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Tests were run an a single~cylinder and a multicyl

inder four~stroke engine in order to determine the effect 
of the dynamics of the inlet system upon indicated ~ean 
effective pressure. 

Tests on the single-cylinder engine were made at 
various speeds t inlet valve timings, and inlet pipe 
lengths. These tests indicatod that the indicated mo an 
effective pressure could be raised considerably at any 
one speed by th~ use of a suitably lon g inlet pipe. 
Tosts at other speods with this length of pipe showed 
highor indicated Doan effective prossure than with a very 
short pipe, although not so high as could -De obtained 
with the pi pe length adjusted for each speed. A general 
rolation was disc6vered between optimum tim e of inlet 
valve closing and pipe length; namely, that longer pipes 
require later inl~t valvo clo .sing in order to be fully 
effeotive. 

Tests wore also made On three cylinders connected to 
n single pipe. Witb this arrangement, increased volumet
ric efficiency at low spoad was Obtainable by using a 
long pipe, but only with a sacrifice of volumetric effi
oiency at high spood, Volumetric e·fficicncy at high 
speed Was progrossively lower as the pipe length waS in
creased. 

INTRODUOTION 

It has long been roc~g~ize4 that the volu~etric ef
~icioncy ~nd heric~ th~ moan effective prQssu~e of ~n in
ternal com~ustion engine is afto9tod b~ tho dynamics of 
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the inlet system. <See references 1 to 19.) The present 
work Was undertaken in order to mak e a ·more ~ystematic 
and exten&ive investig~tion than had been made before, 
and to attempt to devise a mathematical analysis whi c h 
would lead to a better1J.nderstf\.nding of the observed phe
nomena. 

The work \V"aS done under the auspices of the ~rational 
Advisory Oommittee for Aeronautics. The experimental 
t%rk Wfl,S done in the Sloan Automotive Laboratory at the 
Massachusetts Institute of Technology under the supervi
si on of PrOfessor E.S. Taylor, A theoretical anaiysis of 
t his problem may be found in"Item 4 of the Bibl~ography. 

AfPARATUS AND METHOD 

Single-Cylin~er Engine 

~he first part of the experimental work Was done on 
an NACA universal te$t engine (bore 5 . in ., st~oke 7 in.) 
e'luipped for variable valve timing (refe.rence zq). Var
iables were controlled as follows; 

Fuel •• , ••• ~ • ••••• 87·octane aviation gasoline 
Oompression ratiO (all runs) •• ••••• ~ ••••• 5. 0 
Cooling water temperature (all runs) • •• l?So to 185 0 F 
Fu e 1 .... air rat i 0 ( e a C h ru n ). • • • . . • • set . for b est p 0 "'" e l' 
Spark t~ming (each speed) •••••.•• set for best po wer 
Speed • • • • • • • . . • • • variable, 1000 to 1600 rpm 
Inlet pipe length. variable, by incrementa 9 to 247 inches 
Inlet p t p e diameter •• •• I> • • f • 2. 5 b or 1, 8 8 inc he $ 

ln~et valve li£t .•••••••••• , • ,. 0,312 inch 
Exhaust valve li ft, • •• f , , • • • • • •• 0.275 irich 
!xhaust opening (25 0 13,.:8 . 0 .) ... ....... __ • ft, 155 0 

!xhaust olosing (as O A.T.C~) •• .. • t • • • • •• 25° 

(Orank angles are measured from top dead center un~ 
less otherwise indicated.) 

In ardor that the air flow should not be distur~ed 
by the restriction of a earburetor venturi. fuel was in~ 
joc yed di rectl y into the cylinder for all tests. 

:Photographs of the general setup a.re given in figure 
1. · and a diagrammatic sketch in figure 2. (1urther ex
~ef1mental det;ils wl11 be found in ~efe~once is.) 
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One serie s of runs was made with a co nst ant "standard" 
. inlet v alve timing as follows: 

Inlet opening (25 0 B.T.C.) . 
Inlet closing (25 0 A.B.C,) , 

A further series was made 
rpm) and variable inlet timing 

at 
as 

Inlet opening (45 0 to 1'5 0 B. T.C.) 
Inlet closing (15 0 to 45 0 A.B.C.) 

• 335 0 

• 205 0 

constant speed (1600 
folloirvs: 

315 0 to 345 0 

. 195 0 to 225 0 

Measurements of torque were made for each run. Fric
ti on Was estimated by the usual method, !I n-lotoring" at 
several speeds. From the torque resulting from the addi
tion of the measured torque to the mot ori ng torque for 
the s ame speed, the indicated mean effective pressure 
(i mep) Was computed and plotted in figures 3 to 5. 

