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STATeMaNT CF THE PRCBLEM

The puroose of this thesis was to investigate
the most signifieant phenomena involved in increassing

the breathing of 2 naturslly =2spirateé¢ four-stroke

diesel engine with infividual inlet nipes.



CHAPTER I
INTRODUCTICN AND HISTORY

That the volumetric efficiency cf a single
cylinder non-supercharged fouvr-stroke engine can
be changed siszrificantly through alteraticns in
the deslgn cf the induction system is well known.
The design criterion whish should be used to
obtain a high volumetric efficiency is not,
however, generally agreed upon. Historically
there have teen twc zvproaches which have been
frequently used to investigate increasing velu-
metric efficiency of 2n engine. The term "engine”
wlll henceforth te used to mean single cylinder
non-suvercharged four-strovre engine. It must be
noted that, as 2 baslis for deslign, both of these
appreaches reave serlcus shertcomings.

The simplest aporcach investigates ths
vibrations cf the gos in the inlet nlpe =2lone.
Various autheors have used this =oproach:i®

(6) (7)
er

Merse, Deden & Schect s Lutz , Boden &

(9) (10)
Schecter(B), Kastner 9 s Binder & Hall ’

*(N, p. M) refers toc item number (N) in the
bibllogravhy and the soscific page (M) of that

ltem when aoppropri=zte.



Lichty(ll), Platner(lz), Platner(lu)

(16) (18)

Yoerger & Weber y Geschelin

, MeMunn,
’ Lichty(lg).
This approacn attempts to amplify znd utilize
the pressure waves which are set up in the inlet
pipe 2s a3 result of the flew interruption when
the inlet valve closes. If the pressure wave
osclllates sligntly mcre than =2n integer number
of times while cne engine cycle is completed,

the pressurc wave should be smnlified =nd aid

th

6]

next induction process. The pericdéd in seconds
of the inlet pipe with the valve closed 1is

L41./12¢ = L/3¢c, where L is the length of the

intake to the inlet valve in inches snd ¢ is

the =peed cof scund in feet ner secend. Thus

the perlod of the engine divided ty the pericd

of the pipe shculd be roughly en integer, N,

equal to 3, U4 or 5(6’ p.l9).

In equation form
we get

120 4 3¢ = 360c___ - N
RPM ~ L7 T RPN x L

Thus the required pipe length is L = 360¢
N x RBPHM.

Though this approach has the desirable
quality of simplicity it has several serlous
shortecomings. It does not take cylinder size
and inlet pine area into account. It does not

account for the increase in volumetric efficlency



(over no inlet pips) when N is not nesr an integer.
Although the phencmencn cdescribed by thls avoroach
does have a significant effect upon velumetric
efficiency, it does not appear to be the most sig-
nificant phencmencn involved sirce the "available
dats seem to indicate that the difference in power
output due to r=sonance (of the inlet plpe as an
organ pine), or lack of it, is often small compared
to the difference in pcwer output with or without
the use c¢f an inlet pipe."(13’ p.1133)
The more invclved approach is based uvon an
analysis of the induction process itself., Since

(4) (5)

varicus auvthere, List s Dennison

(13)

s Taylor,
Livengocd & Tsal , have used different specific
assumptions the thermodynamic and physical systerns
modeled have varied; but this does net effsct the
general zpprocach used. C{nce sufficlent assumptions
have been made a differentisl equatlion or set of
equations descriving the induction process can be
obtained. <Sliance the equation or set ¢f equations
thus obtained have not in the past been sclvahle

in cleosed form, aporoximate or numerical techniques
had to be uscd. Cften dimensionless or grouped

parameters are defined to facilitate working with

the equation or set of equations.



clots

&L

The result of this type of aporeach is
of cylinder pressure cor veolumetric efficiency
versus crank angle for various values of the varlous
varameters chosen. Although this type c¢f apprcach
gives adequate results as far as predicting the
shape of the volumetric efficiency versus RPM curve,
it is not a convenient design tool in that one can
not obtain directly the manifold dimenslions needed
to give the desired shapec performance curve. Also,
this apnroach dces not attemnt to descritve the
tasic phenomena by which an increase in volumetric
efficiency is obtained through »roper manifold

design.



