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INTRODTCTION.

0n¢ uf tha easaﬂtlal features of e hlgh Spaed internsal
,combustion engine ia that of ailant oyeratzan, and the
suppreasion of exhaust noise is therefore of the utmost
importance. Before auy remedy can be applied it is obviously
é;éaééﬁry_ﬁo.ascertaih the fundemental conditions underlying
thé causes of exhaust noises, and with this in view the follow-
| ing seriss»of investigations on a high speed petrol engine

were undertaken,

The:scheme of experiments entailed in the first
instance the design and application of a special type of
indieator:to ascertein the pressures in the exhsust pipe
at high-engine speeds. After this apparatus was tested
out and proved reliasble & large number of experimental
pressure tests were made, first on a motor car engine using
only one ecylinder, and then on a specially equipped single
cylinder motor cyele J.A.P. engine. The investigations
were earried out on various lengths of open pipe with and
without .silengers. -

. wOther experiments were made on sound production by
the -engine, and on the effectiveness of its suppression by
the various types of silencer employed.

The results of these two series of experiments are
dealt with conjointly in the latter part of the discussion,
- The details of the special pieces of experimental

apparatus which were found to be necessary as the work

progressed were all designed and partly made by the writer.



SHOTION I.

PRELIMINARY INVESTIGATION OF THE EXUAUST PRESSURE
CONDITIONS OBTAIWING I A STAUDARD PETROL ENGINE.

As the writer was unaware of eny special experimental
work in this field he decided to carry out certain preliminery
experiments on an existing engine using s simple apperatus.
The only engine availeble in the Laboratory was a disused six
cylinder car engine of aboui 8,400 c.c. capacity. The
cylinders were in separate blocks of two each with one
branch of the inlet manifold feeding the two cylinders.

Each eylin&er had a‘separate exhaust flangé. See Drg. 1.

The cylinder at the end near the starting handle was used
for the test. The exhsust from the other eylinder in the
same blook was led in 2 lony pipe outside the building.

The other four cylinders were not used and éonaeqaenﬁly
acted as & brake. An attempl was made to regulste the
engine speed by means of a Prony brake on the flywheel

but this was not a success. is the carburetior belonging
to the engine was much too big for two cylinders a moter
mlt mbumtter was substituted. The top desd centre of
the warking pintan was merked on the ciraumferanaa of the
flyubtcl and was faunﬂ a8 fallowa:~ A vartiaal yieea at




| | ‘4<ubbd"(h) rig. 1. was set on
. h}ﬁf"'vfi S ithé'tOP‘of the valve cover
“oll 1 7 port end a bell crank (b)
o was hinged to the bottom
of (&) so that one end

touched the top of the

piston, and when the latter

was moved over the T.D.C.
the vertical arm of the
bell crank magnified this

W motion.  The exact

position of the T.D.C. was
thus es#ily obteined. The point at which the exhaust valve
began to open was also merked on the flywheel. The rate of
opening was found to be comparatively slow. The valve was
small and the compression of the engine was low, so that

the exhaust was not so noisy as that of more modern engines.

. THR_PRESSURE INDICATOR.

= For small pressures at high speeds the ordinary piston
indicator is quite unsuited on account of the inertie
forées which are great in comparison with the gas pressures.
The foiiquing simple device was tried out and found to be
auffieiﬁntly accurate for the immediate purpose o£ the
experimsnts. The name given to it is the SinglaéPoint
Indicaﬁar to distinguish it from the later design called
the Multi-Point Indicator. See Beg. 2. It oonsists

essentially of a oock, the centre or journal (1) of which

is screwed on the projecting end of the engine cam shaft,



and rotates, while the body (2) of the cock.is held in any
aasined posltlon. Ths tube (3) oonnects the centre of the
gook with the . exhaﬁst pipe. Thrgg_l/le dia. ‘holes ave
drilled thraugh the body and janrnal of the cock 80 that
while the JOHPnal turns through e small angle gas under
pressure can pass £rom the exhaust pipe to a manometer.
After a few revolutions the pressure recorded by the
manometer for this particular point in the exhaust stroke
bggpmggqunstant.; The body of the cock can be angularly
adjﬁ#ﬁgdzénd'thépreasures fdundvfdr a number ofypaints in
the éﬁéiﬂ; cyule. A,completa curve of pressures for any

asirea part of the engine cycle can then be drawn.

e aimilar scheme has been developea by other inves~ o
tigators for other purposes, but the writer was not aware
ef thxs when he designed the above apparatua. | -
A 1arge size scale of angles (4), Fig. 2, was fixed
to the front of the engine, each degree reading two degrees

sinee the camshaft rotates at half angina speed. It was
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not possible to get & complete circle of this scale, so the
arn (5), giving the position of the indicator, was made free
to rotate on the indicator, and could be clamped to a

disc (8) soldered to the body (2). The method was to turn
the indieator by the arm through 240% on the scale (4), then
to slacken the clamp and, holding the indicator in this
position to put the arm back to the zero (i.6s60°) and
clamp it again. Vhen this was done twice the engine had
turned through 3 % 240° = 720° or two revolutions. This
was pather a hindrance but it could not be avoided.

The exhaust system to be tested could be screwed or
clamped to the end of the exhaust stub. A small pipe was
led frem the cooling system to drip on the indicator cock and
‘prevent heat travelling down the copper pipe to the
‘{ndicator. The first experiments with this indicator were
performed for the purpose of getting a general knowledge of
pressure conditions rather than as part of any complete
“test.

The curves of pressure are shown in sheets 1, 2, 3 and
4, and are all plotted on a base of crank angles. Since

the speed of the engine is known the base also serves as a
time scale. |

DESCRIPTION OF EXPFRIMENTS AND DEDUCTIONS FRQM THE CURVES.

© Curve No.l.is the result of the first attempt st using the

indicator. Points wers taken only'4° apart, but this was
much closer than was necessary. Afterwards the practice
was to take two or three points on the crest of a wave and

one at zero, or rather at atmospheric, pressure.
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Curves ﬁo.2 A aﬂﬂ B obtaineé from the seme open pipe

at dsz@rent awaeds gava %ke impressian that the o
frequency of the pressure waves was indepenaent of tha
engine anea&. The two eurvas were plﬁtted on the seme
time bese, see fos. 2. & and c, an& might 4&ve‘cainci&¢d
if 2. A had been regular,

Curves Nlos. 3. and 4. are taken for the full two cycles

of the engine; Curve Ho.t. is irregular as regapds
yvessﬁra,vbut,it has the same average frequenecy as iic.3.
of 50 waves per second.

'Conaiaering the exhaust pipe aé an organ pipe closed
at one ané and open at the other the wave length is four
times the pipe 1ength and is equal to the velocity of
8ound aiv1éeé by the frequency. TFor the pipe 6'-5" long
having s frequency shown by the eurves éf 50 waves/sec.
the veiocitv of sound in the gas = 675 x 4 x 50 = 1350
ftﬁ/één. This velevlty is azseussed later in the sectloﬁ
on Sound. For the present it is @uffxcxent to gonclude
thafythé wave motion in an exheust system is in accordance

!ith ardznarv acaustlc phenomena.
The twa silencers tested were the Jowarth and the
Carbjectar. They are described on pages 46-7.
| Thﬂ Gurves Ios, © and 6, Sheet 2, obtaaned by using

thcm en the end of a long pipe are remarkably similar to

one snnthar. which is at first sight surprising since the
congtgugtion of the two silencers is entirely different.

Also the_igitigl pressure at B, D. C. is almost the same

f°ritﬁ9/5;f§! 9 in@hrpipe when it is open and when a -
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silencer is attached to the end.  The resson for this
wes not: fully understood at this time, and the explanation
is held: over till:later, see pages - 3&-40 4/-2.

~© - In Curve No.3. the first pressure wave starting
ghom the cylinder ‘goes to the open end of the pipe and
is reflected as 8 negative wave, but when the silencer
is attached, Curve Ho.5, the ypressure wave is reflected
from the silencer as another pressure wave which appears
at ;A'. The pipe in this case behaves like an organ
pipe‘cloaed at both ends although the silencer is not
quite the same thing as & closed end. The silencers
have s strong damping effect on the vibrations.

Curves Nos. 7 and 8, Sheet 3, taken with the Howarth

silenser attached direct to the exhaust stub give ourves
somewhat similar to No.5." Thévﬁowarth has an ejector
device which is supposed to help out the exhaust gases,
and in order to see if this had much effect the silencer
was tested first in the normal position and then with the
ends reversed so that the gas was flowing the wrong way.

‘cupves Nos. 9. A and B show that there is a smaller

initial pressure with the silencer reversed and that the
period of the waves is longer than with-ﬁhe silencer in the
normal position. = This test was repeated with the new
engine and the results are discussed later.  This applies
alge té the next sxperiment in which the two silencers
‘are used in series, Curves Nos. 10. A snd B.

Curves Nos, 11, 12, and 13 are intended to show the
effect of the addition of a single baffle plate to the

end of an open pipe.
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.The baffle consisted of a disc (a), Fig. 3, of
shest sgteel fitted in & cironlar box (b) which could
be slipped ‘on the end:of the exhaust pipe (o) while
the engine was running. The gas passages at points
1, 2 and 3 had the same oross sectional area as that

of the exhaust pipe.

mall
C 077;ﬁif§2
| la

One curve was taken with the baffle in plnoa'anﬂ another
without the baffle. The exhaust pipe in this case was
1 5/g" die. and 4 ft. 9 ins. long.

‘The first notable feature of the curves is that
the maxinum pressure at B. D. C. is not increased by the
presence of the beffle. This is the same phenomenon
that was observed in the case of the silencer curves, and
is discussed on pages 40-42. . The baffle does
not influence the frequency of the waves but it has s

1 considersble damping effect on them. |
- THROTTLED EXHAUST.
.g It is sometimes steted that throttling the exhaust

éunﬂér certain conditions increases the power of an
geﬁglna;h Tt was not possible to observe the power

f i
{ L
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yariation of this engine, but curves of exheust pressure
were taken for two degrees of throttling. A flange (a),
Fig. 4, mi a¢pgw9&.,ap the exhaust stub, and a flange (b)
could be bolted to it. This flange (b) had a central

hole the area of which for Curve No. 14. was a quarter

of the area of the pipe, and for Curve No. 15. A was half

- the ares of the pipe.

»’l’ha throttling increaaes the initial maximum pressure end
stops ‘the wave motion, whigh latter ni‘fect would be
b»e‘n»efiivcial in ‘cas"es" wheée the i%aw due to an -apenp_ipo
.was sbove atmospheric pressure at T. D. C.

EXPANDING PIPES.

Txhaust pipes have often been made funnel shaped
with & view to getting a Venturi effect as in the case
of the flow of water.

To test this theory two funnels were made, one
having an expension ratio of 1 to 4 snd the other 1 to 8.
Thai wére tested in comparison with a parsllel pipe of the

‘1’ same length, sse Curves Nos. 16. A, B and C.
There is very little difference between the Curves

B and C for the funnels. Both have a smaller initial
maximum pressure than the parallel pipe. It would not
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seem that tapering an exhaust pipa is of any value.
. An experiment performed with this engina in con-
o nection with the noise problsm belongs really to the

- section on Sounﬂ, but it will be more convenient to deal

- with this experiment now.
| Certain phenomena had suggested the idea that the
explosive noise of the exhaust was produced only during
~ the first stage of the exhaust valve opening, and that
- if the gases during this period were led to a silencer
it:ahﬁula be possible to by-pass the gasos‘diract to the
atmosphere during the remainder of the exhaust stroke
withaut #ny increase of noise.
. In or&or to &emonstrata ‘the truth of this a
:ﬁ? pecxal piston valve was made which directed the gases
to a silencar during the first part of the exhaust
- stroke, anﬁ then uncovered a pert allowing the gases

£ggg,pgasagq to atmosphere. The ﬁrrangement is shown

... disgranmatically in Fige 5.

Fig. 5.



A oylinder (a) is attached to the exhaust stub and the
piaton (b) is driven by & crank (¢) an a countershaft (d)
waich is connected by a chain drive to the engine and runs
at engine speed. When moving out the pision uncovers
first the port (e) leading to a silencer, and secondly
the port (f) which may be open to the atmosphere or may
be shut by a cover (g).  The details of the apparatus
are shown in Drg. No.3, end the arrangement on the engine
in Drg. No.4.

FIRST EXPERIMENT.

The object was the loeating of the noisy period of
the exhaust.,

The piston valve was timed in suech a way that it
began to open the port to the silencer at the same
instent that the exhaust valve began to open. The port
to the silencer was full open when the engine orank was
10° past B.D.C. Then the piston valve began to open
the port to atmosphere, and this port remained open
during the rest of the exhaust stroke. This port could
be closed by s quickly detachable cover which is not
shown. The experiment consisted in alternstely putting
on and taking off the cover of the port to atmosphere to
see if there was any difference in the noise. The
ineresse in noise when the cover was off was very slight.
Also it was evident that the first puff of gas was going
through the silencer, from which it follows that the
pressure in the engine cylinder was reduced nearly to
atmospherie by the time the engine piston was past B. D, C.

From this experiment it would appeer that an engine



may be silenced by putting

¢ the first vortion of the
exhaust gases tnrough a silencer, an& allﬂwing .he latter
portion of the geses to go direct to fhe atm@&pbere.
Yhis would ovafaam@ aav‘obgecflon to a sllencer on tbe
gcore of bac
driven ﬁV‘%h%

1 -

oressure, but it would neeessltate a valve

JEOETTT
NSRRI

&31&&, dﬂé thio would certainlv be 8 st?eny
orjection to the sc&eme.
SR o ?}J{Puﬁ IM 1351 . | /

Pressure effeets with the Piston Valve in use.

1,0

The indicator was used to obtain pressure curves for
he fwo oconditi
ot closed.,

tions (1) Port 'g* to atmoéphere open; (2) Port

Curve Ko.l7, for condition (1) shows a considerable

drop below atmospheric pressure after the port to atmoa-
phere is Open.

ne latter part of the curve is the same
as would be ohtalned if there were no silencer or niston.
o Lurve 10,

Delte for zonuition {(2) i3 sowewhst similer
at first, but after ihe ini'i:

ial rise and
hero is anoiher pressure wav:
[#%]

vavava

hig

all in nressure
3 dies out

reflected from the silencer.
wi does not vibrate as in Curve No,l17.

It might be possible to arrange matters so that the
trop below atnng >herxc vressure, as in Curve Veo,17,

occurred when the exhaust velve wes e¢lesing et T. D. C.
which would give better seavenging than iz possible with
the air port closed,

Fur ther speculation in this matter

vouid not be of any use as conditions in the J.i.P. engine
were found to he quite different.

