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PURDUE UNIVERSITY
OFFICE OF THE DEAN OF ENGINEERING

LAFAYETTE, INDIANA

November 24, 1944

Commanding General
Army Air Forces
Materiel Coimand
Wright Field
Dayton, Ohio

Subject" Letter of Transmittal for Report on "Final
Report on Study of Multi-Cylinder Engine
Manifolds", Contract No. W-535 ac-38886,
Engineering Exoeriment Station Project
1&-12 5-1,

Gentlemen:

I am sending you under separate cover three copies

of report on "Final Report on Study of Multi-Cylinder Engine

Mnifolds", which has been prepared by my colleagues Messrs*

Freberg, Hardy and Keler. 'his completes 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 manxifolds. The 4iulti-cylinder

engine manifold being considerably more complex cannot be handled

by mathematical methods so that recourse mot be made to ex-

perimental methods for its analysis, An exlorimental study of

many manifolds failed to show how they could be dependably de-

signed except by cut-and-dry method, This method is very long

and expensive and not entirely satisfactory. In order to develop

some shorter and more rational method, the possibilities of the
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electrical-mechanical-amustical analogue were investigated.

This study showed that it is practical to analyze a manifold

in the design stage by this method. 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. easurenents can then be made in the electrical circuit

which c-an be interpreted to give indications of the relative

volumetric efficiency of the actual manifold system. The prin-

cipal advantage of this method is that the equivalent of changes

in 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 should

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 concerned

with determining whether or not such a method has possibzilities

and not with the reduction of this method to Its simplest form.

The experimental work on abtual manifolds indicates

that the performance of manifolds which have individual pipes

from a common source will give better results than any other

type of multi-cylinder manifolds These conclusions are based

on a limited number of tests. Because of the many possibilities

with regard t* individual cylinder pipe sizes and lengths, size
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and length of common pipe, cylinder spacing, timing, etc. it

is impossible to draw any general conclusions from a limited

number of tests. The tests to date do, however, give some

general trends and indicate some future factors which could

be studied particularly in connection with the analogue. It

is probable that the maximum amount of information can be

obtained by carrying out a limited amount of experimental

work in connection with a further study of the analogue as

applied to manifold problems.

Respectfully submitted,

A. A. Potter

Dean of the Schools of Engineering and
Director of the Engineering Experiment Stition
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The general study of engine manifolds started with the

analysis of the simple single pipe mznifeld or induction pipe which

would be used on a single cylinder engine. Previous reports have

considered both the experiiisntal and theoretical phases of the single

pipe manifold. After considerable eperimental work reasonable aeree-

mernt between a simplified theory and experimental results was obtained.

The study of multiylinder manifolds is too difficult to undertake

mathematically. The experimental study of such manifolds is difficult

because of the many variables Involved. A considerable study of my

manifolds failed to show how they could be dependably designed. The

out and tr7 method for manifolds is of course a long and expensive

procedure. In an attempt to develop some shorter and more rational

method, the possibilities of the electrical-4neahanicaLcoustical ans-

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 electrical model to the study of the nanifold problem, and

the second to further experimental work, The following gives a brief

summary of each Part.

This section of the report shows that an engine manifold

may be analyzed while in the proposed design stage to determine the

speed at which a particular manifold will give peak efficiency. The



analysis is carred out on a afx cylinder manifold and sho"s the ef-

fect of changing pipe diameters and lengths.

The air in the n fnitolA and cylinders has both mas and

elastloity so it is first replaced by an equivalent aystem of lumped

spring and xase.s The first part of the report shows how this me-

chaieal system of velits and sp-ings can be replaoed by electrical

elsmnte in an electrical circuit according to the princples of

electrical-4meohanial analogies, easurer nts can then be raee c

this electrical czrcvdt hioh may be interpreted to give the volumetric

efficieney of the original ranifold system.

The rain value in this method of analysis lies in the fact

that the effect of alane in dameter ad length nzi be deterined

quickly and easily*

In the partlaular manifold studied the peak efficiency was

reached at about 2900 rrv. By various changes in diameter and length

he peak speed was raised to about 3300 rpm.

The experimental work which has been done to date indicates

that the performance of properly designed individual pipes frm a

cmion source will give better results than any other type of multi.

cylinder msnifold. The study indicated that for reasoable designs

the oumon pipe in a six cylinder manifold shows practically steady

flow and is, therefore, not much of a factor in the performance of

the manifold. This permits symtrical manifolde of the six or twelve

cylinder type to be broken down into three cylinder =1ts (for the

ommuany used types).
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The ai motion In the three oylnder muifold can be dii4d

into (1) a rw=In effect and (2) resonant vIbvetiona. The toa

raming effect includes the entie air colum. The rwang effeot

of the branch colums is of greater Importance than the coinn inlet

pipe. Resoance vibmtions in the inlet pipe to a three cylinder Wo-

tion are not, in eeneral, effective in increasing the volumetria ef.

ficiency.
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PART 1.
I.TI

1. !i.: s

This part of the report has two purposes; the first purpose

is to give a thorcuah discussion of electrical-mechanimalvcouwtical

amlogues and the second is to show that they may be adapted to solve

engine manifold problems* Techniques and equidpnt were developed so

that mnifolds for any number of cylinders could be analyzed for max-

I= zm volumetrie efficiency.

Eletricaleebanioal analoCies can be set up in a variety

of ways dependIng upon the conditions of the problem8. That is, ce

mechanical systems have constant forces applied to them to make them

vibrate, others have constant velocity or displacement. The dwice

of the type of analogy then depends mostly upon the electrical circuit

requirements. Fundaetally, there are two types of analogias, the

direct and the Indirect. These -ill be doscribed separately in suo-

ceeding pape.

Diec nlo~ frr LM __ ab-W~ s

In a simple acsanical system consistine of a rus, a spr..

a damper, and a harmonic disturbing force such as shom In Fig. 1,

the euation of motion Is given a

where W . weight of the mas - lb

C - acceleration due to gravity - 386 in/ee2



x displaoement - inches

t . time -seo

r . dampin ooeffiient - lb sc/In.

kc - aprine caistant - lb/Ins

F . amplitude of force - lb

. forced frequenoy - radlars/sec

This equation may be Vut in dimensionless form by changing

the variable x and t by making the following substitutions:

x and T. t (2)

where 2 is sow charecteristic length or displacent and w is

som frequency such as the natural frequency. (See Freberg and Kemler

"Elezents of Mechanical Vibratio" Ghapter VIII - John Wiley A Sns

for -ore detailed discussion).

If these disensionless quantities are differentiated, they

give

and

Xwn these terms are substituted In eqmtion (1), the result is

2 2Jd, e

1W ILA+ r WdF+kX-F. sin jjT
Nhen this expressian is divided by L O2 ,it become s

42 sin 1T
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The first term is dizznsionles since it involves only the dimnsicn-

less factors T and X. so all othors must be dimensionless. Since X,

T, and their derivatives are dimensionless, all terms in the brackets

are also dinensionla ss. These terms involve only the physical cbar-

acteristice and applied force of the system. Therefore, if any two

systems have identical v'aJes for these dimensionless terms, the two

systems will have identical motion anl frequencea.

If the equation for an electrical circuit such as shomn

in Fig, 2 consisting of an inductance, reststance, capxtance, shd an

alternating voltage in series is written on the basis of Kirchoff'

lAw, it is
2

Ldja+ R d + qw 0 sin t (4)

where L . inductance - henries

q - charge - coulombs

t =time - seonds

R . resistance - ohms

C - capitance - farads

Zo . amplitude of voltace - volts

- forced frequency- radians/sec

If equations (1) and (4) are compared it vw be noted

that they have the sane form with

! cci'responding to L

x q

r

k " "
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F corresponding to
0 s

N

dt dt

q1uatim (4) my be reduced to drersionless fa just as

equation (1) was by substituting

(2m and ?-f)t (5)
"0

The resulting equation that corresponds to equation (3)

is

dT2  VT f~ ±L (6)A
ai 1CL1 LQ 2 -r -k

Froi this it may be seen that the terms in the brackets are dimetv.

sdodlos and determine the characteristics and applied voltage of the

eircuit. In fact since equations (3) and (6) are identical exept for

notation, the resulting motion and frequencies will behave the same

for both system if the dimnsionless terms of one system are equal

to the corresponding terms in the other system.

In socs types of problems a constant dieplacerAnt or velocity

is Impressed upon the machmaioal system. A simple cme mass system

of this kind is shom In Fig. 3. If a barmniio velocity V1 is iM..

peesed at the top at the spring, two equations may be written both

based on the equation

v. sin t - v2 + (7)



The velocity of V2 an b e prosaed in tera of both the d or

tnernti forces, that is

and

P2 - (9) r t
9 dt V2'

Ihe two equtions are therefore

VI adi n)t a 7$2 - +

r r k dt

To reduce these to a dimensionless form, the dimensionless quanti.

ties

-1- andT mW t
o

my be substituted to Cive

V3. sin -T w R + L
r k

and

V sin- T.d + dF d

Dividibg both equatimie by u) FPA gives the dimensionless forms

T CT

and

k] sin .;) T + (1ob)
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Theoo dimensionless terms are the same as those previously

found for the other mechanical syten where a fore. was applied.

The tern j jk~. differs frrm [12.9~ only In form but may be made

uizulab c eining two dimenionless terms as

kJ LJ, [ .J
Since the system has simple harmonic motion velocity V is equal to

the product of the disp3aceent I and the angular velocity or

V,I

This can be explained phasically by aasm.ing that J. is the zaxLM

diaplacement. Then I is the iazmum veloeity. The dimensionless

equations then are expressed in percentage of maudim displacement

or velocity. The quantity ..L also corresponds to -M because

when .JL is multiplied by the other dimensionless term, that is
rcA

Jw rg
the original value obtained by the first analysis is obtained.

The equivalent electrical circuit is soom in Fig. 4.

From Kirchoffs law it is known that

11 - 12"11,2 (11)

The values of 112 and 12 are therefore

11,2. 0 d (12)
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These ters whwn subrttubed above give for 3A

C - E I, +

Dimnsionless terms of the form

Land -Jt

jay be used to give the eouaticns

and

These terms are analogous to those in the mechanical system where a

force was impressed an the system.

2&Dire AMa M LMr DU ITA Ss
Usually problem Involve several mess, damer., and spr g.

Thea. two my be represented by analogous electrical eairults. The

general relations my be cenveniently inferred fron a two mass system

such as shon In FIg 5.



For this system txo force equatims can be rltten. TheY

are

+1- d x I  kX + k2 (x -x 2) -Fuin ) t (16)

and
2 d

dr 2  (21X I)'2 7)0

E using dimensionllo quantities of the form

X mid T. )t

those force eqiati cis reduce to

JJW2 d 1 + 0) . ,, + k x
5~X. +i+ J ]ikf~ k 2( 1 1 1 2 X2)C T dT

and

Dividing by ts first coefficients evel,

d [+ g] dl , k2u 32.1
4T2 2] LT2]1 kJF2

Fs,

&In TA?(h

and

d2 T k tkl29d l
.12 2)
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Since 11 and 12 are mm length or displcoment, taking them eqUw

will mneo that x1_ and :c2 are baien, masued to the same scale. This in

desirable to facilitate mamuremmts. Under these conditions then the di-

ymnsimaess constnts are

hen and

k C kg kad 2

-i= audd12-412

'"he eqvalezt electrical circuit is hcxi In Fie* 6. Each mah

i mae to Include all. the elevmts needed to give voltag, drop tom

aorrespaoiding to each tern in each force equaation. The voltage equations

then are

and

L21! 2 + R22~

by using the dimmaenu3s fonw

the d~imusicaless term~ are found to be

I and 3-L..(1

I____2!_2L2A?
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kl% X2 L ~q 2 Qc, L

These correspond tem for term ilth thoso of the mchanical system.

