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Tests were run on 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 mean
cffective pressure.

SUMMARY

Tests on the single-cylinder engince were madec at
various speeds, inlet valve timings, and inlet pipe
lLengthg, These tests indicated that the indicated mcan
c¢ffective pressure could be raisecd econsiderably at any
one speed by the use of a suitably long inlet pipe.
Tests at other speeds with this length of pipe showed
higher indicated moan effective pressure than with a very
short pipe, although not so high as could be obtained
with the pipe length adjusted for each speed, A general
relation was discovered between optimum time of inlet
valve cloging and pipe length: namely, that longer pipes
require later inlet valve closing in order to be fully
cffective,

Tests werc also made on three cylinders connecected to
o single pipe. With thig arrangement, increased volumet-
ric efficiency at low speed was oObtainable by using a
long pipe, but only with a sacrifice of volumetric effi-
ciency at high speed, Volumetric efficicney at high
speed was progressively lower as the pipe length was in-
creased.

INTRODUCTION

It has long been rocognized that the volumetric ef-
ficicney and hence the mean effee¢tive pressure of an in-
ternal combustion engine is affected by the dynamics of
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the inlet system, (See references 1 to 19,) The present
work was undertaken in order tc make a more systematic
and extensive investigation than had been made before,
and to attempt to devise a mathematical analysis which
would lead to a better understanding of the observed phe-
nomena, :

The work was done under the auspices of the National
Advisory Committee for Aeronautics, The experimental
work was done in the Sloan Automotive laboratory at the
Hassachusetts Institute of Technology under the supervi-
sion of Frofessor E, 8§, Taylor, A theoretical analysis of
this preblem may be found in'Item 4 of the Bibliography.

APPARATUS AND METHOD

Single~Cylinder Engine

The first part of the experimental work was done on
an NACA universal test engine {(bore 5 in,, stroke 7 in,)
equipped for variable valve timing (reference 20} Var-
iables were controlled as follows:

b RN R . e « o« &« B7«0ctane aviation gasoline
Compression ratio (all SR R L N T S
Cooling water temperature (all runs) . . . l?“o to 1850 F
Fael-air ratio (each run), . . , . . . .set for best power
Spark tining (each speeu). ol e il get Yer Besd power
Speesd ., . . Ul e ig B el 0] OO0 o 6 00 e

Inlet pipe length variable, by increments 9 to 247 inches
Inleot pive dianmebBr o o« 4 s s 9w v %« 2eBB 6T 1,88 inches
REVEL Palwd BB o s e ek ey e AR i neh
Fxhaust walwe lLdfE s =, B sy R e R e R S
Exhaust opening (25° B, 3, e e e
EXh?’lSt clOsing {050 A...a.c‘) I AT TR g7 S N e e LS o 250

{(Crank angles are measured from top dead center un-
less otherwise indicated,)

In order that the air flow should not be disturded
by the restriction of a carduretor venturi, fuel was in~
Jected directly into the eylinder for all tests,

Photographs of the general setup are given in figure
1, and a diagrammatic sketch in figure 2, (Further ex~
Perimental details will be found in reference 18. )
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One series of runs was made with a constant "standard"
inlet valve timing as follows:

Tuler opamia s 0BED Bm g Nl e e e L B
Talat glen e COGOC R R A s e el R

A further series was made at constant speed (1500
rpm) and variable inlet timing as follows:

Inlat epentan (46% #8015° g 0un. ) , i W B1BR R 545"
Iniet Blosine (152 BB R.B.G.) . . i 0w 3959 8e 2859

Measurements of torque were made for each run. Fric-
tion was estimated by the usual method, "motoring" at
several speeds, From the torque resulting from the addi-
tion of the measured torque to the motoring torque for
the same speed, the indicated mean effective pressure

(imep) was computed and plotted in figures 3 to 5,

In addition to0 the foregoing measurements, records
were taken of the pressure at the valve end of the inlet
pipe for all tests. In later tests where the valve timing
was varied, records also were taken of pressure in the
cylinder, These measurements were made by means of the
M.I,7, indicator (reference 21), 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-
ferent cylinder heads of the same design were used. The
data for the curve marked "Head 1" was taken in one con-
tinuous run; while each observation for the curve marked
"Head 2" was taken on a differént day. :

RESULTS

Single~Cylinder Engine

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

W=£7V, p, B £3)

where
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W mass Oof air taken in per unit time

T numnber of suction strokes per unit time
Vd piston displacement of one cylinder
asverage inlet air density

B volunmetric efficiency

Volumetric efficiency could be computed from a meas=
urement of air quantity in addition to the ordinary meas=
urements of speed, inlet pressure, and temperature; but
in this work it was desirable to avoid the measurement of
air, because the presence of meters or orifices would dis=-
turd the dynamics of the inlet system, On asccount of this
difficulty, and since only relative values were reguired,
it was decided to estimate the quantity of air from the

mwower measurement, The indicated horsepowers= 778 (W) (4) (n)

A 5500 % 60 K60
where W is the mass of air consumed per hour, H 4is the
heating value of unit mass of air, and 1N 1is the, indicated
thermal efficiency based on air; H and N are substan-
tially constant since spark and fuel rate were adjusted for
best power, Under these conditions ¥ is proportional to
indicated horsepower, From this relation it fellows that
volumetric efficiency is proportional to indicated mean
pressure.