APPROACH INVESTIGATED

The approach investigated in this thesis

(20) | pep tnis

was formulat=d by H. . Engelman
approach the engine during the inductlion process
1s modeled as a Helmhcltz rezonator with a mcdulated

volume, sz Figure 1.

M
o
v

Figure 1

where A area, square inches
L length, inches
Vo cylinder volume at midstroke,

cubic inches

Engelm=n states that to best utilize the
momentum of the gwses in the inlet pipe the induction
system (lielmholtz resonator with mcdulated volume)
should go through cne resonant oscillation during
one induction period.(zo' P-48)  Thus the Helrnholtz
tyve osclllation is initisted and utilized during
one induction prccess. Crpan-plne tipe cselllzticns

5



initiated hy the Helmholtz oscillaticn may have

an effect unon the next induction process if they
are of sufficient magnitude and phesed vronerly;
but as stated before, the crgan pnipe type resorancs
is not the mest significant Influencing factor on
engine hreathing. The fact that each elmholtz
tyne oscillation is initiatec and utilized Curing
one inductior process gives rise to twe differences
betw:en Helmholtz tyove rescnence and crgsn plpa

tyne rescnance.,

1. With Eelmholtz tyve resonance each induction
process is isclated from every other irducticn
prccess.  Thus the relaticnship vetwzen
Helmholtz frequency and engine frenuency
1s not necessarily exvected to be an integer.

2. The speed range over which 2n ircrease in
breathing cccurs is much larger for the
lielmholtz type resonance. This 1s a result
of the fact that: the pressure.rise whi~h
i1s to be utilized exists for a much longer
period of time (rel=tive to the pericd of
the induction process) for the Helmholtz

tyve resonance.

The natural frequenecy of z Helsmholtz rssonator
with a fixed velure 1s well known snd can be

6



(21)

obtained in almost any acouetics text such as VWood .
f:c-\’S
27Tr YLV,
where f freauency, cvcles per second

O

sneed of sound in air, inches
per secocnd

S area of pipe, square inchss

L length of ploe, inches

Vo volume of chamber, cublc inches

Defining the mean static natural frequency of the
engine as 1ts natural frenuency when the piston is

at midstroke, 2s Engelmzn d1d, we get:

fs = 3§Q;1§; e\ A R-1
T L7 VR—\-I

where fg mean static natural frequency,

cycles per minute

c speed of sound, feet per second

A aren of inlet pilpe, square inches

Le the effective length of inlet
pipe, inches

\ displacement volume of the engine,
cubic inches

k ccmpression ratio



<

Since the volume at midstroke equsls 2 plus Vcl’
where VCl is the clearence volume =nd ils related
to the displacement volume and compression ratio

Vv quals ) hus:
by ol equal thus

B o1
vV, = V(B - 1) 2V ST V.R +1
¢ T XE T O IE oY zZRE -

The effect the changing velume has on the
system natural frequency has baeen investigatad in
Engelman's dissertation. The assumptions used in
his analysis are that:

a) heat tronsfer "md fricticn are negligible,

k) the gas in the inlet »nipe is incomrressible,

¢) ~né the gas In the chamber acts as a linear
soring.

The resulting differential equation is a form
of Hill's equaticn, and Engelmsn utilized Cambi's
papeP(ZZ) to cbtain the system natural frequency.
Trhe conclusion of this analysis is that the changing
chamter volume does have an effect upon the natureal
frequency of the system, hut that this effect 1s
small enough so that the true natural franuency can
be aprroximated by the mean static natursl frezuency
as defined above.

As stated above the induction system period

should he avproximately eau=2l Lo *the neriod of The



induction process. The pericd of the induction
process is equal to 1/(a x RBP¥) where "a" 1is on

the order of 2 for most conventlonal engines Tut
does vary depending upon inlet port and inlet valve
geometry and valve timin~. The induction system
period is equal to 1/(® x f ) where "b" is anorox-
imately 1. It should be noted that b "depends nmore
upon the zmcunt of modulation than upon the modu-

w(20, ©.40)  50)ving for the RPM

lating frequency.
at which optimum performance should bhe obtzined,

we get:

RPM = 1 fg = 162 dV'A "VR -1
k k LoV R + 1
whare k is epproximately 2 and more dependent upon
engine characteristics than cperating corditions,
The other symkels are dofined on pare 7.