THILD BAPURINEWT,
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| Thia investn_gation wes suggestad by an expemment
| whlch had been performe& by tha writer some years before.
The angine used then was & small 13 H.P. motor cycle
?angine which had & very aarly oyening exhaust valve.
"i‘he exhsust note had a very sharp "orackle” and was very
suita.ble for testing silencing schemes. The following

devioe was very successful

] O OO IO T T T T T e o o e e e ]
O L\ G O oooqoocoo00 S i
cCoCepe LR -

Fig. 6. ' .
A number of holes were drilled in the exhaust pipe (a),

.and & very light wooden plunger (b) was forced into the
~ .pipe by & piece of elastic (o). The plunger covered the
- holes when full in. When the exhaust valve opened the
first rush of gas pushed the piston back and uncovered
the holes. This did not eppear to affect the running of
the engine. The "crackle” was entirely eliminated, and
a -wiy@valighi puff wes heard. This appeared to be due
- te the faoct that there was no opening to atmosphere at
the instent when the explosive effect of the gas entering
~ the pipe set up violent sound waves. |
A similar scheme was tried on an engine of about
three times the oylinder capacity of the small one, but
 the same result could not be reproduced.
~ When the noise mede by & large engine hed been
~studied for some time it became evident that while the
"orackle" or explosive bang was the main feature there

was another component, nsmely s hiss similar to that of
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eampnaﬁged_airvescaping through a;nqaz;e, yxtiis_shewn
in the segtion on Sound thatJ;hiaigs a very igpcrtant
tggtor; _In the small engine the higsiis not so
merked, and its absence probably accouﬁts for the
- success of the plunger method in this case.
In order to get more conclusive evidence as to

the possibility of preventing the "bang” without the
assistance of a silencer the piston vaelve apparatus was
employed. No silencer was used and,both_pcrts‘#.analf’
were open to atmosphere. The piston velve was timed to
begin opening the first port when the engine piston was
et B. D. C., thus preventing any connection between the
exhsust gases and the atmosphere till the noisy stage
wes pesrly past. This did eliminete most of the "bang",
but the "hiss" was very pronounced. The "hiss” appeared
to be made at the piston valve openings, so it would be
necessary to design a special form of piston or valve
which would allow a quieter exit of gas. =~ .

=i, On the whole it did not seem likely from this
experiment thet it would be possible to get a really.

quist exhaust without some type of silencer. |
... A ecurve of pressure No.l0. was also taken during
the above experiment. |
w »¥he initiel rise in pressure is not followed by & . -
drop below stmospheric as in most other cases, There is
& gradusl decrease in pressure accompanied by a wave
motion but all abovs,ahmosPherio..,‘Ths,schﬁme,;therefore,

does not tend to improve scavenging.

No fuﬁther use was made of the Piston Valve
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Apparatus ‘a8 it was felt that experiments on similar
¥iney might be carried out with more profit on the
J.&,P, engine. ' Thim ‘eoncludes the record of the work -

carried out on the car engine,

CONCIUSIONS DRAWK FROH WORK ON THE CAR BHGINE.

1. A pressure detecting device such as the Single Point
Indicator is suiteble for use on an exhaust system of an
engine running at speeds of 3500 r.p.m., and it would
grabibiy be satisfactory at much higher speeds.

Ze. The pressures existing in a long exhaust pipe are
almqst;aatirely due to wave motion'eausad by the inter-
nittent neturs of the discharge into the pipe.

" The frequency of this wave motion is s function of
the length of the pipe and of the velocity of sound in the
gas, and is independent of the engine syeed.

do In the case of a long exhaust pipe the initial ,
.maximum pressure in the pipe near the exhaust valve is not
-affected by the addition of a silencer or baffling device
‘8t the end of the pipe. Placed in such & position
sileneers of the two particular types used appear to sct
‘simply a8 wave reflectors. They allow the gases a fairly
free passage, and consequently their silencing offect lies in
their -ability to refleot sound waves rather than to allow
‘& gredual expansion whieh is the claim made for them.

4., Expanding pipes appesar to have no effect either in

reducing noise or in producing a suction.




5.if%hd:nature‘0£:thefexhauat»noiaetia,aomplicate& but
oan be resolved into two main elements: (&) a "bang" or
“impact" noise due to sudden rise of pressure in the pipe
when the exhaust valve is opened, (b) & "hiss" produced
by the gases rushing at a high velecity through the valve
passages.

If has not been possible to estimate the relative ‘
importance of these two components. In the cese of small | j
high speed engines the "hiss" is not so noticeable as in the
case of larger engines where the period of valve opening is
longer.

6. A mechanically operated valve to direct the gases into

& silencer during the first part of the exhaust stroke and

afterwards to bye-pass them directly to the atmosphere may
be a possible soiution. It has the disadvantage, however, %
of requiring moving parts.

7. 211 manufacturers of Commercial Silencers claim that
these silencers give no back pressure. This claim is based
~on the fact that in certain tests the addition of a silencer
to an open pipe did not result in a loss of power or in a
higher average pressure in the exhaust pipe. The curves
taken with the writer's Single Point Indicator show thet an
average back pressure gives no definite information about the
actual variation of pressure during the exhaust stroke. The
addition of a silencer may in some cases decrease the
pressure at the importent point in the cycle, viz., the
T. D. Cop and may thus give the impression that the silencer

is having an ejector effect., The phenomenon appears to be



/6.

due not to any ejector astion but to the timing of the

pressure wave which is reflected from the silencer.
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SECTION II.

WORK CARRIED OUT ON THE J.A.P. ENGINE.

- D P S W A A A B o ﬂn"ﬂ-—ﬁl-‘nnﬂﬂnud - o

SELECTION OF NEW ENGINE.

In order to bring in all the factors of noise,

pressure, power and speed the most suitable type of

 engine was a single cylinder overhead valve, high com-
pression, motor cycle engine of about 500 c.c. capacity.
But all engines of this type ar:}gcoled and watercooling
was absolutely necessary. A compromise was effected by
using a watercooled side valve oylinder which belonged to
& twin-oylinder engine, with the orank-case of « single
oylinder air cooled engine.

This engine, although not intended for very high
speeds, gives maximum power at about 3200 r.p.m. and can
be run to over 4000 r.p.m. The valves are large and |
fairly quick opening, and the exheust makes a comparative-
1y loud noise.

The bore and stroke are 85+7 and 85 m.m., giving a
stroke volume of 490 c.c.

The compression ratio was said to be 5& to 1, but
when this was tested it was found to be 4% to 1. A
plaster cast of the clearance volume wes taken to see
what possibilities there were of raising the compression.
The engine was returned to iessrs J.A. Prestwich who fitted
s longer con. rod; see Fig. 7., which, they said, gave &
compression ratio of 5¢7 to 1. It was found to be 5% to
1 which was high enough.

4 Heenan and Froude Hydrsulic Brake was used for
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" méssuring the power. This brake was intended for powers
“up '¥6°100 H.P., and very fine resdings at the power of
""this ehgine (about 10 H.P.) were not expscted, but as will
" 'be mentioned later, the brake proved to be quite sensitive.
"“An examination of the Power Curve of the brake showed that
o peduction of speed of 2 to 1 between the engine and the
" brake would be required. This reduction was taken
 ‘advantage of in designing the starting device.
CGUNTERSHhrT

In order to facilitate driving the Indieator and

" ‘any ‘other ‘apparatus that might be found necessary, s
 ¢ountePAheft running at engine spesed was interposed between

*“the'efigine and brake, See Drawing No.5. It is carried

S Skefka Self-aligning Ball Bearings the housings of
whiah ;can be movad horiaantally for purposes of chain
alignmaut. For various x'easona ths counterahaft had to
be in fx'on'.c“ of the engine and t‘ne bra.ke behmd giving
an inceﬁwniantly 1ang uhain &rivc,, Owing to the jerky
nature of pmfer éeli#ery it wu avidant that .a jockey
mlley would ‘ ave ta{?bo%' ad about the middle of the

drive.

aul oi ‘whip in the chain at low speeds. Thevonly way
-~ to keep the chain from jumping the pulleys is to have it
" pretty tight. Plain pulleys were used at first but these
" were very noisy and wore quickly and were replaced by chain
- gprockets. ok o | |
STARTING DEVICE. See Drawing No.68.

This type of engine is usually started by a kiek
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starter on the gearbox. This arrangement not being
possible here the most convenient one was a hand starter
on'‘the brake spind‘le; A blind flange (1) with a centre
cateh stud (2) was bolted to the brake shaft coupling
flange (8).. The starting handle clutch end (4), was
slipped oi}er this stu‘d',‘ and it simply dropped off when the
engine started.  As it is not possible to pull an engine of
this size over compression with a full charge of gas an
exhanst valve lifter worked by a Bdmien 'ﬁir’é is supplied
with the engine. Tt is difficult to work this by hand

and ‘drop 4t ‘&t the right ‘*mm«;, 86 o oam (6) was bolted

to “the skarting handle clutch which Operated a lever (6),
and pulled “#he Bowden wire, the best duration of the openmg,

of ‘the exhaust valve being found by eXperment.

/—’:’fr‘ﬁﬂﬁ/c:EMEA/T 0/— f/‘/f'//‘/f & 5/?4/:’5
Some difficulty was at firat exparienoed in starting the engine

owing ‘to tho B. & B. earburetter not giving 2 rieh mixture ot

low speeds. fos lpoeial jet was mado by altering tho existing
slow i’ﬁnﬁing ‘je@ 80 that when it ia fully opened a

LTI 1%,
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proper spray mixture is inhaled by the engine. As soon
as the engine fires this jet is shut down, and the
carburettor functions normally., This arrangement works
very well.

LUBRICATION.

There was no oil pump on the engine, so a gravity
feed was arranged with the tank suspended from the roof.
A drip sight feed was used to regulate the supply.
PISTON POSITION AND CRANK SHAFT ANGLE INDICATCR.,

There was no outside flywheel or other convenient
rotating pert for marking the angles through which the
angine turnad;

A pointer (1), see Drawing No,7, was jemmed between

the driving sprocket and the flange against which the
sprocket screws. It wes not possible to fix this exactly
in any position, so the disc (2) marked in degrees, was
nade adjustable, and when the Top Dead Centre was found
(by method, peZ ) the diso was turned to the correct
position and olmztped thare. e
RUNMING IN OF THE ENOINE,
The piaton anﬂ bearings were not tight, but it was

advisable to run thc engino euaily for some time before
putting it en full lon& at tap speed. This was dona, and
g the eylinder'"ﬁ -fhtn taknn off and examined for high
| spots. Neith r,thc piston nor the eylinder required

T; gh, rangs had taknu.np s good polish,

_ The valves a) "s compression was

After periods of running on full throttle the
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engine would begin to run irregularly end sometimes stop
or else settle down to a slow speed. This was puzzling
as there was no lkmock, but on one occasion it was noticed
thet the exhaust was cool which showed that preignition
was taking place. This was proved by switching off the
magneto and the engine continued to run. A better plug
was tried with no improvement. The flow of cooling water
was increased till the body of the engine was quite cold,
but the part round the valves remained hot, and steum was
_being formed., There was nothing to induce a quicker
flow in this part, and after trying various expedients
the core plugs were bored out and connected to the cold

water supply, see Fig. 9, while the standard inlet con-

nection was throttled. The exhaust valve cep was also
watercooled, but the plug still got very hot and pre-
ignition continued. Finally a very cool plug - a Lodge
Aero - was tried, and this cured the preignitiom. The
cylindﬁr head is very bad for high compression being very
shallow and extensive, see previous Fig. 7, p. &/7.

The ignition could not be advanced more than 15° at

1000 »,p.m., and 20° at 8000 r.p.m., which is an unusually
_small advance, and probably accounts for the drop in

, power occurring soon efter 3000 revolutions. An engine
fs_é of this size with big valves should develop maximum power
f % ~ at about 4000 r.p.m.

| fHE MULTI-POINT INDIGATGR.

% ; The greet dissdvantage of the Single-Point Indicator
? previously described was the length of time required to take
A ; s full set of readings for two revolutions of the engine.
" The success of this type of indicator depends absolutely

T ey e o ey v AR .
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on the conditions of speed and pressure remeining uniform.
Consequently it is necessary to out down the time 2 far
g8 possible without meking the spparatus too elaborate.
Instead of getting one reading at a time it is quite a
simple matter to arrange for a number of reedings at once.
Also the readings can be marked off on a graph in place of
being copied into a logsheet. The first of these improve-
ments is found in the Multi-Point Indicator, and the second
in the Gauge Frame (described on p. 26 ).

The main ides of the Indicator can be seen from
Fig. 10. The design is not ideal but it was largely
influenced by the position the instrument had to occupy
on the engine. The centre spindle (1) is bolted to the
main bracket (2). The rotor (3), driven by a chain from the
counter shaft, has a brass bush (4) which turns on the
spindle. The end face (5) of the rotor 1s mechined flat
and smooth, and a projection (6) on it forms & journal for
the face plate'(?) which is of brass. the face plate is
pressed against the rotor by a thrust ring (8) bearing on
a rubber washer (9), the pressure on which may be varied
| By screwing a mut (10) along the spindle. The face plate
can be held in any desired position by e stop (not showmn
here). Gas under pressure from the exheust pipe comes
down the centre of the spindle into a groove round the
apindle and through e passage in the rotor. From this
passage there is a smell hole,5/64" dia.gzto the rotor
face. There is a corresponding hole in &he fece plate,
g0 that when the two small holes coincidexthe ges pressure

is transmitted through the face plate to a:pressure gauge,

\
\
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Provided that the gas pressure is the same each time the
holes coinoide the pressure in the gauge will soon bulld up
till it is the same as that in the exhaust pipe. |
A number of holes can thus be bare& in the faoe plate

giving pressures at different crank anglas.

The rotor must run at ha}f enyine sneed iov a 4 stroke
engine. i -

The Indicator as nsed 1& fullv detalled in Dvaw;ng

0.8 and Praw1ng 10.9, |
 The first auestlon is = how many degreas of englne

revolu%ion should there be between each p01nt at which
the nressure 15 taken? This denends on the rapz&;ty of |
pressure variation, €eZe, in curve ’A'; Fig. 11, where the “
vuriation is slow and the small vnriat:ons do not metter
much a pcint everg‘éOo would be suffici@at, while in
eurve 'B' where the waves haVQ a hi h frequéncy tney éould
not be drawn with proyar regularltJ w;th less then a point
every 10°, o .

In almost all cases the spacing adopted was 10°,
The original intention wes to have two rows of hales
(ataggered) half way round the plate 10 apart, giving
readings 20° apart for one revolution of tne englne. The
face plate was then to be turned %hrough 180 to give
readlnga for the second revolutlon. But when the
Indicator was tested the outer row of holes dxd not give

true reaalngs - as descrzbeﬁ in 'Testing of Indicator' - Ppe2.e
and the inner row was extended all rcund to gzve readlngs

every 40° of engine revolutlon for the two revolutlons.

The intermediate readlngs at 10° are got by advancing

, aucnessively the faoe nlate three times through 59,
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LUBRICATION.

