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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 partieular 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 oub a specific
design for any given eondition, but rather %o study the various types
to see the-effect 6f echanges in various parts of the manifold system
on its performance.

Tho results of this investigation indicate that there are .
two types of vibration which take plare in multieylinder manifolds that
have an offect on the volumetric efficiency of the cngine, The firstt
is a ramming action and the second is the vibration of the air in the
intake pipe against the spring effect of the monifold and eylinder
volumey, It was found that the individual intake pipe gave highor vol-
unetrie effitdiency than the multi-pipe manifolds hewever, the tests
indicate that it might Be possible to produce equally high volumetric
efficiencies in multicylinder manifolds if the two-typc vibration can
be tuned to give madimum offects at the same specd, :

This investigation will be continued. Considerable atten-
tion will be given to the possibility of setting up electrical models
of mnifold system to permit the study of preliminary designse 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 amdunt of experimental
work necessary in connection with their deveYopmont,

Respeetiully submitted,
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Dean of the Sehools of Engineering
Director of the Enginecering Experiment Statdon



PURDUE UNIVERSITY

Engineering Experiment Station

Progress Report on Study of Multicylinder
Engine Manifold

Army Adr Forces Cooperative Research Project
N~125-1
Contract No. %535 ac-38886



L
XX,

iIl.

V.
v.

vI.

SULMARY
3C0PE

TAGLE OF CULTRHTE

EXPERIMENTAL APPARATUS

A.
B.

C.

THEORY

Engine

Manifolds

Instruments

EXPERIMAENTAL RESULTS

A, Single Cylinder Data

B, 'Two Gylinder Data

C. Large Dicmeter Rake Type Four Cylinder Manlfold

D, Four Cylinder Hanifold with Low Imcrtia Bramches

E. Rake Type Menifold Made of 3/4" Pips.

F. 3/4" Hanifold with Bslancing Pipe

G. 3/4% Manifold vith Long Sections Between Cylinders
CORCLUSIONS

FIGURES

w
N



LIST OF FIGURES

Fig, Nn.

.1

2':

~

3.
4o
S
6.
Te
8.
9.

0.

12,
13.
Ly
15.
16.
17,
18.

23.

_Engine Data
Engine and Dynemometexr

fual Port Hanifold

Four Cylinder Ralke Type, Large Dizmeter

Commeroiz) Mandfold

Four Cylinder Rake Type, 3/4! Diameter

High Inertia Manifold

Balanced Pressure Gage Controlc
Calibretion Apparatus
Experimental Apparatus
Compression Pressures on Singla
Compression Pressures on Single
Coampression Pressures on Single
Dual Port cn Cylinders 2 and 3,
Dual Port on Cylinders 2 and 3,
Dual Port on Cylinders 1 and 2,
Dual Port on Cylinders 1 and 2,
Dual Port on Cylinders 1 and 2,
_Dual Port on Cylinders 1 and 2,
Dual Port on Cylinders 1 and &,
Pressure Diagrams for Dual Port
1/2" x 12" pipe |

Pressure Disgrams for Dual Port
3/4" x 13 1/2" pipe

Pressure Dlagrams for Duak Port
/4" x 31¢ Pipe

Cylinder, 1" Pipe
Cylinder, 3/4" Pipo
Cylinder, 1 1/4" Pipe
1" x 18 1/2" Pipe

1M x 424 Pipe

1M % 42" Pipe

1" 2 18 1/2" Pipe
1/2% x 12¢ pipe

3/4F x 13 1/2" Pipe
34" x 3% Pips

on Cylinders 1 and 2,
on Cylinders 1 ard 2,

on Cylinders 1 and 2,



E

2hs TFour Cylinder, Lerge Diameoteor, Rake Type Manifold, Mo Pipe Atbached

Fig. Ho,

25, Four Cylinder, Lerge Diameter, Rake Type Mamlfold, 1 1/4% x 14" Pips

26+ Pressure Disgrams for Four (ylinder, Large Diameter, Rake Type Manifold
with 1 1/4% x 149 Pipe

27. TFour Cylinder, Large Diameter, Rake Type Manifold, 3 1/ % 239 Pipe

28, Four Cylinder, Large Diameter, Rake Type Manifold, 1 1/4" x 40" Pipe

29. Commercial Manifold, 3/4" x 3% Pipe

30. - Commercial Manifold, 1% x 18" Pipe

31, Commercial Mewifold, 3/4% x 17" Pipe

32. Four Cylinder, Reke Tyne, 3/4" Diameter Mardfold with End Inlet, No
Pipe Ettached

33. Four Cylinder, Rake Type, 3/4" Diamster Manifold with End Inlet,
1" x 22" Pipe

34. Four Cylinder, Reke Type, 3/4" Diameter Hanifold with End Inlel,
3/4" x 16" Pipe

35. TFour Cylinder, Rake Type, 3/4" Dismeter Manifold with Balarcing Pipe,
nd Inlet and No Pipe Attached

36, Four Cylinder, Rake Type, 3/4" Dismeter Manifold with Imlet at the
Center of the Balancing Pipe, No Inlet Pipe Attacheg

37, Four Cylinder, Rake Type, 3/4" Diameter Mamifold with 1V x 16" Inlet
Pipe et the Center of the Balancing Pipe

38. Tour Cylinder, Rake Type, 3/4" Diameter Memifold with 3/4" x 220
Inlet Pipe Comnected to the Center of the Balancing Pipe.

39. High Inertia ¥anifold with No Pipe on End Inlet

40. Blgh Inertia Manifold with 1" x 15" Inlet Pipe oa the End

4. High Inertia Uanifold with 3/4" x 22" Inlet Pipe on the Ind



42,
43.

Hilgh Inertia Mandfold with Center Inlet and No Pipe Attzched
Preseure Diagrams at the Ports onm High Inertie Manifold with Ceater
Inlet and Ro Pipe Attached

High Inertis Hanifold with 1 x 15 /2" Center Inlet Pipe

Pressure Diagrams at the Ports on High Inertia Mmd.fold with 1" x 15 1/2n
Center Inlet Pipe '
Pressure Diagrams at Branch Pipe Tees en High Inertia Manifold with
1" x 15 1/2" Center Inlet Pipe

High Inertia Marifold with Balancing Pipe and 1" x 15 1/2" Center
Inlet Pipe

Presgsure Olegrams at the Brzz:nch Pipe Tees on Hlgh Inertis Manifold
with Balancing Pipe and 1" x 15 1/2" Center Inlet Pips.

Pressure Diagrams at the Ports on High Inertie Manifold with Bal-
ancing Pipe and 1" x 15 1/2" Center Inlet Pipe.



wle

I. OSUKMARY

This report is concerned with preliminary investligations ol
mlbicylinder intske manifolds. The chief puwrpose of the oxperimental
work was to obtsin general ideas zhont the fantors affecting the per-
formance of 2 rather wide variety of manifolda. A1l of tho exporimental
work for this report was done on a h-cylinder, L-stroke cycle aircooled
engine with a2 dlsplaceuent of 20 in.3 por oylinder. This engine wes
gelected becauss it hed indlvidusl intale ports which were adapieble
Lo a wider varlety of memifolds than dusl ports common to many engines.

in order to determine reiative volumetric efficlencles, com
presaion pressures were measured while the engine was wotored by a
dynzmometer. Balonced premsure gages were used fop measurlng compros
sion pressures. Dlagrams of preasure varistions in the manifolds were
obtained by phovogrephing thie screen of a catheds ray osclilograph
wvhich wes used with magnetie pressure pickups.