This thesls =11l 1lnvzstigate the ccorrelation
of the apoproach just outlined to experimentsl
results. In the experimental wcrk dorne varicus
‘irlet gecrcotries were Investipgated. Neot only
were the effects of different length nines and
different area plpes investigated, wut zlso the
effects of curved pires, pilpes with and without
well-rounded entrances, ron-clrcular tubes and
pipes of non-censtant a2rea. Analytically consider-

ing inlet tubes of different length, arez and shape



requires no medificstion of the above equation.
The vines of rnon-~constsnt aren, however, require
a method fer computing an offective A/L. In

reference to this problem Hood(zl) statzs that:

nunber cf
L sections
L = ax = L
Aleffective g. A E:: KA.
i =1 1

10



CHAPTER II
ENGINE AND LQUIPMENT

The engine used for the tests was a Cumnmins
V-6 diesel engine, serial number S/Y 361755. £Each
cylinder has 2 bore of 5-1/? inches, a stroke of 4-1/8
inches snd 2 compression ratio of 15.4 to 16.4, The
non-fired engine was cériven by a dynzrometer and the
sunercharging effect was measured in terms of comprescsion
pressure. The valve timing is such that the exhaust
valve opens at 509 BBC and closes at 22 ATC and the
inlet valve opens at 35° BTC and closes at 37° ABC with
normal cperating clearsnces of .C215 inches =t the
valves., The normal cold engine valve clear=ances of
.016 inches for the inlet and .029 inches for the
exhaust were usec., Since the wzter jacket temverature
wes maintained near the normal operating rance, the
Inlet v=21ve timirg would be sxpected teo be very clcse
te that of normzl operating timing. The deviation
from normal exhaust overating timing shculd have little
effect sin-e the induction process sees only the change
in the overlap pericd.

Certain engine modifications were made for
the puroose of the tests run. The thermostat was

removed and the water jacket terpmersture was

11



manually held to between 155°F and 163°F,., The
fuel pump, injector plungers and the push reds
and rocker arms for the injectors were removed.
Tre injector nozzles were replaced with caps having
015 inch diameter holes in the tins, =2nd copper
tubing waz sesled in the injector bedles aznd run
through the vaelve ccvers. The inlet wanifold was
removed and replaced with adaptors made for the
various pive and tubing used. Thne pipe extended
into the vpcrt as far as posslble in 8ll cases.

A Kistler Fodel 501 prassure pick-up was mounted
in cylinder numbter 3; an adaptor had already been
installed in the =ngine.

The engine was coupled to and driven by a
General Llectric DC dynomometer. 4 Bendix Aviation
Corporz2tion Autosyn Foter Tyve 1, driving a Stan-
dard Electric Time Company revolution counter and
timer, was used to determine the RPM. The equip-
nent used to determine the effective port length
was a Pruel & Kjer Zeat Frequency COscillator Type
1022, = Pruel & Kj=r eight-inch speaker and =2

Tekxtronilx Type 502A Team Cscilleoscope.

12



CHAPTER I1I
LINEARITY AWND REPEATABILITY CF PRLESSURE MEASURLD

The pressure reading taken was the pressure
built up in a pot which was separated from the
cylinder ty a .015 inch hele. This pressure can
be seen to be linearly related to the pressure in
the cylinder whan the inlet valve closes 1if the
comprassion and exvansion procasses are polytroplce
and the flow out of the pot into the cylinder 1is
choked +while cither valve is cpen. The ~-ocmoression
and expanslon preocesses in 2an internsal combustion
engine have teen shown to be ovelytrepic prceceesses
for all practicesl purposes. With the pot pressure
obtained and the englne valve timing used, the flow
cut of the pot was definitely choked during the
valve events,

Looking &t the non-dimensionalized curve of
the cylinder pressure in Figure 2 on pags 14 will
21d the explanation of this relationship. Since
the comoression and expansion processes 2re poly-
tronic the portion of the PC/Pi curve between the
closing of the inlet valve and the onening of the

exhaust valve will remain unchanged when Py changes.