Gas tightness of the bearings - journal and face

plate - depends on the presence of a good oil £film, and
gt the same time there must not be too much oil because
the gas passages are easily clogged. The method of

introducing the oil is shown in the sectioned sketch of

the spindle, Drawing No.8. The oil passing through the
collar of the spindle is intended for the left bearing'
only. The oil coming down the centre from the right
spills from the end of the spindle bearing into the‘thrust
ring from which it pﬂsses through the face plate journal
to the rotor and face plate thrust face. Oil can also go
down the gas passage to the latter beering.

At first the oil supply was by gravity feed from two
sight feed regulators. This did not prove sufficiently
regular, and a hand operated spring loaded pump was fixed
on the oil tank, and this did much better.

TESTING OF INDICAT(R.

The Indicator was tested before any of the auxiliery
fittings were made. The bracket was screwed down on af 
board, and the chain was driven by a sprocket on a |

countershaft, see Drawing No.9. The bearings and

brackets for the countershaft were those used for the

Piston Valve drive, Drawing No.3. The countershaft

pulley“wés driven by a light belt from the pulley of a
small electric motor, the speed of which could be easily
varied. Before testing was begun the Indicator was run
for & time to run in the bearings. The rotor face

which was of mild steel, would not smooth up, so it was



Air ISUPPLY .

-




r&n

casehardened end ground.

. -+ Mp st sny desired pressure was got from the air
veservoir of the alr compressor in the Laboratory.

+» . Fprom the branch (1), of a Tee piece, Fig. 12, air
wont direct to a manometer (2), and from (3) it went to
the inlet pipe of the indicator, then from any of the
outlet pipes on the face plate to another menometer (4).
. -When the indicator was running the pressure in the
two manometers should have been the same.
winis A first the pressure was very slow at coming
through the indicator., This was due to 0il sticking in the
small holes in the face plate. _“These holes weref§/64"
disscand about'&/gg“ deep, and the baplllary action of the
o1l was too strong for gas at low pressures. The holes
#ere bored out till thoy were less than l/75 deep. This
was much better. The inner row of holes gave accurate
pressures, but the outer row gave pressures Loo low, and
it was evident that gas was leaking towards the circum-
‘ference.

¥ r <1t was evident that the face plate had been badly

,' turned and was slightly open at: the circumference, but

. there was no hope of improving this by more turning so -
the:enly thing to do was to grind the faces with emery '
powder; . Although this improved matters the outer row
wouldinot retain full pressure and was given up ss =
unreliable. L
..~ Another face plate could have been made but it
mesnt & groat deal of work spacing and céntering end

7 3rilling ‘the smdll holes oorrectly as they had to fit
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clearance as it had to be gas tight, so provision was
made to prevent a general wreck in case it did seize.

The chain wheel was not attached directly to the
rotor but could rotate on the rotor spigot between the
rotor and an adjusting plate. wo small brass pins were
sorewed through the adjusting plate into the chain wheel
so that if the spindle[§2ized these pins would shear and
the chain wheel could go on turning without doing any |
harm. See Drawing No, 8. The spindle actually did

have a slight seizure but not enough to shear the pins.
The spindle was afterwards casehardened eand ground .
since when there has been no trouble. If the face plate
geized it had only to bend the small stop for fixing its
position, tear off the gauge tubes, and then it could run
free. Fortunately this did not happen.
OFFTAKE FROM EXHAUST PIPE TO INDICATOR. See Drawing No. 9,

A short piece of the exhaust pipe close to the
exhaust stub was watercooled with the double purpose of
giving a cool offtake to the Indicator and of showing any
difference in heating of the pipe due to the various
‘silencers to be tested. The water from the jacket was
led past e thermometer poekegf_ A rubber tube oonnected
the offtake with a three way cock screwed into the
indicator spindle. This rubber wasted quickly with the
heat so a cloth was wrapped round it and kept wet by a
drip of water.

Another offtske for use at other points on the pipe
was not watercooled (see same Drawing at the foot) but

wes simply clamped to the pipe with asbestos insertion
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to_gstwd heat flow. The rubber commecting pipe melted
during & single test, but as few tests of this kind were made
41t did not matter. ‘

GAUGE FRAME. See Drawing No. 9.

The pressures obtained with the single~point |
{ndicator on the car engine were in the neighbourhood of
1or2lb./ .'m.z'» A preliminary run of the new engine
an&multi-pcint indicator gave up to 8 inches of mercury -

2. Mercury therefore was the

approximately 4 1b./ in.
most suitable liguid to use, and a height of 13" pressure
and 12" vacuum wes allowed for.  The 18 manometers were
placed .side by gide in such a way that when a piece of
teaging peper was placed in front of the tubes and a light
behind: the height of the mercury in each tube was clearly
defined on the tracing paper where it could be marked in
pencil. One limb only of the menometer was noted, the
" other being led to & mercury bath which was at the side

and out of the way of the beam of light. See Fig. 13.

As 81l the tubes lead from the same bath the height of
meroury: in each tube should be the same for atmospheric
presgure. Whan the indicator was running with the three
way.coek turned to atmosphere the level in each tube was..
almost the same, but a gero line wes alweys drawn before
takinga set of readings. . Also there was an extra tube
on.eagh side.of the row of working tubes, leading from the

bath and open to stmosphere, and this geve a cheeck en the
sero- pesding. .

- The tubea: wepe l{g ‘bore. and held sbout. 1/4 1b, of
!mmrs%eh; so. that the net smount. of mercury in the bath

and tubes was a big item. In order to minimise the



-29-

‘danger of losing all the mercury in the bath due to the
breaking of & tube the ends of the tubes were led up and
bent down in syphon form into the bath, so that there
were no holes in the bottom of the bath. |

| This brought an unexpected difficulty - an air bubble
formed in the top of the bend of the tube and no emount
of swinging t%g mercury in the tube by means of an air pump

, " ‘Some tubes, for no apperent reason, were
not affected this way. It wes seen that the bore of the
tube was so large that the merocury could pour past the

| buhbld;”ao'the offending tubes were reduced in diameter by
hesting and drawing and this cured the trouble. A4s only
some 3f*fhe‘tu5es were affected this way it was evident
ghat this bore was sbout the critical diemeter for this
phonﬂmenon and thet a diameter slightly'lesa might be on
the safe side. Several dismeters (of bore) were tried
and 1t was found that a reduction of about gy or less
prevented bubble formation.  The mercury sometimes
ﬁ@pbéitad an opaque £ilm in the tubes, and as they could

" not be taken out and cleansd a special ramrod was mede,

It 1s very risky to tie packing on'a rod to go inside a
thin glass tube 1/g" bore end 2 ft. long, because there is
little likelihood of getting it out if it sticks.,  The
following trick was suocessful :- A long thin wire was
bent double at one end to grip the end of a narrow tape.
This entered the tube easily. When the wire was pulled
up the tape packed up and filled the bore of the tube and
would have stuck but the free end was pulled which released
the' padking t111 1t was just tight enough to olean the tube,

o e B L
e s ia s Tk
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ALTERATION TO MANGUETER SYSTEM,

- A preliminary trial had given 8" of mercury so it
was thought that an allowance of 13" should be ample. Vhen
the engine was properly tuned up, however, the pressure in
the tubes near Bottom Dead Centre was 80 great that the
mercury was blown out, and the suction also raised the
level beyond the height allowed for. It was not possible
té iﬁéreése the height of the tubes without remaking the
whole gauge frame and tube system so the tubes which had to
take the high pressures were disconnected from the bath and
the rear limbs made the same height as those on which the
readings.were taken, the ends being left open thus making
them ordinsry LJ tubes in which the change in level of one
limb: is half the total change in height. =
. The readings in these tubes had. therefore double

the value of those connected to the bath-and this spoilt
the appearance of the curves when readings were being
taken, although it made no &iffenence’uhan~they'ﬂﬂra,

-~ plotted to the correct scales.

TUBE HOLDER. See Drawing No. 9.

- The tubes were liable to be wasted by oil where they
joined the Indicator, and in the event of the face plate
5 aqiging;thertubea_waulﬁ;wind>up»anﬁ break all the glass
| ‘tubes in the geuge frame. To prevent this a tube- -
/ holder was attached to. the Indicetor bracket. - ’fh‘ tubes
f Etram.thg:?uca Plate connections go in spiral directions
 to s dise carrying shert lengths of eopper tube. - The long
yubggEgpqm_;h,?gﬂggg,ppame,gre attached to the copper
tubes. gn. the off side of the dise. This disc can be
ﬂgt‘t'i but is normally clamped in position. The short
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pleces of rubber tube oan be easily replaced when damaged,
‘and :the. long tubes are comparatively safe. It would really
have besn better to have had the centre spindle in the
vertical position so that oil gatfingvihto-ﬁhé*rﬁbber
‘tubes’ wauld run down and out again, but this would have
necessitated bevel gearing end other comnlications.

METHOD OF: TAKING A DIAGRAM.

. The engine was run till conditions were steady at
the desired speed. |
- Phe Indicator Cock was opened to atmosphere and the
gero line drawn on the tracing paper which had vertical
1ines: eorresponding to the manometer tubes. o
seovifhe Indieator Cock was opened to the exhaust pipe
end time was allowed for the mercury to rise or fall in
the tubes. This time depended on the distance the -
meroury had to go and was on an average about 5 seconds.
The first gauge resdings were marked with'ano.
The faece plate of the Indicator was then turned through
5 3% and the second set of readings narked with two
strokes thus = . The third”sét~were'markea'i;"and“éha"
fourth with a oross + « o
. These marks were adopted because they were quicker
then ‘weiting 1. 2. 3. 4., and they oould not be confused.
Pinally ‘the face plate was veturned to the first position
»toﬁaéé?if,thé'ppoaéures had altered.” A mirror was placed
4t -the bask of the speedometer 86 that it could be
watéhéé'whilé"the operator was taking the veadings. After
gotting-aecustemsd to the noise of the engine it was quite
¢a&y to:spot even a very slight: dhange in spee& without
lﬂak&ng at the ‘speedometer, e ' i
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The pressures were aftermards scaled off the tracing
paper and transferred to graph paper. They have been
further reduced in scale in the collected curves.

The net time required for taking an " Indicator
Diagran" varied from two minutes for & very WaVYy curve
to one minute for the curves from some of the silencers.

The curves are discussed in Section II1.

ACCURACY OF READINGS.

A point on the pressure~-time curve is fixed by the
pressure recorded by the geuge and by the crank angle
position. Taking these factors sepsrately and beginning
with the latter; the adeuracy of the crank angle position
depends on the correct anguler position of the holes in the
face plate, the duration of opening of these holes, the
setting of the crank angle indicator plate, the setting of
the driving sprocket on the Rotor, and the slack in the
driving chains from engine to countershaft and from
countershaft to rotor. The angular position of the small
holes in the face plate is correct to Withinjt~;/4 degree.
The £inding of the Top Dead Centre for the setting of the
crenk angle indicetor plate has already been described.
The error might be-j;l/g degree, and if it is actually
8 little out it will give a constant error which will not
affect the curve. The opening of the face plate holes
relative to the crank angles was fixed as follows :- With
the engine at B.D.C. the Indicator was turned till the
hole in the face plate for the B.D.C. Manometer connection
registered approximately with the hole in the rotor, the
adjusting plate of the driving sprocket meantime being
slack. The Indicator Cock was opened to atmosphere and
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the rubber tube of the face plate connection was held in

the operator's mouth so that when the rotor and face plate
holes coincided he could blow air through the pipe. From
& lsrge scale drawing, see Fig. 14, it can be seen that the

holes open and close completely while the faces rotate
through an angle of 7-5°,  But the ges passages when the
holes are 1/3 open or shut are very small indeed, and when
tested by blowing it was evident that only over 4° of rotor
movement (i.e. 8° of engine revolution) is the opening
effective.

To fix the position of the sprocket on the rotor the
f£ace plate was held in the B.D.C. position by the stop,
and the rotor was moved from the opening to the shutting
position, as observed by blowing, till what appeared to
be the middle position was found. The sprocket was now
tightened up and the engine rotated over B.D.C., and the
angles at which the "blow through" begen and stopped were
observed. If these were not correct the previous
operation was repeated. A few of the other positions wére
also checked, and the sprocket was finally tightened up and
merked so that any slip could be seen without the necessity |
for making & complete investigation. The ‘backlash in the
chains made less difference than might have been expected,
and a slight allowance was maede for the tightening of the
driving side when setting the driving sprocket as described
above., It is difficult to tell what the effect of the
jerk in the chain would be, but probebly not more than
+ 17,0, |

For the purposes of the experiments the acocuracy of
the position of any point need not be very great and if it



1)

B




SN

-34-

is within + 5° of the true position that should be quite
good enough. If Curve No.37, sheet 10, be taken as a

sample it is clear from the uniformity of the waves that
the points have only a very gmall error of angular
position,

(I
' required. In the case of readings which are on a part of

THE AGCURACY OF THE PRESSURE registered is not directly

3

ascertainable. It was found by using the testing device
(p. 24 ) that the indicator gave uniformly correct
readings when a staetic pressure was employed, consequently
the pressures which reach the face plate may be supposed
to be accurately recorded. But the face plate has the
disadventage of being at a distance from the point at
which the pressure is taken off, actually 63".  As the
connecting passage is a reasonable size (about 3/15“ bore)
it is unlikely that there will be an appreciable loss in
pressure, and as the pressure waves have the speed of
sound the time lag is negligible.

As mentioned already there is no fear of error due
to leak as that cen only be very'lEZ;;:éZn& pronounced and
consequently easlily seen.,

The Indicator as a whole can therefore be considered
capable of a high degree of accuracy, although it certainly
requires very careful fitting up and handling.

The one fector that limits its applicstions is the
necessity for the mainteinance of uniform conditions of
speed, and of pressure variation for at least two
consecutive minutes., In the present investigation this

was obtained sufficiently well to give all the informatlen

i |8 ourve where a rapid change of pressure ocours (e.g.
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Fig. 15) it is evident that a very small change in speed
would be accompanied by a large change in preésure. It

is found that the mercury level for such a point varies a
good deal (i.e. the mercury moves up end down), but this
has quite a small effect on the general shape of the curve,

ACCURACY OF BRAKE LOAD READINGS.

The Brake used was intended for absorbing up to
100 H.P. so that great accuracy could not be expected with
an engine of 10 H.P. The gzero reading was uncertain owing
to the stiffness of the water connection but this did not
matter as it was only relative Powers that were wanted.
The full-torque load on the Spring Balance was ebout
20 1b., and the variations due to different exhsust
systems were from 1/8 Ib. to 1 7/3 1b., At first the
spring balance pointer flickered over 3/4 1b., which made
fine readings impossible. As this was partly due to
vibrations of the top spring a friction demper was nade
shich took the shake off the sprinf balance as & whole,
but the pointer still flickered too much. Another
demper was made for the pointer.
It consists of an arm (1), Fig. 16, - having &
relatively lerge moment of jnertia - mounted on &
spindle (2) in line with the pointer spindle, and free
to turn on it. There is a soft friction washer between
the arm and a lock nut on the spindle, so that when the
~pointer flickers the lock mut rubs on the washer, and the
flicker is damped out. The arm being carried on the
pointer spindle simply turns with the pointer and in no
way influences the readings except to make them much more

gaccurately obtainable.
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- SECTION 11II.
EXP”RIMFNTAL RESULTS AND DIDCUSSION.

