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This progress report completes approximately the first half
of an investigation on the study of multieylinder engine manifolds as
covered by Contract No. W535 ac-38886, Engineering Experiment Station
Project M-125-1, This particular report has been concerned primarily
with an investigation of the performance of a wide variety of designs
of experimental manifolds. No attempt was made to work out a specific
design for any given condition, but rather to study the various types
to see the -effect of changes in various parts of the manifold system
on its performance.

The results of this investigation indicate that there are
two types of vibration which take place in multicylinder manifolds that
have an effect on the volumetric efficiency of the engine* The firsit
is a ramming action and the second is the vibration of the air in the
intake pipe against the spring effect of the manifold and cylinder
volumew It was found that the individual intake pipe gave higher vol-
umetric effiiency than the multi-pipe manifold; however, the tests
indicate that it might be possible to produce equally high volumetric
efficiencies in multicylinder manifolds if the two.Ltypo vibration can
be tuned to give mmimm effects at the same speed.

This investigation will be continued. Considerable atten-
tion will be given to the possibility of setting up electrical models
of manifold system to permit the study of preliminary designs. It is
thought that this method has some possibilities with regard to getting
preliminary information on manifolds which could later be interpreted
in terms of actual manifold design to reduce the am6unt of experimental
work necessary in connection with their development.
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1. SUARY

This report is coxcermed with prelI'idinry Sinvetigations of

malticylinder intake ma-nifolds. The chief pmrpose of the o'perimentaJ.

work was to obtain general ideas about the far-tore affecting the'par-

formance of a rather wide variety of manifolds.- All of the experi~mental

work for this report was done on a 4-cylinder, 4-stroke cycle aircooled

engine with a displacaent of 20 in. 3 per cylinder. This engine was

selected because it had individual intake ports Which were adaptable

to a wider varioty of maifolds than dual ports common to man~y engines.

in order to determnine relative volumetric efficiencies, com-

presaiorl pressures ijere measured While the epigine was motored by a

dynamater. Blaed pressure gages were used for measuring compres-

sion proersure. Ed.agrams (-f pressure variations in the manifolds were

obtained by photographing the screen of a cathode ray oscillograph

which wY s nused with magnetic pressure pickups.

Several manifold l.rrangements were used. cSome data were

obtained T-lth Individual pipeo on the cylinders. A dual port arrwne-

ment was used on different pairs of cylinders in order to deteneina

the effects of uniformly and non-.uniformly- spaced intake strokes on the

performance of a dual port inanifold. Four cylinder maifolds of vev-

eral types were used. The first was rake type with a large diameter

header and relatively large branch pipes. The second was a oomercia

manifold of cast alulminum. It provided well otreamlined flow pathe

ad the shortest possible distances frmathe Inlet to the cylinders.

The third type was a small diameter (3/4" pips) rake type manifold.

This manifold provided rather high resistance paths of diffez-ant lengths
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to the cylinders. The fourth type of manifold was made of 3/4" pipe

and it had loops of pipe of considerable length between the branch

pipes to the cylinders. In this manifold the differences in inertia

and friction of the paths to the cylinders were greatly exaggerated.

The last two manifolds were used with inlets at the end of the header

and also at the center. Both of these were used with and without bal-

ance pipes connecting between the ads of the header. All manifolds

were tested with a variety of pipe lengths and diameters connected to

the inlets.

The tests indicated that there are two types of vibration

that have important effects on the volumetric efficiencies of multi-

cylinder manifolds. The first is a ramming action and the second is

a vibration of the air in the intake pipe against the spring of the

manifold and cylinder volume. The speeds at rhich both of these types

of vibration *1l produce their maximum beneficial effects can be cal-

culated by the use of Equation 7 in this report.

It was found that individu-l intake pipes gave higher volu-

metric effiiencies than any of the other manifold tests; however, the

tests indicated that it might be possible to produce eqally high if

not higher volumetric efficiencies with multicylinder manifolds if the

two types of vibr:%tion were "tuned" to give maxmum effects at the

same speed. Single cylinder and dual port manifolds produced only a

ramming effect except with very long pipes. These manifolds gave a

Volumetric efficiency curve that peaked at one speed and fell off a-

bove and below that speed. The dual port manifolds gave volumetric

efficiencies about 5% lower than single cylinder manifolds. When the

intake strokes of the cylinders on the dual port manifold were uniformly



spaced with respect to time, the two cylinders had equal volumetric

•efficincies. When the valve opening periods of the two cylinders

overlapped, the cylinder with the valve closing at the time when the

other valve was opening, received a reduced amount of charge.

All the 4-cylinder manifolds except the last one had similar

characteristics. The cylinders were quite well balanced regardless of

intake position. When no intake pipe was attached to the header, the

principle vibration was a ramming action that produced volumetric ef-

fioiency curves similar to those obtained with single cylinder mani-

folds. When an intake pipe was attached an additional vibration of

the mass in this pipe against the spring action of the manifold volume

produced a peac in the volumetric efficiency curve. When the effects

of this vibration were combinedwith the effects of rawmg, flat vol-

umetric efficiency curves frequently occurred. The addition of a bal-

ancing pipe to the third 4--ylinder manifold reduced the peak value of

volumetric efficiency.

The fourth 4-cylinder manifold with its exaggerated inertia

and friction effects gave extreme unbalance between cylinders. The

addition of a balancing pipe to this manifold reduced but did not elim-

inate entirely the unbalance botween cylinders. The balance pipe also

improved the volumetric efficiencies obtained at high speeds because

it provided two paths to each cylinder which had lower effective iner-

tia and friction than the single path.

II. SCOPE

This report gives the results of a preliminary investigations

of mlti-cylinder intake manifolds. The chief purpose of the experi-

mental work was to get a general idea of the possibilities tf a wide
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variety of manifolds. 1 o attempt has been made to develop a refined

theories or a mathematical analyses for multi-cylinder manifolds.

Most of the experimental work reported here was done on a four-cyl-

inder engine.

InI. YXPFIMmTAL APPARATUS

A. Engine

The engine used for the foar-cyl1nder manifold studies was

a four-cylinder Henderson motorcycle engine. It was selected because

eaoh intake port was separate thus making possible a wider variety of

manifolda than would be possible with a dual port arrangement. The

engine dissuans and an intake valve lift cur-e are given in Fig. L.

The mall displacement of the cylinders (20 cu. in.) as campared with

most aircraft engines makes it necessary to use relatively long mapi-

fold sections in order to obtain results similar to the resulta that

would be obtained with larger anginee.

For the experimental work the engine war motored with an

electric dynamometer. Fig. 2 shows the engine and, dynamometer. It

was possible to reach a ma.x- speed of 3400 ipm with this arrange-

meat.

B. Manifolds

The manifolds were built up of standard iron pipe and pipe

fittings. This type of construction made it possible to readily change

the dimensions of different sections of the manifolds. The pipe

fittings introduced a rather large amount of friction in the system,

but since the primary purpose of these experiments was to obtain gen-

eral ideas of the characteristics of different systems, greater re-

finament did not seem necessary.



The types of multi-cylinder manifolds used are shown in

Figures 3, 4, 5, 6, and 7. Somne single cylinder data were obtained

first for use in checking previous single cylinder data and for ca-

parison with multi-cylinder data. The first multi-cylinder manifold

used was a dual port arrangement shown in Fig. 3. This manifold wae

used on cylinders 1 and 2 and also on cylinders 3 and 4. The engine

had a firing order of 1-3-4-2; therefore, with the dual port mani-

fold on cylinders 1 and 2, the intake pulses were unevely spaced and

there was 60 of overlap of the valve openings. With the dual port

arrangement on cylinders 2 and 3, the intake processes wore evenly

spaced and there was no overlap of the valve openings on the two cyl-

inders. This manifold was used with a number of different pipe langths

and diameters connected to it.