Effect of pipe length.» Varying the length of the in=-

let pipe at constant speed results in curves of indicated
mean effective pressure against -pipe length, as shown in
figures 3, 4, and 5, ZEssential characteristics of these
curves ared ]

1. A gradually rising mean effective pressure as pipe
length is increased from as short as possidble
to a length which gives a fresquency ratio* of,
slightly more than 6

*The "frequency ratio" here introduced is defined as
the ratio of inlet pipe frequency to valve frequency {(in-
let pipe frequoency being the fundamental frequency of the
alr column in the inlet pipe when the valve is closecd and
valve frequency being half the engine crankshaft frequen-
¢y). Thus this frequency ratio is inversely proportional
to the product of intake 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 in the pipe
{near the inlet valve) and in the cylinder, at 1600 rpm,
Pipe length is the single znuepandent variabdle.

cz

Essential characteristics of the pressure in the
are:

3
[e
)

(¢)

1, Gradually increasing amplitude of the pressure
waves as pipe length is increased

2, Occurrence of a pressure peak nesar the time of
inlet OLOSLﬂg, arriving later as the length
of pipe is increased

‘Phe cylinder pressure records of figure 8 show an
intecresting pressure minimum during the suction stroke,
which moves to the right (i,e.,, comes later in the stroke)
as pipe length is ingreased, until the number of pressure
waves per engine cyecle changecs, Waen this occurs, the
point of minimum pressure returns to approximately its
original ¢rank angle and again starts moving to the right
as the pipe length is increased.,

Figure 9 is a set of pressure records taken from the
inlet pipe at 1220 rpm,

Effect of speed.- Figures 10 and 11 show the pressure
in the pipe for various engine speeds., Similarity between
these records and those of figures 8 and 9 is evident.
When speed and pipe length are varied together so as to
give a constant frequeney ratio, the result is a set of
very similar curves with amplitude increasing approximately
in proportion to the speed. Figure 12 is such a set of
¢urves, -This suggests a plot of indicated mean effective
pressure against frequency ratio for various values of

eced as shown in figure 13, The first peak of indicated
mean effective pressure, which occurs at a frequency ratio
of approximately 3, decreases notably as spced incrcases;
while the peak at 5 shows a much smaller variation, not
consistently in either direction,

Effect of wvalve timing,- The effect of the time of
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inlet«closing on indicated mean effective pressure is il-
lustrated in figures 4 and 5 which show indicated mean ef-
fective pressure against pipe length for various valve
timings. I% 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 result of later arrival of the pressure wave after
bottom center which was noted in figure 8, TFigure 14 is

a series of records taken with inlet closing for best
power in each case, Note that the closing of the inlet
valve is slightly ahead of the pressure peak in all cases
except with the shortest three pipes where the pressure
peak is very close to bottom'center, This is due to the
effect 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
the pressure wave in the pipe, a point of tangency is odb-
tained between one of the compression curves and the pres~
sure in the inlet pipe. Provided the inertia of the air
in the valve is negligible, this will bde the point at
which the valve must be closed in order to entrap a maxi-
mum quantity of air. Such compression curves have been
drawn ian figure 14, The actual valve closing is somewhat
later than the points of tangency because the valve re-
guires a finite time to closc and is effectively closed
somewhat earlier, The differcnce between actual closing
and effective ctlosing appears to be about 10° at 1600 rpm.
This quantity would be expected to increase with speed,

A direct c¢omparison of the pressures in the cylinder and
the pipe for different valve timings appears in figure 15.
The ¢urves marked "AY (fig, 15) indicate that a difference
in timing may alter consideradbly the pressure in the pipe.
In this case reverse flow indueced by the piston motion
apparently reinforces the pressure wavess

" 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 other tests, The suppression of the peaks of
the curve is netable in the case of the small diameter
pipe.