The exhaust systems tested were (a) differenf léhgfhs of
-:omn‘pipe;,“(b) the silencers described later on pages 46-50
on different lengths of pipe.

Pressure curves for all cases were taken with the Multi-
Point Indieator; power differences and effect on heafing were

. also noted. ' o
It 1s not proposed to detail these experiments in the

order in which they were performed or to state how and when

certain useful facts were observed; the important points will

be taken up separately. The first will be the question of the

INFLUENCE OF EXHAUST PRESSURES ON ENGINE POVWER,
Engine Power. depends on Brake Torque and r.p.m., but

for the _present purpose the Brake Torque is the more important,

and the followxng figures refer to it only. |
When testing various silencers and lengths of pipe
at certain constant speeds observations had been made of
differences in Brake Torque readings, e.g., at 2000 r.p.m,
| with an open pipe 3’—4" long the spring balance reeding
was 19 lb. and when another 2 ft. of pipe was added the
reading dr0pped to 18%/8 1b. This was repeated several
,times to ensure that the dhange in the reading was not
“due to’ a dhange in engine conditions - which was not at |
| all unusual. Also when testing a silencer the Peading wiﬁhk
anﬂ without the silencer was noted, It bec&me evident that
the maximum power wes always got when the pressure at the
en& of the exhaust stroke was least, and experiments were
madé'télééf exact data to show this. A very long pi?e:
was selected to give a pressure much below atmosphgrié at

T.D.C. and was compared with a shorter lemgth of pipe which
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gave & preasure above atmospheric at 7.D.C. Pressure curves
were taken.for each pipe, end the corresponding Brake Torque
readings wurg,noted, ~ This was done also for certain
Silencers. | ,’ | "
The ocurves obtained from the Inﬁicator were replottad
on & base of piston positions, and the emerage Effective

Pressures for the Exhaust &trokas were found. For Curves

see Sheet No.b. ‘ |
~ The Brake M. E.P. caleulated for this engine working at
full throttle within its effective range of speed is 96 1b /in.

As the transmission absorbs a small amount of pcwer it will be

convanient to take the true M.E,P. 88 100 1b /in. This

gives a ready'means of gatting the ¢ effect of the Exhaust
Average E.P. on the totel M.E.P., l.e., if the Exhaust A.E.P.
is l”IbJ/in.z"ovar atmospheric it will represent & loss of
14 on the power. This, of course, is not strictly correct
but it is near enough to show the general nature of the
losses.  Also the pressureé obtained are not those actually
developed in the cylinder but just outside it in the exhaust
pipe, and there islna means of getting the pressure accurately

~opamest in the cylinder.

EFFECT OF RESIDUAL PRESSURE ON VOLUMETRIC EFFICIENCY.

* "4s alresdy mentioned it was the pressure at the end of

the exhaust stroke (referred to here as the Residual Pressure),
which seemed to make the greatest difference in power, and
this eould only be caused by the alteration to the Volumetric
nfflelency. | . -

. Neglecting the effect of the heating of the fresh

charge by the hot gases in the clearsnce volume end sssuming
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| isoth&rmﬁi'éxpﬁﬁsian
Py Vl Pg Vg where P1 V) are the pressure and volume

'fin the olearance space at T.D.C., and Pz ‘is atmospherio ;
» pressure when the volume Vl has expanded to V,. ;’. Va

Y, T&king the case where P, 1s 15 1b /in. and Py is

133
18 Ib/in. , end V) = 7 o1 v, =701 x 3= reamr,

1 2

Ths voluma lost to the suction stroke is q‘o 2
(7'477 « 7°01) = 0‘46? 1n . The stroke volume is -
f29 96 in, y o ". the loss in volumetric effioiency for |

one Ib. aver or under atmospheric presaure is

0'467
29 96

K 100 1.56%.

o If the temperature of tha gases in the clearance
space 15 taken et 900° C end allawance is made for tha’
heating effeut on the freah charge it can be ahown that

the effeot on the volumatric efficiency for 1 1b. difference
from utmospheric pressure is 2° «7%. But brake readlngs do
~ not.show a difference anything like this, and the figure
:an whlch the pesults have been worked is 1+5% per lb. over
or unﬁer atmospheric pressure.

. o The results of six tests are shown in tnble I.

v ﬁSystem 1 4 is compared with 1 B and so on.

’ In column 4 the Exheust A.E.P. marked with & negative
| cign means below atmospheric, and in column (5)'fov ‘example
.titﬂklng pipe 1 A this pipe is worse off then 1 B by 1:25
1b/in.? abo?e atmospheric —+ 0+48 under atmoapherio,

total of 173 which, as already stated, may be taken as

HF % 1045‘ Column (8) is got by'multiplying column (7)
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by 1+5 giving a figure which is the % difference in
volumetric efficiency between A and B. In column (9)
taking 1 A and B the total difference between A and B

is o gain of 10+95 % for A less & loss of 1.73 % for A =
10405 - 1.73 = 9+82 £.  Column (10) is got from the
brake readings, e.g. reading for 1 A is 1?/8 1b. greater
than B on an average realding of 20 1b. .°. gain by A is

7/
178 5y 100 = 9.4 4.
20

It will be seen that the agreement between the actual
and caloulated differences for the first three is very good
considering the rough approximations of the calculation.

The second set are not so good, perhaps because the
curves were not all taken at the seme time, although the
brake readings were taken on the same run.

‘Making full allowance for the roughness of the
methods it is evident that the residusl pressure has &
much greater effect on power output then has the actual
back pressure during the exhaust stroke. Also in case 6
1t is notable that while the silencer has & loss of
2+27 % due to back pressure it has a gain of 6 % due to
a smaller residual pressure then the open pipe.

It is clear from this that a silencer may increase
the power output over that obtained from an open pipe at
& certain speed which is unfavourable to the pipe. This
is not because the silencer is doing something mysterious
" or wonderful but beceuse the pipe is the wrong length for
this speed. |

In csse 5 the situation is reversed because the pipe
' {8 the right length for the speed, and the silencer is not
80 good.
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The effect of baffling or throttling the exhaust
as geen in the curves Nos. 11 to 15 on sheets 3 and 4
might in some cases be to prevent the pressure wave rising
much over atmospheric, which would incresse the volumetric
efficiency.

A Power Curve for the engine with a normal length
of open futhe is given in kg 1Y .

CRITICAL LENGTH OF PIPE.

" In the first series of experiments with the car engine
it wes observed that adding a silencer to the end of the
open pipe did not increase the maximum pressure which
generally occurred about B.D.C. This phenomenon was
again found with the new engine, and it also appeared to
hold for the addition of & long open pipe. But when
quite short open pipes were used the maximum pressure was
less than with the longer ones, so it was evident that
there ought to be & oritical length which should give the
highest maximum pressure for any given speed. Accordingly,
this theory was tested by using a telescoping pipe and
-vavying‘th§ length while the engine was running, meanwhile
observing the pressure. It was found that there was &
“gertain length below which the pressure fell decidedly.

If the length was increased the pressure dropped a little
but not so much as for & corresponding shortening of the
pipe.
The following explenation is suggested :- Consider
& pipe of length greater than the critical length as
described sbove and let there be a moving piston at the
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left end, see Fig, 18, the right end being open.

) X L=

;'gfﬁ.wmwwwm. ' R

Fig. 18.
If this piston suddenly begins to enter the pipe at a very

high speed the air is compressed because of its inertia, and
a building up of pressure goes on at the piston face till
the piston reaches its top speed after which it may be
supposed to slow down again. Let the distance travelled
by the piston durlng the high speed period be 'x'. The

air pressure of the piston face tegan travelling along the
pipe with the speed of sound at the instant the piston
started, and covered a distance 'y' while the piston did
'x'.

The air pressure at the piston is due to the inertia
of the column of air of length y and any length of pipe
beyond this will have no effect on the maximum pressure.
This maximum pressure is reduced if the pipe length is less
than 'y' by, say, a distance 's' because the resistance due
to the inertia of the column in’'z has been lost.

If the speed of the piston is inoreased the distance

‘y'must decrease since there is less time for the propagation
of the pressure along the pipe.

In the case of the engine instead of the piston there
is the rapid discharge of gas from the oylinder into the
valve pocket as the valve begins to open, and this hes

practically the same effect as a piston.
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2.
hen the engine speed inereases thefratekpf'opening'
of the valve incresses proportionelly, and so tﬁp critical
length should decresse with increased speed. E
" ¢ determine this the engine was run at spee&s of
1000 to 4000 r.p.m. end the critical length found er each
speed, see table 2, Fig, 19,  The criticel lengthfis not

easy to find as an inch or two does not make much difference
to the pressure.

Whan the oritical lengths are plotted on a base of
?e?olutions the graph might easily be made a straight line
which could not be correct as it would give a length of
,nbtﬁiﬁg at about 8000 r.p.m. end this is impossible. It

| is probably & curve which is ssymptotic to t%ég'axis.-
' Vhen the speed is very low the rate of opening of
the valve would be too slow to produce & proper wave
motion, so the curve may cease to exist near the y axis.
Buf even if the critical length cannot be gauged sccurately
to Ieéa'than t;1¢5"'the result is of great importance and

éiﬁiaiﬁs‘ certain phenornena indicated by most of the curves.

RESULTS OBLNED FROM THE CURVES.

- Although the primary dbject of the research was to
dbtain information which wauld lead to the design of
more perfect silencer it was considered advisable to go
into the behaviour of open pipes before daaling with
silencors. | | o |
| ~ In the first experiment the engine was run under full
§i 1@&& at different speeds with an open exhsust pipe of
| no?mal sige - 13/4" diameter, and 5'-2" 1ong.

The curves obtained are shown on Sheets Nos. 7 and 8,
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The key to thesa ourves, Sheet No.s., should first

'be atudied, as full details are nat given on each sheet,
‘AOPdinary'graph paper was not used becauae the cross lineé
”“tend to obseure the ahape of the curves.

CURVE No. 20. for the lowest speed of 1000 r,p.m.

is very smooth and almost dies away between each exhaust
period. As will be shown in the section dealing with

»sahnd these pressure'waves are really sound waves and their
frééuendiés oorreépond to those caleulated for an organ pipe
hﬁviﬁg iﬁé dimehaions of this exhaust pipe; closed at one
end and ~open at the other. This condition obtains only
iwhen the exhaust valve is closed, but there is very little
‘différenoe between the frequency of the wave before and

. after the‘cloéing of the exhaust valve.

o ‘The frequency of the fundamental wave is not affected

| by the apeed of the engine, but as the speed rises there is
'not time for the wave to damp out, and there is consequent-

1y a residual wave in the pipe when the next wave begins.
This reaidual wave combines with the new one and alters

 “it5‘chaig§ter. Also the hermonics of the fundamental

:twuvu becomo pronounced. In some cases such as No.24. at

) 3000 r.p.m. the fundamental is scarcely recognisable. In

general the combination of waves tends to lower the
'pressure rather than to form nodes of higher pressure.

- The maximum pressure occurs a little before B.D.C,

" for Low speeds, and a little after B.D.C. for very high

| Speeds. The intensity of this maximum pressure ineresses

w With the speed but 1s also modified by the residual wave,

‘”ec.g. in No.23 the residual wave has a pressure node at

*Saw&»Wﬁ%Wﬁé:ﬁ
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B, D C, whzch increases the max1mum pressure at that pelnt

| whereas 1n No 24 fhe reverse is the case.;: Thls makes tﬁe
max1mum less for e sneed of 3000 r.p.m. than for 2500 PeDalle
and the seme effect can be seen fov speeds of ?500 and

| 4000 r.n.m. : |

RFSONA@CE.A" R o L

‘ Although t e resx&ual wave has a declded effect on.

the maxlmum pressure 1t is unllkely that resonance caused
by the coxncldence of englne sPeed and _wave perxod, would

*%ver be attaxned because the harmonlca would 1ntarfere so
much Wlth tbe fundament%l wave. 1130 the enilne snae&
required for resonance is beyond that found in nractlce.

SCAVENGING.;

As mentloned lmter', page 63", in cannpctiﬂn with ¥r.
Bripos -
%93358 paper, there is a wxdespread opinzan th&t the inertia
of tne raplaly'mov1ng gases in the exhaust pipe immediatelv
after the dlscharge af the ﬂ&ln portlon of the -exhaust gases,
causes 8 partlal vaouum in the cvlinder he&a‘,,«,;,;;»n
~ But there 1s no evidence that the speed of the gases

has any appreclable effect on the pressure in the pzpe.
The first rush of gas 1nto the pipe haa an explosive effect
and starts ‘& pressure wave which seens fo be 1ndependent
of the apeed of the gas. | ,

) The scavenging effect af & 1ang plpe aepends on
whether the part of the wave thch occurs at ¥.D.C, 38 .
above or below atmoupheric pressure, For & given pipe .

thls effect varles with the speed, e.g. at 2000 r.p.m. =

No.22., the pressure 18 3 1b/1n.2 above atmospheric, and
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B
at 3000 r.p.m. No.24 it is 3<b 1b. below atmospheric.
It does not seem poasible to have any length of open
pipa which will assist scavenging over a wide range of
engine,apeeds.
in motor cycle and car racing in cases where silencers
are not compulsory it is sometimes the practice to find by
experiment the length of pipe which gives maximum power at
the highest engine speeds.
The third Curve N0.48, on Sheet No.8., does not

belong to this series but is inserted here to show the
remarkable similarity between the first portion of it end
of the preceding Curve No.26. This will be referred to
later, /1. g |
In the second experiment the engine was run at a
constant speed and full Aoad, and with varying length of
the pipe.
' The speed chosen was 2000 r.p.m., 8s the engine then
ran very steadily and did not require much attention.
" The critical length fer this speed as stated in the
ta’ble on p. 42 , is sbout 3 f£t. © Curves Nos. 27 and 28

are from pipes much in excess of this length., The length
fnr Na.29 is & little over, while Nos. 30 and 31 are

considerably under the critical length. With a very long
_piﬁé;: 0.27 there'magfbe nades of‘fairly high zxd or low
prassure, but the curve in general is 1evelled down by the
residuel wave and the harmonics. The pipe nearest the

critioal length, No.29, gives the highest maximum pressure
at B.D. c., and the harmonics are not 80 pronounced as with

tha longer pipe. s is well kncwn it does not follow



that because a curve looks like & regular sine curve, €.g.
the latter part of No.30, it has no hermonies, but these,
if present, do not alter the fundamental to the same extent
as in Nos. 27 and 28,

lo.81 for the very short length looked irregular and
another ourve, No.32, was taken for s higher speed, but
the charvecteristios of the two curves are similar.
- The maximum pressure 0oours earlier and is lower
with ﬁhe~shortér~pipasfﬂga.30 and 31, than with those above
the critieal length.