Several manifold arrangemente were used. Some data wsre
obtaired with individual pipes on the cylinderé. A dwal port arrange-
ment was used on different palrs of cylinders in order to determins
the effecty of wndformly and non-uniformly epaced intske strokes on the
performance of a dual port msnifold. Four c¢ylindsr manifolds of sev-
eral types wore used. The first was rake type with a large dizmeter
header and relatively large brench pipes. The second was a ‘comnerci&l
mapifold of cest aluminum. It provided well otrcamlined flow pathe
and the shortest poasible distsnces fromthe ialet to the cylinders.

The third type was a small dismoter {3/4" pipe) rake type manifold.
This manifold provided ratheér high resistence paths of diffevent lengths
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40 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., Ia 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 whithout bale
ance pipees comnecting between the ends of the header. All menifolds
were tested with a variety of pipe lengiths and dismebers comnected to
the inlets. A

The tests indicated thut there are two types of vibration
that have important effects on the volumetric efficiencles of multi-
¢ylinder mapifolds. The first is a ramming action and the second is
a vibration of the air inm the intake pipe against tho spring of the
manifold and ¢ylinder volume. The speeds at which both of these types
of vibration will produce their maximum beneficial effects can bs cal-
culated by the use of Equation 7 in this report.

It was found that individuel intake pipes gave hlgher volu-
metric effiziencies than any of the cther manifold tests; however, the
tests indlcated that it might be possible to produce equally hizh if
not higher volumetric efficiencies with multieylinder mapifolds if the
two types of vivr~tion were "{uned" to gilve meximim effects at the
same speed. Single cylinder and dual. port manifolds produced only a
ramming effect except with very lomg pipes. These manifclds 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 dualrport mani_.fold were uniformly
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spaced with raspect to time, the two cylinders had equal volumetric
.efficlencles. When the valve oponing periods of the two cylinders
overlapped, the cylinder with the valve closing at the time when the
other‘valve wag opening, rscelved a reduced amount of charge.

A1l the A-cylinder menifaolds except the last one had similar
characteristics. The cylinders were quite well balanced regerdless of
intake position. When no intake pipe was attached to the heunder, the
principle vibratlon was a ramming action that produced volumeiric ef-
ficlency curves similar to those obtalned with single cylindsr mani-
folds., When an intake pipe was attached an additional vibration of
the mass in this plpe against the spring action of the manifold volume ‘
produced a peak 'in the volumetric efficiency carve. When the effects '
of this vibration were combinedwith the effects of ramming, flat vol-
wmstric officiency curves frequently occurred. The addition of a bal-
ancing pipe tc the third h-sylinder manifold reduced the peak value of
volumstric efficiency,

The fourth 4-oylinder manlfold with its exaggerated inertis
and friction effects gave extreme unbalance betiween cylinders. The
addtion of a balancing pipe to this manifold reduced but did not elim-
inate entirely the unbalance batween cylinders. Tae belance pipe also
improved the volumetric efficiencies obtained at high speeds bacause
it provided two p;a.ths to each cylinder which had lower effective iner~
tia and friction than the single path.

IX. SCOPE

This report gives the results of a preliminary investigations
of milti-cylinder intéke manifclds., The chief purpose of the expari-
mental work was to get a general idea of the possibilitj.ea. ¢f a vide
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variety of manifolds. No attempt has been made to develop a refined
thetries or & mathematicsl analyses for multi-cylinder manifolde.
Most of the experimental work reported here was done o a four-cyl-
inder engine,
III. FEXPERIMENTAL APPARATUS
A. ZEngine

The engine used for the four-cylinder manifold studlies was
a .foubcyiinder Henderson motorcycle engine, It was selected because
each intake port was separate thus meking possible a wider varisty of
manifolds than would be possivle with a dual port arrangement. The
engine dimenaions and an intake valve lift curve are glvem in Fig. 1.
The small displacement of the cylinders {20 cu. in.) as compared with
mogt airc,rali‘t engines makes it necessary to use relatively long mapi-
fold sections In order to obtein results similar to tha resulte that
would be obtained with larger angines.

For the experimental work the engine waz motored with an
electric dynsmometer. Fig. 2 shows the engine and dynamomoter, It
was possible to reach 2 naximum speed of 2400 ypm with this arrange~
ment. -

B. Manifolds

The manifolds were built up of standsrd iron pipe and pipe
Iittings. Thie type of construction made it possible to readily change
the dimenaions of different sections of the manifolds. The pipe
fittings introduced a rather largs amount of friction in the system,
but since the primary purpose of these experiments was to obbain gen~
eral ldeas of the characteristics of different systeas, greater re-

finement did not seem necessary.
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The types of milti-cylinder manifolds used are shomn in
Figures 3, 4, 5, 6, and 7. Some aﬁgle eylinder data were obtuined
firat for use in checldng previous single cylinder data and for com-
parison with multi-cylinder data. The first multi-cylinder manifold‘
used was a dual port arrangement shown in Fig. 3. Thias manifold wae
used on cylinders 1 and 2 and al=o on cylinders 3 and 4. The engins
had a firing order of 1-3-4~2; therefore, with the dual port manie
fold on cylinders 1 and 2, the intake pulses were unevaly spaced and
there was 60° of overlap of the valve openings. With the dusl port
arrangement on cylinders 2 and 3, the intake processes were evenly
spaced and there was mo overlap of the valve openings on the two oyl-
inders. This manifold was used with a number of different pipe lmmgths
and diameters conmected to it.

The sedond multi-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 1" pipe. The branch pipe length was 12-1/4 as shown in the drewing.
Three dlfferent lengths of intake plpe were ussd, Only an end inlet
was used vecause the test results indicated thet there would be only
a very small difference in results with & center inlet on this par-
ticular manifold, Cenier inlets and balancing pipes were used on other
manifolds.

The third multi-cylinder munifold was a cosmercial cast
sluainug manifold shown in Fig, 5. The flow paths to the cylinders
were short and relotively large in diameter with well rounded corners.
This manifold should have, relatively, a very low resistance.

The fourth multi-cylinder manifold uased was o rake type
made of 3/4" pipe throughout (Fig. 6). This manifold was used with



an end,iglet and alcn’with o balzneing pipe commecting the two @ius of
the hedder as suown by the dashnd lines. FWith the belancing pipe, in-
letg at ihe end of the hierder and also at the conter of the balancing
pipe wore used.

A fifth typs of four~cylinder menifcld (Pig. 7) was used.
This manifold had long sections of pipe betwecn the branch pipes to
the cylinders. Thesas sections were made long by uzing loops of pipe
totween cylinders. The dashed lines in Pig, 7 show the position of a
balancing pipe and various inlet positions thal wers used.