The second mlti-cylinder manifold used, as shown in Fig. 4,

is a rake type manifold with a header of 1-1/4" pipe and branch pipes

of I" pipe. The branch pipe length was 12-1/4% as shown in the drawing.

Three different lengths of intake pipe were used. Only an end inlet

was used because the test results indicated tha&t there would be only

a very mall difference in r;sults with a center inlet on this par-

ticular manifold. Center inlets and balancing pipes were used on other

manifolds.

The third multi-cylinder manifold was u comercial cast

aluminum manifold shown in Fig. 5. The flow paths to the cylinders

were short and relatively large in diameter with well rounded comers.

This manifold should have, relatively, a very low resistance.

The fourth multi-cylinder manifold used was a rake type

made of 3/4" pipe throughout (Fig. 6). This manifold was used with



an nd inlet and allen. with a. bAZ~ncImng p-iij connecting the two a.i~ Of'

the hoader asC sitowh by the dasehrid li h.?ith Lhe balancimg pipe, in-

let$ at the end or the iiender mind also at the canter of thle balancing

pipe wore used.

A fifth typo ot fou'-.cylinder manifold (Fig. 7) was used.

This manifold had long ections of pipe btween the branch pipes to

the cylinders. These sections were nade long br using loops of pipe

botween cylinders. The dashed lines in FLg. '7 show the position of a

balancing pipe and various inlet positions tha-', were uawd.

C. -Instrumnt 9

The relative volumetri.o afficinecq of the cylinders were

determined by measuring the compression pres ures iAth balmancd pros-

sure gages m=tmted in eaoh cylinder (see Fig. 22) , The electrical con-

tacts in the balanced preemire gage wero conni cted through a~n aimplifici'

to a strobotac so that the strobotac flauhed each time~ that the con-

tacts in the 'balanced presoure gag3 made contsct. Tho aiutacts made

onl~y when the cylinder pressure eeded the prescure applied to the

top of the balanced preseure gage. The pres-mire applied to the top

of the gage was adjusted by needle Yalven in the pressure control unit

shown JUst under the Bourdon gage in Fig. S. The pressure applied

was read from the Bourdon gage'. The balancing pressure just sufficicnt

to stop the- flashing of the strobota-c was equJ to theo pe~ak com1prac'-

Isioz pressure in the cylinder. R~eadings could~ be mr io on the varicus3

cylinders by turning the selector switch on _1 amplifier.

Diagramsa of the proseure variatiorc, i' the rinanifoltd rV3r'e

obtained with a magnetic type of pressure rjAc':-up usodI in conjunction

wirth an integrating circuit and a cathode 0 3ciUlograph. Records



cf the pressure veriaion wore raade by phztographin1 the screen of

the oscillograph with a 35 m cumcra. Preooure diagrams obtained in

this way are abomn in this report.

The pressure pick-ups wre calibrated on a rotating valve

device shown in Fig. 9. One of the magnetio pick-ups is shown screwed

into the top of the valve. The rotating valve 's driven by a motor

and alternately wexosed the diaphrat of - he pick-up to the air pres-

sure im the small ttnk, pacom in the photograph. and then to atmospheric

Dreassre. The valve actiod was such that a square pressure wave was

,p ied± to the T Te flat. top cm the wave represented the

tank pre-e an4 t flat bottom of the wave represented etwe-

PLnerAu prusure, itie PrOGOur'S in the te k W&S 1suZ' WAIt d

metar. In order to prevent changes in amplifier gain from affecdtig

the readings, a knowm a.. calibration voltege wu3 substituted fof,

the pick-up output voltage for retting the gaila and checidg i l

fication during both calibration and use of the !Ack-upe.

. Engine speeds were determired with a t .robotac.

Fig. 10 shows the entire experimentzl. zet-up with the pro-

sure measuring devices attached. In this photcagaph, the two-cylindar

manifold is shown with two magne+ic pick-ups attached at the elbows

leading into the cylinders. Most of the data on this manifold were

obtain with only one pick-up attached at the c:::ter of the Tee as

indicated in Fig. 3. The balanced pressure urhV, can b a seen in the

tops of the cylinders. The balancing pressure ,:be connecting the

gages with the presaure control unit is also ehrwn.

IV. THEO)RY

b The pressure phenomena that occur in gn Lne manlifoldo may

bo classified :Lnto several groups. These pheriozia will bo defined



and discussed now in order to aid in the discussion of the various

manifolds that follows.

The first type of phenomiena will be called ramming. A

rmlng action always exists in single cylinder intake pipes and also

in the branch pipes leading into the individual cylinders on multi-

cylinder manifolds. During the first part of the intake stroke the

air in the pipe is accelerated and during the last part of the intake

process when the piston slows down, stops and reverses its direction,

the kinetic energy gained by the air in the pipe tends to keep it

moving into the cylinder. This action will cause the air in the cyl-

inder to be compressed, in some cases, to pressuea considerably above

atmospheric pressure. If the mass and spring constant for the intake

system are properly proportioned the ramming action can be made to

give peak volumetric efficiency at any deired speed.

The mass of air in the pipe is gi:ren by the following equa-

m Id2 P1 -aebs86 -e 2

4 In.

where d m pipe diameter, inches

a - cross sectional area of pipe, in.
2

1 - pipe length, inches

e air density in mass units, lb/in. V6, lb sec

8 the acceleration of 
gravity, in/see

2  in4

The spring constant for the volume of air involved is given

by the following equations

r2 4 2 2 2
k d P 2 -. eA.!2 (2)

16 V V

Norse, Vibration and Sound, page 201



where d - pipe diameter, inches

- a8rdensity in mass units, h.LL
in.4

c .? velocity of sotud in air, in./see 13,900 in./sec

for air at 1000 F

V - total volume involved, in. 3

2
a - cross sectional area area of pipet in,

The velocity of sound in air can be calci lated from the

following equation:

c - 12k in./seo (3)

where g - acceleration of gravity, ft/eec2 = 32,2

k - ratio of specific heats - 1.4 for air

a -'gas conart, ft-lb/lb-PF 53.3

T - absolute temperature of air, OF aba.

Good results are obtained theu the maydxum cylinder volume

plus 1/2 of the pipe volume are used in Eq. 2. This maxiMA* cylinder

volume may be calculated from the following equation:

vO in.' 34
r-1

where VC - maxiwm cylinder volume, in. 3

D ' displacement volum, in.,

r compression ratio

About one-half of the pipe volume should be added to this

volume for caloulating ethe spring const.ant for the total volume.

One-half of the pipe volume is given by the following equation:

p 8 2

Vide total voluze V is then



V D (-- 2 & (6)

The natural frequency af the system can then be calculated

as follows%

• 2 Vv _l J 2-'f l.L. cyclec/Sec

or V;

ff - c cycles/mi (7)

The peak volumetric efficiency due to ramming occurs at

approximately 70% of the natural frequency speed given by Eq. 7 for

single cylinder systems.

In mlti-cylnder manifolds the air in the interconnecting

pipes between cylinders produces some ra-rMing action along with the

air in the individual branch pipes. It is difficult to calculate, by

any simple means, the speed at which the peak ramming action will occur;

however, an understanding of the factors affecting the razming action

as shown by Eq. 7 aids in making intelligent modifications of the

mani.'old which will produce the desired manifold performmance.

In all manifolds, single cylinder or multi-cylinder, there

may be vibratiohs similar to the vibrations in organ pipes. The lonest

natural frequency of a pipe closed at one end can be calculated by

dividing the velocity of oound by fouar times the pipe length. Odd

harmonics also exist in such a pipe, that is, natural frequencies at

3, 5, 7, etc., times the lowest natural frequency exi'A.. A pips with

both ends opim has a lowest natural frequency twice that of a pipe

closed at bne end and all harmonics may exist. If there is any extra

volume at the closed end of a pipe the lowest natural frequency can



be calculated from Eq. 7, in fact, Eq. 7 can be used for calculating

the lowest natura l frequency of a closed end pipe with no extra vol-

ume if 1/2 the pipe volume is used for V in the equation.