The close correlation of terms in the electrical and mechanical

system sugsts the possibility of setting up an electrical circuit on

hich measurements could be rode. These measurements would not only rep-

rewont answers to the electrical problems but could be correlated with

answers in a mechanical system as Icng, as the dimensionless quanttities

for the two systems are made equal.

The correlation needed in setting up a system depends upon the

answers desired, If the points of maimcdum response, that is the natural

frequencies, are vanted, the terms irmolving only masses and spring con-

atants are needed.

hen dealing with a large number of masses, spring constants

etc. the calculations may be simplified by choosing one mass, one spring

constant, one damper, one force, etc, and the correspcnding quantities

In the electrical system Thereafter, all other electrical elements are

directly or indirectly proportional to their mechanical counterpart ae-.e

cording to the basic analogy. This my be demonstrated using the terms

of the two ms system. Combining two or more dimensionless quantities

gives

12 ,Lr 2 g 9 2 r2



[E2 ILf].j or]!L L C (22)
CI. A' 2 - [f2 fw2 2 9 ew k=iw r

~i0'- 2  L 2  J [Wc 2JL F 2  J 9 F2 P2

H ~or-to 2 Z

The ele-ants of the diret analogy ray be surced up in a

table such as Table L The analoeov quantities and the dimnsionless

quantities are listed in Table II

In the inverted analogy the approach is essentially the

same, that is, through differenti.al equations. In this caso the

force is made analogous to the current and the velocity analogous to

the voltage. The oxpressions for each type of element, both mechanical

and electrical, are listed in Table U! with the analogous quantities

directly opposite eri another.

To begn with let us take the same example as used pre.

viously, that is, Fig. 1. The equation nust be a force equation be-

cause a force in applied so that one writes

I AL+ r+ k vdt,.. Bin 0 t (23)

This ly be reduced to dimensionless form by substituting

U- i and T m a)t
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and their derivatives into equation (23). The result is

41+ IS+.J~ adT1  sin I 'T (2,4)W [ W --';0 -jJ 8 1 -11- 7
These terms in the brackets are dimensionless and determine the

characteristics of the system.

If in an electrical circuit we put all the elenents in

parallel with the disturbing current as shown In Fig. 7, it is nec.-

essary to supply a constant arplitude current because it is analogous

to the force. Also it is necessary to write a current equation.

The supplied mnst eaual the sumn of the other currents so that we can

wite

do.+ j + ELt-1 i ,(5
dt, R L )'O"f~(5

Now this equation is the sane as equation (23) term for term with

C corrsponding to A
9v

S" " r

" " k

o0 0

f dt WJd

The eletrlel equation may be put In dimensionless form by sub.

stituting

y.j andT.L t

0
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and the dariv: tive so that the result is

Thus all the terns in the brackets are dirneniorless rand they

along detenuine the eharmcteriatics of the circuit. Since equatIcne

(24) and (26) axe the same, except for notation for an electric ir-

cult with the same dimensionless constants as for the mchaical

system, the resultin motion will be the sae.

In the inverted system it should be noted that the diagr as

are similar as shnm by the adpted diagrams of Fig. 8 wberein parallel

elermnts are equlnalennt to parallel elements and series elements are

eiuivalent to series elements. In camparing the direct analogy with

the inverted anilogy, it is found that the dimansionloss constvants

are different In most cases as im in Table IV.

When damping is neglected In a free vibration system, the

two systems boe identical.

IUM* Ai 1gLea CaM-L'u4as Systegg

It is neoessary to develop certain ,'eneralitiee for multi-

man systems in order to deal with wanlfold problems. A two mass ye-

ten will be used to illustrate the principles for an Inverted analogy.

A similar analysis was used for the direct analogy. (See ?reberg and

lemler, "Elements of M!echanical Vibmtn").

A two ase system such as Fig. 9a aoim be dram schemtic-

aly as shwn in Fig. 9b. The equivalent electrical circuit of an

Inverted analogy tkes an the s&ve fom as the -echanical esstem as
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shown n Pig,. 9c. The analo oue quantities given in Table Inl help

in drawing up this diLaim. Fkoom this the euations for velocity and

voltage may be written a.. follows.

SVMV + im E- W"F. + L, d I

i t

r2
V,. r2+ l 32+ _2_T (27)

k22 d

r2

These equations nay be acmbined to give various forms chich can be

made norad~rsmanal by changing variables, If the first and second

are considered the equation is

Vr. JF dt +L. Af (28
P2 k dt

For the first and third

V .1. M.! (29)

For the first,9 fourth, and fifth

f , dt + d, (30)
C2 k d
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For the first, fourth, end sixth

These may be reduced to dimensionless forms just as a single mass

system by substitutins terms of the form

The dimensionless forms of eqwmtions 28 through 31 become

ZZVo kl .kl 9 P/2 dt + dd-- T (33)

'k F°) [1J 2 d dT

0* (34)

S2 dT

ZVI o, 'I 1 F d d

&JF0 VPl 2  'oi 2 V"ol dT dT

Similar changes may be iade In the electrical equations

so that dimensionless terms m~y also be determined. On the other

hand the wnalogous team may be subsituted In the mechanical. term.

that are diimnsioless to obtain the equi~valent term directly.

They are

k3g 9 1.
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kl R

- -

k2  L

k; (37)2 L C2 SL_2

v, k 2

Ties are set up oi the ausuption that the ratio of various forces as

ir-diatcd are equal to analogous ratios in the electrical circuits*

j,:huatio (37) are not In a conerally convenient form for actually using

them with the greatest ease. One equality ray be divided by another in

several instances so that the basic relations are

k, g 1

kl m

rl

!L2(38)

r2

vo , a, ,W22

"F- L, L!0
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These ecuations show that the whole system is determined once the

first set of values are determined. The remaining qumntities are

proportionnl to those in the original system.

This analysis cn be repeated for 3, 4, or any other numbei,

of nasses. The result, bowever, will be the saw as the two mass

system. After one inrdctanoe, one resistance, and one capibitance

have been chosen to correspond to the nechamical3 quantities, all others

will bear the same relative proportions as the mzchanioal quantities,

that is, either directly or indireatly proportional as show in Table IV.

This is a generality for either the direct or inverted analog keeping

in mind which quantitles are analogous and vhether they are directly

or indirectly proportioal. The diagram for the final electrical cir.

emit is shown in Fig. 9d.

MI. Ami ta Acoutical gn

*In an acoustical system the problems and analysis is very

neajly the same as an ordinary mechanical system except the mass,

spring, and resistance are distributed. This is ordinarly handled by

partial differential equations. The equation of motion in a pipe is

then given as (See Mose - Vibration & Sound - NcoGraw=Hill)

where do mass density- lb see2/,0

y - p&Acc3 displacement

t tim - se

r m dan Ing coefficient per unit volume lb see/In. 4



I

Po - equilibrium pressure - Ib/n. "

- 1.4

x .distance alog the pipe - in*

The analogous electrio4 circuit would have to be supplied by a

transmission line. The transmission line equation is

C V- (40)
L t + t Cm X2  (0

where L. Inductance - henries

w charge -conlarke

t W time - seconds

R . resistance - ohms

C . capacitance - farads

X . distance alone wire - inches

This shows that the two are identical in the direct analogy. They

could also be made identical in the inverted analogy by writing a

force equation In terms of the velocity and a current ecluation in

terms of the voltaeeo

This approach is possible with a simple system consisting of

a single cylinder and its intalm pipe. With the addition of more cyl-

inders the pipe becomes branched and the analysis and equations becomes

extrerely difficult to set up. Therefore, a simpler approach is dew

airable.

Usually in acoustical problerm branched pipes are apprcad-

mated by lumping masses, danlag and elasticity. When the lumps are

very small, the system approaches the distributed system very closely.



It was necessary to choose Wetwen the drect and invected

arkilogyo Several reasons led us to try the inverted anW first

among which wore consideratIons of poesiblo electrical circuits. sub-

sequent trials Indicated that the reascmin for the direct snalO

was easier and that manureamts could be rode to indicate volmstric

efficiency almost directly. In the indirect ysten no satisfactory

wAns of zasurine volumtric efficisnoy wus found. This was minly

because the volutetric effilemwy depends upmn the dislnlcent' RM-

ever, the displacement has no counterpart In the electrical systea

except/E dt. Normally no intorpretation is placed upon this term

in electrical work so reaswing becomes difficult.

After a number of preliminary tests and trials the direct

analo,V was then adopted. A one cylinder sa'stem is shorm in Fi. 10a

and its direct equivalent electrical system is showi in Fin. lOb. go

attention will be devoted to valve action as yet In order to simplify

the exation. The piston moves with nearly siuoidal motio and

acts on the cylinder and pipe volumes* The air In the tylinder moves

so slowly corapired with that in the pipe that its mss effects vy

be neglected. It does act as a saring, howeer. The pipe acts both

as a mass and a spring. Therefore, some means must be adopted to allow

for the distributed zuss and spring effects of the pipe. If the air

in the pipe were divided ito wall lum we would have a close ap.

prcmimation of a distributed system. Actually ielatively few lumps

are needed. Figures Ila and llb show a single pdpe system represeaed

by two springs and two msses.
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',hen there are two cylinders jointed by a oorxcn intake pipe,

the dia ran changes slightly due to the new conditions at the point

of branching. The system is shown in Fig. 12a The wehts are con-

eentrated at the middLe of pipe length they represent and if the lengths

wre divided into mre than one lump he itlpe should be equal to give

a better distributia of haronics in pipe.

The equivalent eiecrical cizcuit is eha in Fig. 12b. It

Indicates thit the mthod of handling branched pipe systea requires

the Introduction of a new concept. The displacemant of a mass of air

in one pipe equals the sum of the displacementa in its branches. This

is the law of cantindty. This is analoous to the eleotridal principle

that the electricity f1cwing in one wire equals the sa= of that flowing

in its branche,. To corrolatc thLz principle in the trc 3-I.cirz tAe

ore pipe my be considered in series with each branoh sinu]Aneo, aly.

in the Electrical system then each of the branch condensers -' '1

parallel with the main condenser individually. That is, eac' ' -anch

cov denser is in a mesh by itself with the main condenser. T' rakes

&U3 condensers in parae1.

The branched system nvolving three cylinders connected to

a coimm pipe such as shom in Fig. 13 forms the basis for the six

cylinder investigation. The lumping of masses and elasticities is as

indicated. The electrical circuit using the direct .n,logy is shown

In Fie. 13

In all these cases, the method of detenmning the equivclent

values is basically the sam as for a one wass-mne spring system.
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The analogous telms given in Table II raust be -ndo equal. ,hesn mati-

mass systerns are involved, one value of inductance, capacitance, and

resistance are determined; from then on the rest of the values are

directly or indirectly proportional to the analogous terms depending

upon which terms are being considered.

IV. Determination of Acoustical Values

It has been shown that the air in fhA rvna o- to e a

The air in the pipe also acts as a spring so there is son linit to

the volume that can be assumed to act as a concentratcd rnss. Our

investig-itins indioated th.-t a Y-.nifold system dould be represented

by relatively few masses. The reight of these masses is dependent

upon the volume anJ specific weight so that it may be expressed an-

alytically as

W(41)

where 71 = weight in pounds

d - weight density - lb/u ino. -Q65 lb/cu in. for air0 1728
d = pipe diareter - in.

. pipe length - in.

The spring constant of the cylinder is given by the exprcs-

sion usually used for Helmholtz resonators and gives th.3 force nec-

essary to move the air In the pipe one inch# It Is ure

k d d2 ( T _d2 ) 2
I 16 V



where k - spring ccnat-nt - ib/in.

do . specific ueiaht in lb/cu In.

a . velocity of sound In air (1100 x 12) In./sec

d pipe dianmter - in.