. Reference iz mede to the frequencies of the pressure
waves for Nos. 28, 29, 30, 31 and 32, in the section on

- Befove considering the resilts of the silencer tests
it will be necassary to stu&y the design of the silencers
usod in the tests. -

o The Howarth Silencer, Drewing lo. 10, is made by the

Soott Motor Cycle Co.; ‘and won the first prize in & com-
potitien hold by the £.C.U. for proprietary silencers.

Thc inlet pipe (A) traverses the full length of the
silencer and tevminates in a nozzle (B) which is intended to
act as an ejector. The*mnin volume of the gases passes
»through two slots in pipe (A) to the coned chamber (C) and
returns along the outside of this chamber to & ring of
4holes in the centre division plate (D). There is another
nconed chamber (E) fpom which the gases may pass to the
ﬁexit through holea in the cone and through the open end.
‘Tht makers of this silenﬁer have not advanced any theory

of its action, except w1th respect to the e;eotor the
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purpose of which is obvious.

.1t should be borne in mind that the majority of
“‘silenaega sre designed 6n.thg4auppeaiﬁipn,thgt the
ethust~gaseS~enter them at a high pressure, and the
~main object of the silencer is to provide passages or

~ chambers in which the gases can expand before finally
reaching the atmosphere. As gézéidiater this investigation
~ shows that this assumption is not justified.

U | Thé Carbjector silencer was chosen because it has
Beeg ﬁhémost popuiar proprietory silencer for e number
of yaarsrand haé been used for purposes other than ﬁotor
eyule engine silencing.

Two examples are shown in DrawingkNo.lO, the first

one being taken fram the Patent specification and the
second is the design as tested. To quote from the
~ specification: ..."The gases...are forced through a

~thin flexible diaphragm to abgsorb the energy of the

~ geses. Preferably the diaphragm is a thin flexible

. circular member of copper centrally perforated to the
;;?#é_@t one exhaust velve., The gases pass through
‘ the”cyiindrica1 pipe by e gradually expénding passage of
spiral form. In this way the gases gradually expand after
| leaving the perforated diaphregm. A portion of the
‘exhaust gases passes down the central tube and oreates a
sget;éﬁ_on leaving the nozzle, thus assisting the removal
of thc‘a#hausi gases.” What particular kind of energy
the diaphragm is supposed to absorb and how it is going
to dissipate the energy is not mentioned. This
ditﬁhragm is no£ present in the motor cycle models, and
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85 no drawxng’nna avallable and the silencer could not be
taken to pieces, it is ﬁé%ﬁéiu%;iwhethar the spirsl is an
exyanding one or not. Yieasurements taken from the ends
give'the impression that the spiral has the same pitch all
the way. " | | R
The Vortex Silencer is widely advertised &ﬁd~mﬁkés
great claims, In order to test thé fundamental idea of
the 6951gn the Vortex Co. was asked to make a special

single tube silencer as shown in Fig. (1), Drewing No.ll.

The followxng is an extract from the makers' descrlptlon -
“The absence of BafTie-plates in the Vortex nrevents the

. vibratiOn of exhaust gases in tne exhaust manifol& that
ocours wlth ordlparv sxlencers and causes periods of

acute engine osclllatlcn at certaln Speeds. In the
Vortex Sileﬁcer the exhaust gases nowhere 1ﬁplnge on any
obstruation, consequently their. volume is gra&ually
deflatad wathaut causlng 2 series of sounﬁ waves to

atrike suddenly on the outside atmosPhere. Baffle-platesrﬁﬁ
and muffles have been abandoned, and instead, the exhaust
gases are poured in & smooth contlnuous flow ﬁhrough a
successxon of S=shaped Vortex cupu. vTvese cups are

8o arranged that they'cause a smooth rotary progression
e{%tp? ffpaust gases, thus creating a strong suction |
whfchvdrawé every particle af the exploded charge fruﬁ -
tha cylinder head. i
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1t is qulte truo ‘that the gases will swirl in the partn
markea o, ig 20 , but this can 3carcaly be ca.lled 2
"yortox” , and it clearly cannot assist the formard m¢tion
6f‘€h¢“main stream. Also there can be no "smooth
uninterrupted flow" if the stream 'A' cuts across the

stream 'B'. The Vortex silencer, Pig.(2), Drawing No.ll,

is the latest pattern and was lent for a few days for
tnsting purposes. Instead of & single tube there are
thrae tubes arranged to give parallel flaw, end the final
exxt is by & fishtail, |

" The Brooklands Stendard Silencer. At one time it
ﬁas‘éhaidmafyvta'raoa et Brooklands with oben exhaust pipes
both oﬁ'motdr‘cyclea'anﬁ cars; but this waa'éo'objéétlonable
thet a regulation was made to the effect that all engines
should heve & silencer, the main features of the design of
ﬁﬁidh'sﬁéuld be as follows :- "Therapaoity of the receiver
shall be not less than 6 times thé volume swept out by the
piston of one cylinder of the engine. The inlet pipe shall
panetrat& into the receiver to a distance of 2" and no more,
and ﬁhe same applies to the exit plpe.x’ The top, bottom

and ends of the receiver, in side elevation, shall be
straight lines and shall be parallel to one another
respectively., The ends shall not be at an angle less than

- 45 degrees to the top and bottom lines of the receiver. In
addition, the extenaions of the inlet and exit pipes into
the receiver must be parallel to one another and to the top
and bottom of the receiver. No part of the exit pipe shall
be of greater cross-sectional area than the minimum area of

the exhaust port of any one cylinder. The inlet and exit

A
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pipes shell not be opposite,eadh other in the receiver,
but shall be qﬁt of line to the extent of 13 inches méaa-
urpd at’§oints on the circumference. No device may be
émfloyad.iﬁ the receiver which would tend to produce a
straight through flow of gases between inlet and outlet
pipés..‘,ihe exhaust gases must not pess direct from the
exit pipé to the atmosphere but must all be fiﬁally .
emittad fram a “fiahtail“ on the end of the exit pipes The
Qrifica of snch 8 fishtail shall be of reotangular  shape
11” X 6%” for motor cycle engines, and the length of the
flshtail 6%“ fSe after half of the fishtail may b¢
perforated with any number of holes 3/32 diameter,” Y§

. The silencer used in the tests was a standard mﬁdkl
inten&ad for use at Brooklands on engines up to 500 o{o;,'
oapacity. There were no small holes bored in the sidfa
of the fishtail whidh was aaaily detaahable. J, _Q_; ywﬁfﬂ
photograph givea an idea of the relative sizes of the

silencers. ..
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 These silencers aﬁe of vaﬁy difféfenf tjpas. The
Brooklands is simply an open box of lavge volume with &
”fiahtail exit; in the Howarth the direction of thn gases
is twioe reversed; the Carbjector has a long spiral
paasage with no reversal of &irectlon or bafflea the
Vortex Tube is suppoeed to give a smooth flow, but it is
wolear taat a good deal of the kinetic energy of the gases
‘will be lost by turbulence in the space behind eadh gﬁﬁga
the Vbrtex otandard differs from the Vortex Tube in beingVA
,mudh.aherter, having & larger volume and terminating in e
fishtail.

'k.,Befare the tests on the engine were run a preliminary
series of experiments was carried out on the resistance
~offered by the silencers to a steady flow of air. There
‘wag not a sufficient supply of compressed aib to give a
speed of flow such as would obtein in working conditions,
80 the results are only comperative.

. The silencers were attached to the dischmrge pipe
‘of an air reservoir which was fed from an air-compressor.
The pate of discharge was regulated by a valve,and &
uniform pressure was maintsined in the receiver during one
test. = The resistance to flow through the silencér was
meagsurad by a water manometer connected to the pife leading
4o the silencer.

.- In the teble the resistances are givan4£or.¢wo

pressures in the air bottle, @A being twice the ﬁrassure
of Ay . In some osses the silencer was also teatdd’vith

the air.flowing in the direetion opposite to the?normal.

;oan S B
R N

!
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, TABLE III.
. Mancmeter Pressure in inlet pipe
Siléndef ) in inches of water. :
! § With ‘silencer reversed
_ A 24 & pressure as in 2A
-Broaklanas 1.5 4
Vortex otandard | 8-5 - 19. 5
; S E : /
Howarth 10 24.5 26
‘ : ! | ] 3
Carbjector 11 2505 29 |
Vortex Tube 17 @ 42 .
Vortex Tube at & L g | f 1 ’
“low pressure 2 2 ( or  regsure &3

4

The Brooklands Silencer has much less badk pressure
than any ‘of the others. The Howarth and Carbjector are
sbout the same. The Vortex Tube has double the resistance
" of the Vortex Standard.  This is due to the Voytex Tube
Béing much longer and having & smaller cross séq&ioﬁal
area than the Vortex Standard. | ; 

With the silencers reversed the back pressure of
the Howarth and Csrbjector incresses by sbout 12ﬁ¥ while
that of the Vortex Tube is more ‘than doubled. f\ ;

" fThe behaviour of the silencers on the engﬁnJ is,

however, quite different to what the above results would
o

lead one to expect.
 For purposes of comparison silencers can S?
divided into two types, (a) those in which the stream ‘
‘ L R . '
of éaékﬁeets an obstruction immediately on’enteringithe ;
(b) those in which there is chamber of relatively 1qrge

volume before any obstruction is reached, e.g., the f

Brooklands Silencer.
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EXPERIMENTS WITH THE SILENCERS ON THE ENGINE.
FIRST SERIES: Comparison of different silencers at

a constant engine speed of 2000 r.p.m.

In this and in all ‘other experiments the engine was
pun at full throttle and maximum load.

A gtandard Brooklands Fishtall was also included
in this series. It was simply fixed to the end of the
exhsust pipe without being attached to any silencer.

It was diffieult to keep conditioms absolutely con-

stant for all the tests, but they were never unduly

losds. The corpélation of the exhaust stroke pressure

curve with the variation in brake torque has already been
dealt with, and the cdnclusions then arrived at will be
made use of in the discussion of the curves. |

The temperatures of the cooling water from the engine

end the exhaust branch were noted, but as no exhaust

) ' to either
“temperatures this practice was discgé%iﬁﬁed.

The criticel length of the pipe had not at this time
been studled. It wes fortunate that in this series of
tests the pipe to which the silencers were attached was

just over the eritical length for the speed of 2000 r.p.m.

'As e oconsequence of this-the maximum initial pressures at
1At apre nearly the same in each case.

* ‘Purves Nos.33 and 34, Sheet No.10, for the Howarth

and Carbjector silencers are almost identical. In Curves

Nos.33 to 36, the second pressure peak *Bt is due to a

¥pressure wave being reflected from the silencers which are
K St e cemiie by Do Watorn, Fis 22, 1. 64
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of type (a) mentioned on p.52 .

The Brooklands Silencer 1s of type (b) which allows
 the pressure wave to escape from the end af‘ﬁhe pipe to
which ¥ is attached and return as anqgatiyejwave, There
is very little damping in this case. |

The Fishtail, §urve No.38, has & very good damping
effect.

 The Vortex gtandard Silencer is really of type ()
but it has a bigger free volume than the first three, and
the reflected wave takes longer to form, i.e. the time
between 'A! and 'B' is greater than in Curves ﬁos. 33-4-5,
This reflected wave was further investigat§d in the
SECOND SERIES OF EXPERIMENTS. A flexible exhaust

pipe was bent so as to bring the part where the silencer
was attached close to the Indicator, see photograph and
‘sketoch on Sheet No.6, A rubber tube connected the

offtake from the pipe at a point close to the silencer
to the three-way cock on the Indicstor, see Fig. /10 ,p.Z2Z..

A curve of pressure at the exhaust stub was taken as
before, and then the connection from the end of the pipe
- just before the silencer was made, and & curve of
pressures was tasken for this point.

The Curves thus obtained are given on Sheet No.ll.
- Considering Curves Nos.42A and B, and 43A and B, the

. maximum pressure just before the silencer islgreater than

at the exhaust stub. This may be due to the fact that
‘in addition to the normal wave pressure there is a
pesistance in the silencer to the first rush of gas.

© The flexible pipe was tested without a silencer.

fhe offtake was 4 ins. from the open end, end as this is
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mich below the critical length for this speed the maximum

pressure is less than at the exhaust stub, see Curves 1i0s.

41 A snd B. A pipe just over the critical length was
added to the end of the flexible pipe so that the full

pressure of the wave might be retaeined. (Curves Nos. 39 4

end B show thet this pressure is retained. The time

taken for the pressure node (1) Curve A, to reappear at

(2) in Curve B, gives the speed of the wave along the pipe
as 1400 ft./sec. - see later page /0. ‘hen Curves A and
B are superimposed with the node (2) edvanced to the
position of (1), Curve L0.40, the period of the fundamental
waves are seen to be the same, but the harmonics occurring
at &iffevent times in ) and B prevent the curves coinciding
completely. /Assuming the same wave speed for Curves fos.
41 A and B, it is found that the node (2) of B occurs much
too early making the wave speed very high. At the point
where Curve B is taken the wave is emerging from the pipe
and the resistance is consequently very much less than

that of another length of pipe and this may account for

the apparent increase in speed. Similar considerations

apply to Curves Nos. 44 4 and B. .

When a silencer is attached, Curves Hos. 42 and 43,

the time between nodes (1) and (2) is slightly greater than
that corresponding to the speed of 1400 ft./sec., due probably
to the greater resistance of the silencer.

The successive reflections of the wave from the silencer
to the engine and back are clearly shown; node (2) reappears
at (3), (3) at (4), (4) at (5), and (5) at (8). 4 large
proportion of the energy is lost at each reflection being
entirely dissipated before the end of the cycle.
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A method of finding the effect of the silencer on
the pressure wave is shown in Fige 2/ o 7he silencer
was fitted up in the same way as in the experiments just
described, and a long tail fpe wes attached with an
offtake to the Indicator just after the silencer. Curves

vos. 80 end 81, sheet 16, were taken before and after the

gilencer. The pressure is reduced by half in going
through the silencer and the crest of the wave is much
rounded.

The other silencers might have been tested in the
sane way hnt -a-better method of comparing the allencing
effects was found and lis desoribed on pages $8-7 . .

_/D&_fs._s vre Der-Taves




. CWIRD SERIES OF EXPFRIMENTS: 1In this series the

silericers were tested at different engine speeds. The
aamg?piﬁ&“ﬁhﬁ“ﬂkd&*thfaaghdnt,ahdfﬁkh?aﬁbve‘thé‘céitibal
length for all the sneeds. ~See Curves Nos.45 to 58 on

Sheets 12 and 13. All pressures were taken at the stub.

