
volumetric efficlencies for a single cylinder intake pipe of about
the same dimensions (33"). The calculated speed is 1560 rpm and the
actual speed 1s 1500 rpm. The peak spesd obtained on the multi-cylinder
manifold is 1300 rpm. The lower speed at the peak obtained with the
mlti-oylinder engine is probably due to greater friction in the mni-
fold. The lowsr peak pressure (about 117 pei) obtained with the milti-
cylinder manifold compared with the value obtained with a single

cylinder pipe (127 pel) is also the result of greater friction in the
mlti-cylinder mnifold-
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Maures 12 and 13 show the effect of adding a 13" inlet
pipe to ths manifold with 25" brench pipes, The compreasion pressure
ocurves (Fig. 12) show that the additional length of inlet pipe had
vory little effect on the valumstric efficiency. The shaps of the curves
and the pressures arxs the sams as without the inlst pipe. The speed
for psak volumstric: efficiency (1300 rpm) is the same,

The pressure dlagrams taken at the inlet Tee dhow that a
resanant type of vibration of the mass in the inlet pipe does develop.
It reaches a masdrum &mplitude at about 1800 rpme The rhase relation
of this viliration 1s such that very little benefilolal effect 1s obe
tained. The pressure at the Tee at the time of valve closing never
becomes ~mch greater than atmospherle, Since the compression pressure
curves were uneffocted by the inlet plpe, it may be concluded that the
inlet pipe did not have an appreciabdble effect on the ramming action.

Pigures 1) and 15 show the effect of adding a 33" inlet
to the mnifold. This pipe had an important effect on the sompres-
sion pressures as shom in Fig. 14. The peak occurred at about 1100 rpm
and the curves are nearly flat from 1500 rpm to 2000 rpm.

The pressure diagrams help to explain the factors affecting
the shape of the compreassicn pressure curses. The pressure diagrams
obtained at the inlet Tee (Pig. 15) show that a resonant vibration of
the air in the inlet pipe developsd and reached a maximum amplitude
at about 1400 rpme At spsods balow 1400 rpm the phase relation of

this vibration was such at a pressure preater thanasmnspheric existed
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at the Tee at the time of valve closing. At speeds above 1A00 the
pressure at the Tee at the time of valve slosing were below atmospherdc,
This vibration should, therefore, increass volumetric efficiencies
at the low speede. The comprossion pressure curves show evidence of
this, The effect of ramming in the branch pipes wcs not greatly
changed but the corpression pressures were modified by the vibration
of the air in the intake pipe. |

15" branch pipes were used with the 1" diameter manifold,
The results of a test with this manifeld and no inlet pipe attached
are shown in Figures 16 end 17. The principal vibration affecting the
volumetric efficlency, as in the case of the 25" branch pipes, is the
ramuing action. The veak volumetric efficlency cccﬁrs at 1450 rpa.
This speed 1s lower than the speed caleculated from equation (2) be
casue of the high friction of the multi-cylinder manifold. The pres-
sure diagrams talken at the inlet Tee show that the pressure amplitudes
due to vibration of the air in the short 3" inlet wore very low and
should have a negligible effect on volumetric efficiency. The pres-
sure dlagrams takend the intake port have the typical shape of pres.
sure curves resulting from remming.

Flgures 12 and 19 show the results of a test run with 15"
branch pipes and a 13" inlet pipe on the 1" diamster manifold. The
peak compression pressures occur at 1400 rpm almost the same as the
spead that w:s obtained without the 13" inlet pipe. The pressure dis-
crams obtained at the inlet Tee show that the vibration of the air in
the inlet pipe should aid the ramming action at 1400 rpm becausé the
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pressure at the Tee 1s above atmospheris at the tims of valve closing.

Tests were run with short, 4" branch pipe lengths,on the 1*
dlametesr manifold, On the first of these testea 13" inlet pipe wmas
used, The resuits of tids test are shown in Figuwres 20 and 21. The
paa.k comprossion pressures occur at 1500 rpm. The pressure diagrams
obtained at the inlet Tee show a ruther steep rise in pressure at the
time of valve closing for speeds above 1000 rpm. This indicates that
the aiy in the inlet pipe is slowed down rapidly by the stopping of
the piston and the valve closing, The effect is similar to rrrming
in the branch pdpes. It i3 more predominate when short branch plpes
are used because the manifold volume is small and does not have a
"soft" enough spring action to permit the alr in the intake pipe
to vibrate in the normal manner, The air in the inlaet pipe therefore
produces a significant reming action along with the air in the branch
pipes. Any atterpt at calculating the speed for psak ramming action
in the branch pipres on this manifold is complicated by the indeterminant
ramuing effect of the air in the inlet pipe. The combined effects of
raming in the branch pipes and ramming in the inlet pipe causes the
peak volumetrio efficiency to oscur at a lower speed than it wculd for
elther of thees effects ssparately.