13



Now if Pp/P; were to decresse with 2 change in P

L"'O. -1
Pe
Py
6.0 4
3.0 .
1.5 ] }
1.0 4.
1 ¥ T —
t or 6/RPM
Figure 2
where Pq cylinder pressure
Pp pot pressure
Py cylinder pressure
whenr inlet valve clcses
t time
0 crank angle
RPM assumed ccnstant

1

then thers would be more time for a relativ:sly

higher flow into the pct (as cornared to flow cut

of the pot) and less time for flow out of the pot,

which is entirely inconsistent with a decrease in

P /P1° Likewise, 1If Po/Pi were to increase with
P X

a chsnge in Pi trere would be less tine for a

14



relstively lower flow into the pot and more time
for flow cut of the pot, which 1s inconsistent
with an increase in Pp/ Py

A more rigorous snalytical analysls using:

for choked flow, and:

bty g ) PR

for non-choked flow(23) shows that, althcough the
pot pressure igs linearly related to the initial
cylinder pressure, the square rcot of the ratlo
of the pot temperature to initlal cylinder temp.
erature effects the constant of proporticnality.
The resulting variation in the constant of prooor-
tionality can he seen to re very small, when thre
facts that the pot temverature tends to rise and
fall with the inlet temperature and the total
variation in inlet tamperature wss only four per-
cent, are ~onsidered. Thus the variation in the

const=nt of vroporticnality between the vot pressurs

15



~and the initial cylinder vressure from its mean value
would be expzcted to be on the order of one percent
or less.

The linearity Letween the pot pressure and the
initial cylinder vressure was checked experimentally.
The vesk cylinder pressure was measured wilth the
Kistler cressure plck-un., The plot of the osecilli-
scops outout versus pct pressure in Figure 3 shows
that tre veak cylinder »ressure and pot pressure are
linesrly reloted to within the readabhility of the

oscilliscop=.

8.0

cm

7.0

=
N

50 55 60 65 70

in, Hg
Figure 3

As stated before the compression vrocess has been
shown tc be polytropic so that the veak aylinder
pressure and initisl cylinder vrassure are linearly
related. Thus the pot pressure measured should be
linearly related to the initial cylinder nressure.

16



The error intrcduced by the readablility of
the instruments us=d iz nepgligible. The experi-
ment=21 error, therefer:, will be considered
associated only with reveatatility. In order to
chieclk repentabllinty, cylinder number thraes had a
constant inlet configuration throughout the test
excent when the stozk manifeld was run. This
configur~tion consisted of 4.1/8 inches of 1-1/2
inch nipe extended into the oort =285 far as nessible
and fitted with a nozzle one inech long. The
variations In the pressure ratiocs from cylinder
number three were always less than 3 1 percent
and less than £ 1/2 percent =bout 75 percent of
the timz fcr any glven day. Thus under similar
cenditions the tests are sesn to be voery rspeatarle,

The vari=aticns in oressure ratlos of cylinder
number three frem d2y t¢ day wer2 always less than
+ 3 percent =nd less than £1-1/2 percent about
75 percett of the time. The day to day variatlons

are felt to te a result of four things:

1. The tests ware run cver s pericd of four
months, thus the eclimate changed ~on-
siderably.

2. The engine thermostat was remcved part
way through the tests to facilitate

water jacket temperature control.

17



The exhaust system had to be medified
part way through the testé.

The head on the test side of the engine
had to be pulleé before the tests were

completed.

18



- NEEDED ADDITICONAL CALCULATICNS AND EEZULTSE

The length which should te used to compute
the natural frequency of a Helnmholtz rescnater
(page 7) is not the trus pive length because a
auantity of air at the mouth of the vipe acte =zs
a part of the system. VWocd states that this cor-
rection should be T R, He also svecifies similar
length ccrrectionszfor organ pipes of ,8 B for
infinite flanged ends and .6 R for ncrmal tubes.,
When making end corrections for non-cirsular tubes
the hydraulic radius was used. The end correctionus
for the pipes used are tabuleted in Table 1 on
page 41 . It shculd be noted that when a nozzle
is used the norzle length should be subtracted
from the correctlicn length.