In all eases the initial maximum pressure increases and
takes placé later as the speed rises. The two facts to
be considered are (a) the average back pressure during
the exhaust stroke, and (b) the residual pressure at
the end ‘of the stroke. The T.D.C. is marked on all the
curves., . ST | B
"'At 2000 r.p.n. there is not much objection to any
of the silencers except that the Prooklends has a node
of pressure at T.D.C. - At 3000 r.p.m. and ebove the
reflected wave becomes very prominent and causes con-
siderable back pressure, | |
‘he-pesidual pressure for the Howarth is just
beginﬁiﬁ@*ﬁaébe”dbove'atmosphéric ét~4000”r.p§m.,'§§£jgx';
No.48, aftel which speed it would increase rapidly.
“Referring to the comparison already made on p. 45 o
betwesn this: curve 10.48 and the curve for the open
pipe at-the same speed, sheet 8, it will be seen that
the réflested wave in curve No.48 happens to be similar =
to that: produced in the open pipe by the éémhinaéioﬁ’ofi’"““
the fuaétacntﬁlfwaveg,the’rQSi&ual'wéﬁe”éﬁ&‘fﬁe:hdrﬁénics;”"
“#Né réflected mave in the Vortex Standard |
Silencer st 4000 r.p.m., Curve No.5l, is giving a high
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pesidual pressure which would increase with the speed.,
The Carbjector has much the same effect as the Howarth,
The Vortex Tube Silencer, Curve No.55, is also lisble

to glve highi?asidﬁhl'pressure’at high speeds.  The
offect of the Brooklands is similar to that of the open
pipe in this respect that its pressure at 7.D.C. is above
or below atmospheric depending on the engine speed.
Bekween 2500 and 3000 r.p.m. the residual pressure is
well below atmospheric, and above 3400 r.p.m. the residual
pressure will be considerably above.

FOURTH SERIES OF EXPERIMENTS: Silencers on dif-

ferent lengths of pipe - Curves Nos.58 to 72, Sheets Nos,

14 snd 15. In this series the engine speed was k@?t

constant during & test, and the length of the pipe between
the engine and the silencer was varied from above the
eritical length to the shortest possible length. 'All
pressures were taken at the stub, The distance between
the first two pressure nodes increases with the length
owing to the longer time required for the wave to be
reflected, see Curves Nos .59-80, and 67«68, and ?6-71.

1% the case of the Vortex Standard Silencer, Curves Nos.
67-68, this has a bad effect at high speeds. The
Brooklands Silencer on a very long pipe st 3500 PePele,
Curve No.G69, has a node of pressure 43 1b. below atmos-

pheris at T7.D.C., and there would also be a node of low
pressure for a length between 3'~4“ and 1'-?“, see
CurVUI Nos.70 and 71,

“in opder to see if it were possible to get good

silenéing and retain this advantage of node of low



ngL
pressure. at T.D.Coy the fishtail was taken off the
Brooklands, and the Howarth was put on instead.. Curve
gg:zg;;for,this.arrangementuappears to give the desired
effeat,_but,thgra is so much of the reflegte& uaye3§b6v§
the atmospheric line that the average back péeséuro isai
raised, and conditions on the whole are not so good as might !
have been expected. The initial maximum pressurse
inoreases for silencers of type (a) = Howarth; etc., when
th°MPiP9£13 below the critical length, and decreases for
that cqnﬂition for type (b).

.. The increase for type (a) is due to the resistance
in the silencer to the flow of gas being gdditional'to
the inertia foras of the column of gas from the beginning
qggﬁgggexhaustﬂpipe to the end of the silencer.

o g;Thé-aeoreﬁsqlfqg ﬁhe;Brookiands, type (b), is
explained by thayrelativa~shortﬁésé of tha column of gas,
and -the absence of any obstruction in the first part of
the silencer.  Curve Ha.73-eemparod:with Gurve’No,Vl ,
;hqwq,ﬁhiavaifference:clearly.' o

.+ - FIFTH SERIES OF EXPERIMENTS. This is not a con-

neoted series, but oconsists of tests of silencers reversed,
silencers. in series, and a silencer with a tail pipe.

<7 Curves :Nos.74 A and B, sheet No.l@i_shaw‘the effect

of reversing the Howarth Silencer. . See also Curves Nos.

9 4 and B, sheet No,3, for the car engine. In both

¢sdes the initial maximum pressure is less when the

- silenger is reversed. This is because the silencer in
the noiﬁéi;positiog is of type (a) and when reversed is
tending more to type (b). It is better in the normal

position begause the higher initial pressure does not
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natter, and the pressure decresses more quickly than when
reversed.  The Vortex Tube Silencer was also tested in
‘the preverse direction. The pressure was taken at a

pbint:on7fhe“pipo 4" fpom the silencer, see Curve No.79.

The first pressure wave is not altered but the second one
{s doubled. The main point in reversing the silencers

is to show that their performance cannot be predicted from
considerations based on continuous gas flow,

STLENCERS IN SERIES.

It is sometimes the practice to use two sllencers
in series. The result of using the Howarth and Carbjector

silencers in series is shown in Curves Nos.75 and 78.

7his hed already been done on the car engine, see

Curve No.10, Sheet No.3. The initial maximum pressure

for the Howarth alone, Curves Nos.75 and 76, is slightly

greater than when the second silencer is added, but the
curves were not taken on the same run so the comparison is

not quite valid. At the lower speed, Curve No.75, the

two silencers give very little more back pressure than

" one alone, but at the higher speed, Curve No.76, the back

pressure and the residual pressure are both high.

Silencers in parallel have not yet been tested., It
i3 the case that two silencers, if as efficient as the
Howarth, give as good silencing when used in parallel as in
series, and the use of twin port exhaust systems with two
silencers is becoming populer.

ADDITION OF A TAIL PIPE.

The Howarth was attached to a short pipe, 1'-7 long,
and had a tail pipe 31.8" long, open at the end. The

first part of the curve obtained for this condition,
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w8~
No.77,is very similar to the same part of the curve for
the silencers in series, No.76. This shows that the back
pressure given by the silencers in series is mostly an

inertis effect. The frequency of the waves in Curve No.77

is very low, which would be advantageous in dlowing the
pressure at T.D.C. to remein below atmospheric for a wide
range of speed up to 3000 r.p.m. Above this speed the
back pressure and the residusl pressure would both be
high. The addition of a £ishtail to the end of the tail
pipe adds a little to the residual pressure and damps the
subsequent wave.

An indefinite number of experiments might be performed

with these and other silencers, but enough hesg been done to

 sover the important points. These—points—are—deelt—with
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EXPERIMENTAL WORK BY OTHER INVESTIGATORS.

Diagrams of exhaust pressures at fairly high speeds
have been obtained by other investigators and are given in
the following papers:=

#(1) Tests of & Daimler Knizht Engine, by Lr. "atson.

The exhaust tests in this case were only supnlementary
to the main engine tests and were not considered to be of
any special importance., The diagrams are, however, of
interest in that they show the phenomenon of the pressure
wave being reflected from the silencer, see pageJsd . A
copy of the diagrams taken at the lowest and highest speeds
is given in Fig,ZZ%,

The pressures are very much lower than those obtained
by the writer from the J,i.P. Engine but the general
character of the waves is similar.

##(2) The Exhaust Discharge and Proper Hanifol& Design, by
Mr. F.C. Moock.

Mr. Mock states that the diagrams shown in his paper

were obtained hurriedly with an optical indicator and ape

only intended to show the nature of the pressure variation,

Some of these diagrams have been enlarged, see Fig.Z.3, but

true seales of pressure and angular position cannot be given

as they are not clear on the original diagrams. Llso there

is not enough data of engine, exhaust valve and pipe sizes to
enable a proper comparison to be made between these curves
and those obtained by the writer. With reference to

* See The Autocar, Nov. 9th, 1912,

#r Qee i
e§.§¥olgg§§ety of éutemoﬁlle Engineers Bulletin,
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curve 'A', Fig.7J , he states "The wave motion is very
evident and the period is very close to that of a closed
end orgen pipe of the same length". This curve is similar
to the writer's curve for a short open pipe Ko.31, sheet 9.
In eonnection with the initial maximum pressure his
conclusion - "It is noticesble that the shock at the upper
end of the pipe becomes greater as the speed inersases”, is
the seme a8 that of the writer's, see pages 41 end 4 3
#(3) Inlet and Exheust Phenomena, by Mr. K.J. de Juhdsz.
The disgrams sccompanying wr. de Juhdsz's article are
specially interesting because they show conditions inside
the cylinder and prove that the wave pressures in the pipe
are transferred to the gas in the cylinder. The diagrams
were taken with an ordinary indicater using the de Juhéssg
device™” which enables an indicator to be run at a
hundredth of the engine speed. This arrangement appears
to give excellent results up to quite high speeds.
Unfortunately the speeds used in these particular experiments
were not very high - the highest being 1100 r.p.m., but this
is eﬁough to show the existence of the pressure wave
phenomena. Copias of two of the diagrams are shown in
Pige 24 . ¥r. de Juhdsz was mainly concerned with pumping
losses during the inlet stroke, and with the reduction of .-
efficlency due to this cause when running at light loads.
' After dealing with ascoustic phenomena which are
referred to later, he proceeds to show how the residual
pressure in the cylinder head affects the volumetriec
efficiency. He concludes that "the difference as manifested

* gee The Automobile Engineer, Oct. 1926.
%% Zee The Automobile Engineer, Sept. 1925.
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curve 'A', Fig.2J , he states "The wave motion is very
evident and the period is very close to that of a closed
end organ pipe of the same length". This curve is similar
to the writer's cupve for a short open pipe ho.3l, sheet 9.
In eonnection with the initial maximum pressure his j
conclusion - "It is noticeable that the shock at the upper
end of the pipe becomes greater ss the speed inereases’, is
the seme as that of the writer's, see pages 41 and 4 3
#(3) Inlet and Exheust Phenomene, by Mr. K.J. de Juhdsz.
The disgrams accompanying iir. de Juhdsz's article are
specially interesting because they show conditions inside
the cylinder and prove that the wave pressures in the pipe
are transferred to the gas in the cylinder. The diagrams
were taken with an ordinary indicator using the de Juhéssz
device™” which enables an indicator to be run at a
hundredth of the engine speed. This arrangement appears

to give excellent results up to quite high speeds.

Unfortunately the speeds used in these particular experiments ;
were not very high = the highest being 1100 r.p.m., but this
is ehough to show the existence of the pressure wave

phenomena. Co?ies of two of the diagrams are shown in

Pig. 24 . ¥r. de Juhdsz was mainly concerned with pumping
losses during the inlet strake; and with the reduction of -
efficiency due to this cause when running at light loads,

; After dealing with asoustic phenomena which are
referred to later, he proceeds to show how the residual
pressure in the cylinder head affects the volumetriec
efficiency. He concludes that "the difference as manifested

* See The Automobile kngineer, Oct. 1826,
#% See The iutomobile Engineer, Sept. 1925.
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in these experiments was 8o slight as to be well within the
1imits of the test errors. It was therefore impossible to
test the actualities of such differences experimentally” .
Also he concludes that the effect on the pressure in the
cylinder during the exhaust stroke of the pressure flue-
tuations in the exhaust pipe is not sufficient to apprecisbly 1
affect the power output. In the writer's experiments the |
pressure differences in the exhaust were of such magnitude
that they did appreciably affect the pawer; see page 36.
#(4) The Elimination of loise in the Xotor Cycle, by Mr.
Herold Briggs. |
This paper deals with both exhaust and mechanical

noises.

_ Engine tests were made with various exhaust systems,

and cupves are given showing B.H.P., B.M.E.P., Cylinder Head

Temperature, and average back pressure in the exhaust pipe
near the valve.

A copy of a set of curves is given in Fig. 237, for a
500 c.0. air cooled overhead valve engine.

The silencer was oftg carbjector type. There is a
slight redustion of power due to the silencer, and an increase
in the everage back pressure and cylinder head temperature.

In the writer's experiments no exhaust system made any
differance to the jacket water temperature. This was
probably dus to the fact that the cooling was 80 ample that
slight variations in oylinder temperature would have no
appreciable effect.

It is, however, & general camﬁkint that silencers do

# fPhe Institute of Automobile Engineers 1926.
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esuse heating, though it is likely that in many coses the
_heating is not caused solely by the silencer.

" yWith reference to the supposed 'extractor' effect
mentioned on page 44, Briggs states:- "ihen the axhaust
velve opens, the exhsust gas surges down the pipe, and the
pressure in the system, after having reached a meaximum, is
reduced owing to the inertia of the column, which creates
an extractor effect”. e gives a curve, §§5:£;§w; showing
what he supposes to be the pressure variation in the pipe.
This curve while'beariﬁg b slight'resemblance to some of
those taken with the writer's Indicator, ls quite unlike them
in detail. . | o |

The opinion that the high ‘velocity exhaust gases have
an extractor effect appesrs fo be common among motor engineers.
It is true that the inertie of a very long column of
exhaust gas was at one time emploved to assist the scavenging
of sldw:speed gas enzines., In this case the wave motion

wes & minimum and the extractor effect a maximum. In high

speed enginss the effects’are reversed, and the wave motion
is 80 intense that even the sudden stoppage of motion of the
gaa "in the pipe due to the elosing of the valve has no effect \
on it. | "

) Briggs Boes, however, realise thet there is wave motion ;
and he states, "The pulsation may give a high or low pressure
at the exhaust port at the moment of valva closing. A low
presaure means good scavenging, un& & purer inlet charbe. A
hish pressure means dilution of the new charge by'exhaust

ges,  This effect is well shown in thelferue curve Pig.27 &
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FAR 100 Topeme the column inertia favours volumeiric
effleiency.; ﬁn inorease in the revolution speed then
'lowers the torqua, mhlcn again reaches & maximum st 2 5 9200
Popele The aecen& peak occurs at twice the revolutions of
the firétg and the same oharacterlstlc has been met on a
vnrlety of engxnes.

While the above is partly in egreement with the writer's
conclusions 1t mxght be pointed out that the most favourable
conditipn (lowest pressure at T.D.C. on the exhaust stroke)
~does not slways recur at multiples of the engine speed. An
examination of the writer's curves on sheet 7, shows that the
above condition would occur et sbout 1300 r.p.m. and not again
111 over 3000 rep.m. In the discussion on the paper Briggs
states with reference to the average back pressures:e I
have quoted these average figures as a matter of interest,
and I find that they ere of value in compering different
silencers, but it is no use using this method in comparing
an open exhaust pipe with & silencer. If two silencers are
tried on one engine, the one with the higher back pressure
will give & lower power reading’. A similar conclusion is
arrived at by Mock whose work has already been mentioned
"5 great mumber of the types the writer has tested, show the
same power loss, for the same degree of silencing, or rather,
& power loss in proportion to the degree of silencing”.