In most engine manifolds the pipes are so short that the

lowest natural frequency of the pure organ pipe type of vibration is

far above the frequency of the exciting forces so that vibration's of

this type are not excited to any great extent and their effects are

minor. Usully the vibrations that occur are the result of a mass of

air in a pipe vibrating against the spring action of a volume, on the

end of the pipe.

In single cylinder manifolds there is a damped free vibra-.

tion of the organ pipe type existing in the intake pipe after the in-

take valve closes. This vibration starts anew each time the valve

closes and does not build up from one cycle to the next so that no

true resonant effect exists. Usually the effects produced by this

vibration are not of very great importance. With moderately long pipes

of large diameter there may be sufficient velocity of the air exist-

ing in the pipe at the time of the valve opening for the next cycle

to produce some extra humps in the vcolumatric efficiency curves. With

very long pipes which have nat'ural frequencies of the same order as

the engine cycle frequency, there is a possibility of resonant vibra-

tions occurring. Previous tests run on the C.F.R. engine have shown

that this type of vibration will not produce volumetric efficiencies

ao high as those by ramming action alone.

Puze ramming action does not involve any resonant vibration

effect, in other words, there is no accumulation of vibrational energy

from one cycle to the next. With certain manifolds there is a type of
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vibration that mar becme resonant. It is excited by the cyclic

fprcee produced by the repetition of intake strokes, rather than to

eacX individual intake stroke as in the case of ramming. The results

of some of the four-cylinder manifold tests indicated that the ccq-

bined exciting forces of the four cylinders produced a vibration of

the mass of air in the intake pipe to the manifold against the spring

effect of the volume of the manifold and cylinders. This type of vi-

bration reseonatep at a speed where the frequency of the exciting force

is equal to the natural frequency of the system. Resonance may be

produced in a system of this type with short intake pipes (small mass)

because the exciting frequency is high in multi-cylinder engines and

the natural frequency is usually quite low due to the large volume

, hat acts as a spring.

The speed at which the maximum pressure amplitudes in the

intake system will be obtained is the speed at which the frequency of

the exciting force is equal to the natural frequency of the system.

The amplitude of the pressure waves will be less at both higher and

lower speeds. The natural frequency will be affected by the same fac-

tors as those shown in Equation 7; however, the exact values of volume

and pipe length to be used are sometbimes difficult to determine. The

speed for reaoance is not necessarily the speed at which vibrations

of this type wl-1l produce the maximum volumetric efficiency. In order

to obtain the maximum volumetric efficiency the phase relation be-

tween the engine cycle and the pressure waves mast be such that a

high pressure is produced at the valve at the time of valve closing.

At low speeds thc driving force and the displacement of the mass are

in phase. At speeds near the natural frequency the displacement
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begins to lag behind the force and at speeds well aboNe the natural

frequency the displacement lags behind the force by nearly 180c . ft-

cept In cases where the damping is very large the phase angle changis

quite rapidly from low values to nearly 1800 within a narrow range of

speeds near the resonant speed; therefore, it is likely that, if beze-

fit is obtained from this type of vibraticn, the peak effect will occur

close to the resonant speed regardless of what phase angle is nec-

esesary to produce the peak effect. If a leading phase angle is required

to produce beneficial effects, then only de imental effects can be

produced by the vibration because the displacement always lags behind

the force to a greater or less extent.

V4 EXPFRIM TAL RESULTS

A. Single Cylinder Data

Figures 11, 12, and 13 show curves of compression pressure

versus speed for a number of different pipe sizes on a single cylinder.

The general shape of all of these curves is the same as for the curves

previously obtained on the C.F.R. engine. These curves are given in

Army Air Forces Cooperative Research reports for Engineerrig Experiment

Station Project H-108-6, Contract bio. 41-12T 3. They all show a tend-

ency to pe=k at c.e particular apeed YrIth peahs of lesser importance

distributed along the length of the curves. The major peak apparently

is the result of a ramming action. Peak speeds calculated by mm-tio-

plying the natural frequency from Eq. 7 by 0.70 have been tabulated

in Table I for the single cylinder ccmbinations using 3/411 and I" pipa

shown in Figs. 1 and 12. Actual peak speeds and pipe dimensions are

also given in the table. The l-1/4" pipe data from Fig. 13 does not

sho: a single peak that is definite enough to check by this method.
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The lengths of 1-1/V pipe required to obtain peaks at speeds ithin

thn speed range of the engine are excessive and do not permit the

assumption that ramping action is the only factor affecting volumetric

efficiency.

The peak pressures for the curves for 1" and 3/4" pipes

lie between 115 and 120 psia while there are rather sharp peaks for

the 1-1/4" pipe that exceed 120 psia. Those peaks are higher than any

that were obtained with multi-cylinder combinations. The probably

reasons for this fact are given later in the discussion of multi-cyl-

Inder manifolds.

B. Two Cylinder Data

A dual port manifold, shown- in Fig, 3, was connected to cy-

inders 2 and 3 -and run with two lengths of I" inlet pipe. The firing

order of the ngine was 1-3-4-2 so that the intake strokes on cylindezs

2 and 3 were spaced 3600 of crank rotation apart. Since the manifold

is syzmetrical and the intake strokes are evenly spaced with respect

to time, the volumetric efficiencies of the two cylinders should be

nea.ly identical throughout the speed range.

The data obtained with this arrangement is shown in Fig. 14

and 15. The two cylinders perform near2. identically in both cases.

The speed at the peak with a I" x 18-1/2" pipe connected to the Tee is

about 3000 rpm. The average peak pressure is about 112 psia. This

represents about 5% les6 volumetric efficiency than for single cylinder

operation. The speed at the peak with a 1" x 4211 pipe was about 20

rpo and the average peak pressure 114 psia.

This two cylinder system is apparently quite siadmilar to a

mingle cylinder system in vibration Characteristics. The two cylinders



act iddependently on the mass in the pipe and there is little, inter-

action between cylinders. The speed for peak volumetric efficiency

can again be calculated from Eq. 7. The volume to be used in the equa-

tion should be thc. sum of one nylinder volume, the volume of the porte

and Tee, and one-half of the pipe volume. The mass to be used is the

mss of air in the pipe exclusive of the mass in the Tee. The cal-

culated peak speeds are 3100 rpm and 2580 rpm for the 18-4/2" pipe and

the 42" pipe respectively.

There are probably two causes foi- the fact that the volu-

metric efficiency is lower with the two cylinder manifold than with

the single cylinder manifolds; first addi-,ional friction, introduced

by the Tee, tends to lower the volumetric efficiency and second, the

volume of air in the Tee and ports must be compressed along with the

cylinder air the ramming action of the mass in the pipe so that

sane of the energy available for compressing cylinder air is wasted.

The same two cylinder manifold was connected to cylinders

1 and 2. The firing order is such that the intake valve on cylinder
0

1 opens 180 of crank travel after the intake on cylinder 2 opens.

Since the intake valves remain open for 60 degrees after bottom center,

the valve an cylinder 2 remains open for 600 of crank travel liile the

valve on cylinder 1 is open. This overlap of valve opening and un-

even spacing of the intake strokes might be expected to cause the two

cylinders to have quite different volametric efficiencies.

Figs. 16 and 17 show the results of tests with the two cyl-

inder xan'fold on cylinders 1 and 2 with the same pipe sizes that were

used on cylinders 2.and 3. Fig. 17 shows the results with a I" x 18-1/2"

pipe. The two cylinders have cirvs that are similar in shape to the
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curves for cylinders 2 and 3 as shown in Fig. 15 and the peaks. occur

at about the :same "aed (2.90U rpm). Cylinder 2 is about 3 psi lower

than cylinder 1. The difference in pressures is about the same for

all speeds. The difference is probably due to the fact that at the

tim when the air would ordinarily ram into cylinder two the valve on

cylinder one is also open so that the pressure increase in cylinder

two due to ramming is reduced. Pressure diagravis shown later for other

pipe sizes an this two cylinder arrangement indicate that this is the

cause for the difference in volumetric efficiency.