The effective lenzth of the vort must also
be tzken into account. In order to estimate the
effective port length the matural frequencies ¢of
se?eral inlet tubes were found with the inlet valve
closed. The results of this test, along with thre
calculation of the effective port volumes, are in
Tavle 2 cn nage 42. The 1-1/2 inch pipe and the
1-1/2 x 2-1/2 inch tube extend into the port dif-
ferent amcunts though. In this region the nort

cross-sectlional area ls about 4 square inches.

19



Table 3 on page 43 gives the distances the various
tubes used extended into the ports, the resulting
port vclumes and the effective vort lengths for
the different irlet tubes used.

The total length corrections will thusg be the
sum of the end correction and the port correctlen.
The values of total length correcticn for the varicus
tubes used are given in Table 4 on page Ui,

The effective A/L for nrives cf ncn-constent

ares should be obttzired through the formula
L =5 I
Al efrective Z Ay

where 1 refers tc a section of comstant arsz. For
computational nurooses half of the length of the
tapered connection, with a 30¢ included angle,
between the diff=rent F“isreter vives was considered
a length of the larger plve and half of it was con-
sidered a length of the smaller plne. The entrarce
length correctlion was taken to corrsspond ﬁo the
size cf pire nearest the nerzle., The effective
port length was found to glvs hest data correlation
when 1t was taken-to corrazcvond to the smallest
diameter pi—ne used in the inlet tube. Table 5 on
pags 45 zives the results cf the z22lculation of the

effective L/A for the pnipes of ncn-constant ares.

20



The graphs of the Aata from the 1-5/8 x 1-5/8
inch tube and the 1-1/2 x 2-1/2 inch tube rave
significant ripples and even multiple peaks. These
rioples can be seen to be asscclatad with the corgan
plpe type of resonance by plotting the RPM's at
which the maximums and minimurs of this ares occur
versus the particular tubhe length. The RPM's
plotted nave been corrected te a reference temoer-
ature of 85°F. 3ince the speed of sound in feet

ver second equsls 49 VT, the corrected RPM would be:

Sk RPN neasured
Vi, " e

The curves in Figure 4 on nage 22 correspond

to the maximums 2nd minlmums as predlicted by

L =z _ 1360 ¢
N x BPM

from vage 2 with ¢ token as 1,143 feet ver seceond
and the values of N specified. It should be noted
that the fractional values of N correspond tec curves
which should opredict minimums. Although the
equaticn does not precdict the maxirums and minimuws
exactly, it is obvious from Figure 4 that the data
has the same functional relatio+vship betwe=n tube
length and KPM. Thus the rinplez 1n the data are
assoclatad with an organ nipe tyve cf rescnarnce,

and treir effect z2an he nezated by drawlvg a sroothed

21
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curve through the data. It should be ncted theat
the organ nlpe tyne of resonance did not bhecome
noticeanle until the volume of the inlet system

was 3/4 of the cylinder volume or larger.

23



CHAPTER IV
OTHER DATA

An insnectlon of the literature prcduces sonme
data which c¢an te coirclated to the Helmholtz avwroach.
The correlation wlll be analized by seeing whether
or not k 1s a constant for a glven engine and what
1ts range is for varicus engines. Solving for k in

the equation on page 9:

2162 x e A '\lR-l
RPN |L_V |R+1

Matthews and Gardiner(l) obtained data from

a five-inch bore, seven-inch stroke engine with a
compression ratio of 1ll.4. The inlet pine used had
a diameter of 2-1/8 inches and a port volume of
roughly 20 cublb inches, Thus the total length
correction would be 5.5 + 1,7 = 7.3 inches. Assuming

that ¢ is 1,140 feet per second 2nd solving for %

k = 27,200

RPM ULe

L Le RPM k

70 77.3 1340  2.31
60 67.3 1465 2,26
50 57.3 1585 2,26
40 47.3 1800 2,20

24



This data correlates well with the theory and gilves
an avernge % of 2.26,

(5)