C acceleration due to gravity

V volume of air acting as a spring - cu in.

Since the -ass may be concentrated at the mid-aetion Of LI.... th

sprim volumes are taken between centers.

It in necessary to modify the above results so that all

pipes or mem and springs are such as to represent only one diameter

of pipe. The reason for this is that the electrical circuits have no

way of representing pipe areas. Thus, charges in velocities and

displacements due to changes in area in the pipe would not be repre-

sented in the equivalent electrical circuits,

Fortunately, this can be overcome b! setting up equivalent

pe ip.uytu having ady cooe dlato pipe. This Is dais by mnann

the same potential and kinetic energy capacities of the air in the

pipe. This nothod is used in other engineering problems to simplify

the solutione.

To retain the potential energy capacity the original pipe

my be replaced by another having the desired diameter and another

length. Thus, the potential energy capacity in the original pipe mmy

be set equal to that of the equivalent pipe or

P.he Wm f ^ Ma e i reaee a

where the force F and the displacement are
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Fe M prorams . 4 -

so that the equivalent lenth Of a pi4e of the required dianwter In

LO M (.dN(43)

For the Idnetic enegy we have i1.

KS -2/2 ItV 2 . 1/2 N ,2

uhere the mu M and the velocity V us

We Le_ 7rv Q,

so that the equivalent leith of pipe Zo maintain the kInotic energy

is

This method is bcmdft onfusing in that the legt. br the potental

enery or k my be Increased but the lengths my be decreased to

mintain equivalent masse.

Fr tmatelY there is a less mnfusing cwthod. First, find

the values of the sirIne constants k and the msses W. Then maks e

GhanP to equIvalent vaIs of k and W. The potential ener is

given by the equatim

PAR. - 1/2 k 2 acz,
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wbere x is the displcemnt, 5.noo th, volum passIng any point re-

mine the same we have that

XA W Ash

so that the equivalent pring nstant ke is

k. W k -) k (45)

The kinetic energy gives the relatin for the masses, It is

e .UV 2 . 1/2 r. 0 2°

where V is the velocity given by the relations

A AO

so that
2

at N ! (46)

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

the sav direction. This is as would be expected for the natural fre-

quency of a simple system would then be the same as evidenced by the

equation for' th natural frequency

Since dauyng Is oart vely difficult to evaluate only

ap inte values en be used for the jwesent. These were deter.

m1ied In a general way based am czitical dampn and by test.
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A number of tests were run o one cylinder to develop the

equipwnt and teehaitque. Then a three cylinder manifold was reduced

to an euivalent electriol circuit and the technique refined until

the results were oVrabl',e with the test data from the actual mani-

fold. A sauple result of this test work is Included in part V1.

The apparatus to be described is that for a six cylinder

canifod. It will illustrate all the calculation and test sbtails

needed for any mnifold.

The apparatus used on the six cylinder invest7atlon has

to dupLiate tIV motions of the piston, the valves, *d their influence

on the intake sstem. The piston motion produces nearly a sinusoidal

force or pressure which the valve allows to act on the lntale system

for a definite period of the compete cycle. The piston velocity

was sdinzl ted by a motor driven generator consisting of rotating oon-

denser plates that produce a constant sinusoidal voltage. In this

my six sets of rotating condensers oould be spaced to introduce the

crank angle phase relationship for the pressures in the different Oy.7-

Inders, These voltages, after gow. through an aplifr and output

pover supply, emerge as caistant amplitude cwrents which are now fed

to a rotating contactor switch that reproduces the vwive action. The

switches catnect the pipe circuit to the cylinder condene only

for the tim the valvee are open. These switches are on the sam

sat as the rotating condensers so waiv timing ma mntained. A

seMtic diapmam of this unit is shom In Fig. 14 with the electric
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shown in Fig. l5e. The actual urits are shom in separnts picture!4

The rotat.ne condensers are shom In Fig. 16. the rotary cortaotor

In Fig. 17, and the pm supply with the rest of the setup in the

baocground In Fig. It.

The manifold system for the engine Is as sho In Fig. 19

This was divided Into lu1ped masses as shon. Indications were that

the supercharger volume was grat enough to act as a very weak spring

so would not be Important in this investiatione The electrical c1x-

t Id sha In Fg. 19. The switching in also shown in this dia-.

gram. The pistco motion Is alw~W applied to the cylinder volume so

the one condenser remains with the -enerAtiM unit at all times. The

rest of the oirsuit is switched in and out to simulate valve action.

The calculation of masses and elasticities will be illustrat-

ed to show the general procedure. Using the di'wnsicns of the pipes

as given, the volume of air in the pipe 'unning from cylinder 3 to

the point whore it joins the pipe frn cylinder 2 is 34 cu in. This

valme was divided into two equal puats each having a volume of 17 cu In.

because it was felt these masses should be kept reasonably smilU since

they were close to the cylinder and therefore quite effective in the

rAnfold. The weht, of these two lme of air is then

N m 17 X i?- . 0.0075 ib

1720

Th qing constant of the cylinder is given b, equation 26 as

* T
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where d . pipe diameter w 1.92 in.

V . cylinder volume - 75.71 Cu in.

The diameter of 1.92 Inches represented approximately the pipe dia-

mter 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 gives the spring constant as

2076 (r )2 (__ 92)2 . 2.9 lb/in.
1726 x 366 16 x 75.71

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

only difference is that V represents the volume between ends of the

spring. Thus, the spring constant is

k - o-.O'6 .(13L)2 (I1.922 ) - 20.4 lb/In.
1728x 36x16 x18.5

where 8.5 is the volume of air between the valve and the first lump.

Since the pipes were not all the saie size, it was necessary

to reduce the manifold to an equivalent 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 roduce it to an equivalent constant

diameter pine. This also takes care of the current flow which can.

not easily be made to change along the circuit as the velocity changes

when the pipe size changos. This change to an equivalent system

involves maintaining the same energy storage capacities as explained

earlier. As such, only the ratio of areas needs to bo considered,
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Thus, in the large pipe leading from the superchargor, the area is

5.6 sq in. and the volume of each !tzp of air is 52.5 cu in. The

weight is, therefore,

. .2 . _0 . 0o23l:!( 1728)

Since the basic area was taken as 2.9 sq in. for the pipe near the

cylinder, the above mass must be corrected by the ratio

(Actual Area)

so that the equivalent weight .st be

W1.0,0023(5d) . 0.0062

The spring constant-=ast also be corrected in the same direction

k' w k Baslc Area Y
(Actual Area j

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

In setting up the electrical quantities we must raintain

the dimensionless terms even in Table I. Since we will not need

the force quantities, we can oit any consideration of them. Further,

the resistance is such an unknovi quantity in the actual manifold

that e cannot justify any more than just approximate values of re.

sistanee in the electrical circuit. This leaves us only two terms

that nust be rnntained

XL
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By makine all frequencies in the mechanical system In the same ratio

as in the electrical, we eliminate the last quantity so re have really

cnly one term that determines the equivalent values. The values for

one condenser and one coil are found from this equation. The rest

are proportional to those according to the analo7.

To Illustrate this procedure, let us take the values al-

ready determined for the pipe above. The cylindor spring constant

was k - 2.29 lb/in. and the mass of the first lump was 0,00075 lb.

A ratio of 2 was maintained between the analogous systers, that is,

all electrical frequencies were twice those in the mechanical. This

gives

•2.22 Z 3C6 2 1
0.00075 x (1) LO (2)

so that

IT . 0.212 x 10- 6

t ow i rC is chosen as 0.25 mfd

L a 0.85 henry

Since in the direct analogy all inductances are directly broportional

to the mass, the other inductances are

W
0.00075

A number of preliminary tests re mace on single cylinder

manifolds to develop the technique and procedure for the more elaborate

canifolds described In the main report. These results checked well
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with data from the actual mnifold 3nd cylinder.

After tbia more extenuive tests were made on a three cyl-

inder manifold for which actual results were kric'vn. Those reslts

are shown In Fig. 20a.

The inportant thing to note is that the peak volumetric ef-

ficiency comes at about the eare speed. The difference in values is

not particulair significant except that it indicates that tho amount

of danping or resistance in the electrical circuit is not . reat enough,

This one handicap that is hard to overcome, not becauso the equivalent

circuit crn not handle it but because the value of friction thru the

valve and p.pe is unknown. Since it is not lmown, the equivalent ra-

sistance can not be determined. Even values 'oasonrably clc~o are

not known. No efforts were i.nde on this manifold to increase the

electrical resistnce and thereby make the rewilts heck rnore closc(ly.

Powever, rome ether case- were tried with difernt amount3 of re-

sistance. Some were hLgher us that shown abo7e while othe:s with

rore resistance fell belco'. An intermediate value shoved close corre-.

lation,

Using the above methods and apparatue a number of tests

were m-e to find the volunwetric efficiency for different intake sys-

tems for the six cylinder engine. After trying several methods, one

was found that checked for single and three cylinder investigations

very closely, It was, therefore, adopted and used for all the tests

on six cylinder manifoldo.



-31.-

The method of measuring is easiest under.rtood by referring"

to Fig. 20. In Fig. 20 the brok-n line curve reprrients the current

which Is analogous to the piston velocity. The druing circuit

produces a fixed curent which is proportional to piston velocity

and independent of the circuit connected to it. T.:i total charge

that flows into the et gins 13 equal to the sum of the charge that

would flow due to this current and the charge that is stored on the

cylinder condenser at the time of valve closing. A measure of the

charge that will flow due to the fixed current of the driving circuit

can be obtainad by disconnectlAng the pipe circuit, Under tho3e con-

ditiors all of this charge will cone from the cylinder condenser.

The charge that flows eurin- the Ttrite stroke from T*C. to D.C (dot

during the entire valve opening rqi, is the charge th-t would flow

for 100% volurnetric efficiency. Since the charge on a cornle3er is

given by

the voltare E, Fig. 20 is proportional to the charge for 100% volu-

metric efficiency. The charge that would flow into the driving circuit

during the entire valve opening period is proportional to El', 7.th

aimple harmonic. pisten motion and 60 valve tiing, 11 would be 75%

of El. 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 is

connected to the circuit, this charge will always flow into the

driving circuit. When a pipe with no inductance (mass) and no



-35-

resistance is connected to the cylinder condenser, this charge will

flow from, the pipe into the drivine circuit may come from the cylinder

condenser or, on the other hand, some excess charge my flw from the

pipe and be stored in the cylinder conderser. The total charge flowing

fron the pipe to the cylinder would be equal to the charge measured

by El ' plus the charge stored in the cylinder condenser at the tivr-

of valve closing. This charge that is stored in the cylinder ccndent-mr

is prop'-tional to E2 Fig. 20. Since S' is equal to ME5f, the total

chare flo.ing fw'o, the pipe to th cylinder is proportion:!i to

.75 71 + E2 . The volum3tric efficiency is

vol. of-. . .75 2

Thcrc&ore, onI-y t4 o v t1ag~s must ta c mixned to find the votvretric

efficiency.

rap Ufnifold

The dimensions of the pi opoad evgbe -antfold were taken

from a set of drawings and from these the volumes and areas of dif-

ferent paits of the manifold were calculated. These rare converted

to lumped masees a-,d sprinO5. After this, the electrical elements

were determined and carnected up,

After the circuits were sot up with no damping the test ras

run and the curves show in Fig. 21 were obtained. Thece indicated

quite definitely that the rv=irum volumetric efficiency was obtained

at about 3000 or 3100 rpm. All cylinders seemed to be reasonably
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well balanced. This test did not include sufficient damping to pro-

vide a set of curves with the general trend that would be ezpected°

A second test vas run with 2000 ohms introduced at the valve.