Figure 17 shows the pressure waves in the small di-
emeter pipe, for various lengths, On comparing these
with figure 8, it is noted that the amplitude is greater
in the case of the small pipe and that the pressure wave
arrives later after bottom center, which indicates that
a later timing might be expected to give higher indicated



NACA TN No, 935 7

mean effective pressure with the small pipe, PFigure 18 is
a direct comparison of the pressure in the pipe and the
cylinder for a small and a large pipe of the same length,
The points noted here are evident in this figure,

APPARATUS AND I{ETHOD

Multicylinder Engine

Additional experimental work was carried out to de-
termine the effsesct of having several cylinders connected
to the same inlet pipe. The engine used for thesge tests
was & six-cylinder Chrysler automobile engine, Engine
dats follows:

Serial Noo * F 2 . e el . e e e & % s = ® PN L G’lglssg

.
Biew e e BRSO e R e B R e
Strﬁke [} L £ ] * L ] & L] - L] ® - . * L /3/4 inchss
Displacement (total) e R 220 cubie inches

Valve timing:
Xha;ust opens‘ L ] ® . L L . ® L ® * L ] L & L] 400 B'B.G‘

EXhauSt 010568 & L] 3 * ® L e L4 - . v » € - 40 AQTOOO
Inlet Opens * ® * * * é - @ L] [ * . L3 ® . 70 EOTOGi
Inlet ClOSeS = * ® [ 3 (% * 2 ® L L] L) L] e = L] 550 AiBIG.

The cylinders of this engine were manifolded together in
two groups of three within the eylinder-block casting as
gshown in figure 19, One group of three cylinders was
separated from the other and was provided with separats
inlet and exhaust connections, This group was used merely
as an air pump, the remaining group of three cylinders
being used to supply power %o operate the air pump (fig,
20), Thus the three cylinders under investigation were
motored without firing, They were arranged so that var-
ious lengths of inlet pipe c¢ould be attached to the inlet
opening common to the three cylinders. The air exhausted
by the three cylinders was led to a receiver, and the flow
(volume per unit time) was measured by an NACA Roots type
supercharger, This flow, corrected for temperature, was
used to calculate the volumetric efficiency. (Correction
for pressure was found unnecessary.,) This method of test
was justified by Mueller (reference 14), who showed that
the curve of volumetric efficiency against pipe length,
obtained by this method on a single~cylinder engine, was
similar to the curve of indicated mean effective pressure
against pipe length when the engine was firing., The
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comparison of these curves taken from reference 14 is re~
produced in figure 21, Indicator diagrams were made of
the pressure in one of the three motoring cylinders, and
in the inlet pipe, as near as possible to the engine,

RESULTS

Multicylinder EBngine

Curves of volumetric efficiency against speed for
various pipe lengths, and of volumetric efficiency against
pipe length* for various speeds are reproduced in figures
22 and 23, It is instructive to note that, while volumet-
ric efficiency at low speed may be improved by the use of
a long pipe, the improvement is at the expense of volumet-
riec efficiency at high gpeed, Volumetric efficiency at
high speed was not improved by additional inlet pipe
length, ' ' )

A study of the pipe pressure diagrams {fig. §4) re-
veals the interesting fact that all show the same fre-

quency, the frequency of the suction strokes.

Figure 25 showing pressures in a 72-inch pipe for
various speeds indicates phase shift as expected from
theoretical considerations, The last diagram of this fig-
ure shows the higher modes of vibration of the air column
in the pipe veing excited, as would be expected.

CONCLUSIONS

On the basis of the foregoing experimental investi-
gatiQn3 the following conclusions may be drawn:

1, The pressure waves in the inlet pipe are of suf-
ficient amplitude to affect the charging process (and
hence the mep) considerably.,

2, For a single-cylinder engine running at a given
speed, there are three distinct optimum lengths of inlet
pipe, with which the mean effective pressure is of the

#Mpjpe length? for the muiticylindefvéngine is méas
ured from the flange on the eylinder dlock,
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order of 15 to 20 percent higher than it is when no inlet
pipe is used. These optimum.pipe lengths are slightly
less than 30 ¢/Nq where ¢ 1is the velocity of sound in
feet per second, N is the engine speed in revolutions
rer minute, and ¢q 1is 3, 4, or 5.

3. For a single~cylinder engine, a fixed plpe length'
slightly less than 6 c¢/N, (where ¥, is the highest

operating speed) gives a higher mean effective pressure
than no inlet pipe, for all operating speeds, although
not as high as can be obtalned with pipe length adjusted
for each speed,

4, For a given engine speed and inlet pipe length,
full advantage of the pressure waves in the pipe can be
obtained only by suitable inlet valve timing, especially
by proper choice of the time of inlet clOSing, longer
Pipes requiring later c¢losing,

5« When three ¢ylinders are connected to a single
pipe, the best volumetric efficiency at high speed is ob-
tained with the minimum 1ength of pipe,

Massachusetts Institute of Technology,
Cambridge, Mass,, January 1938,
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Figure 1. Experimental setup.
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Figure 6.— Typical indicator cards.
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INDICATED MEAN EFFECTIVE PRESSURE, LB /SQ IN.
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NACA TN No. 935 Fig. 22
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