Dennison used two engines to obtain his
data; both had a 12-inch stroke; one had an 8-1/4
inch bore and the other had 2 9-inch bore. Since
one had a2 compression ratio of 11.8 and the other
13.0 (correspondence is un¥newn) a comprassion
ratic of 12.4 will be used and will introduce an
errcr of less then one h=21lf of one percent. Assum-

ing ¢ 1s 1,140 feet per second and taking the

entrance effects into account:

x = 49,200 x%
RPM XW
L
D-Di=meter  B-Bore L RPM k
2.00 8.25 36 800 2,43
2.50 8.25 66 800 2,26
3.00 9.00 52 1000 2.22

It can te seen th=t k is larger than exvected and
non-linear, =nd that taking an effective port length
Into aczount would reducz bhoth the magnitudes of the
k's and thelr scatter. An assumption of 40 cubic

inzhes fer the vort volume is neot unreascnatle in

25



view of the size of this engine compared to that used

by Matthews and Gardiner(l). This assumption pgives
the following results:

L Lpnort Le k

36 12,7 50.3 2.10

66 8.1 76.1 2.14

52 5.6 60,0 2.12

with an =verage cf k equal to 2.12,

(6) obtained datae

Yorse, roden 2nd Schecter
from 2 137.56 cubic inch engine with 2 compression
ratio of five. &n inlet nipe cf 2.5 inch diameter
was used; the =ngine was coerated at 1,220 ZPM and
the velocity of scund in the inlet air weos 1,100
feet per second. The size of this engine is within
a few tenths bf a cubic inch of that of the engine
used by Fatthews and Gardiver, thus an essumpticn of
twenty cublce inches for the nort velume would seen
reascnable., The total length correction would be
3.9+ 2,0 = 5.9, The resulting optimum pive length
of one hundred inches gives a ¥ of 2,60, This value
of k is high but the valve tiring of the test engine
was unusu2l; the inlet opened at ton dead center and
closed 2t bettor dead center. This velve timing

significantly decreases fthe nerlcd cof the induction

26



process and thus would be expectaed to incresse the
value of k obtained relative to a more convention-
ally timed englne,

(20)

Engelman used nn engine with a 2.1/4

inch bore, a 2-1/U irnch stroke and a compression

ratio of five. lle also investigated the data Ricardo(B)
obtained from an engine with a displacement of 538
cublc inches. He recommended@ the use of 2.1 as the
value of k.

(15)

Downing obt~ined data from a racing engine
with a displacement of 35.0 cubic inches ver cylinder
and one inlet ver cylinder. Assuming that the irlet
temperature was 85°F and the cempressicon ratic was

10.5 should introduce no more than 2 percent error

for reasonable varlations in these parameters.

k = 25,300 D
RPN VI;
e

For the pipe with a 1.575 inch diameter:

L L, RPM k
5.25 6.5 5000 3.13
8 9.2 4350 3.02
11 12.2 4150 2.75
21,5 22,7 - 3650 2.29
35.5 36.7 2100 2.27
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For the pive with a 1.970 inch dismeter:

L L RPM k
5.25 6.8 4850 3.94
11 12.5 L725 2.98
15 16.5 Li 50 2.76
21.5 23.0 Helole} 2.60
32.5 34.0 3500 244

An assumed effective port length of 8 inches for
the 1.575 inch pipe and 12 inches for the 1.97

irch nivre yields:

1.575 inch diameter 1.970 inch diameter
L Le k L Le k
5.25 14,5 2.09 5.25 18.8 2.37
8 17.2 2.21 11 24,5 2.13
11 20.2 2.15 15 28.5 2.10
21.5 30.7 1.97 21.5 39.0 2.11
35.5 Ly 7 2.06 32.5 46,0 2.10

Looking at the sketch of the system that Downing
gives, the =zssumed effective lengths ¢f the vort
and pive adantors are not unreascnable. This datm
thus gives an average k of 2,13,

The analysis on the data found in the 1it-

erature substantiates the lHelmheltz resonator
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aporoach and suggests that for conventional engines

k would be arcund 2.1 or 2.2.
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TEST RzSULTS

Figures 8 through 24 in the appendix are oplots
of the pressure ratios obtalned for the varicus inlet
configur=ticns. Flgure 5 page 32 is 2 plot of the REPM
at which the veak nressure ratio cccurred versus the
square roct of tre effentive A/L for the specific in-
let used. Here =gain, the RPM's have been corrected

to a reference temnerature cf 85°F by using:

5“5 BPMyesgured.,
460 + Minlet

This data can be represented by 2 straight line which
goes through the origin as the Helmholtz rescnater
aoproach oredicts. The best streight line, acceording

tc a least sauares fit, is:

N = ?87?-V'§+ 26

Neglecting the constant term, the value cf k which
this data yields is 2.23.