Fig. 16 shows the results of a test of the two cylinder

manifold on cylinders 1 and 2 with a 1" x 42" inlet pipe. In this

case, the curves have rather irratic shapes. Cylinder 1 has a peak

volumetric efficiency at 1700 rpm and a nearly constant volumetric

efficiency slightly lower than the peak at the higher speeds. The

curve for cylinder 2 crosses the curve for cylinder 1 at 2100 rpm,

reaches a peak at 2300 rpm and then falls below the curve for cylinder

1. The two cylinders are rather badly unbalanced (about 11 psi dif-

ference) at speeds above 2800 rpm. The reasons for the irratic shapes of

the curves are the same as those given in the discussion of Figs. 20 and 2

Fig. 18 shows the results of a test of the two cylinder

manifold on oylinde 1 and 2 with a 1/2" x 12" intake pipe. F!, 2.

shows pressure diagrams obtained with a magnetic pressure gage

at the center of the Tee for the same manifold and pipe arrangement.

The curves of Fig. 18 show a tendency for cylinder 2 to have a uni-

formly lower volumetric efficiency than cylinder 1. The speed at the

peak for this pipe size is low (1800 rpm) as might be expected because

Zq. 7 shows that the natural frequency is directly proportional to the
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square root of pipe area, The peak value of the pressure is low (av-

erage of the two cylinders - 99 psia) due to the high iriction of the

small pipe.

The pressure diagrams of F.g. 21 aid in explaining the dif-

ference in volumetric efficiency betneen the two cylinders and for

explaining the variation with speed. It may be noted that the shape

of the pressure curve during the inteke stroke of cylinder 2 is al-

most identical to the shape during intake for cylinder 1 except near

the time of valve closing. To general there is a pressure increase

due to the rawnng aet,!on of the air just before valve closing. Cylinder 1

gets to lft2l b-enfit of this action because it is the only cylinder open

to ths pipe at the time that the ramming action occurs. The pressure in-

crease due to raning into cylinder 2 is suddenly stopped when the valve

due to the ramming into cylinder 2 is suddenly stopped when the valve

on cylinder 1 opens causing cylinder 2 to receive less air. The pres-

sure at the time of valve closing for cylinder 2 is always less than

the pressure at the time of valve closing for cylinder 1. This dif-

ference in pressure agrees with the tendency ahoiwn in Fig. 18. The

pressure diagrams also show that the inertia of the air in the pipe

is too low to live peak pressures at the time of valve closing for

cpc dz bclo; !Er0O rpm and too kigh for speeds above 2400 rpm. This,

also, agrees with the trends shown by the cuarves in Fig. 18.

The data shown in Fig. 19 were obtained with the two cyl-

inder manifold on cylinders I and 2 with a 3/V x 13-1/4" , nt pie.

Pressure diagrams obtained at the pipe tee with the same manifold

are shown in Fig. 22. These figures show the same tendencies as those

just discussed above. The principle difference is that the peak occurs

at a higher speed (2700 rpm) and the peak pressure is higher (average

110 psia). The higher peak speed is due to a larger pipe diameter.

The higher peak pressure is due to a reduction of friction as a result
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of using the larger pipe diameter. It is interesting to note that

little is gained on the peak pressure by making the pipe 1" in dia-

meter rather than 3/4n; compare Fig. 19 with Fig. 17. This would

indicate that a pipe as large as 3/4" has a negligible amount of fric-

tion compared with other friction in the system.

Figs. 20 and 23 show data for a 3/4" x 31" pipe connected

to cylinders 1 and 2. The compression pressure curves of Fig. 20

show rather irratic shapes much the same as those obtained with the

1" X 42" pipe shown in Fig. 16 so the same explanations Aill gen-

erally apply in both nases. The priciple cause for the more irratic

shape of these curves appears to be the greater spring effect of the

longer pipe which peruits more carry-over of velocity in the pipe from

one intake stroke to the next and more carry-over of vibrations from

one engine cycle to the next.

The pressure diagram for 1000 rpa shows a rather low preos-.

sure amplitude and about equal pressures at the time of valve cloaing

for the two cylinders. This shows up on the compression pressure

curves as nearly equal volumetric eficiencies for the two cylinders.

At 1400 rpm the pressure dia'ram indLicatess that considerable

velocity toward the cylinder remains in the pipe from vibrations of

the previous engine cycle when the valve on cylinder 2 opens. Because

of this existing velocity, the pressure reduction during the first

part of the intake stroke required for accelerating the air is ma11

and a rather early pressure build-up due to ramming resalts. This

early pressure build-up permits cylfider 2 to receive a relatively

large amount of air without interference from the valve opening on

cylinder i. The pressure does not fall rapidly enough after the valve
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on cylinder 1 opens to cause a very great loss of charge from eyl-

inder 2 before its valve closes. The velocity in the pipe ac. the time

when cylinder 1 starts inducting its charge is apparently nearly zero

so that a rather large pressure drop is required for accelerating the

air in the pipe. This also causes the ramning action to come rather

late so that aylilnder 1 does not'receive the full benefit of the rem

before its valve is closed. The action discussed above carses cyl-

inder 2 to have a higher than normal volumetric efficiency d.ud a cyl-

inder I to have a less than its peak volumetric efficiency so that

the volmetric efficiencies of the two cylinders are not greatly dif-

ferent. This explains the peak in the compression pressrre for cyl-

inder 2 shown in Fig. 20.

At speeds between 1800 rpm and 2400 rpm there is apparently

little carry-over of velocity betneen cycles or betvien intake strokes

so that the performance is much the same am for shorter pipes.

At 2600 rpm and above there is apparently considerable carry.-

.over of velocity from the intake stroke of cylinder 2 so that very

little pressure drwand not very much time is required for acceleration

of the air during the intake stroke of cylinder 1. This causes the

raming action to occur earlier than normal and tends to keep the

volumetric efficiency of cylinder 1 high as shown by Fig. 20. The

volumetric efficiency of cylinder 2 drop3 off partly because of late

raming action and partly because the opening of the valve on cylinder

1 permits some ef the air to ram into cylinder I rather than forcing

it all into cylinder 2.

The carry-over of velocities that causes the actions describ-

ed above can occur only in relatively long pipes where there is enough



compressibility in the air at the cylinder end of the pipe to permit

an appreciable amount of air motion in the pipe when the valve is closed.

C. Large Diameter Rake Type Four Cylinder Manifold

A four cylinder manifold of the type shown in Fig. 4 was

connected to the engine. The data obtained with the No. 4 cylinder

end of the header plugged and the other end open with no inlet pipe

attached is shown in Fig. 24. The shapes of the curves for all of

the cylinders are similar to the shapes obtained with a single pipe

arrangement, indicating that the ramdrng action of the air mass in

the branch pipes is the most important factor affecting the performncce

of this manifold; however, the peak speed calculated from Eq. 7 for a

single pipe of the same length as the branches is 4000 rpm. Actually

the peak occurs at about 3)00 rpm so that there must be some addi-

tional effect introduced by the header. The indication is that some

of the mass in the header takes part in the ramming along with the

masses in the branch pipes in determining the peak speeds. The com-

pression pressures for the various cylinders are within 5 psi of one
peak

another and all of the cylinders/at ebout 3000 rpm. It is rather sur-

prising to find that all of the cylirders so nearly alike in their

action when the lengths of pipe from the ',nlet to the cylinders are

quite different for the various cylirders. The value of t'e pressure

at the peak is high (115 psia) and compares favorably i~th the values

obtained for single cylinder manifolds.