In addition to the foregoing measurements. records 
were taken of the pre ssure at the valve end of the inlet 
pipe for all tests . In l~ter tests wh er e the valve timing 
Was varied, records alsO were taken of pressure in the 
cylinder. These measurements were made by means of the 
M.I.T~ indicator (reference 2l)~ Sample diagrams are re
produced in figure 6. 

Figure 7 shows a comparison of two curves of indicated 
mean effective pressure against pipe length, from two sets 
of data taken at an interval of about five months. Dif
ferentcylinder heads of the same design were used. The 
data for the curve marked "Head Itt was taken in one con
tinuous run; while ~ach observation for tho curv~ marked 
"Head 2ft was taken on a different day. 

RESULTS 

Single-Cylinder Engine 

Volumetric efficiency.~ Volumetric efficiency may be 
defined by the expression 

W :::: f Vd Po E 

'YI n ere 
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W mass of air taken in per unit time 

f n um 1J e r 0 f S'IJ. C t ion s t r 0 k e s per un itt i me 

Vd piston displacement of one cylinder 

Po average inlet air density 

E volumetric efficiency 

4 

Volumetric efficiency could be computed from a meas
urement of air quantity in addition to the ordinary meas~ 
urements of speed, inlet pre~sure, and temperature; but 
in this work it Was desirable to avoid the measurement of 
air t because the presence of meters or orifices would dis
turb the dynamics of the inlet system. On account of this 
difficulty, and since only relative values were required, 
it was decided to estimate the quantity of air from the 

~'! 0 we r mea sur em en t • Th e i n die ate d h 0 r s e u 0 \']' e r ::; 778 (W) ( H) (11 ) 
.. • 550 X 60 X sb 

where W is the mass of air consumed per hour, H is the 
heating value of unit ' mass of air. ancl. " is th~ indicated 
thermal efficiency based on air; R and ~ are substan
tially constant since spark and fuel rate were adjusted for 
best power. Under these conditions M is proportional to 
indicated horsepower. · Fro~ this relation it follows that 
volumetric efficiency is pToportional to indicated mean 
pressure. 

Effect of pipe length •• Varying the length of the in

let pipe at consta~t speed results in curves of indicated 
mean effective pressure against ·pipe length, as shown in 
figures 3, 4. and~. Essential characteristics of these 
curves are: 

1. A gradually r1s1ng mean effective pressure as pipe 
length is increased from as short as possible 
to a length which gives a frequency ratio. o~ 
slightly more than,5 

*The "fre quency ratio" here introduced is defined as 
the ratio of inlet pipe frequency to valve frequency (in~ 
let pipe frequency being the fundamental frequency of the 
air column in the inlet pipe whon tho valve is closed and 
valve frequency being half tho engine crankshaft frequon~ 
cy). Th~s this frequency ratio is inversely proportional 
t6 the product of intako pipe length and engine speed. 
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2. At least three distinct peaks, at frequency ratios 
of slightly more than 5,4, 3 

3. A decrease in mean effective pressure for lengths 
longer than that giving a frequency ratio of 3 

Figure 8 is a set of records of pressure i n the pipe 
(near the inlet valve) and in the cylinder, at 1600 rpm. 
Pipe length is the single independent variable. 

Essential characteristics of the pressure in the 
pipe are! 

1. Gradually inereasing amplitude of the pressure 
Waves as pipe length is increased 

2. Occurrence of a pressure peak near the time of 
inlet closing, arriving later as the length 
of pipe is increase d 

·The cylinder pressure records of figur e 8 show an 
interesting pressure minimum during the suction stroke, 
which moves to the right (i.e., comes later in tbe stroke) 
as pipe length is i n creased. until the number of pressure 
waves per engine cycle changes. When this occurs, the 
point of minimum pressure returns to approximately its 
original crank angle and again starts moving to the right 
as the pipe length is increased. 

Figure 9 is a set of pressure records taken fro m the 
inlet pipe at 1220 rpm. 