The percent supercharge st the corrected RPN
at which the »ressure ratic peaked was computed bty
dividing the pressure ratic of the test inlet by the
nressure ratio of the stcck manifold at that RPM,
Figure 4 page 33 shows two trends. The first is that,
for any given tyoe of inlet, as the RPM at which the

system peaks increases the amount of maxinum super-
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charge decreases., The second 1s that as the area of
the inlet decreascs the 2mount of maximum suvercharge
decreases.

The amount of superchargs obtained is indeed
Impressive when the cost in terms of lIrnerezsed ounping
work 1s considerad. Figure 7 page 34 1s a plct of the
correctzd =“PY at which the pressure ratio was maxinum
versus the vower required at this EPM for the various
inlets used, The curve 1s the power rejulred with the

stork inlet manifold.
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CHAPTRR V
CCNCLUSICNS

Although the effects of the organ pive type cf
resonance become significant when the volume of the
inlet system hecomes elghty percent cf the cylinder
volume or more, this tyve of resonance 1s not the dor-
inant ohenomeron. The most significant changes in the
breathing ¢f an engine are the result cf the resonance
of the induction system ~s 2 lelmholtz resonztor. The
speed 2t which the maximum gain in reathing ceceurs

can be predicted from the squaticn:

RPM = 162 ¢ A —VR -1
k LeV B+ 1

where k 2.1 or 2.2 for mest cenventional engines
c speed of sound in air, feet per second
A area of inlet tube, square inches
\' displacement volume c¢f engine, cublc
inches

L effective length of the inlet tube,
inches, see pages 19 =ané 20 fcr com-
putation of the total effective length
of the inlet system

R compression ratio

35



This equation ts geed for 1n1et.tubes of various are=as,
lengths, shapes; for tubes with abrunt or well-rcundel
entrances; for inlet tubes of non-constant cross~.sec-
tional arez; and for curveé inlet tubes where the ratic
cf the r-dius cof curvature of the bend to the radius of

the tube is larger than ten,
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Table 1

Hydraulic diameter of rectangular tube:

Dy = 2.x1-13/32 x 2-17/32 = 1.810 inches
1-13/32 + 2-17/32

Hydraulic diameter cf square tube:t Dh = 1.625 inches

Helmholtz end correction, inches

tyve tube with nozzle without neozzle
1-1/2 x 2.1/2 tube A2 1.42
1-5/8 = 1-5/2 tube LU0 1.28
1-1/2 pice : .26 1.26
1-1/4 pipe .08 1.08
1 pipe -.18 » 0 .82

Crgan pipe end correction, inches

type tube with nozzle without nozzle
_1-1/2 x 2-1/2 tube -.35 » 0 .65
1-1/4 pipe -.52 » 0

b1



Table 2

Frequency of =2n organ oine closecd at cne end f = ¢

L
@74°F solving for L in inches =nd f in cons L = 3400
f
cylinder number two, using different lengths of
1-1/2 x 2-1/2 inch tube with nczzles:
L pvive and nezzle f L _comnuted Effective mort length
25.9 100 34,0 8.1
4o.9 69 Lg,3 8.4
61.0 50 68.0 7.0

average effective vort volume 7.2 x 3.56 = 27.8,

cylinder number one, using different lengths of

1-1/4 inch pine with nozzles:

L pine and nozzle f L_comoputed Effective port length

26,9 79 43.0 16.1
41.0 61 55.7 14,7

average effective port velume 15.4 x 1,48 = 22.8,
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tvpe tube

1-1/2 x 2.1/2
tube, inches

cylinder #1
cylinder #2
1-5/8 x 1.5/8
tube, inches
cylinder #l
cyvlinder #2
1-1/2 pipe
eylinder #1
eylinder #2
1-1/4 pipe
cylinder #1
cylincder #2
1 ineh plivoe

cylinder #1
cylinder #2

Table 3

e it et

1.50

2.00

2.38

2.50

extension

l;j

port
yolume

26.3
27.8

O

23
25.0

2h.3
25.8

tube effective
ares pert length
3.56

7.4

7.8
2.5L

2.9

9.5
2.02

12,0

12,8
1.48

15,4

16.4L
.855

-26.1

27.8



Table 4

Tctzl length correction, inches

tvne tube without nozzle with nozzle

1-1/2 x 2-1/2 tube

faV]
o
av

cylinder #2 9.