This manifold with a 14 " length of 1-1/4" pipe attached to

the inlet end was tested. The results of this test are shown in Fig. 25.

Pressure diagrams obtained at points just outside the valve ports are

shown in Fig. 26. The compression cL'rves for the various cylinders
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are still closely grouped and all of the curves each a high value at

a gather low speed (1800 rpm) and remain nearly flat up to the maxi-

mum speed for the test. The average high value is about 107 psia Yhich

is considerably below the 115 psia obtained Aith no inlet pipe attached.

The pressure diagrams show a moderately high amplitude at low speeds

and a low amplitude at high speeds which is opposite from the results

obtained with all previously tested manifolds. There is evidently an

interference between different modes of vibration which tends to re-

duce the amplitudes at the high speeds. The ramming action of the in-

dividual branch pipes evidently tends to cause a peak in volumetric

efficiency at a high speed vhile the vibration of the mass in the inlet

pipe againat the spring effect of the manifold and cylinder volume

tends to give a boost at low speeds and tends to partially cancel the

raming action of the individual pipes at high speeds. The tendency

to cancel the ramming action is the result of a phase shift. The rather

high peak previously obtained mith this manifold and no inlet pipe,

or actually a very short effective inlet (Fig. 24), may be due to the

fact that these two modes of vibration were synohonized.

The natural frequency of the vibrating system made up of the

mass in the intake pipe and the spring effect of the manifold and cyl-

inder volumes can be calculated frcm Eq. 7 in the following manner:

volmie of manifold and ports = 72 in.3

volume of one cylinder - 26 in.3

3volume of 1/2 of 1411 intake pipe - 3

Total volume - 108.5 in.
3

There is some question about the amount, of cylinder volume

to be added. Due to overlap of the valve openings two cylinders are
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connected to the manifold at the same time during parts of he cycle.

The natural frequency from Eq. 7 is

f - I-- .. 1i23~Q. 4180 eycle/min21T v 1 2fl 1O8.5x 14

Two intake strokes occur each revolution so the rpm at res-

onance would be 1/2 of the cycles/min for the natural frequency. The

rim at resonance would then be 2090 rpm. Fig. 25 shows that the peak

effect from this vibration occurs at about that speed.

Figs. 27 and 28 show results of tests on the same manifold

with two additional lengths of pipe on the inlet. These tests gave

the same flat type of volumetric efficiency curve; however, the high

value was reached at lower speeds. The high value was reached at 1600

rpu with a 23" length of pipe and at 1200 rpm with a 40"1 length of

pipe. There is a slight upward trend of the flat portion of the curve

for the 40" length.

D. Four-Cylinder Manifold with Low Inertia Branches

A commercial type of cast manifold was available for this

engine. A photograph of the manifold is shown in Fig. 5. This mani-

fold was tested with intake pipes of different sizes connected to the

carburetor flange. Figures 29, 30 and 31 show the results of these

tests. The shape of this manifold is such that the lengths of the

flow paths from the inlet to the various cylinders are as short as pos-

sible which should reduce to a minimum the effective inertia of the

air in the different branches.

The first test of this mnifold, Fig. 29, was run with a 3"

length of 111 pipe connected to the cervuretor flarge. This length of



pipe should approximate the effect bf a carburetor. The results of

the test show that the compression pressures gradually increase with

speed up to a maxiuM value of about 107 psia at 3400 rp. Whether

they would have flattened out and stayed constant for higher speeds

.could not be determined. The principle cause for the tendency to give

a peak at a speed above 3400 rpm is evidently the vibration of the mass

in the short inlet pipe against the volume of the manifold and cylinders

because the individual branches are to short to cause a peak due to

ramming at this speed.

Fig. 30 shows the results of a test with an 18" length of

I" pipe comnected to the carburetor flange. This length of pipe causes

a peak ecipres sion pressure of about 109 psia to occur at 2000 rpm.

There is a slight drop in the compression pressure at the higher speeds.

Again the principle cause for the peak seems to be the vibration of

the mass in the inlet pipe against the volume of the maifold and cyl-'

inders. The drop at higher speeds is probably due to the natural tend-

ency for this type of vibration to have a lower pressure amplitude at

theme speeds (See Section !V). There would also be a tendency at the
for the

higher speeds,/phase angle between the displacement of the mass and the

driving force to increase. This may cause part of the drop.

The results of a test run ith a 17" length of 3/4" pipe on

the inlet are shown in Fig. 31. The results of this test are esstential-

ly the same as those of the previous test. The peak occurs at a slightly

lower speed (1800 rpm) due to a reduction of the natural frequency of

the vibrating system which results from the use of the smaller diameter

pipe. The peak value (106 psia) is slightly lower because of the greater

friction in the 3/411 pipe. The small change due to the friction in the
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pipe indicates that pipe friction, in this particvlar case, is not a

very important f&ctor in ffecting the volumetric efficiency.

It is interesting to note that the peak compression pressures

obtained with this moothly streamlined manifold are in general very

little higher and in some cases not as high as those obtained with

more crudely-built manifolds made of pipe fittings.

The resonant speeds for the sy84= made up of the mass in the

intake pipe and the spring effect of the manifold and cylinder volume

were calculated from Eq. 7. For details of the method refer to the

discussion of Fig. 21 and 22. The resonance speeds for the three pipes

used are: 3500 rpm, 1810 rpm, and 1450 rpm. The actual speeds at

which the compression pressures reached high values are: over 3400 rpm,

2000 rpm, and 1600 rpm. These speeds are a little higher than the

calculated resonance speeds which indicates that a rather large lagging

phase angle is required to obtain maimum volumetric efficiency.

E. Rake Type Manifold Made of 3/4" Pipe

It was thought that the relatively large diameters of the

manifolds used for the previous tests might tend to minimize the pos-

sible effects of inertia nd friction in the individual branches; there-

fore, some manifolds were constructed of 3/4" pipe. The first of these

is shown in Fig, 6.

The first test of this manifold was run i4th an end inlet

and no inlet pipe attached. The results of this test are shown in

Fig. 32. All of the cylinders except cylinder 4 peak at 2800 rpm and

fall off slightly at higher speeds. The peak for cylinder 4 occurs at

a lower speed. The peak compression pressure for all cylinders except

cylinder 4 is about 108 psia. This value compares favorbly with the

values obtained with larger diameter manifolds. The general character-
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istics of this manifold are the same as those of the other 4 cylinder

magifolda that have been discussed. Cylinder 4 is probably low at

the high speeds part.y because of the greater inertia effect of the

air in the header leading to this cylinder and partly due to the fric-

tion of the long path to the cylinder.

Fig. 33 shows the results of a test of this manifold with a

I x 22" pipe connected to the end inlet. Again the performance of

this manifold is similar to that of the other 4 cylinder manifolds

that have been discussed. The compression pressures reach a high value

of about 105 psia at 1600 rpm. Above this speed the curves are quite

flat and constant; cylinder 1 increases slightly while cylinders 3

and 4 show some decrease. At 3000 rpm there is about 10 psi difference

between the best and poorest cylindcr. This difference probably is

due to the larger amount of inertia and friction in the length of pipe

leading to cylinders 3 and 4.

Another test was run on this manifold with a 3/411 x 16", in-

let pipe. The results of the test are showm in Fig. 34.. With the

3/4n" inlet pipe the shapes of the curves are almost identical with the

shapes of the curves obtained with the I" pipe; however, cylinders 1

and 2, as well as cylinders 3 and 4, have slightly decreasing compres-

sion pressures at the high speeds. Because of-this the cylinders are

more evenly balanced. The average peak comprescion pressure is 105 psi.

This same value was obtained with the l1 x 22" pipe.