C.” Instruments

The relative volumetric afficiencieco of the cylindere were
doterminsd by measuring the compression preccures mth balanced pres-
mure gages mounted in each eylinder (sce Pig. Z), The electrical com-
tacts in th; balanced pressure gage werc connected through an amplifier
to o strobotac so that the strobotas flashed each time that the con-
tacts in the balanced pressure gage made coniaci, The cantects mads
only whenm the cylinder pressure exceeded the prescure applied to the
top of the balanced pressure gege. The ﬁressufa epplied to the top
of theAgage wéa.adﬁusiod by necdle valves in the pressure control uﬁib
shom just under the Bourdon gage in Fig. 8. The pressure applied
wag read from the Bourdon gege:. The balancing pressure just sufficlent
to stop the flashing of the strobotac was ejual to the prak comprec-
slon pressure in the cylinder, Reedings coui:d be mrie on the varicus
cylinders by turning the selector switch on the amplifier.

Diagrams of the pressure varlationo iu the manifold ware
obtaincd with a magnetic type of pressure pici~up used in conjunction

with an integrating circuit and a cathode ray csclllograph. Records
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¢f the prgssure veriations worc made by phobographing the sorecen of
the cascillograph with e 35 mm cuxcra. Pressure diagrams obtained in
this way are showmn in this report.

The pressure plck-ups wers calibrated on e rotating valve
device shown in Fig. 9. One of the magnetic pick-ups is shown screwed ‘
into the top of the valve. The rotating velvs s driven by a motor
and alternately sxposed the dlaphragt of . he pick-up to the air pres-
sure in the emall tank; shom in the photograph, and then to atxoepheric
pressure. The valve action was such that a square pressure wave ﬁaa ‘

applded to the pick-un, The flat ton on the wave represented the

tenk pressure ard the flat bottom of the wave represented stmos~
puerie pressure, ifie pressure in the tenk was iLeasSured willl 4 wosis
‘metar. In oréer to prevent changes in amplifier gain from artiecving
the resadings, a known a.c. callbration voltege wa3 substituted for
the pick-up output voltage for setting the galu and checking amlie
fication during both calibration and use of the rdck-ups.

| .- Engine spéeds were determined with e iirobotac.

Fig. 10 shows the emtire experimentel zet-up with the pros-
sure measuring devices attached. In this puotecgraph, the two-cylinder
manifold is shown with two magnetic pick-ups ntiached at the elbows
leading into the cylinders. Moat of the data cn this menifold were
. obtain with anly one pick-up attached at the ccnter of the Tee as
ipdicated in Fig. 3. The balanced pressure unllc canbe secn in the
tops of the cylinders. The balancing pressuroc wibe commecting the
gages with the preseure control unit is also shnmwm.

IV. THEORY

" The pressure phenomena that occur in cngina panifoldo may

be claseified into several groups. These phenouena will be definad
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and discuas;ed now in order to aid in the discuseion of the vurlous
menifolds that follows. |

The first type of phenomena will be called rapming. A
romming action always exists in single cylinder intake pipes and aleo
in the branch pipes leading into -the individual cylinders on multi-
oylinder manifolds. During the first part of the intake stroke the
air in the pipe is accelerated and d.ur'ing the last pari of the intake
process when the piston slows down, stops &nd reverses its directiom,
the kinetic emergy gained by the air In the pipe temds to keep it
moving into the cylinder., This action will cause the air in the ¢yl
inder to be compressed, in some cases, to pressures considerably above
atmospheric pressurs. If the mass and spring comstant for the intake
system are properly proportioned the ramming action can be made to
glve peak volumetric efficiency zt any desired speed.

The mass of air in the pipe i3 given by the following equa-

2 2 '
m= %‘Lpl = alg , 1bs/366, lhzlﬁ!.‘z. (1)

where d = pipe diametar, inches

a = cross secticnal area of pipe, .'m.z

1 = pipe length, inches

© = air density in mass units, 1b/in.3/386, mﬁf
385 = the acceleration of gravity, m/asoc2

The spring constant for the volume of air involved is given
by the following egquatiocnt

2 02

2 b 2
o -
k-._...ig_vﬂ.ﬂ_ A..%..__ (2
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» Morse, Vibration and Sound, page 201

B
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where d = pipe diameter, inches
£ = slrdensity in mass units, l&.ﬁﬁiﬁ
¢ = velocity of sound in air, in.}sec = 13,900 in./aec
for alr at 100° F
V = total volume involved, in.3
a = cross sectiopal area area of pipe, :Ln.2
The velocity 2)1‘ sound in alr can be calewlated from the‘

rollowing eguation:

o= 22YgkRT in./sec (3)

where g = accéleration of gravity, ft/cec? = 32,2

X = ratio of specific heats = 3.4 for air

R = gas constent, fi-1b/ibeOF = 53.3

T = absolute temperature of zir, F abs.

Good remilis are obtained vhen the maxisum cylinder volums
plus 1/2 of ths pipe volun.xe are used in Eq. 2. This maximum cylindsr
volume may be calculated from the following equation:

. 3
Vo = 5 (E5), in. ()

whers Vc = paximm cylinder volume, in.3

D = displacement voluma, in.3

r - compression ratio

About one=helf of the pipe volume should be added to this
volume for caloulating ethe mpring constard for the total volume.
One-helf of the pipe volume is given by %he foll'cming equations

2
" 'T!'%"l - “El (2

Toe totel volume V is thep
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VeD (& +12:.L ' , (6

The natural frequency of the system can then be caloulated

‘as follows:
’ 2 2 2
£om .&.’ﬁ_ = ke 3L ¢ = L. /28 cycles/sec
27T ¥nm S ¥val e 25 ¥V
or e >
™ 8\ ac. eycles/min - (N

AWMV V1

The peak volumetric efficiency due to ramming occurs et
a'ppro:dmately 70% of the natural frequency spsed given by Eq. 7 for
single cylinder systems.

In mlti-cylinder manifolds the air in the intercoanectlng
pipes hetween cylinders produces some ramming action alomg with the
alr in the individual tranch pipes. It i3 difficult to calcoulate, by
any simple means, the speed at which the peak ramming action will occurs
however, an understanding of the factors affecting the ramning action
as shown by Eq. 7 alds in making intelligent modificatioﬁs of the
maniiold which will produce the desired manifold performance.

In all manifolds, single cylinder or muiti-cylinder, there
may be vibratiohs similar to the vibrations in organ pipes. The lowest
natural frequency of a pipe closed ab ome end can be calculizted hy
dividing the velocdty of sound by foar times the plpe length. 044
narmonics also exist in such a pipe, that is, natural frequencies ab
3y 5, 7, etcs times the lowest natural freguenmcy exiei. A pipe with
both ends opn has & lowest natural frequency twice that of a pipe
closed at one end and all harmonics may exist. If there is any extra

volume 2t the closed end of a pipe the lowest matural fraquency cen
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be calculated from Eq. 7, in fact, Eg. 7 can be used for calculating
the lowest natural fraguency of a clomed 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 i‘requency of the ‘exciting forces so that vibratioms of
this iype are not excited to any great extent and thelr effects are
minor., Usually the vibratione 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 mapifolds 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 bulld up from ome cycls to the next so that no
true vescnant effect exists. Usually the effects produced by this
vibration are not of very great importance. With moderately long pipes
of large dlameter thers may be =ufficient velocity of the air existe
ing in the pipe at the time of the valve opening for the next cycle
to produce some exira humps in the velumeirde efficlency curves, With
very long plpes which have natural frequencies of the same order as
the englne cycle frequency, there-is a possibility of rescnant vibra~
tions occurring. Previous tests run on the C.F.R. engine have showa
that this t;ype of vibration wilJ: not produce volumetric efficiencles
as high as those by remming action alcme. '

Pure ramming a ction does not involve any resonant vibraticn
effect, in other words,-there is no accummlaiion of vibrational energy

from one cycle to the mext, With certain manifclds there is 2 type of
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vibration that may become resonant. It is excited by the cycl:.lc
forces produced by the repetition of inteke strokss,rather tham Ly
each individusl inteke stroke as in the case of ramming, The resulis
of some of the four-cylinder memifold tests indicated that the come
bined exciting forces of the four cylinders produced a vibration of
the mass of air in tt;e intake pipe to the manifold against the spring -
effect of the volume of the manifold and cylinders. This t;y'pe of vi~-
bration resonateg at a speed where the frequency otf the exciting force
is equal to the natural freguency of the system, Rescnance may be
produced in a system of this type w‘ith short inteke pipes (smz1l mass)
beceuse the exciting frequency is high in multi-cylinder engines and
the natural frequency is usually quite low due to the large volume
vhat acts s® & spring.