1-5/8 x 1-5/8 tube
cylinder #2 1¢.8 9.9

1-1/2 inch pipe
cylinder #1 13.3 12.3
cylinder #2 14,1 13.1
1-1/4 inch pioe
cylinder #1 16.5 15.5
eyl inder #2 17.5 16.5
1 inch »pive

cylinder #1 26.9 26.1
cylinder #2 28.5 27.8
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Table 5

L L
lengths of pire usad cylinder A vort A effective
enging -- air
12 in. 1% in. ¥ in.

9.2 20.5 18.0 #1 10.4 39.0
26.3 21.3 #1 10.4 38,8
1 ineh 1% in. 1 inch

8.3 21.2 15,7 #1 30.5 69.0

8.3 21.6 #1 30.5 51.1
1 inch 1 in. 1 ineh

8.0 14.4 15, #1 30.5 67.9
13 in. 17 in. 1% in.

T 14,0 21.2 #2 11.1 33.6
2L .2 15.2 #2 11.1 33.L
1% in. 1 inch 1% in.

4,7 9.1 21.6 #2 32.5 56,3
24,7 9.6 #2 55%.9

b5
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Table 5
TEST CCMDITICNS

Stock Manifeld Tinlet Patm Date
78.9 29.41 11/04/67
1-13/32 x 2-17/32 tube area = 3.55
L Tinlet Patm Late
1.0 79.0 28.97 11/24/67
40.9 82.6 29,58 12/19/67
39.9,n¥ 79.0 29.47 12/22/67
25.9 80.5 29.51 12/22/67
1-5/8 % 1-5/8 tube area = 2,64
L Tinlet Patn Date
45,0,n 77,7 29.36 11/04/67
27.9 90.7 29.19 12/21/67
18.8 81.2 29.49 12/22/67
1.604 pive area T 2.02
L Tinlet Patm Date
45.0 81.6 29,05 10/16/67
i 1, b-27% gh .2 29,32 12/21/57
4h .1, b=7 86.9 29.59 12/19/67
25.1 95.9 29.65 9/05/67
24,1 ,n 85.5 29.57 12/19/67
15.1 95.6 29.65 9/05/67

*n - denotes no nezzle.
¥he27 -« denotes 27 inches to bend.
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1.374
L
ba.4,
hi.0
27.5,
26.9

10.0

1.043
L
32.0,
31.0
16.8
15.8,
8.7

Secti

13

LT
24,3

nipe

b1l

b-11

pipe

=10

n

onad
11

14,4
15.2

1%
20.5
21.3

ploes

13

21.2

Tlnlet
79.0

84,2

Tlnlet
82.6

81.6
77.7
7G.0

85.9

inlet
87.4

88,4

81.2
88.4

b7

Table 6 (continued)

area = 1.48

Patm

29.47
29.32
29.51
29.28

29.19

area
Patm

29.58
29.05
29.36
28.97
29.07

P
atm
29.28

29.22

29,49
29.22

Date

12/22/67
12/21/57
12/22/57
12/21/67
12/21/67

855

Date

12/16/567
10/18/57
11/04/67
11/2k/67
12/18/47

Late
12/21/57
12/:1/67

12/22/57
12/21/67



Table & (continued)

Sectioned pines

1%
b.7

2L, 7

8.3
8.3

1

g.1
9.5

[S)8

(923

1%

21.6

15.7

15.5

Tinlet

85.9
86.8

85.5

48

Patm

29.07
29.13

29.59
29.13

29.57

Cate

12/18/67
12/18/67

12/19/67
12/18/57

12/19/67
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