From an examination of the curves for this manifold it is

apparent that the masses of air between cylinders in the header have

enough inertia effect to produce a notieable difference in the perform-

ance of the various cylinders. The larger diameter manifolds discussed
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previously did not produce a significant unbalance between cylinders

apparently because the eifective inertia of the air in a large diameter

pipe is relatively small.

F. 3/4" Manifold With Balancing Pipe

A 3/4" balancing pipe corniecting the two ends of the header

on the 3/4" manifold was added as shown by the dashed lines on Fig. 6.

The first test on the manifold with a balance pipe was run with an

end inlet and no pipe attached. The distance from the open end to

inlet pipe of the first cylinder is a little greatet than without the

balance pipe because a short nipple and a tee were added to the end

of the header to provide for the balance pipe. The results of the test

are shown in Fig. 35. The speed at the peak is about 2700 rpm &nd the

average peak compression pressure is 107 psia. In comparing these

curves with the curves of Fig. 28, it can be noted that the main ef-

fect of the balancing pipe was to increase the pressures in cylinder 4

at the high speeds so that better balagce was obtained. The general

shapes of the curves, the peak speeds, and the peak compression pres-

sures are nearly identical for the two maifolds.

Fig. 36 shovis the results of a test run with the inlet at

the center of the balancing pipe. No length of inlet p. pe ras used.

The results are nearly the same as with an end inlet. The peak speed

and the peak compressiom pressures remain at about the same values.

Two tests were run with lengths of pipe connected to the

center inlet on the balancing pipe. Fig. 37 shows the results of a

teat with a 1" x 16" inlet pipe. The addition of the pipe caused a

flattening of the curves in much the same way that it did when no bal-

ance pipe was used. There was also a noticable reduction of the peak
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compression pressures. The average peak value is about 103 paia. The

flattening of the curves is probably due to the same causes that were

previously discussed in connection w.,th the 4 cyli-der manifolds with-

out balance pipes. The lower peak value may be due to the fact that.

the vibration of the air in the inlet pipe, when manifold and balancing

pipes of comparatively large volume are used, have a lower pressuro

aslitude. This action is similar to that of a coft spring which vill

permit considerable motion of a mass attached to it ithout building

up a very great force. A better combination would be a stiff spring

(small volume) and a large mass which would give the sane natural, fre

quency of vibration. With this combination, the pressures resulting

from the vibrations would be greater.

Fig. 38 shows the results of a test run with a 3/4" x 22" pipe

connected to the inlct at the center of the balancing pipe. The curves

are flat and show a lower peak value (98 psia) than any comhination

yet used. It seems doubtful that the u~.o of the 3/4" pipe could intro-

duce enough friction to cause the pe.k to be so low because 3/41" pipe

did not produce excessive f rictioual effects with other manifolds. The

excess volume of the manifold is probably an important factor in re-

ducing the peak value of compression pressures to this low value.

G. 3/4" Manifold With Long Sections Between Cylinders

In order to still further emphasize the effects of inertia

of the masses of air in the sections of the manifold header between

individual cylinder oranches, a manifold was constructed with loops of

pipe between cylinders as shown u Fig, 7. This nanifold was tested

with an end inlet, with a center inlet and vith a balancing pipe.
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The -first of these tests w"s run with no inlet pipe on the

end inlqt. No balancing pipe was used. The results of the test are

shown in Fig. 39. The most noticeable effect of the long pipes between

cylinders is the extrJ uznbalance betwevn cylinders. Cylinders 1 and

2 act in a similar manner and peak at a high speed (28W rpm). Cylinders

3 and 4 act alkke and peak at a low speed (1200 rpm). There is no

apparent reason for this pairing of cylinders but the difference in

peak speeds Is reasonable ji mese tne inertia and friction of the air

in the lengths of pipe from thp inlet to cylinders 3 arnd 4 is much

greater than for cylinders I and 2.

The results of the addition of different eazd inlet pipes are

shown in Fig. 40 and 41. The only effect of the addition of an inlet

pipe was to increase the peak compression pressure of cylinder 1. The

others remainded almast the same. This manifold is extreme in design

but it does illustrate the necessity for avoiding high xine -ia in the

pipes between cylinder branches.

Ey moving the inlet to the center of the manifold the dif-

ferenco in thn pazn lengthd to the various cylinders was reduced. This,

logically, should.-glive better balance betcen cylinders. Fig. 42 shows

the results of a test with no pipe on 'he center inlet. The results

show that cylinders 1 and 4 peak at a lor; speed (1700 rpm) while cyl-

inders 2 and 3 peak at a higher speed (2500 rpm). This difference is

due to the difference in lengths of the paths from the inlets to the

variouc cylinders. The unbalance between eylinders is less extr~ne

than it was with the end inlet but the cylinders are still rather badly

unbalanced except in the middle speed range. The highest average com-

pression pressure is about 103 psia.
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Fig. 43 showm pressure diagrams taken at the intake port fvr

the same manifold arrangement used in obtaining the data for Fig. 42,

that is, a short center intake and no balance pipe. Diagrams are shown

for cylinders 1 and 2 caly, because cylinders 3 and 4 are symmetrical

with cylinders I and 2 and have similar diagrams. These diagrams in-

dicate that the principle type of vibration is a raning action much

the same as the action of a single cylinder or dual port arrangement.

The air in the manifold is apparently accelerated during the first

part of each intake stroke and then it rams into the cylinder and builds

up pressure at the end of the intake stroke. The amplitudes of the

pressures resulting from vibrations during the periods between intake

strokes are not very large and have little effect on the next intake

process.

A ln z 15-1/2" center intake pipe was added to the manifold.

The results of a test run with this addition are chown in Fig. 44.

The addition of the intake pipe did not have a ve7 inportant effect

on the shape of compression pressure curves. There is a slight flat-

tening of the curves and the speed at the peak for cylinder 1 and 4

is shifted to a slightly 2ovier value (1400 rpm inErtead of 1700 rpqi).

Pressure diagrams taken at the intake ports are shown in Fig. 45. If

these are compared with the diagrams of Fig. 44, it may be nozed that

during the period of valve opening the diagrams of Fig. 45 are almost

identical with those of Fig. 43, while for 'the period during which the

valves on cylinders 1 and 2 are closed, the pressure amplitudes shoyn

in Fig. 45 are greater than those shown in Fig. 43. This indicates

that the addition of the intake pipe causes the intake strokes of

cylinders 3 and 4 to produce pressure effe,s at the opposite end of

the manifold and also that there may be soe pAccsure effects due to



the vibration of the air in the intake pipe. The interaction between

cylinders on opposite ends exists to a greater extent because, with a

very short intake pipe the pressure at the center of the manifold would

always be very close to atmospheric and therefore the two ends of the

manifold would be isolated from each other, while with a longer intake

pipe the inertia of the air in the intake would prevent atmospheric

pressure from being maintained at the center of the manifold. It is

apparent from the compression pressure curves that neither interaction

between the ends of the manifold nor the vibration of the air in the

intake pipe produced a very important effect with this partieular mani-

fold. The 4 cylinder manifolds discussed earlier did show important

effects as a result of vibrations in the intake pipe.

Diagrams of the pressures at the tees where the branch piRes

connect to the header were also obtained. These diagrams are shov n

in Fig. 46. The shapes of the pressure diagrams obtained at the tees

are quite similar to the shapes of the diagrams obtained at the ports.

This indicates that the air in the header produces a ramming action

much the same as that produced by the air in the branch pipes.

A balancing pipe was added to the manifold as shown by the

dashed lines in Fig. 7. The balancing pipe made it possible for the

air to flow by two paths to each cylinder. The average length of the

two paths was the same for all cylLnders so. that thd cylinders should

act more nearly alike tha1n they did without the balancing pipe. Fig. 47

shows cceopression pressures that were obtained with the balancing pipe

added. The I" x 1 5 -1/2" center inet that had been used previously

was used for this test. The compresslon pressures show that the oyl-

inders are quite similar in their action except at the high speeds.
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At high speed cylinders 2 and 3 have higher compression pressures than

cylinders 1 and 4. This difference As perhaps due to a difference in

effective inertia and friction cf the flow paths to these cylinders.