Vie results are plotted in Fig. 22. These curves show the peak vol-

vnetric efficiency socmvhat below 3000 rpm. Cylinders 1 and 6, 2 and

5, and 3 and 4 occupy similar positions in the anifold so should

follow the same tendencles. The sets veem to be about correct. There

was a slight lowering of the point of waxirai volumetric efficiency

when these results are comnpared with the case with no damping. It

as of interest to find out wht effect the large end pipe had on the

rest of the s-sten so another set of readings was taken with the big

pipe ele-ents .rounded. Thi had the effect of removing this pipe

from the ranifold. The test results are plotted in Fig. 23. The

variation between cylinders is less but the general trend is the same

as before with the axirmun at about 2900 rpm. It was further decided

to run a test with the comon pipe between the front and rear three

cylinders as remaod. This was done by Crondin at the corresponding

point in the manifold. The results en the first three cylinders ae

shoin in Fig. 24. It shmis that the peak efficiency is above 450 rpm

so the comon pipe mnntioned above is very important in detemining

peak efficiencies. It gests the possibility of desiing this

pipe and the individual cylinder pipes in such a vay that their ef.

fects my be combined to give the peak where it is desired. The next

section will describe sr= of these investigations.
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A further test uae made using 500 ohs resistanco at the

valve. These results Fig. 2. show the peaks have generelly shifted

to lower speeds, It shows that friction has the effect of raising

the volumetric; efficiency at low speeds and lowers it at higher

spe eds.

& o!afaids

The p.esant mnifold would peak at too low a read to get

best resuts at peak speed. Tharofore, aoveral attempts were made to

modify the present mrnifold. The first attempt was to increase the

diareter oC the pipe connecting the manifolds of the front and rear

three cylinders as indicated in Fig. 26 because Fig. 23 showed that

the large pipe had little effect in shifting the peak. The test re-

mats for this nanifold are shcvw In Fig. 27. The natimum peak now

comes at about 3300 rpm. Agaln the paris of cylinders agree quite

closely. The removal of the en pipe was also tried with this setup.

These reults are shown in Fig. 28. There is possibly some lowerng

of the speed at which maximum volumetric efficiency occurs. The

variation also is somewhat less between the cylinders.

Another pipe modification is shom In Fig. 29. The pipes

were retained at their original diaters. Under these conditions,

the tst results yielded the curves sho in Fig. 30. The average

peak volxmtric efficiency seems to be at about3O0 rpn. For new

reasm, the curves are irregular but the cylinder pair agxee very welU

A third modfcation is a modification m the previous

amnifold with the pLpe to cylinder 1 and 6 being mde 1.67" in dia'ter



as shown in Fig. 31. The tet results are shown In Fig. 32. The

average speed for peak volumetric efficiency is about 3300 rpm. At

the same time, the circuit was grounded at the point corresponding

to the point where the manifold for thre cylinders enters a comon

ppe so that the occrun pipe was in effect removed. 'Under these

crditionsa the test rensults are ehovi in 'ig. 33. The peak values

occur here at about 400 rpm.

VII. c alusiqm

This lnvrstigaticn has hom the techniques and methods

developed to use the electrical analogue for analyz ng €mplox engine

manifolds end their effect on voluetric efficiencV.

The design of manifold furnished for the engine shows that

the peak volumetrio efficiency occurred at apprmir&t3ly 28CO or

2900 rp This is sowat below the desired peak which was 3400

or 3600 rpA. Therefore, several modifications were tried. By in-

creasing the diwwter of the pipe connecting the Awt and rear groups

of three cylinders to 2.38 inches, the peak efficiency was reached

at about 3300 rpm. f owever, this resulted in reduction of the vel.

ooity in the pipe to about 140 ft/sec. If this same pipe were brought

in between cylinders 2 and 3, and between 4 and 5 the pipe is sh:rtened.

The effect on the efficiency is about the same, that is, the peak is

reached at about 3300 rpm. With this same manifold and the Individual

pipes to the cylinders reduced to 1.67 Inches, the &am peak was

still reached at about the same speed bu the performance of cylinders

1, 2g 5, and 6 was Increased at ether speeds.
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By chaneig the diameters or leng-ths of certain inividual

or comon pipesq it is pos ible to show milmd L-npomoment in tho

volumtric efficiency. By careful test, it should be poesiblo to

shift the curves so as to eive the desired oharatoristics for the

1ndIvidaul cylinders as well as for the whole enaine Consideration

of distribution and velocity are fators in determininC which destgn

is be t

Further work could be done to find more effective desoigns

which wculd rale the peak speed even nore. Lore could be learned

about balazalW, the volumetric efficiencies for the individual cyl-

Inders. General rules for inprovemnt of a manifold could probably

be formlated after a number of further tests. They would indicate

tha effect of the diameter and length of each pipe.
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DIRECT JUCHMNCAL All) ELCTRICAL AVALoar
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TABI I,.

displacemnt - x charge - q
velocty -v Atcuent -i~.

dtit- 2 2 t

acceleratio - a so L
9 dt2 t 2

mass - w nductane- L
9

dauaing factor - resistaaio*- R

spring denstaznt - k /
capacitance

force - F voltae -

natural froquoncy - w natural frequency - -(L

forced frequency - I/ forced frequency - V.

k 1
ww2 C, L, S2~

k R

F'g or Vlk or

z - or - n - - or
wvw _t L Q. L I

600

rI/n 01/on

k .h %/%



TABLE III.

INVERTED METRI AL ANALOGY

F-X. I - C

g dt dt

vjfF _t _

k L

F- kfV dt id

vE L
k dt dt

F rV I-R

VmI E-RI
.Vr

V . -., 1E ...

v "



TABLS IV.

iochanical LntInvertgd

rW g wC R7 or 1 or
c1 )L OR7L LA2-

1c 1
k 20C&LC L 2

Fg orPOg BO or- EQ 10
w4?e w WLOT L Cj IL 2 L IQC 0

fL
In LnC

F, E,

dnT

Vi in 'In



I F1

3 F,9 ure



/ /2/

F~iyf;

2

5E2



F/'1_ure 7

A/echanic a! Electric al

LOw

Fyure8



14 (.)

7pc
C~igure - IS)



-3f

Fi1y. /0 f)

ArCW W

CAZ

Cp

Fie,

LC, .. LCA Ci

,~ 11(k



39ti

~ /2~



F,. va



IK

05$oi

()Q
vw OR i



11



14



W5// 7S11i MI7 ?.f// 71/

C" cu 3" C*;A 6M

/7/

11L

I--



vot ~ n c '"al c n l se- '5'rp

/ 0 (b) I



L~ J

- ~IT

7-'77 77
-4-;

z I

44--

I7t



ILLI

I~ 1-

L IL
I-4-



I - ir- - -T:4 -

II T
77- -- - - -- -

t _ _ - -I- I W-



Ilk

Sii'Aft

IT 7r,.. r

9A~



1 -4T

- ~ T

1- -

., 
-' - L

r



TTT~vT~ 1TT
4-

4 4 ,---r T -t 7 i -

r 7 I

-7l _ __,t

f!41V:~~t-

-4 -~-41

-j-

I I ~1 : 41 1 4 4 - ii I.

.4'I

- ~ 7 _no Oi



/C/,26



777;7

_ _ 

-F - ,_;

712



+p

I-- ~i~ 77



f;q ~?g

f



~4; r - 'I

- -4



/67



f 1

Li

-ILL

4'-4

U - of

W1~

TV 15 I ~
Ij:



HJ f

-
lit

- ~ Q4 7

T L

.f '.~ .4 . ... ...

* ~7

L1~ -L



-40-

PART U.

The exprintal work for this report was dow to obtain in-

formation concerning the effects of vibrations in intake manifolds on

xalti-uylinder engrines of the six and twelve cylinder types. Most

of the work was done on three cylinder groups that could be combined

into six or twelve cylinder mnifolds.

U. w &taA

The engine used for the tests covered by this report was a

six cylinder, Frarkli,, aircooled, autobile engine. This engine was

used because it had individual Intake ports whieh permitted the use

of a wider variety of manifolds than would be possible with an engine

having dal ports. The engine dimensions and an intake valve lift

curve are given in Fig. 1. The valve Lift on this engine was not

great enough to permit high volumetria efficiencies to be obtained at

high speeds. In order to study the effects of vibrations it was neo-

essary to deain nany of the manifolds to give mwamm vibration of-

fects at relatively low speeds because high valve frictin tended to

prevent the vibrations from producing the desired effects at high

speeds.

The engine was etored by another automobile engine (Fg. 2).

The peak ampeanion preea=@ obtained during toring wr used as

a maume of relative volumtri efficiencies.

Cewsaion pressures were masured with balaned pressure

ppes. Ptssure diapr In the various parts of the mefold were



obtained with magnetic preseure pick-ups used with a cathode rav

osaillograph. Descriptions of the Instruments and their calibration

are given in a previous report on this project.*

Manifolds for the engine were made of standard pipe fittings

welded together and drilled out so that they had valform interml dii-

mterso The pipe fittings used on the V" diameter manifold were 3/A"

pipe fittings with the threads drilled out so that the internal dia-

meter was the sam as that of 1" pipe (1.05"). 1" pipe fittings were

used with 1-1/4" pipe.

Tests on a six cylinder manifold indicated that the flow

through the conmon Inlet for six cylinders was so uniform that vibra-

tions of the air in the common nlet were small and of little importance.

Dbeause of thisp most of the tests were run on three cylinder sections

that might be used on six and twelve cylinder engines# The performance

characteristics of a complete six or twelve cylinder manifold made up

of sections of this type should be the same as those of one section.

A picture and the dimnsions of each manifold are shown with the per.

forance data for the manifolds,

in. no=z

Figures 3 and 4 illustrate saw features that are common to

mny ulti-cylinder eng*ne manifolds. There is a oeon inlet pipe

leading to a Tee or heade. Branch pipes lead from there into the

* "Progress Report on Stud of Multi-Cylinder Engine ranifolda" by
.. A. Hardy and Z. N. Kemler, Arrn Air Forces Cooperative Research
Project, U-l25-1, Contract IO. W535 aO-38W86.



elinder@. Ch mix ard telve arlinuer eginea of the 0line or V type,

the cylinders are often moncted In groups of three. The Intake

strdtoe of these three eylinders an evenly spaed uith respect to tare

so that there is little or no erlap of the valve opening perlods

on the different cylinderso. I other wordes during the Intaim estral

of one, cylinder te valve* m the other two cylinders an closed and

the vo1mume of these cylinders an not sn meoted to the mnifold. TMe

volvm of the bmnh pipes loadMg to thee cylInders, boSve, is

still ected to tbe rest of the nnnifold and wil Influence the

perfouinc of the aie eylinder under conaideraticn.