The speed at which the maximum pressure amplitudes in the
intake system wlll be obtained is the speed at which ﬁhe frequenecy of
the exciting force ls 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 sometimes difficult to dstermine. The
speed for resonance is not necessarily the speed at which vibrations
of this type will produce the maximum volumetric efficienmcy. Im order
to obtaln the maximum volumetric efficiency the phase relation be-
tween the engine cycle and the pressure waves must be wmuch that a
high pressure is producsd at the valve at the tims of valve closing.
At low gpeeds the driving force and the displacement of the mass are

i in phase. At speeds near the matural frequemcy the displacement
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begins to lag behind the force and at speeds well above the natural
Irequency the displacement lags behind the force by nesrly 180°. Ex-
cept in cases where the damping is very large the phase zngle changes
quite rapidly from low valuss to nearly 180° within a narrow range of
gspeeds near the resonant abeed; therefore, it is likely that, if bene~
fit is obtained from this type of vibratiocn, t’l.\e peak effect will occur
cloee to the resuent speed regardless of what phase sngle is nec~
essary to produce the pesk effect. If a leading phese angle is required
to produce benaficial effects, then only debrimental effects can };)e
produced by the vibratien bzceuse the d’lsplacen-ent always Yags behind
the force 16 a greater or less extent.
V. EXPERIMENTAL 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 cuives is the same as for the curves
previously obtained on the C.F.R. engins. These curves are given in
Army Air Forces Cooperztive Ressavrch reports Zor Engineering Experiment
Station Project ¥-108-6, Comtract Ne. 41-12093. They 211 show a tend-
ency to peak at ore particwlar speed with pesls of lesser importance
distributed along the length of the cusves., The major peak apparently
is the result of a ramming action. Peak speede calculated by mwltl~
plying the natural feequency from Eq. 7 by 0.0 have been tabul_ated
in Table I for the single cylinder combinations using 3/4" and 1 plps
shown in Migs. 11 and 12. Actual.peak speeds and plpe dimensicns are '
also given in the table. The I-1/4" pipe data frem Fig. 13 does not
shor 4 ningle peak thut is definite emough to cheek :by this method.
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The lengths of 1-1/4" pipe required to obtaiu peaks at speeds within
the speed range of the englne ars excessive and do not pemit; the
assumption that ramming action is the only factor effecting volumstric
efficiency.

The peak pressures for the curves for 1" and 3/4" pipes ‘
lie between 115 snd 10 peia. while'.there are rather sharp peaks for
the 1-1/4" pipe that exceed 120 psia. These peaks are higher than any.
that were obtained with multi-cylinder combinations. The probably
reasons for this fact are glven later in the discussion of multi-cylf-

inder manifolds.,
B. Two Cylinder Data

A dual port menifold, shown. in Fig, 3, was comnected to cyl-
inders 2 and 3 and run with two lengthe of 17 inlet pipe. The firing
order of the engine was 1-3-4-2 so that the inteke strokes on cylinders

"2 and 3 were spaced 360° of crank rotation apart., Since the manifold
is symetrica?. and the intake strokes are evenly spaced with respect
to time, the volumetric efficiencies of the two cylinders should bs
nearly identical throughout the speed range.

The data obtained with thls arrangement is shown in Fig. 14
ard 15. The two cyiinders perform mea;r?.y Jdentically in both cases.
The speed at the peak with a 1" x 18~1/2" pipe connected to the Tee is
sbout 3000 rmm. The avéra.ge peak pressure is about 112 psia. This
represents about .5% less volumetric efficiency than for single cylinder
operation. The speed at the peak with e 1" x 42" pipe was about 2500
rpt and the average peak pressure 11; psia,

This two cylinder system is apparently quite simdlar to a
singlo cylinder system in vibration ¢haracteristics. The two cylinders



~15-
act izdependently on the mams in the pipe and there is little inter-
action bctw.oen‘ cylinders. The speed for pesk volumetric efficiency
can again be calculated from Eq, 7. The volume to be gsed in the equa~
tion should be the msum of one oylinder volume, the volume Qf the porte
and Tee, and one~-half of the pipe voimne. The mass to be used is the
mass of air in the pipe exclusive of the mass ir the Tee. The cal-
culated pesk speeds are 3100 rpm and 2580 rpm for the 16-1/2" pipe and
the 42" pipe respectively.,

There are probably two causes for the fact lbhat the volu-
metric efficiency is lower with the two cylinder manifold than with
the single cyl:l.ndef manifolde; first addi*ional friction, introduced
by the Tee, tends to lower the volumetric efficiency and second, the
volunme of air in the Tee and ports must be compressed along with t,h'e
cylinder air Yy the ramming action of the mass in the pipe so that
some. of the energy available for compreasing cylinder air is wasted.

The same two cylinder manifold was comnected to cylinders
1 and 2. The firing order is such that the intake valve on cylinder
1 opens 1ao° of crank travel after tye intake om cylinder 2 opens.
Since the intake valves remain opén for 60 degrees after bottom center,
the valve on cylinder 2 remains open for 60° of crank travel wiile the
valve on oylinder 1 is open. This overlap of valve opening and un~
even spacing of the intake strokes might be mcpet;ted to cause the +wo
¢ylinders to have quite different volumetric ef.ﬁ.cit:nci.es.

Figs. 16 and 17 show the results of tests with the two cyl-
inder manifold on cylinders 1 and 2 with the same pips sizes that were
used on cylinders 2.and 3. Fig. 17 shows the results with & 1" x 18-1/2"

pipe. The two c¢ylinders have cirves that are similar in shape to the
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curves for cylinders 2 and 2 as shown in Fig. 15 and the peaks occur
at sbout the same speed (290U rpm). Cylinder 2 is about 3 pei lower
than cylinder 1. The difference im pressures is about the same for
al) speeds. The difference is probahly due to the fact .‘that at the
time when the air would ordinarily ram into cylinder two the velve on
¢ylinder one i3 aleo open so that the prassure increase in cy‘:linder
two due t.o- ramming is reduced. Pressure diagrams shown later for gther‘
pipe sizes on this two cylinder arrangement indicate that this is the
cause for the difference in volumstric efficiency.