This can be better demonstrated with the air of the following eketcht

peitte 1

position 2

inlet

Let the total resistance of the ring be equal to 4. If position 1

is one qraarter of the tay around the ring from the inlet, then the

resistance of the two parallel paths from the inlet to position I

would be 1 and 3. The effective resistance of the paths combined would

be

R -_ -
i+L 4
1 3

For position 2 the effective resistance would be

R .L . .-1

2 2

The ine ta effects for the two positions would be in the same

proportion as the resistances so that it is apparent that even though

the averages of the two path lengths to each cylinder are the same

the inertia and frictional effects are not, the same. The balancing

pipe, then did not make the cylinders completely similar althogh it

did help as can be seen by comparing Fig. 43 with Fig. 40. In ad-

dition to making the cylinders more nearly alike, the balancing pipe



also made the compression pressure curves flatter and made all of the

ecaression pressures higher At the high speeds. The genoral character

of the curves is similar to that of the curves obtained with the mani-

folds having short lengths of header between cylinders.

Fig. 48 shows pressure diagrams obtained at the tees where

the branch pipos connect to the header. The diagrams for 1000 rpm in-

dicate that there wvas a vibration in header that was excited by the

Intake strokes of all of the cylinders. The pressure waves are ap-

proximately sinusoid~l. The pressure waves are probably the resuit

of the vibration of the mass of air in the intake pipe against the

volume of the manifold and cylinders. At 1400 rpm this type of vi-

bration still seems to be the cause of tmost of the pressure variations.

At higher speeds this type of vibration ahows some decrease in ampli-

tude while a ramming action made evident by the rather sharp peaks

near the time of valve closing becomes more important.

Fig. 49 shows pressure diagrams obtained at the ports. At

1000 rpm the sinusoidal wave form is evident. At higher speeds, the

ramning action produces the principel pressure effect. The fact that

some of the ra'"-ng action was also evident in Fig, 48 indicates that

the air in the header takes part in the razrAng along with the air in

the branch pipes.

VI. CONCLUSIONS

Although a rather large quantity of data has been presented,

the analysis of the data has not been completed and only the more

evident facts can be stated as conclusions in this report. Much of

the data indicates that many aimplifying assumptions may be made in

setting up theories that will make possible the calculation of the



the general characteristics such as speed for peak volumetric effi-

ciency, of rather complicated intake systems.

Conclusions that have been drawn fro the data presented

in this report are given separtely for eac manifold type in tho fo1-

lowing paragraphas

Sin le Cylinder Manfolds

1. Individual pipes for ech cylinder gave higher volU-

metric efficiencies than any of the other manifolds tested.

2. The high volumetric efficiencies were the result of a

ramming action rather than a resonant vibration. Only with very' long

pipes is there an important effect produced by vibrations carried over

from one cycle to the next.

3. The speed at which the peak volumetric efficiency will

occur can be calculated from Eq. 7 given in this report.

Dual Port MNifolds

1. The action of most dual port arrangements is the asse

as for single cylinder manifolds. The principal factor causing high

volumetric efficiencies is the ramning action of the air in the in-

take pipe.

2. When the intake strokes of the two cylinders on the dual

port are evenly spaced with respect o time, the two cylinders have

equal volumetric effic.encies at all speeds.

3. The speed at which the peak volumetric efficiency occurs

can be calculated from the same equation used for single cylinder mani-

folds.

4. When the tho cylinders fire in such a sequence that there

is an overlap of the valve opening p3riods, the cylinder wth the valve



closing while the other is open wll receive a reduced amount of

chargot. This is due to the fact that the air may rai into both cyl-

inders instead of just one; therefore, the pressure built up due to

the ram is reduced.

5. Volumetric efficienciev obtained with a dual port arrange-

ment were about 5% lower than those obtained with single cylinder

manifolds due to a greater amount of friction and extra volume at the

cylinder end of the pipe.

Four CYlinder Manifolds

1. Iwo types of vibration produce important effects on the

volumetric efficiency. These are: (1) ramning, and (2) a vibration

of a system consisting of the mass in the inlet pipe to the manifold

header and the spring action of the manifold and cylinder volume.

2. The speed at which rair4ng produces its maximus effect

is determined br the factors given in Eq. 7. Accurate calculations

of this speed are difficult to make because the amount of raming action

produced by the air in the manifold is usually difficult to determine.

3. The speed at which =--imum benefits are obtained from

the second type of vibration given above is usually slightly above

the resonant speed for the vibrating system. The resonant speed can

be calculated from Eq. 7. The frequency of the driving force for this

type of vibration is twice the rpm, since two intake strokes occur

each revolution.

4. The combined effects of the two types of vibration may

produce a nearly flat volumetric efficiency curve.

5. The highest peak value of volumetric efficiency should

be obtained when. these two types of vibration are synchronized to



prnduce max m- effects at the ame apeed; however, the data is not

complete euough to give conclusive evidence of this.

6. On wa ifolds with abort, low inertia sections of header

between the branch pipes to the cylinders, the balance between cyl-

inders is good regardless of the poiition of the inlet to the header.

alance pipes are unnecessary.

'7. The addition of a balance pipe nomecting the ends of

the header generally caused a decrease in volumetric efficiency. This

was probably due to a decrease in the pressure amplitude of the second

type of vibration which results from an increase in manifold volume.

8. On manifolds with long (high inertia) section of header

between the branch pipes, the cylinders were badly out of balance With

all inlet positions used. An inlet at the center of the manifold

header gave the best results.

9. A balance pipe added to this manifold improved the bal-

ance between cylinders.

10. The balance pipe in this case improved the volumetric

efficiency at high speeds, because it reduced the effective friction

and inertia of the paths to the cylinders and shifted the speed for

peak ramwing effect to a higher value.
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FIG.ZI PRESSURE VARIATION AT INTAKE

PORT WITH MANIFOLD NO. I (FIG. 3

not X 12" INTAKE PIPE

R~PM. CYLINDER I

AT.

1000
N &2 Al 'All

AT L

1400 -
T.C' IN.C IN.C.
NO.2 NO.2 NO.1
2

ATM.

1800 -NNT
TC- IN.C IN.C

N0.2 N0,2 NO!

2

ATM.

2200 2-

N N0.2 NO

2

ATM.
2600 -

TO. IN.C. IN.C.

N0.2 N0.2 NO.1

2

ATM

3000 -

TC INC IN.C

2

ATM.

3400 -2

TO. IN.C IN.C.
NO.2 NO.2 NO.1



FIG.22 PRESSURE VARIATION AT INTAKE

PORT WITH 'MANIFOLD -NO. I (FIG. 3)

3/4" X 13 1/2" INTAKE WPE

R.PM. CYLINDERS 182

1000 AT. .IN AINC

NO.2 No. 2 NO I

ATM

1400
Gr IN-C. INC.

NO.2 NO02 NO. I

2

1800 ATM,

TO IN C INC
NO02 N02 NO I

2-200ATM

ITC NC INC
N02 N02 NO I

2

2800 ATM

-2

No.? NO.2 NO.1

3 0 0 0 A T M . -

T.C INC INC

NO.2 NO0.2 NO.1



FIG.23 PRESSURE VARIATION AT INTAKE

pORT WITH MANIFOLD NO. I (FIG. 3

3/4" X 31 1 INTAKE PIPE

R.PM. CYLINDERS I a 2

ATM.

1000
NO.2 NO2 NO,

2

ATM.

1400 -,

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

2

ATM.