Effec,·t of speed.:'" Figures :lrO and 11 shoi,'.T the pressure 
jn the pipe for v~rious engine ipoeds. Similarity between 
these records and thOse of figures 8 and 9 is evident. 
When speed and pipe length are varied together so aeto 
give a constant frequency ratio, the. result is a ~et of 
vory similar curves with amplitude increasing approxi~ately 
in ~roportion to the speed. Figure 12 is suOh a set of 
curves. · This ~uggests a plot of indicated me~n effective 
pressure agai nst freQuency rat i 0 for vari Qus Val uc s 0 f 
speed as shown in figure 13. The first peak of indicated 
mean effective pressure. which occurs at a frequoncy ratiO 
of approximately 3, decreases notably as speed increases; 
While the pe~k at 5 shows a ~uch smaller variation, not 
consistently in either ~irection. 

Effect of valve timing.~ ~he effect of the time of 
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inlet-closing on indicated mean effective pressure is il
lustrated in figu.res 4 and 5 which sho",! indicated mean ef
fective pressure against pipe length for various valve 
timings" It will be noted that late inlet-closing im~ 
proves the performance with long pipe lengths; while 
early closing is better for shorter pipe lengths, This 
is the tesult of later arrival of the pressure wave after 
bottom center which was noted in figure 8. figure 14 is 
a series of records taken with inlet olosing for best 
power in each Case. Note that the closing of the inlet 
valve 1s sli~htly ahead of ~he pressure peak in all Cases 
except with the shortest three pipes where the pressure 
peak is very close to bottom "center. This iB due to the 
effe¥t of piston motion. If a series of compression 
curves is plotted, starting with various inlet pressures 
at bottom center and these curves are superimposed upon 
t 11 e 11 res sur e "I ave in th e :pi p e, a :p 0 i n t 0 f tan g en c y i sob ... 
tained between one of the compression curves and the pres~ 
sure in the inlet pipe. ~rovided the inertia of the air 
in the valve is negligible~ this will be tho point at 
which tho valve must be closed in order to ontrap a maxi
mum quantity of air. Such compression cu.rves have beer! 
drawn in figure 14. ~he actual valve closing is somewhat 
later than the pOints of tangency because tha varve re .... 
quires a tinite time to oloso and is effectively cloSOQ 
somewhat earlior. The d1fforence botween actual closing 
and effective closing appears to be about 10° at 1600 rpm. 
This quantity would be expected to increase with speed, 
A direct oomparison of the preBsures in the cylinder and 
the pipe for different valve timings app~arB in figure 15. 
The curves marked "A" (fig. 15) indicate that a differenoe 
in timing may alter considerably the pres~ure in the pipe. 
In this case reverse flow induoed by the piston motion 
apparently reiniorcesthe presshre waves. 

Effect of inlet pipe diameter •• Figure 16 is a plot 
of indiCated mean effective pressure against inlet pipe 
length fOr a pipe approximately half the area of the pipe 
used in the oth~r tests. The suppression of the peaks df 
the Curve is notable in the case of the small diameter' 
:p ip e. 

Figure l? sho':JS the pre$sure waves in the small di
ameter pipe, for variOUS lengths. On comparing these 
't~ith :figure 8. it is noted that the amplitude is greater 
in the case of the small ~ipe and that' the pressure wave 
arrives later a{te~ bottom center. which ~n~~cates that 
~ later timing might be expected to give higher lndleated 
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mean effective pressure with the small pipe. Figure 18 is 
a direct comparison of the pressure in the pipe and the 
oylinder , for a small and a large pipe of the same length, 
The points noted here are evident in this figure~ 

APPARATUS Al1'D HETHOD 

Multicylinder Engine 

Additional experimental work was carried out to de
termine the effect of having several cylinders connected 
to the same inlet pipe~ ~he engine used for these tests 
WaG a six~cylinder Chrysler automobile engine, Engine 
data follOWS; 

Serial No. t •• ~ •• ~ • • • • • • • ... . G12l332 
J30re • " ... " .. .. .. .. .. ... It. 3 119 inches 
Stroke ....... It ... ' ...... l' .. ~ .. • • • • 4 3

/ .. inches 
Displacement (totai) . '. .. • • .. • .... 220 cubiC inohes 
Valve tirlling: 

Bxh aU stop ens. .. .." • .. • • • .. • 
Exhaust clOses • .. • • • ~ • • 
Inlet opens ..,... • • . • • • • 
Inlet closes .••• ~ ~ • _ •••••• 

· • 
~ · 
• .. 

· • 

40° 1'.:B.O. 
4° A.T.O. 
7° :s.~.O. 

55° A.B.O. 