Fig. 16 shows the res;zlt.s of a test of the two cylindem
manifold on cylinders 1 amd 2 with a 1" x 42" inlet pipe. In this
case, the curves have rather irratic shapes. Cylinder 1 has 2 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 crosees the curve for cylinder 1 at 2100 rpm,
reaches a peak at 2300 rpm and then falls below the curve for cylinder
1. The twe cylinders are rather badly unbzlanced (about 11 psi dif-
ference) at speeds above 2800 rpm. The reasons for the irratic shapesof
the curv;a ax:e. the aame as those given in the discussion of Figs. 20 end 2

Fig, 18 shows the resﬁlt‘s of a test of the two ¢ylinder
merdfold on cylindem and 2 with a 1/2" x 12" intske nipe. F:'Lg. 22
shows pressure dlagrams 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 heve a uni-
formly lower volumetric efficiency than cylinder 1. The speed at the
peak for this pipe size is low (180C rpm) as might be expected because
Eq. 7 shows that the natural frequency is directly proportiomal to the
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aquara root of pipe area. The pesk velue of the pressure is low (av-
erage of the two cylinders = 99 psia) due to tﬁe high friction of the
amall pipe.

The pressure disgrams of Fig. 21 azid in explaining the dif-
ferance in volumetric efficisncy between the two cylinders and for
explaining the variation with speed. It may be noted that the shape
of' the preseure curve during the inteke stroke of cylinder 2 is zl-
most identical to the shape during intake for cylinder 1 exceplt near
the time of valve closing., Ia general there is a pressure increase
ﬁue to the ramming ~uricn of the air just before valve closing, Cylinder 1
gets e frl) bemmlit of this action because it is the only cylinder open
to the pipe at the time that the remming actiom occurs. The pressure i.n-

cresse due to ramming into cylinder 2 is suddenly stopped when the valve
dus to the ramming into cylinder 2 is suddonly stopped when the velve

on cylinder 1 opens causing cylinder 2 to receive less air. The pres=-
sure at the time of valve closing for cylinder 2 is alwa;ys less than
the pressure at the time of valve closing for cylinder 1. I[his dif-
ference in pressure agrees with the tendency shown in Fig. 18, The
pressure diagrams also show that the inertia of the air in the pipe
is too low to five pezk pressures at the time of valve closing for
cpeeds belew 1800 vpm and teo high for speeds above 2400 rpm. This,

also, agrees with the trends shown by the carves in Fig. 18,
The data shown in Fig. 19 were obtained with the two cyi~

inder manifold on cylinders 1 and 2 with a 3/i% % 13-1/2% inteke pipe.

Pressure diugrams obtained at the pipe tec with the same manifold

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

Just discussed above., The principle difference is that the peak occurs
at a higher Spéed {2700 rpm) and the pesk pressure is higher (average =
110 psia). The higher peak speed is due to a larger pipe dizmeter.

The higher peak pressure is due to a reduction of friction as a result
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of using the larger pipe dismeter. It is interesting te nots that
little is gained on the peak presasure by meking the‘pipe 1" in dla-
meter rather tham 3/4"; compazje 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.

Pigs, 20 and 23 show data for a 3/4" x 31% pipe comnected
to cylinders 1 and 2. The compression pressure curves of Fig, 20
show rather irratlc shapes much the same as those obtainsd with the
1" x 42" pipe shown in Fig. 16 so the same explanations will gen~
erally appiy in both ~nses. The princlple cause for the more ireatic
shape of these curves appears Lo be the greater sprimg effect of the
longer pipe which permits more carry-over of velocity in the pips from
one intake atroke to the next and more carry-over of vibrations from
one engine ¢yole to the next,

The pressure diegram for 1000 rpa shows a rather low preg-
sure amplitude and ebout equal pressures at the time of valve cloaing
for the two cylinders. This shows up on the compression pressure
curves as nearly equal volumetric ef’iciencles for the two cylinders.

A% 1400 rpm the pressure diagram indicates that considerable
velocity toward the cylincer remains in the pipe from vibrations of
the previocus engine cycle when the valve on cylinder 2 opens. Because
of this existing velocity, the pressure reducticn during the first
part of the intalce stroke required for accelerating the air is small
and s rather early pressure build-up cue to ramming resuits. This
early pressure bulld-up permits cylinder 2 to recelve a relatively
large amount of air without imterferauce from the valve opening on

eylinder X, The pressure does not fall repidly enough aflter the valve
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on cylinder 1 opens to cause a very great loss of charge from eyl
indsr 2 before its valve closes. The velocity in the plpe ac the time
when cylinder 1 starts inducting its charge is apparently nearly zere
so that & rather large pressure drop is required for accelerating the
air in the pipe. Thls also causes the ramming action to come rather
late so that cylinder 1 does not-receive the full benefit of the rem
before its ﬁlve 1s closed. The action discussed above cavses cyl-
inder 2 to have a higher than normal volumetric efficlency usnd a cyl-
inder ). to have a less than its peak volumetric efficiency so that
the volumetric efficiencies of the two cylinders are not greatly dif-
ferent. This explains the peak in the compression pressvre for cyl-
inder 2 :s‘hom'n‘in Fig. 0.

At speeds betvieen 1800 rpm apd 2400 rpm there ie apparently
little carry~over of vgécity between cycles or betweem Intake strokes
'ao~ that the performance is much the same &= for shorter plpes.

At 2600 rpm and above there is appareatly considerable cerry-
- over of velocity from the intake strolie of cylinder 2 so that very
little pressure drmpapd not very much time is required for accelerabion
of the air during the intake stroke of cylinder 1. This causes the
ramming action to ocour sarlier than normal and tends to keep the
volumetric efficlency of cylinder 1 high as shown by Fig. 20. The
volumetric efficiency of cylinder 2 dropa off partly because of late
ramoing action and partly beceuss the opening of the valve on cylinder
1 permits some of the alr to ram into cylinder 1 rather than forcing
it all into cylinder 2.

The carry-over of velocities that causes the actions describe

ed above can occur only in relatively leng plpes where there is enough
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campreasibllity in the alir at the cylinder end of the pipe to permit
an appreciable amount of air motion im the pipe when the valve iz closed.
C. Large D:Lams‘ter Bake Type Four Cylinder Manifold

A four cylinder manifold of the type shown in Fig. 4 was.
connected to the enginé. The data ottained with the Ro. 4 cylinder
end of the header plugged and the othe;- end open with no inlet pipe
~u.t'.t.su:hed 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 ramming action of the z2ir mass in
the branch pipes is the most importamt factor affecting the psrformance
of this manifold; however, the peak speed calculated from Eq. 7 for a
single pipe of the same length a3 the branches is 4000 rpm. Actually
the pezk occurs at about 3000 rpm so that there must be some addi-~
tional effect introduced by the headsr. The indicetion is that scme
of the mass in the header takes part in the remming along with the
mesees in the branch pipes in determining the psak speeds. The com-
pression pressures for the varlous cylinders are within 5 psi of one
another and &ll of the cylinderef Zatl,t chout ‘ 3000 rpme It ig rather sur-
prising to find that all of the cylirders so nearly alike in their
action when the length_s of pipe from the inlet to the cylinders are
quite different for the various cylirders. The value of the pressure
at the peak is high (115 psia) and ccmpzres favorably with the values
obtained for s=ingle cylinder manifolcs.