During the intake period of any one cylinder, the air In

tim branch pipe for that cyInder and also the air In the ow -- Inlet

pipe an accelewated duW the first part of the Intake period aad

decelerated during the last put of the Intake period. The air in the

other branch pipes does not move verfy umh during this period and there.

are, does not contribute very mch to the inertia effects of the eye.

tem. e volue of thoese other bnreches, however, acts as a spdug

ownected to the &AM' of the p" leading to the active cylinder an

The decelemtion of te air teaard the e of the Intake

perod in beought about by the stcaping and reversal at the piston at

the bottom of ts stokse Uade am. permting conditions the air =y

be decelerated and stopd before the Intake valve closes. In this

ease sm air mmy flo bak ut of the Olinder and less than madma



charging effect WM be obtained. Under different qeating emiditins

the floe of air my not be etoped at the tim of Wave osing and

the cylinder will be prevnted from eeiving a mwui charge as &

result of the valve closing. In this case the valve itself fiany

&tops the flow of air. The Measure at the Intake port wll be a msx-

In at the Instant when the air flow in the pipe stops. Any reversal

of flow win decrease the preassam

The action of the air as described in the preoeeding pass-

graph will be *elled a reind action. It produces high volmetriv

efficiencies under proper operating cenditions bV uing the kinsete

anom of the air in the Intake pipe to ecmqess the air in the cyL-

inder. This is the aly type of vibration of iapoxtanee that exists

Wtm individual intake pipes leading from a conmon Inlet such as a

s rpebha,,sr housing are used. The following equation will give the

speed at which the m d~n benefits can be obtained from rwmdng.*

2 r f- (F

*iere N. speed at hich peak volumatrie effioenoy will oecur, rps

. a constant which depends ptmnoipaly an the effective valve

closing anle and an the ammt of friction in the system

It usually has a value between 0.6 and 0.7.

k apquing eostant for the cylinder volume ad a part of the

ma told vlmn d hich acts as a spring in the vibrating oyatm1 lb/k.
A-r l e ee t - --------- ,------- o-- -- - .
*"Progress b1port on Study of futi-Cylinder Digine Manifolds", AMq

Air Foces Cooperative Research Projct 1S-125-1. Contriot, V. 1f535 &o-38M6.



a - effective msa of air mtering into the "ramming" vibrationp

lb/g or lb..uec2 _In .

This is the ojwation tor the naturl frequanoy of a simple

vibrating systeM ocvudStlW cf CGe nVs a one 63Wi with the co-

stant, O, added, It Is easy to &ppy to strale cylinder Iniake pipes

but it Is 8wentims difficult to use on malti-cylnA-er intake Mani.

folds because it in difficult to deterdane *hat the effectie asa

and sprIM om tant are. This eation is applied in anning zperiwntal

results given In this report. The equation can be put Into a more

.renient rorm by sbstituting for k and m In terme of engIae dimen-

alone. The equation v14 then bes

f(2)a:a

where a . cross-sectional area of Intace pipe, In.

V . effective volume . cylinder volum plus part of mnmf old

volmm, In.'

S1 effective pipe lw4th in.

a velocity of *and In air,, In/ea . 13,9900 I./sec for air

at 100O7

The "ramming" vibration Ia not a resonat vibration, that

is, it does not accumulate eneru from mne cycle to the next.

The best volantric effloency ca be obtained when all,

oa nearly &1, of the kinetic ener gained by the air in the bract

Pipe and inlet YLpe &wlng the first prt of the Intake Process can



be used to coeus the air in the cylider toward the end f the

intabe strelp. TM kinetic energy af the air In the branch pipe can

be used quite advantaecusly but the kinetic energy of the air in

the Inlet pipe mst be p&aly used for ooreesing the air In the mani-

fold volume and therecre is not as effective in Increasin the volu-

mntr efficienoy. Oenerally the am=- pressure at the mnif old

NTe ish results fro the decelettuton, of th.e air in the oceou Inlet

pipe will not be obtained until semtiae after tte mimm pwvseu

at the port is obtained. This is due to the fact that the extra voume

of the mutfold wnneeted to the Inlet pipe acts as a reservoir for

the air and even tbough the piston or valve stops the air In the branch

pipe, the air In the inlet pipe can continue to flew into this volume

wtil. its kinetle energy is used up In eam ressIng the air In the

mifold. The eatra volume of the manifold also prevents the air in

the camon Inlet pipe from being acelerated as quickly as the air in

the branch pipe duin# the first purt ot the intale stroke. The overal

restlt is that the motion of the air In the oomc inlet Up bebkd

the motin in the bzunb pipes.

The eaffect of the ntake strekes at all three cylinders

onneted to this munifold in nb that a steady state forced vibration

at the air n the inlet pipe my exist. The frequency of this vi-

biatien is the sans as the cyceo frequency of the ongine (3 / times

the rpm.) The vibrating system eanist at the mass of air in the

inlet pdpe and the volm of the anif old and one of the cy2inders.

y ue cylinder Is ameeted to the manifold at any e tim.



8uoh a Wg'teqi me a n&Utin. uwqwoy of vibration. MTeni the driving

frequency is nearly tJhe "~ an the natural ftequsncy, =0l Iexoiting

forces wid *ause ]av aplitudes of vbration becaue merg is

acowul~ed from oan ocyle to te next. * ien thi condition xists

the vibratIng system Is aid to be in resonance.

The natw3l frequency of such a systen Is given by the sam

eof equation as was given for the sped for peak remsIng effects

2 "I N [ 3
2

whers a. am of Inlet p1pe, in.

a . velocity of sound in air. 3,900 In./sec at 100 F

I. legith of inlet pipe, In.

V w volumu of manifold and ae elinder, In.

Mwn the drivIng frequency (3/2 time the rpzu) is nearly

equal to the natural frequency the amplitude of the pressures resulting

from this vibratimn will be greatest. This hl pressuro amlltdeq

however, does not usually produce beneficially Ofects on the three

cylinder system beavs the air ntion in the inlet pipe tends to be

behind the otion in te brench pies causing the pressure peaks to

oocur after the valve aloes as ms Indicated earlier in this discus-

sion. At driving speeds below th natural frequency som beneficial

effects ay be obtained even though the pressure aptude is relatively

low because the peak pressure will occur at the time of valve clIzI.

At these low speeds the -ibration In essentially a "Udn' vibration

not a resonam, Tibratici,
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In gferal it does not seen Ukely that the vibration of

the air in the m mn- Inlet pipe to three cylinde s ma be made to

produce volmetric efficiencies as great a can be obtained by using

individual Intake pipes for all ogIne cylinders. A camo inlet

pipe to three eylinders nete up vibrations that wast, energy in 0W5.

prssing air in the amnifold. At speeds whore a resonant effect

oarries energy over from one Intake stroke to the next the pressm

peaks occur too late (after valve olosing) to produce benefiolal ef.

feat.

The four cylinder manifolds discussed in the preceding re-

port n this project showed that r portant benefioal effects could

be obtained from a resonant vibration of the air in a caum Inlet

pipe on a four cylinder mnifold. The phase relation of the driving

force on a four cylinder engine is much that the peak pressure occurs

at the tis of valve closing when the vibrating system is In resonance.

IT*
SILne Cylindesr Data

Some tests were run with pipes an one cylinder of the engine.

The results of these tests are ohmue in Figures 5 and 6. The can.

pseosion curves (ig. 5) are typalm of the curves that are obtained

with rost 9s cylinder Intake pipes. The principal vibration Is

a ranmion vibration as shorn by PIS. 6. There is a large drop in

pleasure during the first part of the Intake stroke. Th. pessure

builds up at tim end of the intake process due to deceleration of the



air in the pipe. The speed at *hch the peak volmetric efficiency

occurs can be calculAted from the equation given in the TheoW. Ol-

aulated speeds at the yeak and actual speeds at the peak are given In

able 1. The vaLum co used for these calculations =a 0.63. The

actual and caloulated peak speeds agree quite alesoly cd thus check

the theoretical reasa.ing.

Tests mo two cylinder maifolds were 3iven in the

ptvaress report on this project. Two additional modifications of the

two cylinder madnfolds were tected cn the sex cylinder engine. These

mnifolds had 1ng branmh pipes (266). The first test we ru with a

*art ommon inlet pipe. The results of this test are shom In i tg. 7.

The speed for peak volumetric efficiency was 1700 rpm. The calculated

apeed based an the raming action Inthe branch pipes is also about

1700 rpm (See Table I for 3,./A"x 28.5" pips). The zialm ace-re-

aim preseuei, hoever, is I~ than for a single cylinder Inlet pipe

ot sdI ar als (Sao Ftg. 5). This is due largely to the extra fria-

tion In the Tee of the two cylinder munifold.

This manifold was also teeed with a 30" inlet pipe attached.

The results of this test are ahdm In FIgus 8 and 9. The preesit

.ieprrams taken at the Tee show that the vibr.tion of the air in the

Inlet pipe Increased In amplitude and became nearly sauoidal at the

hi, speeds IndieatitV that a resonant vibration developed. At these

hUh spees , hoever, the pes e psaks occurred too late to produce



beef its. The prinOipL vibratian oausig a high volunstric ef.icinor

is a ratm-ng action at lo. spee. The ms of air in the -oemcn In-

let pipe eters into the aimring action along with the air in the branch

pipes. It is difficut to calculate the peak speed from the equations

given In'the Theory because of the mcertain effect of the etbra mni-

fold volume attached to the inlet pipe at the Tee.

Figures 10 and U show the results of a test run on a V.

dilater mnifold with long (25") branch pipes. NTo ewtra Length of Ir

let pire was used. The pressure diagram sabo tht the pressure avp-

litudes at the Tee are very small. This indicates that the vibration

a the mas in the Inlet pipe has only a snafl effect on the perfors.

once of the manifold. The volsutric efficiency should be affected

principally by the ramtng action In the branch pipes. The pressure

diagram taken at the ntake port n cylinder 1 sho the effects of

nWSdlg. There is a big pressure drop (Fig. 11) during the middle

part of the Intake stroke resulting frot the acceleration of the air

In the branch pipe. Toward the and of the stroke there is a pressure

rise resulting from the deceleration of the air& The vibrations are

almot Identical to thse In single cylinder intake pipes. The mmi-

a= volumetrie efficiency bould be obtained at the speed whare the

pressure at the tim of valve closing i a mmim u Apparently the

effective valve closing angle Is samuhat earlier than that shoe an

the pjesumre dlgeaw, because the oaqescion pressures reach a



=Ld= at about 1400 rjm hn il the pressure diagrai- show that it

should occur at a hibher speed,

The imortant dimensims to be used in caloulating the speed

for peak volt ,etric efficiency oulavlated from equation 2 (Theory) are

as follow:

length of branch pipe to header 25"

length of port 3"

Inlet Tee to branch pipe 2.5"

total length 31.5"

3volre of 071l48?e 60 in.'

1/2 volme of pipe 14 in.

total volume 7- In-3

area of pipew 0.86 in 2

Table I gives the actual and calculated speeds for peak

volumetri efficiencies for a sIngle cylinder intake pipe of about

the sam dimensions (33")# The oalculated speed is 150 rpm and the

actual speed is 1500 rpm The peak speed obtained on the multi-cylinder

manifold in 1300 rpm. The lower speed at the peak obtained with the

zalti-oylinder engine is pobably due to treater friction in the Mani-

fold. The lower peak pressure (about 117 rsi) obtained with the rvti-

cLinder nanifold compared with the value obtained with a single

cylinder pipe (127 pei) is also the resiult of greater friction in the
mti-cylinder mudnfold.



?Iguwes 12 and 33 show the effect of adding a 13" inlet

pipe to th* manifold with 25" branch pipes. The compression pressure

ourves (Fig. 12) 9ou that the additional length of inlet pipe had

vary little effect on the volaumtric efficiency* The shape of the curves

and the pressees n the asa as without the inlet pipe. The speed

for peak volumetric efficiency (1300 rpm) is the sae.

The pressure dingrams taken at the inlet Tee dho that a

resonant ty'pe of vibration of the mass in the inlet pipe does develop#

It reaches a mxmum &aplitude at about 1800 rpm. The phase relation

of this vibration is such that very little beneficial effect is ob-

tained. The pressure at the Tee at the time of valve closing never

becomes much greater than atmospheric. Since the compression pressure

curves were uneffected by the inlet pipe, it may be concluded that the

nlet pipe did not have an appreciable effect on the raming action.