The same statement was made in a report on the result
of the Triumph ¥otor Cycle Company's Silencer Competition®,
"Almost without exception through all the great variety of

types, shapes, sizes, and arrangements which have been tested,

* See "The Wotor Cycle, Aug. 18th, 1927,
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the silence obtained is almost in proportion to the power
lost". The above opinions are those most commonly accepted
put & different conclusion is given in an *R.A.F. Report on
silencing experiments:~ "An increase in noise reduction is
not necessarily accompanied by an jncrease in back pressure.
It may be sccompanied by a decrease” .

The connection between back pressure and sound reduction

{s dealt with by the writer on pages //4-//3" .

* Ses 7.3, Scientific Research, Report No.9A. Nov, 1917,
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‘ The Constants for the specific heat equation ure given
by Partington and Shilling es:=

g 1o Ny o 49487 0 08lx 10°

. ... 0, 589  5.057x10 ~1-02x10 °
e B0 7249 -—2468x10 2:34x10°

~ ¢The average temperature of the gas in the exhsust pipe was

: azfeund by mesns of an electric pyrometer to be 850°¢ at 1000
r.poms, and 900° to 950°C at 2000 r.p.m.
:aking the temporature ss 900°C = 2116° Fah. sbsoluts,

ithe value of Cu.. is = 5°814 -+ +6528 ~+1°8837

Bio Frmn e L ® 78005

(. - Gpm = TB005 41987 = 9+7875 -

co® Lpm o ® 975 . 14256
’ e
. % faz-z x 1684 x 1265 x 2115 = 2005 ft/sco.
R 28684

. "1h & *paper by Professor Dixon, Drs. Campbell and Parker,

“bh'the velocity of sound in gases at high temperatures, the
‘viluy of the velocity“in*niéﬁogen at 900°¢ was shomn to be
9290° £t i/sec. calculated in the above manner. The speed of
2005 2¢./s8c. obtained for the foregoing exhaust gas mixture
therefore appears reasonsble. By experiment on the velooity
‘o #ounid 1A nitrogen in tubes at the same temperature it was
‘Poihd “hat -the velocity was 2200 ft./sec. This smaller value
“We§ péckéried to be due partly to friction in the tubes and

: ‘ixﬁrtiy ‘to 'the exchange of heat between the gas ‘and the walls of

"the“tube.  In peneral the experimental values were found to be
“lews“tham the caloulated values, and it is to be expected that

‘the ‘setual velocity in the exhaust pipe will be less than the
- caloulated.

* Proceedings of the Royal Society, 1922.

i
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UYELOCTTY OF SOUND DEDUCED FROM PRESSURE CURVES.:

ML L AR & :

. If the wave motlon shown by‘the pressure curves corres-

' gpnds to that 1n an organ plpe open at one en& and closed at

the other (th@ conﬂltloﬂ for an Open exhaust plpe after ?he

ynlve is shut) the wave length should be four times the 1ength
of the plpe, and the frequencv'multlplied by the wave length is
gqual to, the velocltv of sound.

The frequency for a plpe 5'-8 lonb, as shown bV’QEEEEi

Nos.20-24, Qheet 7, is ubout 64 waves/sec. | From thls value

the velocity of scund b@ =4 (5'-2") x 64 = 132& ft /sec. |

Also from Curve No.3, >heet 2y the frequency is 50 waves/sec.

for = pipe 6'-9" long giv1ng V3 =4 (6' -9") x 50 = 1300 ft./sec.f

W,HA rough apnroxxmaflan of tle velocxty of the wave can be

ohtained from Curves 39 A and B,v Sheet 11. | In this cuse a

long pipe was t&pped at tuo pOlnts 3'~6 apart 50 that ﬁhe time
taken for the crest of the first pres%ure wave to tpavel |

3'-6" was cbtaine&. - This was found to be 00025 sec. glving

a9

the sPeed of ‘the wave as Biaggg = 1400 ft /sec. This velocity

is grpater then the true wave veloczty owing to the exhaust
gas havtng at this perlod & fazrly hlgh speed in the pipe.
These velocities are verV'mudh less than thet calculated
for a temperature of 900 %, and correspon& to a temperature of
about 400°C. There may be two reasens for this (a) that the
velocity-of the high pressure waves pecorded by the curves is
‘less than that of mormal sound waves, (b) that the actual
* temperature: of the gases at the time during which the waves.
"were recorded was much less than the average temperature as.

“measured. oo
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. fhe temperature of the gases in the pipe after the'exhaust
valve has closed will certainly be less than the average
temperature. This could be ascertzined experimentally by
making & deviece for insartihg the pyrometer in the pipe during
this period of the cycle and removing it during the exhaust
stroke.  Some idea of the temperature can, however, be got by
eslculating the highest temperature at the beginning of the
sxhaust discharge. Knowing the upper limit and the average
value the lower value can be got approximately,

»Lat‘ﬁ;, M;,.jf;) be the pressure (gauge), volume and
temperature of the gas in the cylinder at the point of release
on the expansion stroke; and f%l V};-T:) ~ the pressure,
volume and temperature near the beginning of the compression
stroke. Taking a point where Y, - béw s /? as 15 lb./inf';
7 88 350°C; and Fr as 75 1b./inS  (this value was got from

an indicator diagram of a similar engine, see R.A.F. Report,

Y vs> - 1750C.
We2)y Tro= Ty xm < 390 %18

I 7~ = the temperature in the exhaust pipe where the pressure

486 lb./in: over atmospherie,

code e /jl. == ( - 6iii- « /1898
3 -
1780 o 1340°C,
o -7; /308
"'the'avefage temperature 900°C = 40 2ow .

the lower températuré' = 460°C.
This method would be correct only if the high and low temper-
etures existed over the same length of time, which is not the
6ase, - -The high temperature period is ‘much the shorter of the

two, . Qﬂnsequently the temperature during the longer period
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mnst be greater than that already calculated, namely 460°¢.
The average tamperature in a short pipe might be expected
to be higher then in a long one and should show a difference in

the wave velocity. This is not so in the case of pipes

3"4ﬁ and 1.7 1on&, giving Curves Nos. 29 and 30, Sheet 9.
- The frequanexes of the waves as shown by these curves are 107
unﬁ 212 giving wave veloclties of 1330 and 1340 £t¢/sec.,
respactlvely.

These low velocities cannot apparently be altogether
{hecbuﬁtad'fﬁf by low tem@eratures,\ana the general evidence
tendéffo:support the conclusion that high pressure sound waves
n plpes travel with 8 velocity lower than that of normal
sound waves under the same temperature conﬁltions. A\ fow
p experimegts by Mr. A.Ls Foley on the phot ographing of sound
;, waves in pipes led him to conclude that, “The speed of
~sound in tubes_caﬁ'net be represented by the Helmholtz

vaquation or b& anyfoﬁhor_eqnation which is independent of
" intensity".

" A brief consideration of the standard theory of the
velocity of sound shows why high pressure waves eannot be
’tregted in quite the same way es normal onesi= Aécording to
Lumb o |
Jﬁ4* AN = Ly natis ﬁz’ Crnerepend of volise

””"‘-?/‘M‘[ o licre

_‘: - /U /L)-o v

e (e D) e )

* See, Thgg% eed of Sound Pulses in Pipes, Phyéiéal Review,

** Ses, Lamb's Dynamical Theory of Sound.
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| It ié to be noted that in the above treatment o and A
i.hwo been assumed to be so small that tha product:?éﬁ as

Ein oquation ( ) may be neglected i e. the true value of
f!rom (3) is -A -543 . and in equation (5) & iﬁ made - - Q

% The assumption is Justlfled in the general case of
fsouna waves in which the compression is relatlvely small, but
'iit is not justlfled when the compr9851on is as great as in the
oase of waves in an axhaust pipe.
| As far as the writer is aware a full theoretzcal
;treatment of the subject has not yet been glven. B
| In Mr. de Juhalz s experiments (see page 63 ) the

kexhauat pressures were taken inslde the cvlinder, and with
fragard to the wave frecuenoles he states "The cvllnder and
nthe attachea exhaust nipe may ‘be regarded as an acoustic

‘pipe closed at one end, the effective lenﬁth of whxch varies
»w1th the mofion of the niston. The mean volume of the
’eyllnder is the comnr3531on volume + half the swept volume,
“6r 44 1n.v - Thls corresponds 1n volume to an exhaust pipe
23 ins. long, and thls flgure has been used in the follawing
“oalculaizons.
o Tho above m&hod of correctxnb the pipe length for the

cyllnder vnlume does not seem to the writer to be quite

Ntesurato especially~when the pine is short. The writer's
diagrams show the periodic motion in the pipe during the
exhaust stroke and after the valve is shut. Applying the
correction for the cylinder volume during the exhaust stroke
in the cases of Curves No.20, Sheet 7, Nos. 29 and 30,
| §Eﬁg£_2, the result shows that this correction is too small
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for the 5'-2" pipe and too great for the 3'~4" and 1'=7"
pipes. The 1ength of plpe used by de Juhasz was 5'~? ?or
which the correction wes probably near enou?h and the R
;greement between the caiculated values of the perlodic
time andkthase obtained from the diagrams is fairly good.
His values also show thet the frequency increases with the
temperature, = He coneludes as follows, “These experiments
substantially corroborate the general application of the
1aws of acoustics to exhaust phenomena.”

Fig az.

Referring to the diagrams [on page 472 taken by Dr.
Watson, ¥r. ¥ock in his naper(&lready mentloneg states
”The shorter waves have exactly the period of a sound wave
in a two-foot closed~end pipe, while the large wave motion,
on which the smaller waves are superimposed, hears probably
the period of the whole system.” Hr. Mock also states that
the frequency of the wave shown at A on Fig.< 3, corresponds
to the calculated frequency for the pipe, but in neither case
did he know the exhaust gas temperature so his deductions
are to be taken with reserve.

It would appear, therefore, that the wave motion in an
exhaust ‘pipe approximates to that of ordinary acoustic pheno-
mena, but the question of the velocity of high pressure sound
pulses in pipes requires a more thorough investigation before

any reliable statement can be made about it.
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ANALYSIS OF EXHAUST NOISL.

As shown later the silencing of a note depends to some
extent on its wave length. It is therefore necessary to
know something of the separate sounds that mgke up an
exhaust noise.

In the case of a single cylinder engine with an 6pen
exheust pipe the fundamental note of the pipe can be heard
quite pleinly at small throttle openings. With a little
more throttle the note rises to the overtones of the pipe,
end a harsh element of much higher pitch begins to appeur.
Phis latter can be eliminated to some extent by making the
exhaust pipe of soft wetal. Before silencing regulations
came into force motor cyelists sométimes fitted laxge
diameter open pipes of annealed copper which gave a mellow,
and & really pleasant, musicel note when the engine was
running light. With helf or full throttle the harsh
element increases so much that the musical effect is quite
lost, and the total sound can be resolved into two distinct
components. These are a heavy 'impact?, or 'bang', and a
harsh, high pitched, 'hiss'. The presemce of intense
short waves can be clearly shown by holding a plate of hard

meterial seross the axis of the pipe at the opening -
fig (z8). ' '

FIG. 258 )

The spade between the plate and the pipe forms a
resonator for the short waves which .are thus intensified
and make a deafening noise. <+his effect is & maximum
when the distance between the plate and the plpe is abqut

; 5 ins., and cesses when the distance is less than 1%iins.

or/ :
; 7 X Jea  aloo C%ﬁyibu4¢kx
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or more than 9 ins.

Thege two elements in eshaust noise - the ‘'bang' and
thigs! ~ do not appear to be generally recognised. The -
i:rite_r has found only two references to them, one in en
| _m'm.ele’k on the Maxim Silencer, — "To the ear, there are
two kinds of noises -~ intermittent as in the case of the
internsl combustion engine or a reciprocating compressor
and steady as in the case of rotary blowers or continuous
alr or steam discharges. Then there is the entirely
di fferent sensation of pulsation with little or no noise;
reciprocating compressors often produce this senssation.
These pulsastions, from th: standpoint of the silencer,
come under the same category as noises, in that they sre
subject to the same law of behaviour as ordinary audible
sounds. Eaech noise has particulsr variations and the
| psychological effects differ. For instance, a gas or
0il engine has two distinct noise elements, the thumping,
booming air shock coming from the gsudden release of a
oharge of high pressure gas and the rushing gg high
velocity nolse caused by high exhaust gas velogity at
any point in the exhaust system. These two vary with
the particular type of engine."

The other reterence is by Mr. liock in the papei
alreaedy quoted, page {62), who states regarding exhaust
pressure effects:~ "It is quite evident from the fore-
80lng what the duty of the muffler must be and what
oonditions it is called upon to meet.s Nevertheless the
question may be raised whether the wave shown on the

diegrams is the wave which, spreading from the exhaust

Ripe/

*
Power plant Engineering, Nov. lst. 1926.
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pipe outlet, afieccts the suditory organs, or whether

it is any other sort of wave, possibly of more common

gize, superimposed upon the Lilrst one. I find that
s sharp noise, like the tieking of & watch, is very

distinetly heard through a muffler which would silence

the exhaust very completely. It sounded more dlistinet
as if heard through a length of pipe. This is also
true of a sustained vibration, such as s musical note.
A succession of modulsted tones, as from speaking, is
mede slightly indistinet and hollow. From these
considerations, and from the very great intensity of the
exhaugt sound, as evidenced from the distance which it
carries, and the vigor with which it is reflected, I
conclude that the discharge pulse is the cause of the
impression our ears receive". He evidently considers
the 'hiss' to be of relatively small importance, but the
writer's 6bservations do not bear this out.

As the 'bang' and the 'hiss' ocour simult aneously
they cannot be examined properly under working conditions,
and the only wey  to deal with them is to produce them

separately. This was done as followsi~

AL100 OF PHISS'.

An old motor cyolé engine cylinder of the same
oapacity as the one on the J.:.P. engine was obtained and
fitted up ss shown in Drewing No.12, end in the photographs.
The inlet valve and guide were removed and a bolt (1)
wag inserted to carry the fulerum pin of a lever (2) by
means of which the exhaust valve ocould be easily raised.
A weak valve'Spring was used. 'The 1ift of the exhsust
velve could be regulated by e stop (3). An offtaké (4)
from the exhaust stub led to a manometer for registe:ihg
Presasures in the pipe. It could also be used for

" _
, listenlng'in" to the noise in the pipe. Compressed air
was/ ﬁ
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wag supplied from an alr regervolr through an air heater.
A pressure gauge was connected to the eylinder through the
iﬁlet stud. A continuous noise could be produced by
polding the exhaust valve partly open and allowing the
_aompressed alr to pass through at constant pressure,

or the valve could be opened suddenly in which case the

| pressure in the cylinder dropped at once and taere was
just one loud hiss. It was not possible to open the
‘Vﬂl?é by hand guickly enough to produce the 'bang' that
takes place on the englne. The 'hiss' could therefore
’be sﬁudied by Llvself. The effect of heating the sir be-
fore passing it through the cylinder was tried but did
not ﬁake much difference.‘ It wag & rather troublesome

' goheme, so0 the ulr was used cold.