This manifold with a 14" length of 1~1/4" pipe attached to
the inlet end was tested, The results of this tast are ehown in Fig, 25.
Pressure diagrems obteined at points just outside the valve ports are

shown in Pig. 26. The compression curves for the various cylinders
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are #tlll closely grouped and all of the curvesyeach a high value et
& rather low speed (1800 rpm) end r@n nearly flat up to the mexi-
mm speed for the test. The average high value is about 107 psia vhich
is considersbly below the 115 psia cobtained with no inlet pipe atiached.
The pressure dlagrams show a moderately high amplitude at low spseds
and & low ampllituds at high 'siaeeds which ié oproslte from the results
‘obtadned with all previously tested manifolds. There ie evidently an
interference between different modes of vibration which temds ‘to re-
duce the amplitudes at the high speeds. The ramsing Sction of the in-
dividusl branch pipes evidently tends to ceuse a peak in volumstric
efficiency at a high speed whilse the vibration of the mass in the inlet
plpe against the sprimg effect of the mardfold and cylinder volume
tends to give a boost at low speeds and tends to partially cancel the
ramming action of the individual pipes at high speeds., The tendency
to cancel the ramming acticn is the result of a phase shift., The rather
high peek previcusly obtained with this manifold and po inlel pipe,
or actually a very short effective inlst (Fig. 2L), may be dite to the
fact that these two modes of vibrition were synchonized.

The natural freguency of the vibrating system mede up of the
mass in the intake plpe and the spring effect of the Manifold and cyl-
inder volumes can be calculated frem B3, 7 in the followlbg manmer:

volume of mapnifold and poris =7 in?

volume of one cylinder - = 20 in.3
volume of 1/2 of 14" intake pipe = 10,5 ia,f

Total volume = 108.5 in, 3
There is some question ehout the amount. of cylinder volume

to bs added. [Due to overlap of the valve cpenings two cylinders are
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connected to the manifold at the sams time during parts of the cycle.

The nzatural frequency from Eq. 7 is

—z ]/ 2
«02. s =80 |/ 1552390 = 1180 cycles/)
e VYT TEw V Y xas - 80 cvles/min

Two intake strokes occur eanch revolution so the rpm at res-
onance would be 1/2 of the cycles/min for the natural frequency. The
rpm at resonance would then be 2090 rpm. Fig. 25 shows that the peak
effect from this vibration oceurs at abeout that speed.

Figs. 27 and 28 show results of tests on the same manifold
with two additionel lengtha of pipe on the imlet. 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
rpm with a 23" length of pipe and at 1200 rpm with 2 40" length of
pipe. Thare is a slight upward trend of the flat portiorm of the curve
for the 40" length.

D. Four-Cyiinder Mapifold with Low Inertis Branches

A commercial type of cast manifold was available for this
engine. A photograph of the mamifold is showmm in Fig. 5. This meni-
fold was tested with intake pipes of different sizes connscted to the
carburetor flange. Figures 29, 30 and 71 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 sliould reduce to a mimimum the effective inertia of the
air in the different branches.

The first test of this menifold, Fig., %9, was run with a 3"

length of 1V pipe connected to the carturetor flenge. Tais length of
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pips should approximate the effect of a cgrburetor. The results of
the test show that the compression prossures gradually increase with
speed up to a maximun value of about 107 psla at 3400 rpm. Whether
they would have flattened out and stayed comstant for higher specds
- could not be deterined. 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 inlét pipe against the volume of the manifold and cylinders
because the individual branchee are oo short to cause 8 peak due to
ramming at this speed,

Fig. 30 shows the results of s test with an 18" length of
1" pipe comnected to the carburetor flange. This length of pips ceuses
a peak coampres sion bressure of about 109 psia to occur at 2000 rpm.
There 1s & slight drop in the compression pressure at the higher spesds.
Again the principle causé for the pesk seems to be the vibration of
the mass in the inlet pipe against the volume of the manifold and cyl-
inders. The drop at higher speeds is probably due to the natural tend-
ency for this type of vibration to have z lower pressure amplitudo at
these speads (See Section IV). There would elso be & tendency at the
higtxer speecigf/ ;lt:;ae angle between the displacement of the mass and the
driving foree to increase. This may cause part of the drop.

The results of a test run with e 179 length of 3/4" pipe on
the inlet are shown In Fig, 31, The results of this test are esstential~
1y the same ag those of the previous test. The peak occurs at a slightly
lower speerd (1800 rpm) due to a reductiocn of the natural frequency of
the vibrating systén vihich resulis from the use of the smaller diamster
pips. The peak value {106 paia) is slightly lower beczuse of the greater

friction in the 3/4" pipe. The small changa cue to the frietion in the
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pipe indicates that pipe friction, in this particular case, is not &
very important factor in effecting the volumetric efficiency.

It is interesting to note that the peak -compression pressures
cbtained with this amoothly streamlined manifold are in general very
little higher and in some cases not as high as those obtained with
more crudely-bullt manifolds made of pipe fittings.

The rescnant speeds for the sysiza made up of the maes in the
intake pipe and the spring effect of the manifold and cylinder volume
were calculated fram Eq. 7. For details of the method refer to the
discussion of Fig. 21 and 22. The rescnance speeds for the three pipes
ueed are: 3500 rpms, 1840 rpm, and 1450 rpm. The actual speeds at
which the compresslon pressures reazched 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 obtein maximum 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 and f‘ricti.on in the individual branches; there-
fore, some manifolds were constructed of 3/4" pipe. The first of these
is shomn in Fig. &.

The first test of this mamifold was run with an end inlet
and no inlet pipe attached. The results of this test are shom in
Fig, 32. All of the cylinders except cylinder 4 pesk at 2800 rpm angi
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 zbout 108 psia. This value compares ravor.bly with the

values obtained with larger diameter mamifolds. The general character-
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istica of this mepnifold ave the same as those of the other 4 cylinder
mepifolds that halve bewn discussed. Cylinder 4 is probably low at
the high speeds part’y because of the greater inertia effect of the
&ir in the header leading to this cylinder and partiy due to the Iric-
tion of the long path to the cylinder.

Fig. 33 shows the results ‘of a test of this manifold with a
1M x 227 pipe connected to the and inleb. Again the performznce of
this menifold is similay to that of the other 4 cylinder manifelds-
that have been dlscussed. The compression pressures reach a high valus
of about 105 psia at 1600 rpm. Above thle speed the curves are quite
flat and constant; cylinder 1 increcsgses slightly while cylinders 3
and 4 show some decresse. At 3000 rpm there is about 10 psi difference
bstween the best and poorest cylinder. This dlfference probably is
due to the larger amount of imertla and frioction in the length of pipe
leading to cylinders 3 and 4.

Another test was run on this manifold with a 3/4" x 16" in-
let pipe. The resulis of the test are shown im Pig. 34. With the
3/ inlet pipe the shapee of the curves sre slmost identical with the
shapes of the curves obtained with the 1" pipse; however, cylinders 1
and 2, as well a& cylinders 3 and 4, heve slighily decreasing compreg—
slon pressures at the high speeds, DBecause of this the cylinders ars
more evenly balanced. The average psak comprescioa pressure is 105 psi.
This same value was obtained with the 1V x 22" pipe.