Figures 14 and 15 show the effect of adding a 33" inlet

to the mifold. This pipe had an important effect on the compres-

sion pressures as shom In Fig. 4. 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 compression pressure curies. The pressure diagrams

obtained at the inlet Tee (Fig. 15) show that a resonant vibratim of

the air in the inlet pipe developed and reached a maximum amplitude

at about 1400 rpm. At speeds below 1400 rpm the phase relation of

this vibration was such at a pressure _reater thansta.sphric existed
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at the Tee at the time of valve closing. At speeds above 1400 the

pressure at the Tee at the tire of valve 1osing were bolow atmospheric.

This vibration should, therefore, increasa volumetric efficiencies

at the low sMeed. The coproesion pressure curves show evidence of

this. The effect of ramming in the branch piies v,-as not greatly

changed but the cutpression pressures w~re modified by the vibration

of the air in the intake pipe.

15" branch pipes were used with the I" diamter manifold.

The results of a test with this nanifold and no inlet pipe attached

are shown in Figures 16 and 17. The principal vibration affecting the

volumetric efficiency, as in the case of the 25" branch pipes, is the

ramIng action. The reak volumetric efficiency ccurs at 1450 rpm.

This speed is lower than the speed calculated from equation (2) be-

casue of the high friction of the multi-cylinder rrAnifold. The pres-

sure diagrams taken at the inlet Tee show that the pressure amplitudes

due to vibration of the air in the short 3" inlet were very Ion and

should have a negligible effect an volumetric efficiency. The prec-

sure diagrams taken & the intake port ha,?o the typical shape of pres-

sure curves resultIn from raminG.

Figures 18 and 19 show the results of a test run with 15"

branch pines and a 13" inlet pipe on the l" diameter anif old. The

peak ocepression pressweas occur at 1400 rpm almost the same as the

speed that w-s obtained without the 13" inlet pipe. The pressure dia-

grams obtained at the inlet Tee show that the vibration of the air in

the inlet pipe should aid the ramming action at 1400 rpm because the



pressure at the Tee is above atmospheric at the tim of valve closig.

Tests were rn with short,, / branch pipe lengths) on the 1'

diamoteer manifoUL. Ch the first of these testea 13" inlet pipe was

used. The results of this test are shown In Figures 0 and 21. The

peak compression pressures occur at 1500 rpm. he pressure diagrams

obtained at the inlet Toe show a rmther steep rise in pressure at the

tie of valve clos.ng for speeds above 1000 rpm. This indicates that

the air in the inlet pipe is slowed down rapidly by the stopping of

the piston and the valve closing. The effect is similar to rrning

in the branch pipes. It is more predominate wen short br,noh pipes

are uned because the manifold volume iS small and does not have a

"soft" enough spring action to permit the air in the intake pipe

to vibrate in the normal manner. The air in the inlet pipe therefore

produces a significant rarning action along with the air in the branch

pipes. ny attept at calculating the speed for peak ramming action

in the branch pipes an this manifold is complicated by the indeterminant

rmming effect of the air in the inlet pipe. The combined effects of

ramming In the branch pipes and ramming in the inlet pipe causes the

peak volmetrio efficiency to occur at a lower speed then it would for

either of these effects separately.

& 331" Intake pipe was attached to the 1" manifold with 40

branch pipes. The results of & test in on this manifold are shown

in Figures 22 and 23. The eooqaesion pressure curves show that the

peak v lumstric efficiency was obtaned at M rpm* The pressure

diagram, Fig. 23gshow that the pressures at the port are enerally



not greatly different from those obtdnes at the inlet Tee. This Ir.

dioates that the vibmtIon of the air in the inlet pipe produces the

principal effect. At tbs speed where the peak compresuion presAsure

occurs the vibration is prinaipally a ramudne action of the air In the

Inlet pipe.

A mrdtfold mde of 1-1/4" pipe was tested. The first test

run on this mnifold was nade with short (3") branch pipes and a

short (2,5") inlet pipe. The results of this test are shoamin igures

24 and 25. This nwifold did rot produce any very important vibra.

ticnal effects. The pressure diagrams, Fig. 259, show that the pros-

sues at the Tee were always very close to atmospheric pressure. The

pressures obtained at the valve port show a signficant pressure drop

during the intake stroke tut very little preseure rise at the end

at the stroke. The pressure drop is apparently largely due to fric-

tion in the manifold. The small pressure rise is to be expected be-

cause the pipes axe two short to produce important raTjoing effects at

the speeds wsed for the test,

The oa resslon pressure curves show a smll rise up to

1900 rpm and a decrease beyond that speed. The emall rise is due to

the sm2l amount of rsawi that is obtained in the manifold. The

decrease is due to high frItion In both mstifold and the engine

valves. The speed for peak ome ssion pressure 1 mah Iomr than

would be e cted for a madfod with such short pipes. eLi particular

engine apparutly has too mach valve friction to permit obtainAng



benefits from Abtis.n at hih speeds.

Figures 26 and 27 show the revult8 of a test run with a

198 Inlet pipe m the 1,/4" mrdfold. The additien of the iet

pipe caused vibratims of significant anp1tude to exist within the

sped range for the test. The pressure diagrams obtained at the Tee

shew that a resonant vibration teds to develop at the high speeds.

At the speeds whore the pressure peak occurs early enough to produce

an inarease In volimetric efficiency the vibration is prinelpally a

ramming vibration. The pressure diagrams obtained at the valve port

are siMlar in shaipe and aplitude to the diagrams obtained at the

Tee Indicating that the principal effect is produced by the vibra~tioe

of the air in the inlet pipe. There is some evidence of raming pro-

dced by the air In the branch pipe.

The theoretical speed for peak ramming effect assuming the

effect of rswing In the branch pipe to be negligible is as follows:

manifold and port volume 42 in. 3

1/2 of inlet pipe vobne 13.5 In. 3

cylinder volume 60.0 in. 3

Total volme 115.5 zn.3

pipe length . 19 in.

pipe area. f ...9 in.2

C W 0.63

Ara 7
Ir 2

M~~ .6 .9x10 fI l) p
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The caqeresic pressure curves show that the peak occurs

at 18 rpm instead of 2100 rp This is probbly due to the fact

that the high manifold and valve friction tend to reduce the peak

ped and also dae to the effect of inertia In the branch p4e sich

would tend to retard the developtr t of the vibration In the let ppoe.

U" branch pLpes and a short Inlet pipe wed an the 1-1./I"

mnlfo4. The results of a teeu on this arrangement are daom In

Figrens 2 and 29. The presre 4ia max obtained at the Tee show

that the vibration3of the air in the short Inlet pipe produce no&-

lisible pressure effects. The principal vibration is, then, a raming

ation of the air In the branch pipes. The peak eoopreasim pressures

were obtained at 1800 rpm* This speed ii scmmwhat loser than the

theoretical speed for rmaing with the branch pipe length used. This

is probably due to friction in the mati-erlinder manifold.

Sx Clinder 1Mnfold

Some tests were run on a six cylinder maifold as shomn In

Fi. 30. Testo wore nm both vdth and vithout the carburetor at-

taohed. Figures30, 318 and 32 show the results of a test run without

the earburtor. The pressure diagr m obtained at the Te where the

iser from the carburetor jois the header ae shom in Fig. 31. The

peosrsue ampltudes obtained at this point are very small, indicating

that the effects of vibratien of the air in the riser were negligible.

The principal factor affecting the olmetric efficeeney appears to

be the rmIng action of tie air In the branch pipes leadbV from the
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header to the tndividval cylinders. These brach pipes are short (6"

plus 3.5" port length) and should produce rasAwn ranudv action at

speeds higher than those used in the test; however, the high valve

friction on this engine prevented the utilization of the vibrations

at high speeds.

Fig. 30 shows the coqressn4 resmwe durves for the first

three cylinders. The last tee cylinders are symmetrical with the

first three and should have identical curves. These cowiee show

the tendency for the conression presence to rise with speed but at

hIh speeds the high valve frictlon prevents the continued rise in

The data obtained with the carburetor attached are shown

In Figures 33, 34, and 35. The results are almost identira. to those

obtained without the carburetor IwIeoating that the carburetor did

not modify the vibrations. The compression pressures are slightly

lower because of a small Increase in friction due to the carburetor.

V. 2eum

VAnifolds ca s x and twelve cylinder engines are often ar.

tongod so that the cylindee ae connected In similar roups of three.

Te vibrational effects of the mnifoeld as a whole should be the am

as that of one three cylnder group beuse when two of these gups

an connected together at a comn Inlet the air flow in the oeeon

inlet in so nearlyv stea that no new vibrational effects are intro-

*ed.



The vibrations in the tbrme cylinder mnif old can be divided

into two pdrcipal types: (1) a raming vibration and (2) a rescrmnt

vibration. Simple equations given In this report show the effects ef

engine and manifold dirensions on these vibrations and help to eum

plain the perfomance of the ma4i Alds.,

The =wing type of vibration has the most Impo tant effect

On the volumetric efficien*y. The total ramming action includes the

effect of the mase of air in the caumon inlet pipe to the three cyl.

Inder g rup, together with the razmng action in the branch pipes.

ft izmdne action of te air in the coamon inlet is loss effective

than the ramming 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 is partly used in oqo ssing air in the manifold volume rather

than wrarng air into the cylinder*

besonant vibrations of the maos of air in the comm inlet

do *a*=w but they are not effective In Increasing the volumetric ef-

ficiency of a three cylinder group. When the system is In resonance

the pressure peaks occur too late (after valve olosing ) to produce

benefical effects. Benefloial resonant vibrations in four cylinder

mnifold sections may be ebtalned a vs Indicated in a previous re.

pert en this project.

The tests Indicate that the highest volrmtric efficiencies

emn be obtained with Individual pipes to each cylinder from a ai

Inlet foe all cylinders. The pipe dinmeicns neoessary to produce

mulun voluentria efficlency at a speed can be calculated quite
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cloese.y by usdng equatian 2 in this report.

Sme two cylinder ranifol ds were tested but the results of

the tests indicatsd that single pipes were better whenever they can

be used,

The tests show that exc osfriotion in the valves or rmin

told prevent vibrations from developing and producin benetiial of-

fects. Tests run at hh speeds where the valve friction was excess'ie

stowed that vey sho t p1pes gave res Its as good as those obtained

with pipes tumed for theoe high spaedso
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TABLE I.

Actual and Calculated Speeds for Peak Voluntric
Effieiency for Single Cylinder Intake Pipes

Pipe Sn Actual Calculated

Speed& RPM Speed, RP*

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 ueed for these calculations.
V was taken s the maximum cylinder volums plus one-half of
the pipe volume° c was taken as 0.65.
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Fig. 6- Pressure Diagrams, Single Cylinder M'anifolds

RPM. CYLINDER, 3

600 ATM-
2

T.C. IN.,C.

NO.! NO.3

2-
1000 ATM

-2

T.C. IN. C.
NOI NO 3

i2

1400 ATM____________
-2 __ .___

T C. IN. C.
NO,! NO. 3

2-

1800 ATM

T.C. IN.C.
NO.1 NO. 3

2200 ATM -r-2 -

TC. IN.C.
NO. I NO. 3

2 "

2600 ATM
-2 -

T.C. IN.O.
wO.I NQ 3



5

a

____t
* a I

~1~~~
o

.~4Ii~I
II* _ IIV -

HI

- -~-----l. -4 -. -

0
0

I' ~--ziZ K -- '---K.-.
o K~rILH r~v~ ~

6

21LV7
__ 4- ~---,-~- -r- 0"-1~I.