A 33" intake pipe was attached to the 1" manifold with 4"
branch pipes., The results of a test mm on this manifold are shown
in Figures 22 and 23. The coapression pressure curves show that the

peak volumstris efficlency was obta'ned at 130C rpms The pressure
diagrans, Fig, 23,show that the pressurss at the port are generally
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not greatly different from those obtained at the inlet Tee. This in-
dicates that the vibration of ths air in the inlet pdpe produces the
prineipal effect. At the speed where the peak compression pressure
oocurs the vibratim is principally a reamming action of the air in the
inlet pipe,
L-144" Menifolds

A manifold mds of 1-1/4" pipe was tostad. The first test
run on this manifold was made with short (3") branch pipes and a
short (2,5") inlet pips. The results of this test are shown in Figures
2, and 25, This mnifold did rot produce any very important vibra.
tlonal effects. The pressure diagrams, Fig. 25, show that the pres—
sures at the Tee were almays very close to atmospheric pressure., The
pressures obtained at the valve port show a significant pressure drop
during the intake stroke tut very littls pressure riss at the end
of the stroke. The pressure drop is apparently largely due to fric-
tion in the mnifold. The smll pressure rise is to be expocted be-
cause the pipes are two short to produce important rarming effects at
the spoeds used for the test,

The compression pressure curves show a amall rise up to
1900 rpm and a decrease beyond that spesd. The smnll rise is due to
tho smll amount of remming that is obtained in the manifold. The
decrease 1s dus to high friction in both menifold and the engine
valves. The speed for pesk compression pressure 1o muah lower than
would be expscted for a madfold with such short plpes, This particwlar
engine apparently has too much valve friction to permit obtaining
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benefits fron vibretions at high speeds.

Figures 26 and 27 show the results of & test »n withea
19" inlet pipe an the 1-1/4" mamifold. The addition of the inlet
pipe ocaused vibrations of significant amplituds to exist within the
speed runge for the test. The pressure dlagrams obtained at the Tee
show that a resonant vibration tends to develop at the high speeds.
At the speeds where the pressure peak oscurs early enough to produce
an inorease in volumstric efficiency the vibration is prinecipally a
ramming vibration, The pressuve diagrams obtained at the valve port
are similar in shape and amplitude to the dlagrams obtained at the
Tee indicating that the principel effect is produced by the vibrations
of the air in the inlet pipe, There is some evidence of rarming pro-
duced by the air in the brench pipe.

The theoretical speed for peak remming effect assuming the
— effect of ramming in the branch pipe to be negligible is as follows:
manifold and port volums A2 :ln.3
1/2 of inlet pipe volume  13.5 in,
cylinder volume 60.0 in.

Total volms  115.5 in.’
pipe length » 19 in,
pips area «  1.49 in.?

C = 0.63

3
3

--—QQ
NeCZ V 55

63 50 0 . 200
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The compression pressure curves show that the peak octurs
at 1800 rpn instead of 2100 rpm, This is probavly due to the fact
that the high manifold and valvs friction tand to reduce the peak
spsed and also due to the effect of inertia in the branch pipe which
would tend to retard the development of the vibration in ths inlet pipe.

14" tranch pipes and a short inlet pipe used an the 1-1/4®
mnifold. The results of o tesi on thie arrangemsnt are shom in
Figures 22 and 29, The preasuyre dlagrans obtained at the Tee show
that the vibrationsof the air in the short inlet pipe produce nep-
ligible pressure effects. The rrincipal vibration is, then, a ramming
otion of the air in the branch pipes, The peak sompression pressures
were obtained at 1800 rpm. This speed is scmewhat lower than the
theorsticnl speed for reming with ths branch pipe length used. This
is probably due to friction in the multi-cplinder manifold.

$ix Cylinder Yanifold

Some tasts were run on & gix cylinder manifold as show in
Fig. 30. Tests were mmn both with and without the carburetor at-
tached. Figures 30, 31, and 32 show the results of a test mmn without
the carburetor, The pressure diagrams obtained at the Tee where the
riser from the earburetor joinc the hesder are shown in Pig. 31. The
peossure amplitudes obtained at this point are very small, indicating
that the effects of vibration of the air in the riscr were negligible,
The principal factor affecting the volumetric efficisney appears to
be the raming action of t7e air in the branch pipes leading from the
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header to the individual eylinders., These tranch pipes are short (6"
plus 3.5" port length) and should produce maximum remming actlon at
speeds higher than those used in the test; however, the high valve
.friction on this engine prevented the utilization of ths vibretions
at high speeds,

Fig. 30 shows the compression:ipressure durves for the first
three oylinders. The last thres cylinders are symmetirical with the
first three and should have identlsal curves. These curves show
the tendency for the compression pressures to rise with spesd but at
high speeds ths high valve friction prevents ths continued rise in
pressure,

The data obtained with the carburetor attached ars shown
in Pigures 33, 34, and 35. The results are almost identiral to thoss
obtained without the carburetor imMoating that the carburetor did
not modify the vibrations. The compression pressures are 'alighuy
* lower because of a small increase in friction due to the carburetor.
V. Conolusions

kanifolds n six and twelve cylinder engines are often ar-
ranged so that the cylinders are comnected in similar groups of three,
The vibrational effects of the manifold as a whole should be the same
as that of one three cylinder group becsuse when two of these groups
are ecﬁmctedtogatheratacom inlet the air flow in the common
inlet is so nearly steady that no new vibrational effects are intro-
dueced.