From an examination of the curves for this manifold it is
apparent that the masses of alr between cylinders in the header have
enough inertie effect to produce a noticeble difference in the perform-

ance of the varlous cylinders, The largsr diameisr manifolds di.scussed
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previcusly did not produce a significant unbalance between cylinders
apparently because the eifective inertie of the air in a large diametor
pipe is relatively amall.
F. 3/4" Manifold With Balancing Pipe

A 3/4" baluncing pipe comecting 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 balemnce pipe was run with an
end inlet and no pipe attached. The distance from the open end 1o
inlet pipe of the first cylinder is a little greatet than without the
balance plpe because 2 short nipple and a4 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 sbout 2700 rpm and the
average peak ;mnpreasion 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 pipé was to increase the pressures in cylinder L
at the high speeds so that better balauce was obtained. The general
shapes of the curves, the pesk speeds, and the peak compression pres—
surzs ére nearly identical for the tvio mandifolds. l

Fig. 36 shows the results of a test run with the inlet at
the center of the balancing pipe. No length of inlet p?pe was used.
The results are nearly the same as with an end inlet. The peak speed
and the peak ccmpression pressures remain at about the seme values,

Two tests were run with lengths of plpe connected to the
center 4inlet on the balancing pipe. Fig. 37 shows the results of a
test with a 1" x 16" inlet pips. The addition of the pipe caused a
natténing of the curves in much the same way that it did when no bal-

ancs pipe was used, There was also a noticable reduction of the peak
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compression pressures, The average peak valuve is zboui 103 psgla. The
fla-bten;:xg of the curves is prébably due to the s‘ame causoes that were
previously discussed in connection with the 4 cylinder manifolds with-
out balance plpes. The low_er peak valus may be due to the fact that
the vibration of the air in the inlet pipe, when manifold and balancling
pipes of comparatively large valume are used, have a lower pressure
asplitude., This action is mimilar to that of a soft spring which will
permdt considerable motlon of a masa attached to it without bullding
up a very great force, A4 better combination would be a stlff spring
(emall volume) and a large mass which would give the same natural fre-
quency of vibrationm, With this cambination, the pressures resuiting
from the vibrations would be gresater. .

Fig. 38 shows the resvlts 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 flab and show a lower peak value (98 psia} than any combinstion
yet used. It seems doubtful that the uss of the 3/4" plpe could intvo-
duce enough friction to cause the pesk to be =0 low because 3/ pipe
did not preduce exceasive frictional effects with other manifolds. The
excess volume of the manifold is probably an important factor in re~
dueing the pesk velue of compression pressures to this low value.

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

In order to still further emphasize ihe effects of inertis
of the masses of alr in the sections of the manifold header beiween
individval cylinder branches, a manifold was consiructed with loops of
pipe between cylinders as shown in Fig, 7. This nanifold was tested

with an end inlet, with a center inlet and with a balancing plpe.
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Thé»first of these tests wes run with no inlet pipe om tho
and inlat; No balencing pipe was used. The results of the test are
shown in Fig. 39. The most noticeablie effect of the long pipes between
cylinders is the extéazé wbalance between cylinders. Gyiinders 1 and
2 act in a similar manner and pesk atehigh speed (2800 rpm). Cylinders
3 and 4 act alike and peak at & iow speed (1200 rpw). There is no
apparent reasom  for ihls pairing of cylinders but the difference in
poak speeds is reascmable .ecanse the inertia and friction of the air
in the lengths of pipe from the ixlet to cylinders 3 and 4 is much
greater Lhan for cylinders L and 2.

The results of the addition of different and inlet pipes are
shown in Fig, 40 and Ll. The only effect of the addition of an inlst
" pipe was to increase the pesk compression pressure of cylinder 1. The
others remainded almest the seme. This manifold is exbreme in design
but it dess illustrate the necesaity for avelding high ineriia in the
pipes between cylinder branches.

By moving the inlet ic the eenber of the manifold the dif-
Terence in the pati lengthd to the verious cylinders was redused, This,
logically, chould.give better balance between cylinders, Fig., 42 shows
the resulis of 2 btest with no piée on ihe cemter inlet. The results
show that cylinders I and 4 psak at a low apeed (1700 rpm) while cyl-
inders 2 and 3 peskt at a higher speed (2500 rpm). This difference is
due to the difference im lengths of the paths from the inlets to the
various cylinders. The unbalance between e¢ylinders is less extrome
than it was with the end inlet but the cylinders are still rather badly
unbalanced except in the middle speed range. The highest averags com-

pression preasurs is about 103 psia,
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Fig. 43 shows pressure dlagrams taken at the intake port for
the same manifold arrangement used in obtaining the date for Fig. 42,
that is, a short center intake and no balance plpe., Dliagrams asre shown
for cylinders 1 and 2 only, because cylinders 3 and 4 are synmebrieal
with cylinders 1 and 2 and have similar disgrams. These diagrams in-
dicate that the principle type of vibration is a ramming action much
the same as the action of a single cylinder or dval port arrangement.
The air in the manifold is apparently accelerated during the first
part of each intake stroke and then it rams into the zylinder and builds
up pressurs at the end of the intake stroke. The amplitudes of the
pressures rssulting from wibrations during the periods between intake
sirokes are not very large and have little sffect om the next intele
process.

A4 1" z 15-3/2" center intake pipe wes added to the mawifold.
The resulte of a test run wlth this addition are shown in Fig. 44.
The additlon of the intake pipe did not have a very important effect
on the shape of compression pressure curvss, There is a slight flat~
tenlng of the curves and the speed at the peak for cylinder 1 and 4
i3 shifted to e slightly lower value (1400 rpm instead of 1700 rpm).
Pressure disgrems taken at the intake ports are shown im Flg. 45. If
these are compared with the dlagrams of Pig. 44, it may be noved that
durdng the perlod of valve opering the diagrams of Fig. 45 are almost
ldentical with those of Fig. 43, while for ‘the period during which the
valves on cylinders 1 and 2 are closed, tho preccure amplitudes shown
in Fig. 45 are greater than thosge shown in Tilg. /3. This indicates
thet the addltion of the intake pipe causes the intake strokos of
cyiinders 3 and 4 to produce pressure effecie at the opposite end of

the manifold and also thaub there may be some precsurs effects due to
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the vibratlon of the air im the intake pipe. The interaction between
oylinders on opposite ends existes to & greater extent 5ecausa, with a
very short intuke pipe the pressure at the center of the manifold would
always be very close to atmospheric and thersfore the two ends of the
marifold would be isolsted from each other, while with a langer intake
Pipe the inertia of the air in the inteke would prevent atmospheric
pressure from belng maintained at the center of the manifold. It is
apparent fron the comprasa:‘..on pressure curves that neither interaction
between the ands of the manifold nor the vibration of the sir in the
intake pipe preduced a very important effect with this partieuiar mani-
fold, The 4 cylinder manifolds discussed sarlier did show important
offects 48 2 pesult of vibrations in the intake pipe.

Diagrams of the preesures at the tees where the branch pipes
cennect to the header were also obtained, These diagrams exre shown
in Fig. 45, The shapes of the pressure diezgrams obtained at the tees
are quite similar to the shapes of the diagrsms obtained abt the ports.
This indicates that the air in the header produces s ramsing action
much the same as that produced by the air in the branch pipes.

A belancing pipe was added to the meaifold as shown by the
dashed lines in Fig. 7. The b&l'anci.ng pipe made it posaible for the
ail» to flow by two peths to eech cylinder., The averege length of the
two pathe was the same for all cylinders so that the cylinders should
act more ncarly alike thsn they did without the b.ala:acing_ pipe. Fig. 47
shows compression pressurcs that were obtained with the balancing pipe
added. The 1" x 15-1/2" center inlet that hed bsen used previously
was used for this test., The compression pressures show that the cyl-
inders are quite similar in thelr action excopt at the high speeds.
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At high speed cylindersl 2 and 3 have higher compreasiom pressurss than
cylinders 1 and 4. This difference :is perhapa due to a difrerence in
elfective inertia and friction c.i‘ the flow paths to these cylinders.