-7 ~ ~-.- 1'

H
~-4-~- -- --

0
- - - -r

0 I
I;

zI-

ii~I. - -; I
I 1~

- I I
rTh

___ -~ ~- -~ - -p--

CI

I I2~~?~7~ dUO

3



0
0

'TY7~

V. t - Li I
--4------. '1~~~~- 4- --

,--- *--- 
- -~

--'1 - - -:

I. --

U *::~ I -j -~ LI-..- -. L-.-.j
o -, --- ,-----~,--- I

0 ~ I I -

U ~ j

-v-k II ---- -iKIi--i.i!j1  K - ~-v-.~

-il-p I *--~ - - U,

0 - -

---------------------- I----K 'I
I -~1~

F

0 - - -- ~-~1~ -,-------.---- -

-- -- - -------1-~

-- 
_____

.- ~ -~-~ I

I-I- I -F
0 I V 1 -

z I I I - -

0 ~ I - I

- 'j-~
I I I -~

I __ __ I __



Fig. 9 - prsure Ojagrem., Two Cylinder Uamifolds

R.P.M. TEE CYLINDER 3
600 AT ATM I

T.C. IN. C. IN.C. T.C. IN. C. IN. C.
NO.I NO. 4 NO. 3 NO. I NO.4 NO. 3

1000 ATM_ ATM _____

T.C. IN. C. IN.G. G.
NO.I NO. 4 NO. 3 T.C. IN. C. IN.G.

NO.I NO. 4 NO. 3

2- 2 9f
1400 ATM-. - J . .- ATM-

"T.c G. .C. IN .0 T. C IN. C. K~c.
NO. NO. 4 NO. 3 NO.1 NO.4 NO. 3

1800 AT ATM-2 -- 2 _
T. C. IN. C. IN. C.

NO.I NO.4 NO. 3 T. G. IN. C. IN. G.
NO. I NO. 4 NO. 3

-2 --- 0A AT M
-2

T.C. IN.C. IN. C.
NO. I NO. 4 NO. 3

T.C. IN. C. IN. C.
NO. I NO. 4 NO. 3

ATM- 3- 1 X 1
2600 -2-V-&

T.C. IN.G, IN.C
NO.I NO.4 WS

S - - | - -I
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Fig. 11 P roswe Diagruas, 1" Diator
Throe Cylinder Wmnif old, 25" Branch
PiPes, 3" Inlet Pipe.

RARM. TEE CYLINDER I
2 _ _ _1_ _If 2

600 ATM -- I- AT M
-2=1 -2i

T.C. IN.C. IN.C. IN. C. TC. IN.C. IN. C. IN. C
NO.1 NO. I NO. 2 AQ3 NO.1 NO.1. NO.2I NO. 3

1000 ATM_________ AT M
-2 -2 _

T. C. 1t4.C. IN. C. IN.O. T. C. t4.C. IN.C. IN. C.
NOJ NO.1I NO.2 NO.3 NO.1 NO. NO. 2 NO.5

1400 ATM 1
==M,9 ATM-V

-a -24

NO.1 NO.1 NO. 2 NO.3 T. C. INC. IN. C. INC.
NO. I NO.1I NO. I NO.3

2

1800 ATM AT

TIC. IN.C. IN. C. r4C.
NO.1 NO. I NO. 2 NO. 3

NO. I NO.1 NO. 9 NO. 3

2 2-L

2200 ATMI' ATM

T.C. IN-C. IN.C. IN.C. _ _ _ _ _ _ _ _ _ _

N0.1 NO.1 NO.2' NO. 3

T. C. IN.C, IN. C IN, C
NO. I NO.1 No.2a No.53

2 
22600 ATMI AT

T.C.- IN.C. IN.C. IN. C.
NO.1 HO.1 NO.2 NO.3 V

T.C. IN.C. IN.C. IN.C.
140.1 NO. I NO.1 NO.3
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Fig. 13 -Possv. Diagrmus, 1" Diaeter
Thrmp Cylinduer manifold, 2p Branch
Pipes, 13" ILst FPse

R.RM PTE."E CYLINDER I

600 ATM ~ l . ' A T NV 1
T.C. ltC. IN.C. IN.lfC. T.C. IN.C. IN.C. INCe.
ko.i NO-1 NO,! NO. No. I NO, I No. it NO-&

ATM A T bI

T.C. INC. IN.C. IN.G. T.C. IN.C. INA. l.C.
NO.1 NO.1 NO.2 NO. 3 NO0.1 NO.1 No.I NO.8

1400 ATM ATf

NO. I NO.1I NO.! a 11.3
T.C. IN.C. IKC. INC.
NO1 NO. I NO.2 N0.3

180CYO ATM AT M

INO.1 NO.1 NO. 2 No. 3
tC~~.G IN.C. INC.. INCNA________

NO.1 NO.1 NO.!P NO0.6

T.0. IN.C. IN.C. IN.C. -2

NO.1I NO.1 NO. 2 NO.31
T. C. IN.C. IN.C. IN..
NO.1 NO.1 NO.! NO.3

2600 ATM I~~ m I ATM
-2 2 __

T.~ IN.C. IN.C. IK C.___
NO.1 NO.1 NO.! NO.3

T.C. IN.C. KC(. INC.
P40.I NO.1 NO. Z NO,3
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Fig., 15 -Pressure Diagrams,, 1"1 Diamester
Three Cylinder Manifold, 25" Branch
PiPes, 33": Inlet Pipe

R. P.M. TEE CYLINDER I
2__

600 ATM _________ ATM~
-2 - - - - -2

T. N.C. I C I. . TOC. IN.C. IN.C IN.G.
NO.1 NOI O2 NO. 3 NI O NO.2 NO.3

2 ___ __ ___ __ __7__ __

1000 ATM_1________
-2 1J 1 ?1

TOG. IN.C. MW.C. INc.

NO1 O. N.2 NO5 T.C. IN.C. IN.C IN C
NO.1 NO.1 NO.2 NO.53

ATM 2__ _ _ __ _ _ _1400 K TA~
T. C. IN.C. IN-C IN C -2

N.O.I.O. NO.1 NO.! 2NQ3 . INC N. W
NO.. N.1 O.2 NO. . iN.ic N.2. INQ3

2 2-

1800 ATM IAW________________
T.C. IN, IN.c IN.C. I
NO.1I NO.1I NO.Z NO. 3 T.C. INC. IN.C. IN.C.

NO.3 NO.1 O O

2200 ATM ATM __I NOAN.
-

TO. IN.C. IN.C. IN.C. -2 _ _ _ _ _ _ _ _ _ _

NO.1 NO.1 NO.2 NO. 3
T.C. IN. C. IN.C. IN.

_______________________________________NO.1I NO.1 NO.2 NO. 3

2600 ATM'2
-2~ AM

NO.1 NO.1 NO. a NO3___

T.C. IN.C. IN.C. IN.C.
O.1I NO.1 NO.2 NO.3
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Fig. 17 - Pressue Diagrams, 1" Diamter
Three C linder Manifold, 15" franch
Pipes, 3" Inlet Pipe

R.PM. TEE CYLINDER I

600 ATM - ATM L

-2 ..... -j---'j -2 ...

T.C. IN.C. INC. IN.C. T.C. IN.C. INC. IN.C.

NO.I NO.1 NO2 NO.3 NOI NO." NO.! N1O4.

1000 ATM - - ATM I. I

_p -2 "1-1
T.C. IN.C. IN.C. IN.C.
NO.! NO. NO.2 NO. 3 T.C. IN.C. IN.G. IN.C

NO.N NO.N NO.N NN

1800 AT M AT -~ k,2________

T.C. IN.C. IN. C. INC.-2-htz zi i
NO.NI NON! NO. N OI5A

2 .... 2__________

1200 ATM* 2-- -70 A I k

-2I AT M  rI

-2 1!! -2

T.C. IN.C. IN.C. N.C. __

NO.! NO.! NO. N, 3 T
IC. IC., IN.C. W.

NO0! NO!1 NO. 2 4S
2200 -ATM -2

-2 - . ATM

T. C. IN.C. ,14.C. IN.C. -

NO. NO., No.8 NO S

T.. C. IN.C. ----
NO.. NO? NO.2 O.

,600 M - -- ATM", -- -,
-2 "' - "

ST.€,. IN.C. IKC. IN.C.
NO.I NO.I NO.I N0631'a

T.C. INC. IN. C, IN.(
NO.I No. I NO.t2 N, 0.
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Fig. 19. Pruusu'e Diagrams, l't Diater
Three Cylinder MLanif old, 15" Wench
PiPesa, 13" Inlet Pipe

R.P.M. -TEE P2 CYL INDER II

600 ATM~ AT

T.C. IN.C. IN.C IN.C TC NC.I.. US
NO.1 NO.1 NO. I NO. 5 NO. I NO.1 NO.2I NO.59

22

T.. I.. INC iC T. C. INC. IN.C ML#
NO.1 NO.1 NO.2I NO.3 NO.1 NOI.1No.2 0411

1400 2T ATMp

T, IN.C. IN. C. IN.C..
Noll NO. I NO. 2 NO.3 T,.C, (k. C. IN.C. ON

NO.) NO.I oit No. S

1800 ATMr P mfrb W4-21 I I I ATMr I L J

T. C. IN. C. IN.C. INC.
NO.1 NO.1 NO.2I NO.5 TC IL C. I.C 3

00. 1 NO.1 NQ. S 1

2 2K 1 ATM~ -' U u
2200 AT 1  151C A

Tc NC INC.IN.C. j j
NO.1 NO.1 kO. I NO.5 TC. IO. I.C

NOlI NO.1 NO.& o

2600 ATM, IF 3-r AT If

T.C. IN.C. IN. C. IN.C. I I -

NO.1 NO.1I NO. I NO.5
T C. IN.C. INC. IKC.
NO.1 NO.1 HO. a NIns
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Fig. 21 - Pzmssure Diagram, V, Diamiter
Three Cylinder Manifold, 4" Branch
Pipes, 13"1 Inlet Pipe

R,.P.M TEE CYLWIDER I
22

600 ATM _____ _ AM

-2
T.C. I NC. IN.G I CT. C. .IG. IN.C. 111.0
N~O.I NO. I NO.2. NO.3 NO.1 NO.1 NO.2. NO 3

1000 AT ATM-k

ATe j (NC 1R 1NC
T.. NC I.C INC. T. C. IN.C. IN.C 1t4.

1110" NO 2 N.3 % I

212
ATM_______ ATM '-r i

T.C. IN.C. I N. C. IN.C
NO. I NO.1 NO. 2 NO. TC iN.G. IN.C. IN.C.

No.' I 4.1 NO. 2 NO. 3

1800 AT Mj

.r, C. ChC tNC, IN.C. -
NO.1 RODA NO. NOO.3

220T IN C N02 H.

2NOt1 NO.1 N.2.N0

2200 ATM ATM-
-2-2

T.C. IN.C INC- INIC

NO.1 NO1 NO.2_ NO.3 t. I.. I.. I.

NO01 NO.1 N. P NO.
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Fig. 23 -Pre ssure Diagrams, 1" Diameter, Three
Cylinder Manifold, 4?? Branch Pipes,
33" Inlet Pipe

R. P. W. TEE CYLINDER I

600 2=F__ _ 2 _ _ _ _

AT h94
-. 2 ______ - ATM '* , i

U.C. IN.O GN IN.CN.
NO.1 *NO.I .NO-2 NO. 3

100022
ATM ~ *~~*I AT M

T.C INC INC IN .