The cylinders of this engine were manifolded together in 
two groups of three within the cylinder~block casting as 
shown in figure 19. One group of three cylinders was 

-separated from the other and was provided with separate 
inlet and; exhaust ao.nnectionSIt ~his gro·'Ull 'vas used merely 
as an air pump. the remaining group of three cylinders 
being used to supply power to ~perate the air pump (fig, 
20). Thus the three cylinders under inveetigation were 
motored with~ut firing. ~hey were arranged so that var
ious lengths of inlet pipe could be attached to the inlet 
Opening common to the three cylinders. The air exhausted 
by the three cyliriders was led to a receiver, and the flow 
(volu.me 'per unit time) t'la,s measured by an NAOARoot s type 
supercharger. This flow. corrected for temperature . was 
used to calCulate the volumetric effioiency. (Correction 
for pres$u~e was found ~nneGessary.) ~his method of test 
\Alas justified QY Hueller (reference 14), \.,ho ShO"lf~d that 
the ourve of volumetrio efficiency against pipe lerigth, 
obtaine~ ~y this metho~ on a $tng~e.cylinder engin~t was 
Vlmilar to the ~~rv~ of ind~cAte4 m~an effective p~eS$ur$ 
ag-a..inst pi)?e lEH1.gtll. wh~n. the ~I+gj.ne '''as tiring~ Th~ 
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Comparison of these curves taken from referen~e 14 is re· 
~rOduced in figure 21. Indicator diagram~ were made of 
the pressure in on~ ot th'e three motoring cyli",-nders. cino. 
in the inlet pipe, as n~ar as possible to the engine. . 

RESUL'rS 

Hu 1 t i cy~i It de r En gin e 

Curves o£volumetric efficiency against speed for 
various pip~ lengths, and of volumetric efficiency agains 
pipe length* for various speeds are reproduced in figure~ 
22 and 23. It is instructive to note that, while ·volumet" 
ric efficiency at low speed m~y be improved by . the use ~; . 
a long pipe, the improvem~nt is at the expenseo! volumet~ 
riQ efficienCY at high speed ~ Volum~triQ effieiency , a~ 
high speed '''as not improved 'by additionat {nlet pipe 
length. 

A study ' of the pipe pressure diagrams (fig. 24) re~ 
veals the interesting fac~ that all show the sa~e « fre-
qu~_ncf!~ the frequency of ~ the suctionstrok·es. 

Figure 25 showing ptessures in a 72~inch pipe for! < 

~arious spee~s indicates phase shift as expected from 
. theore 'tica,l c onsideratio+1s. 'rhe last diagram of this fig ..... '· 
ureshows the nigher modes ot: vibration of the air column' 
in the pipe beihg excited,&s wo~ld be expected~ 

OONCLUSI .Ol~S 

On the basis of the foregoing e,xperimental investi..,. 
gation~ the ' following eonolUsioris may ~e drawn! 

' 1. The 'pressure 1-'aves in the inlet pipe are of sui ... · 
ficient amplitude to affeot the charging proc~ss (and .. 
hence the mep) COnsiderably. ' . 

2. For a sitigle-cylinder engine running at 
frpeeQ., ' ther'e are three distinct opt:i.mum lengths 
;Pi ' v{i tl; · v.rb.'i ch the ' m ean~ f fee t i v 'e . 're s 's1i. t e fs 
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order of 15 to 20 percent higher thafi it is when no inlat 
pipe is used. These opt~mum -pip'e lengths are sli'ghtly , ' 
less than 30 c/N~ where c is the veloc'ity of sound in 
feet per second, 11 is ' the engine s::p e e d i nr e v 0 l-u t ).'0 n s 
per minute. and q is a, 4~ or 5. 

3. For a single-cylinder engine, a fixed pipe 
slightly less than 6 c/Nm, (where Rm, is the highest 
operating speed) gives a higher m~an effectiv~ pre~sur. 
than no inlet pipe, fQr all operating speeds, alth~ugh 
not as high as Can be obtained with ' pipe length adjust '~d' 
;for each speed. 

4 • For a g 1 v e n eng i 11 e s:p e e d an ¢l $. n 1 e t pip e len g-~h ;' 
full advant~ge of the pressure waves in ~he pipe can be 
obtained only by suitable inlet valve timing, especial~~ 
by proper choice of the time of i~let closing; longer ' 
pipes requiring later closing~ 

5. When three oylino.ers 'are connected to a 
pipe., the best volumetric efficiency at high 
tained with the minimum l~ngth of pipe. 

Massachusetts InBtitu~e of ~echnology~ 
Cambridge; Mass" January 1935 t 
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Figure 1. Experimental setup. 
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