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

eaition 1
P

position 2

/
inlet .../"\

Let the total resistance of the ring be egual to 4. If positiom 1

is one quarter of the way around the ring from the inlet, then the

resistance of the two parallel paths from the inlet to position 1

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

be '
Rwode a2

<+

Hfe
Wi

For position 2 the effectivs resistance would be

R= I%T -1
2 2
The inertla effects for the two positions would be in the =ame
proportion as the resistences so that 1t 1s appavent thot even though
the averages of the iwo path lengtha to eech cylinder are the same
the inertia and friciional effects are not the same. The belancing
pipe, then did not make the eylinderscompletely similar althogh it

did help as can be seen by comparing Fig. 43 with Fig. 40. In ad-
dition to making the cylindsrs more nearly alilke, the balancing pipe
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alsg made the compression preasurs curves fiatier and made all of the
campression pressures higher 4t the high speeds. Thso genecral character
of the curves is similar o that of the curves obtained with the meni-
folds having short lengths of header between cylinders.

Tig. 48 shows pressure dlagrams obtained at the iteesn whqre
the branch pipes commect to the header, The dlagrams for 1000 rpm in-
dicete that there was a vibration in header thabt was exclted by the
intake strokes of all of the cylinders. The presazure waves are ap-
proximately sinusoidal., The pressure uaves are probably the result
of the vibration of the mass of air in the inteke pipe sgainebl the
‘volune of the manifold and cylinders. At 1400 rpa this type of vi-
bration still seems o bs the cause of imogt of the pressure variatioms.
At higher speeds this type of vibration shows some decrease in ampli-~
tude while a ramming action made evident by the rather sharp pesks
near the tims of valve closing becomes more im)orta.nt..

Fig, 49 shows pressure giagrams obiained at the ports. 4t
1000 rpm the sinuscldal wave foim is evident. At higher speeds, the
ramning actlon produces the principel pressure effect. The fact that
scme of the pramming action was also evident in Fig, 48 indicates that
the air in the header takes part in the ramsing along with the air in
the branch pipes.

VI. CONCLUSIONS

nmw a rather large quantity of data has baen presented,
the analysis of the data has not been completed and only the more
evident facts canb e stabed as conclusions in thds report. Much of
the data indicates that mary simplifying assumptions may be mads in
setting uwp theories that will make possible the caleulation of the
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the general characteristics zuch as speed for peak volumetric effi-
ciency, of rather complicated inteke syateans,
. Conclusions that have been drawn from the data presented
in this report ave given aeparte_ly for sach manifold type in the fol- -
lowing paragraphs:
Single Cylinder Maplfolde :

1. Individual pipes for e.ch cylinder gave higher Vol
metric efficiencies than any of tha other manifolds tested.

2._ The high volumetric efficiencies were the result of &
raming. action rather than a rescnant vibration. Only with very long
plpes is there an important effect produced by vibratioms carried over
from on® cycle to the next.

3. The speed at which the peak volumetric efficiency will
oocur can be calculated from Eq. 7 given in this report.

Ruzl Port Mapifolds

1. The action of most dual port arrangements is the seme
as for single cylinder manifolds. The principal factor causing high
volumetric efficiencles is the ramming action of thie alr 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 tvio cylinders have
equal volumetric effic’encies at all spesds.

3. The speed at which the pealt volumetrio effici;mcy occurs
can be calculated from the same equation used for single cylinder mani-
folds.

4. Vhem the two cylinders fire in such a sequence that thers

is =n overlap of the valve opening porieds, the cylinder with the valve
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closing while the other is open will recelve a reduced smsunt of
chargs, This 15 due %o the fact thut the air may res into both cyl-
inders instead of Just one; therefore, the pressure built up due to
the ram is reduced.

5. Volumetric sfficiencies obtained with a duzl port arrange-
ment were about 5% lowsr than thoss obtained with single cylinder
mapifolds due to a greater amount of friction and extra volume ai the
oylinder end of the pipe.

Four Crlinder Menifolds

1. Two types of vibration produce important effects on the
volumetric efficiency. These are: (1) ramming, and {(2) a vibration
of a system consisting of the mass in the inlet pipe tc the mamifold
header and the spring action of the manmifold and cylinder volume,

2, The speed at which rarming produces its maxdimum effect
is determinsd by the factors given in Ea. 7. Accurate calculations
of this spesd are difficult to meke becauze the amount of ramming action
produced by the air in the manifold is usuelly difficult to determdne,

3. The speed at vhich mayimum benefits are obtained from
the second type of vibration glven zbove is usually slightly above
the resonent speed for the vibrating system, The resonaut speed can
be celculated from Bq. 7. The frequency of the driving force for this
type of vibration is twice the rpm, since two intake strokes occur '
each revolution. f

4. The combined effectz of the two types of vibration may
produce a nearly flat volumetric efficlency curvs.

5. The highest pesk value of volumeiric effielency should

be obtained when these two types of vibration are synchronized to
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produce maxims effécts at the sawe speed; however, the data is not
complote emough to give conclueive evidence of this.

6. On manifolds with shorb, low inertia sections of header
betwasn the branch pipes to thae eylinders, the b-'alance betwesn cyi~
inders iz good regardless of ths position of the inlet to the headar.
Balance pipes are umecessary.

7« The addition of a balence plpe sonnecting the ends of
the header generally caused a decrease in volumetric efficlency. This
was probably due to a decrease in the pressure smplitude of the second
type of vibration which resulbs from an increase in mani_fold volung,

8. On manifolds with long (high inertia) section of he.adar
bebween the branch plipes, the cylinders ware badly ocut of balance vith
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-
ancg between oylinders.

10. The balancs pipe in thiz cage improved the volumetric
officiency at high speeds, beocauss it reduced the effective friction
and inertis of the paths to the cylinders and enifted the spsed for
peak ramming effect to a higher walue,
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CENM'ER 'NLET, NO PIPE

FIG. 43 PRESSURE VARIATION AT INTAKE
POR™ WITH MANIFOLD NO. 5 (FIG. 7 }
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FIG. 45 PRESSURE  VARIATION *- AT - TNTAKE

PORT WITH MANIFOLD NO. S (FIG) 7 )
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FIG. 46 PRESSURE VARIATION AT INTAKE

TEE WITH MANIFOLD NO, 5 (FIG.7)
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PRESSURE VARIATION AT INTAKE
WITH MANIFOLD NO. 5 (FIG. 7 )
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FIG.49 PRESSURE VARIATION AT INTAKE

PORT WITH MANIFOLD NO.5 (FIG.7)
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TABLE 1

) Pipe Size Speed for Peak Volumetric Efficiency
Calculated Actual
1n x 12m 4,080 above 3200
1n x 18" 3280 9300
1" x fan 1980 2300
3/4" x 120 3300 2200
/4" x 224 24,20 2600
3/u" x 360 1830 2000

NOTE: For calculating the speed for pesk volumetric efficlency, 27
was added to the length of each pipe to correct for port length.
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