T.. N.. N.. N..T.C. IN.C. IN.G. IN.C.
NO.1I NO.!I NO.2 NO.3 NO.! NO.! NO.~2 NO. 3

1400 _______

AT M _ _ _ _ _ __ _ _ _ _

-2 1 N M I AT M_____

T.C. IN. C. IN.C IN.C

NO.! NO.1 NO. 2 NO. 3 NO1N. N.2 O3

T.C. INN.C. !N.. I.C 2 I.
NO.! -I .!NO2 NO. 3

2200 2 __ _ _ _ _ _ ___ _ _ _ _ _ _

ATMle
-2 ~ ~ .J.1 ff ' TM ~ g~

-2 AT-2
TIC, I.C. [N.C. IN.C - I 

NO I N . O. O.3 T.C. !N.C. Nd.C. IN.C.
NO. I NO.! NO. 2 NO. 3

26002
ATM I

PI

T.C. INLO. IN.C. ?N.C.I0. MO.! NO.2 NOO. NO
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Pig. 25- Pressure Diagrams, 1 1/41" Diameter,
Three WiLnifold, 3"1 Branch Pipes,
2 1/2" Inlet Pipe

R.P.M. TEE CYLINDER I
2 2

600 AT M - ATM-

T.C. INC, IN.C. IN. C. T.C. INC. IN. INC
NO.1 NO. I NO. 2 NO.3 NO.1 NO.1 NO, 2 bo, 3

2- _______________ 2

200 AIM ATM, j

-2 -2 4
T.C. IN.C. IN.C. IN.C. T.C, IN.C. IN.C IN. C.

NO. NO.I N.2 NO. 3 NO.I NOI NO I No

1800 ATM 1
-  ATM

2-2TC. IN.C. IN.C. IN.C. T.C. IN.C. IN.C. IN.C.

NO.1 NO.1 NO. 2 NO. 3 NO.I NO.1 No2 NO,

2200 ATM-, ATM

-2

T.C. IN.C. IN.C. IN.C. I
NO.2 NO.I NO.2 NO3 T I N.. NO.3

22
2200 ATM -

TC. IN. C. IN.C. 11..

NO.I NOI NO. 2 NO 3" T.. I.. N.. N,.

NO.I NO.I NO. 2 NO. 3
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Fig* 27 - Pressure Diagrams, J."Diameters
Three 'Cylinder Manifold, 3" Branch
Pipes, 19" Inlet Pipe

R.PR M TEE CYLINDER I

600 ATM - ATM
-2 .~-2

T C. IN.C. IN. C. INC T.C. IN.C. IN. C. IN.C.
NO. I NO.1 NO. 2 'NO.3 NO1 NO.1 NO.2 NO.3

2 _ _ _2__ _L_---__ _T

1000 ATM ~ ~ ATM _ _ _ _ _ _ I

T. C. IN.C. IN,C IN.C. T. C. IN.C. IN. C. IN.C.
NO.1 NCLI NO.g NO03 NO1 NO1 NO,.2 NO. 3

-1400 AT M~t ATM .

TIC. IN.C. IN.C. IN. CT.. NC I.C. NCNO.1 NO.1 NO. 2 NO.3 C INC IN. NC
NO.1 NO. I NO.2 NO.3

800 ATM ~ 'djS mk' -A ATM
p I I I2~~

T. C. IN,.C. IN. C. IN.C I~
NO.1I NO1 NO.2 NO.3 T.C'0 IN.C. IN. C, IN.0

NO.1 NO1 NO.2P NO.3

2200 ATM ATM-

NO.1 NO.1 NO.2 NO.3 TC* IN.C. IN.C. IN, 0.
NO1 NO1 NO.,2 NO. 3

2-
2600 ATM ~ ~ ~ ATM

T. 0. 1IN, C. IN.C. IN .0
NO.1 NO.1 NO. 2 NO.5 T.C. IN. C. IN.C. INC.

NO,I NO.1 NO. 2 NO fb



-- - - - - --

TIM -tr&M4-

E--.

V1,,



Fig. 29 -Pressure Diagrams, 1. 1/4"1 Diameter,
Three Cylinder Manifold, 14"' Branch
Pipes, 2 1/2"1 Inlet Pipe

R.PM. TEE CYLINDE-R I
2 1-

600 ATM 36__ __ _
-2 T.C. IN.C. IN. C. INC.

T. C. IN.C. IN.C. INC. NO. I NO.1 NO.2 NO.3
NO.1 NO1 NO. 2 NO.3

1000 ATM 2T

T.C. IN. C. IN, C. I N. C T. C. IN. C. IN. C. IN.C.NO.1 NO.1 NO. 2 NO.3 NO1 n. NO2 O3

1400- ATM 2 -

T.C. IN.C. IN.C IN.C.I
NO.1 NO.1 NO.2 NO 3 7. C. IN. C. IN.C. INC.

NO. I NO. I NO. 2 NO 3

2 2-
1800 ATM k &SO AT2

-2 I-2
T. C. IN.C. IN.r IN.C.
NO. I NO.1 N.2 NO.3 T . K. I.C NC

NO.1 NO.1 NO. 9 NO.5

2 _ _ __ _ _ 2

2200 ATM~ ATMa W

-2-2__________

T.C. IN.C. IN.C. IN. C
NO.1 NO0.1 NO. I NO. 3 T.C. IN.C. I.C. IN.C.

NO1 NO.1 NO. 2 NO.5

2.
2600 A1MR ATM

T C. IN. C. IN.C. IN.C. 2 II

NO. I NO.1 NO. 2 NO.3
T.C. IN.C.. IN.C. I N.&%
NO.1 NO1 No.2a NO.



t -



Fig. 31 -Pressure Diagrams, Six Cylinder
Mianifold Without Carburetor

R.P.M. TEE CYLINDER I

600 ATM 1  ATM _______

-22
T. C. IN, C. IN.C. IN.C. T C. IN. C. IN.G. IN. C.
NO,! NO.1 NO. 2 NO. 3 NO, I NO.1 NO.2 NO. 3

1000 ATM _________ ATM-________=k__
-2 L -

T. C. IN.C. 1 f4-C. IN.C. T C. I N. C. IN. C. IN. c
NO.1I NO.1I NO, 2 NO.3 NO.1 NO.1I NO. 2 POO.3

2 # ~ - -- -

1400 ATM __________ ATM

-2 .- 2 1 1 '
TC. IN.C. IN. C. IN.C. T.C. INC INC l

NO.1 NO.1I NO.2 NO. 3 NO.1I NO.1I NO.2 NO. 3

180 0 ATM -i . . i . I C ATM I . . I , . m C

T.. I.CI-.IN.CT.C. I.C N . I.C
NO.1 No.1I NO. 2 NO. 3 NO.1 NO.1I NO. 2 NO. 3

2 2 2- 0
2200 ATM ~ I 2 AM 1  

-

T. C. IN. C. IN. C. IN C. T. C. IN.C. IN, C. USco
NO.1 NO.1I NO.2 NO. 3 NO.1 NO.1I NO. 2 NO. 3

2 *~~ __________

2600 AT___________________ ATMP 0
-2. .. 1 -2-

T. C. IN. C. IN. C. IN.C TC I. INC 4C
NO1 NO1 NO2 NO3 NO.1 NO.1 NO.2I NO. 3



Fig- 32 -Pressuar Diagrams,:Six Cylinder
Naa.fk~1A Without Okrbrtor

R.P.M. CYLINDER 2 C'YLINDER 3
600 ATM I ATM.&-H~9.- 2 -2I 1 ~ 2J

T.C. INC. IN. C. IN. c. TC. 14. C, 1. C. IN. C.NO. I NO. I NO. 2 NO.3 NO. I NO.1I NO. 2 NO. 3

1000 ATM______________ AT

T. c. 11N.C. IN.C. IN. C. T. C. IN.C. IN.C. IN.C0.2NO.! NO.1 NO.2 NO. 3 NO.! NO.!I NO, 2 NO. 3

2 2 'III
140ATM ATM-'140 -2, -2-

T. C. IN.C. IN.C. IN. C. T. C. [N.C. IN. C. IN. C.
NO.!I NO.!I NO. 2 NO. 3 NO.! NO.! NO,.2 NO. 3

2 L_ _ _ _ _ _ _ _ --- I 2 Is -tY f1800 ATM Z~ ATMi

T.C. IN, C. IN. C. IN.C. T.C. I N. C. !N.GC. !N.C.
NO.! NO.!I NO. 2 NO.3 NO.! NO.! NO,.2 NO. 3

2200 ATM.- 4 ATM'

T.GC. IN. C. IN. C. IN, C T. C. IN. C. IN. C. IN, C.
NO.1 NO.!I NO.2 NO.3 N..N. 02 N.

2 9*o 2-

T C. IN.C. !NC. IN. C. T. C. IN. C. IN. C. IN. C,
NO.! NO.! NO. 2 NO. 3 NO.!I NO,.I NO. 2 NO. 3
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Fig. 34 - Preawe Diagrms, Six Cylinder
Manifold with Carburetor

R.P.M. TEE CYLINDER I

600 ATMr ATM
-2 , -2 ". ...

T.G. IN, c. IN.C. IN. C, T.G. IN.C. IN. C. INC
NO.I NO. I NO. 2 NO. 3 NO.I NO.1 NO.2 IV

2 _____________ 2 -

1000 ATM ATM
--2. -2 -F

T.C. IN.C. IN. G. IN.C. T.C. IN. C. IN. C. IN C.
NO.! NO.I NO. 2 NO, 3 NO.! NO. I NO. 2 NO, 3

1400 ATM' AT A_____A _

-2 -

T.C. INC. IN.C. IN.C. T.C. IN.C. IN.C. INCNO.1 NO.I NO. 2 NO. 3 NO.! NO.! NO. 2 NO 3

2 ',2

1800 ATM t *- 1  ATMr 41I e!--2 - -1 -"-"
T.C. IN.C. IN.C. IN.C, T.C. IN.C. IN. O. IN.C.
NO.I NO. I NO.2 NO. 3 NO.! NO.I NO. 2 NO. 3

2 - _ _ _ _ _ _ _ 2 "i,. ' ,L '

2200 ATM - A M

TN.C. IN.C, I.C. IN,'C. T. C. IN.C. !N.C. IN C
NO1 NO.I NO.2 NO.3 NO.! NO.!I NO.2 NO.3

2600 ATM___ ___ ArM-.
-2 -4-2- "j -

T.C. INC. IN. C. iN.. T.C. IN. C. IN. C. IN.O.
NO.! NO.1 NO. 2 NO. 3 NO. NO.! NO.2 NO. 3



Fig. 315 -Pressure Diagrams, Six Cylinder
Manifold with Carburetor

R.PM. CYLINDER 2 CYLINDER 3
600 AT M- 2" ___IATM

T.1C. IN. C. IN. C. 114.C. T. C. IN. C. IN. C. IN.C
NO.1 NO.1 NO.2 flO. 3 NO.1I NO.1I NO.29 NO. 3

1000AT

T. C. IN.C0. IN. C. IN. C. T. C. IN. C. IN. C. IN, C. 4
NO.1 NO. I NO.2 NO. 3 NO.1 NO.1 NO. 2 No.3

2-~_ ATM _______
1400 AT M- 2 - I I

T. C. IN. C. IN.C. IN.C. NO.1I NO. I NO. 2 NO. 3
NO.1 NO.1 NO. 2 NO. 3

1800 AT M ro - N AT M__________
-2. f - i i$ -2 IIIIT.C IN. C. IN. C. IN. C;

TO0. IN.G. IN.C0. IN C. NO.1 NO.1I NO. 2 NO. 3
NO.1 NO.1 NQ 2 NO 3

2 ATM _ _ _ _ _ _ _ _ _

2200 ATM -

T.C. IN. C. IN. C. IN. C. T.C. IN.CG. IN.C. IN. C
NO.1I NO.1 NO. 2 NO. 3 NO.1 NO. I NO. 2 NO. 3

2 -~ A T M 
2600 ATM- 2 -

T. C. IN. C. IN. C. IN.C. T. C. IN. C IN.C0. IN. C.
NO.1I NO.1 NO. 2 NO. 3 NO.1 NO.1I NO. 2 NO. 3
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