-58-

The vitretions in the three sylinder manifold can bs divided
into two principal typss: (1) a remming vibration and (2) a resonant
vibration. Simple equations given 4n this yeport show the effects of
engine and manifold dimensions on these vibrationa and help to ex-
plain the performnce of the manifolds,

The ramming type of vibration has the most important effect
on the volumetric efficlency. The total remming action includes the
effect of the mses of alr in the comon inlet pipe to the three oyl-
inder group, together with the ramming action in the brench pipes.
The ramming sction of the air in the common inlet is less effective
than the ramring action from the air in the branch pipes. This is
due to the fact that kinetic energy of the air in the common inlet
pipe 1s rartly used in compressing air in the manifold volume rather
than ramming air into the eylinder,

Resonant vibrations of the mess of air in the cormon inlet
do occur but they are not effective in increasing the volumetric ef-
ficiency of a thres cylinder group. 'hen the syster 18 in resonance
ths pressure peaks ocour too late (after valve olosing ) to produce
beneficial effects. Bensfiolal resonant vibrations in four cylinder
nnifold sections my be obtained as was indicated in a previous re-~
port on this project.

.The tests indlcate that the highest volumstric afficiencies

“oan be cbtained with dndividual pipes to each eylinder from a commn
inlet for all oylindsrs. The pips dimmsions necessary to produce
maximm volumetric efficisncy at any speed can be caloulated quite
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closely by using equation 2 in this report.

Some two cylinder manifolds were testod but the results of
the tests indicatsd that single pipes were belter whenever they can
be used.

The tests show that excess friction in the valves or mani-
fold prevent. vibrations from devzloping and produciﬁg beneficlal ef-
fecta. Tests mm at high specds where the valve friction was exceesive
shomed that very short pipes gave res'lts as pood 28 thosy obtained
with pipes tuned for these high spaeds,
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T.\BLE I .

Actual and Caloulated Speeds for Peak Volumetrioc
Efficiency for Single Cylinder Intake Pipes

Pips Size Q;mf RPM gﬁﬁ:’,’aﬁﬁ *
1 x (28.5 + 3.5) 2000 1980
1" x (44 + 3.5) 1300 1260
1" x (30 + 3.5) 1550 1560
1" x (20 + 3.5) 1800 1920

* Equation 2 of the theory was used for these calculations.

V was taken as the maximum cylinder volums plus one-half of
the pipe volums. ¢ was taken as 0.65.
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Fige 6 = Pressure Diagrams, Single Cylinder Manifolds
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Figs 11 « Pressure Diagrams, 1" Diamster
Three Cylinder Manifold, 25" Branch

Pipes, 3" Inlet Pipe.
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Diagrams, 1" Diamster
Cylinder Manifold, 25" Brench
Pipes, 13" Inlet Pipe.
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Fige 15 = Pressure Diagrams, 1" Diamster
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Fig. 17 = Pressure Diagrams, 17 Diamster ‘
Three Cylinder Manifold, 15" Branch
Pipes, 3" Inlet Pipe
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Fig. 19, Pressure Diagrams, 1" Diameter
Three Cylinder Manifold, 15" Branch

Pipes, 13" Inlet Pipe
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Fig. 21 = Pressure Diagrams

, 1" Diameter
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Three Cylinder Manifold, 4" Branch
Pipes, 13" Inlet Fipe
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Fige 23 « Pressure Diagrams, 1" Diameter, Three
Cylinder Manifold, 4" Branch Pipes,

33" Inlet Pipe
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Fige 25 — Pressure Diagrams, 1 1/4" Diameter,
Three Manifold, 3" Branch Pipes,
2 1/2" Inlet Pipe
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Fige 27 = Pressure Diagrams, 1}"Diameter,
Three Cylinder Hanifold, 3" Branch
Pipes, 19" Inlet Pipe
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Fig. 29 - Pressure Diagrams, 1 1/4" Diameter,
Three Cylinder Manifold, 14" Branch
Pipes, 2 1/2" Inlet Pipe
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Fig. 31 - Pressure Diagrams, Six Cylinder
Manifold Without Carburetor
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Fig. 32 - Pru.sure Diagrams, Six Cylinder
, Manif2ld Without Ohrburetor
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Fig. 34 - Pressure, Diagrams, Six Cylinder
" Manifold with Carburetor
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Flg. 35 -~ Pressure Diagrams, Six Cylinder

Manifold with Carburector
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