1800 -2
"NO.2 NO.2 NO I

2-
Ni.. N N l

ATM
2200 - 9

. INC N.C.
NO.2 NO.2 NO.1

4

AT M

2600 -2

N0.9 N02 NOI

tTM

3000 -2

T.O' INc IN C

No N02 NO.1

3400 ATM.Z
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FIG. 43 PRESSURE VARIATION AT INTAKE

POR' WITH MANIFOLD NO. 5 (FIG. 7 )

GEIW'ER :NLET, NO PIPE

R.PM. CYLINDER I CYLIN DER 2

2 2

1000 ATM. ATM
-2 -21 i

C INC. IN.C. TC IN 1 C.
N02 NO.2 NO. NO2 NO.2 NOI

1400 ATM ATM 0-

TC. IN.C. IN.0 TC IN.C. IN.C.
NO.2 NO.2 NOI NO2 NO.2 NO.I

T?

,00 ATM.o ?i1 fN ATM

-2 UN-7 -2

To. IN.C. IN.C. TC. IN.C. IN..
NO.2 NO.2 NO. I NO.2 NO, 2 NO. 1.

2
2ATM.. ,ATMATM

2200
TO. IN.C IN. . T.C. I N.G. I N.C.

NO.2 NO.2 NO.I NO.2 NO.2 NO. I

2
21

ATM
AiM.

2600 -2 -2
1.C. IN4i

N02 N 2 NO .I T IN.C. INC.

4 NO.2 NO.2 NOI

223000 ..h( AT" M.. /"-'
2-2

-2 -1

TC INC. IN.C. TOPIII IN.I%.2 IN.(OI

1 N0.2 N.2 NO.14 1 - 1L

2 
2 ,

ATM "ATM

3400 -2 -2
-4 • A2 

-44V

*1... *1..-
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FIG. 45 PRESSURE VARIATION" AT -I'TAKE
PORT WITH MANIFOLD NO, 5- (FIG.) 7 )
CENT ER INLET, I" X 15 1/2" INTAKE PIPE

R.PM. CYLINDER I CYLINDER 2

1000 AT- r
• ~ ~ ~ ~ ~ i rK.,NC,.C ..i
lowIN IN ~ tie ~~tQ

NO.2 NO.2 I

2 1£M2
ATM peat ATM. A

1400 IN.G. IN.C. T.G. IN

TC i IN.C.
NO. N2 NO. N02 NO NO.!
2 5- , J t

ATM. ',9,1A. - _

2-

1800 -2 Napo iC. IN.C, IN.C,
S IN.C*. IN.C. NO.2 NO.2 NO. INQ.2 NO.2 NO.A

2 '-ATM
ATM. -2

2200 -2 -"
-4

TC. IN.C IN.C. T.G, IN.C. IN.C.
NO.2 NO 2 NO.1 NO.2 NO.2 NO.I
2 1  2

ATM. ATM.

2600 -

TG. IN.C. INC
NO.2 NO.2 NO ~ N~~~

AT M. I I ' ~ATM.
-2

- r I lI

3000 -4 -4 eII

C INC. IN.C.N02 N0.2 NOI .1O O

2 2
AT M.ATM.

3400 
-42-C 2 J -NZ!0 --0 T • N Ck--7I



FIG. 46 PRESSURE VARIATION AT INTAKE

TEE WITH MANIFOLD NO. 5 (FIG.7 )
CENTER INLET, I" X 15 1/2" INTAKE 'PIPE

R.P.M. CYLINDER I CYLINDER 2

1000 ATM. Ar Vl I
2[s I -- I ] T.G I N.C. I N.C.

To IN C. IN O. NO.2 NO.2 NO.I
NO,2 NO.2 NO.I
2 1 ATM

AT M. A! -
1400 - - .. .G-j J z IN ----  IN .C .

Tc IN.C. IN.C NO.2 NO.2 10.I
NO.2 N.2 NO. I

22

800ATM ATM1800 Mz L._ -t- J

TO .C. IN.. T0 IN N
NO.2 NO.2 NO.I NO2 iO2 NI

2TM AT
2 2 0 0 -M "w T h l•

TO INC IN.C. 42 N

NO.2 NO.2 NO.I

ATM. ' A T
2600 -2 " - 'N¢

ITN IN IN. .

NtO 0.*2 NOI N
NO2 NO2 NO.I

ATM... J ; -"ATM.

-2. -2.

-T- , NO.2 NO.2 NOLI

N4.2 mO.2 N.1

1 .2

AT M. ATM.

35400 .2 -2

30ATATT INC. IN.C.

TO IN. INC NO N 2 NO.

NO. 2 NO.2 NO.I

~~ ill-
II4 .
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FIG.4 8 PRESSURE VARIATION AT INTAKE

TEE WITH MANIFOLD NO. 5 (FIG. 7 )
WITH BALANCING PIPE,I"X 15" CENTER

INTAKE PIPE

R.P M. CYLINDER I CYLINDER 2

1000 ATM_________________CATM. 0
-21 -21 1-

T.C IN.c. IN.C. T.. IN. C IN.G.NO. 2 NOZ NO I NO. 2 NO.2 NO I

1400 ATM. ATM.I
~-2L 1% v I " V 2

ilT.C. IN. C IN.C TC. IN.C. IN C.

NO.2 NO.2 NO. I NO2 NO.2 NO I

800 T. A

INC. INC .C. ,N.C. IN.C.
NO.2 .2 a NO.2 NO.2 NO.1

* 2 I" "AT.___________,

2200 AT" .______________ -

-2 TC. INC. IN.C.
T.C IN C. I.C NO.2 NO. 2 NO. I
NO.2 N02 NOI

ATM. ATM.
2600 A- _2

TC. INC INC.
TC IN.C. IN.C. NO,2 NO 2 NO. I
NO.2 NO 2 NO. I

+2IATM. 'A ' + I~aATM.
ATTM.

3000 ATM ATM -

TC IN.C. INC. T.C. IN.C IN.C
NO.2 NO2 NO I NO.2 NO. 2 NO.I

3400 ATM.' AT M.

-2-T C. IN.C. ""'N, C _. '
NO.2 NO.2 NO.1 C IN.C. INL.C

N3.2 N02 NO.I

A.



FIG.49 PRESSURE VARIATION AT INTAKE

PORT WITH MAN IFOLD NO. 57 (FIG. 7)
W fTk bA L AN (I NG' TIOE,5 'I'"X 15 1&a CENTER-,k

INTAKE PIPE.
R. PM. CYLINDER I CYLINDER 2

AT ~ 3~ ~ATM

TOC. IN.C. K'C. TO IN.O IN.C
NO.Z NO.2 NO.1 N02 NO.2 NO.1

#2 2

1400 "" z I vI

No02 NO.2 NO.?I NO.2 NO.2 NO.1

21 1-----~----- 2L A I

0s00 ATM. A
I~c l. IN.C.

14O.2 140.2 NO.1 7.0. IC. IN.G. C
-NO.2 No.& No. a

2

2200 A~ ATM4 JFW

To. IN.G. IN.G. f0 1. NC
N0.2 NO.2 No.1 NO2I~2N

2600AT I Ar x ATM,
2600vg -2

NO.2 NO.2 NaO. I TC. INAC IN.G.

300ATM. jATM.

3000 -2 ;-t~ c
T.C. IN40 INC.
N0-2 -NN2 Npi -ri

ATV A.
3400 ATM.

-- 2

Pat2 Nf! M,

IN 
2- -

AM., AMMM



TABLE I

Pipe SizeSpeed for Peak Volumetric Efficieficy

Calculated Actual

1" x 12" 4080 above 3200

1" x 18" 3280 3300

1" x 4l" 1980 2300

3/4" x 12" 3300 3200

3A" x.22" 2420 2600

3/4" x 36" 1830 2000

NOTE For calculating the speed for peak volumetric efficiency, 2"
was added to the length of each pipe to correct for port length.
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