Phe guestion now ig - what kind of sound wsves make
 up & hiss? It is evident that there are waves of
differing frequencies which do not combine to form a
musical note; slso the average frequendy is verxry high.

It was found that the hiss was present only when the
exhaust valve was partly open, and slmost ceased when the
rise of the valve was 5/16" the total rise being 5/16"
Phe intensity of the noise was 8 maXimum st a rise of
sbout 1/8". It then appeared to consist of a mixture

of very shrill whistles which are very fatiguing to the
ear, rendering the writer almost deaf for hours after an
egperiment. _

. An examinstion of the alr pussage when the valve is
1/ap ‘open shows the possibilty of whistle belng produced.
Q“;_*?ﬂ& a small part as in Fig Z{, the opening is a nozzle
x??‘;whieh the sir expands into a chember which can form
a Tesonator for the high freguency waves produced at t he

nnzslg.

Some experiments were made in verying the shape of the
valve/



velve pocket and valve, e.g. packing the pochet at
tA! g8 indicated by the section lines, Fig.30 , gave
8 élightly decreased noise. The velve as in Fig.3/
inoressed the hissing period; the 'hiss' did not cease
after the valve was raised 3/16 ins., as in the case
of the standard valve, but continued till the valve was
full open. Valves are not made of this exact shape,
but there is & type very similar csalled the "$ulip"
valve, Fig.32Z . which would possibly increase the period
of fhe hiss.

¥o matter how smooth the valve pussafe or nozzle
opening is mede there is always & loud 'hisgs! when high
pressure gas is escaping; but this noise is greatly
inoressed if the shape of the passage forms a resonator
for .even a small part of the sound. Congeguently while
it is impossible to prevent a falrly loud ‘hiss' it
might be possible s0 to shape the valve pocket ihat
resonance would not occur. A considerable amount of

eXperiment al work might be necessary before the best
shape could be determiixé.d.

INVESTIGATION OF 'BANG®.

'Bang! is the term generally used to signify a

single soux‘id pulse such as is given by the sudden gshutting
of a door, the striking of a wooden table with & hammers,
the firing of a rifle, eto. It aiffers from a 'booming'
sound which hes s continuing quality and may be a musical
Rote, and from a 'crash', e.g. the fall of a tree, in
Which case thers is a series of noises extending over

82 appreciable interval of time. The cause of the 'bang’
An the gage of the engine exhaust is most easily understood
by Gonsidering tne anslogus case of wave motion in s
helical spring; Fig JJ .
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FIG. 33,

. The part AB is compressed and BC is free or it may
be under & compression less than thet in AB.  Suppose
the spring st B to be suddenly relessed. The end B
is sccelerated to the right until the parts immediately
%o the 'lright: end left of B are in a state of eqﬁal

gompression, ©.8.

A AL

1

FIG.34

6 c

a ‘The part at B is then the crest of & compression |
. wave which proceeds towards C.
One important fact to note is that no matter how
small may be the difference in compression between AB
end BC, the sudden release of B will produce wave motion.
If instead of a spring there is a tube of compressed
gas8 with a valvé ot B & wave motion will be set up in
the gas in exactly the ssme way, provided that the valve
18 opened with sufficient rapidity. There is no necessity
| for the difference in gas pressure between AB and BC to
be great enough to give a gas velocity along the pipe
equal to that of sound.
'~ In the engine the part AB is replaced by the cylinder,
the valve at B is ususlly smaller in area than the pipe
B0, and the raising of the vslve is not instanta.neous;
B@ even when the engine is running quite slowly the
valve leaves its seat so suddenly that the first period
of 1t8 rise can be thought of as instantaneous. b

wave is therefore formed at any speed or pressure, though
at/
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at low speeds and pressures the wave intensity is
pegligible.

I1f the engine speed is constant the wave intensity
willlinnrease with the cifference between the pressure
in the cylinder and the pipe until this difference is
l_aufficient to give the critical gas velocity &t the
velve. The wave pressure clearly cannot rise above its
vélue at this point no matter how high the cylinder
pressure may be.

I1f the pressure in the cylinder remains constant
(above that giving the critical gas velocity) and if the
engine gpeed increases the wave intensity can inorease to
& maximum. Thig occurs when the speed of the valve 1ift
is such that the gas velocity through the opening is sti1l1l
' equel to its oritical value when the valve 1s full open.
| . Phe curve of intensity on & base of speed, Hi 39
page, shows that this limit would be reached for the
J«A.P. engine at between 4000 and 5000 r.p.m. Iﬁ is
sotually reached before 4000 r.p.m. owing to the decrease
in volumetric efficiency.

The best method of produeing a really loud 'bang’
similar to that on the engine was found to be that of
"firing' a pop-gun into the end of a long exheust pipe,
e.g Fig.39.

ﬁ@ [ : :" ZTIIT :

FIG.35"
The pressure of the sir in the pop-gun is not high

vh“ the cork leaves the muzzle so guickly that the impact
of the compressed air on the sir in the pipe produces a
Sharp orack.

A% this arrangement was inconvenient, another
methoa/
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method was adopted — that of suddenly decreasing the

btessure at the end of the pipe. This oan be done in
' the following way, Fig.36. The pipe (1) 1is joined to
the cylinder (2} in which

a piston (3) moves rapidly

) bagkwards and forwards from

position 'A' to position 'BY.

When the piston moves towards
'A' the alr is expelled through the non-return valve (4),
80 that on returning towsrds 'B' it creates a partial
vaouam at 'A'. When the port (5) to the pipe (1) is
uneovered aif enters’from pipe (1), and the sudden
deerease in pressure followed by the impact of the alr
rughing in starts the column of air in the pipe vibrating.
| If the eylinder is small the movement of the air does not
| meke an sppreciable *hiss'. Tne device used in the
experiments is shown on Prawing No.l3. It was msade
largely from parts of apparatus that had oeen used for
Otber purposes. The orankshaft was driven by a belt from
& motor at any desired speed. 'In order to have sudden
‘opening of the ports in the cylinder the piston was
arranged to uncover them when at its highest speed.

A geries of 'bangs' similar to that of & smell
iWo-Bt roke engine runniﬁg light wes obtained. These
'bangs' were not so loud &s in the case of the J.A.P.
engine at full throttle but were loud enough to give an
1dea of the comparative effect of the various silencers.

The behaviour of the silencers on the separate
thinsf and ‘bang' tests is discussed later on pages//[~
ZOPULAR IDEAS OF EXHAUST NOISE.

4 great deal has been written in the motoring press

on'th‘.snhieet of exhaugt noise and silencing.
One/
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One of the most widely held beliefs is that the
noise is produced at the outlet of the pipe by the
sudden expansion of high tempersture, high pressure,
ges into the atmosphere in much the same way as the
report of a gun. In the case of the gun the gas in
the barrel is at andextremely high pressure and expands
répidly into the atmosphere genersting an intense sound
wave over a comparatively large area. It is the latter
' fagt which accounts for the loudness of the report of
8 rifle having such a small bore as 0.22 ins.

The difference between the two cases, then, is
that the gun report is produced outslde the barrel and
- the exhaust noise is produced inside the exhaust pipe.
This does not prevent the 'bang' of the exhaust being
similar in charscter to the report of & gun, but it
does make a difference to the way in which the two
nolses are silenced.

In the Maxim gun-silencer there is first a chamber
in which the very high pressure gases can expand rearly
Yo atmospheric pressure after which they pass to the
atmosphere through spiral passeges. The action of
the silencer is largely to delay the expansion of the high
pressure gasss., This does no harm to the gun, but any
delay in the expansion of exhaust gases is fatal to the
- Working of an engine.

The designers of most patent silencers make some
Stetement to the effect that their silencers allow gradual
‘?P“nﬂion,;e.g. “"The long cireuitous route by which
the exhangt gases are made to travel through the Vortex
5}leneer allows them more time for cooling and expansion,

80 that when they are at last transmitted to the
outside atmosphere, it is at practically nomal
stnegpherio/
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atmospheric pressure. Yhere is no noisy imgaet, no
reslistance.”

The designers' efforts appear in many cases to be
expended in & wrong direction. They attempt to provide
for gradual expansion of the ges, when the expsnsion
has slready tsken place at the exhaust valve and caused
the sound that has to be retained or destroyed.

At first sight it sppears strange that a silencer
designed on demonstrably wrong principles should have
any silemcing effect at all. The reasons are eXplained

in a lster discussion of the behaviour of the silencers

which were tested.

EXPERIMENTS ON NOISE INTENSITY.

In the foregoing analysls the nature of the Exhaust
‘Noise was deslt with, but it is advantageous to have a
more quantitative knowledge of the intensity of the
‘noise.

Phe curves of the pressure inside the exhaust pipe
do not give a true idea of the intensity of the waves
when they have escapéd into the atmosphere and bhecome
reduced to the pressure et which they strike the ear.

The following exXperiments were made in order %o
exXamine the sound waves at the lower pressures:-

A8 the multi-point Indicator did not work well
ﬁith very low pressures it wus necessary to have the
sound waves at & slightly higher pressure than they
Would have been in free air. The end of the exhaust
Plpe was therefore attached to a long cylinder of light
Sheet steel from the middle of which a short pipe led
%0 the Indicator, Fig.37 .
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The seriod of the sound waves is modified to some
extont by thse length of this cylinder but this does not
affect the important festures of the results.

FIRST SURLES OF EAPLRIMENTS: (Pipe to Cylinder).

The object of this series wes to find how the
intensity of the sound varied with engine speed, other
factorslbeing constant . For the purpose of compsrison
all the curves are plotted on 1 buse of time to the
same scale, and this applies to the other series also.

curves los.82 to 87, are for speeds of 1000 to
3500 r.p.m.

Zhe polnts to be noted as the speed increases are
as followsi- (a) the positive and negative parts of
the primary waves increase in intensity, (b) decrease
in time, (e¢) the remaining waves becore relatively
uninportant. This last point (o) shows why the noise
is heard as one 'bang' per cycle instead of as a more
or less continuous moise which might be expected from
the curves of pressure taken inside the pipe wWhere the
- Waves do not die out.

In Fig.3d the primary positive waves are plotted
to & more convenient time scale. It would be interest—
ing to know whether the eur eslimates the loudness of
& sound purely by the maximum pressure oi a Wave or
’ by & combination of the maximum pressure with the time
taken to attain it. It is probable thst the time
factor detérmines the "sharpness” of a sound. It was
Juet possible to put one's ear to the ¢ylinder and
stand the full pressure of the sound at 1000 r.p.m.,
but et higher speeds this could not be done.

Curve ABCDEF, Fig.3¢ shows the variation of
lntensity of the primary positive wave on a base of

Sngine speed, snd curve A'B'C'D'E'F' shows the variation
02/
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of the initial meximum pressure in the pipe for
corresponding speeds. It might be expected that

the intensity of the sound waves would increase in
the same ratio as the pressures in the exhaust pipe,
but this does not seem to be the case. Curve bedef,
Fig.401s s curve of relative intensities, i.e. the
ordinate of 'b' is got by dividing the ordinste at B,
Fi1g.37. by the 6rdinate at A; the ordinate at 'e' is
the ordinate at C divided by thsat at A, and so on.
Curve b'e'd'e'f' is obbained from curve A'BIC'DILTE
in the same way.

A Phe relative intensity of the sound waves increases
much more rapidly with engine speed than that of the
waves in the pipe at the engine end.

The writer has not, so far, been able to account
for this phenomenon.

One thing both curves have in common is that they
seen to be reaching a limiting value. |

This should be the case for the pressures in the
plpe because these are determined by the rate of flow
of the gases through the valve port. This rate -
cannot be greater than the critical velooity so that
the pressure in the pipe reasches a 1imit when the
engine speed and consejuently the rate of opening of
the valve becomes very high.

The intensity of the noise at 3500 r.p.m. as shown
by Eig.38 is four times that at 1000 r.p.m. but it
Would be impossible to mseke any estimate of ﬁhis
relative intensity simply by listening to the noise as
the engine speeds up.

SECOND SERIES OF BArERIMENTS (Silencers to Cylinder).

In this series various silencers were tested.

(Por detalls of the silencers see drawings Nos.10 and 11).
Curve/
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Curve Ho.38 for an open pipe was first obtained as in

the previous eXperiment. The fish-tails had to be

put inside the large eylinder, i.e. Fig.4/

A ni S

RIG.4/. Ti

The silencers were coupied to the end of the pipe and

the outlet inserted in the end of the e¢ylinder, Fig. ..

d

~[ 1

SILENCER. T

The first notable fact about these curves Nos.88 to 96
is tﬁat although the amplitude varies considerably the
period remains nearly constant. This result is
ditferent from that obtained from previous curves for
free vibration in an open pipe in which case the
period increased as the amplitude decreased.
The reason for tiae gonstancy of the period is that
the period of the wave in‘the pipe 1s constant asnd
~ though a silencer prevents the full pressure of the
wave from getting out it does not alter the time taken
for the passage ox the wave.

A comparison of the intensities of the primary
¥8ves for the different silencers is given in fig.43,
The fish-tails sttacned directly to the pipe meke very

‘little difference.

when fish~tails began to be used (about 1922)the

Yriter made some experiments on the size of outlet and
found that & properly sheped fish—-tail with an outlet
®ual in area to the bore oi the pipe had very little

92fe0t on the noise. Only when the outlet area was
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rather less thsn thast of the pipe was there appreciable
silencing{ Any kind of fish-tail or flattened end
of a pipe does, however, have the effect of stopping
the wooming' quslity of the sound even when the
intenslty is not much reduced.
‘ A fish~tail on the outlet of a lsrge volume
gllencer such as the Brooklands reduces the sound to
8 very pronounced degree. This is probably bseause
the wave pressure is reduced in the silencer and the
fishptail can therefore reflect the waves more easily.
It is often sitsted that & long pipe gives e
quieler exhaust than s short one, so two lengths of
pipe were tested at the same engine speed, see curves
Nos. Y7-8. The primary waves sare identical and the
succeeding waves are more pronounced in the case of the
longer pipe. Increase of pipe length, therefore,
within the limits as tested does not reduce the wave
intensity.
It is, however, the case that a long exhaust
plpe of small diameter as fitted to some carsziizuee
the noise. The deposit of soot =and oil inside
a small pipe has a considerabla damping aclion,especislly
on the thiss?. This damping would not occur in the
large diameter pipe used in the writer's experiments.

ACTUAL AND AP2ARLNT INTENSITILS =

The actual intensity of the explosive 'bang' is shown
_b& the Indicator curves but the nigh frejuency notes

of the 'hiss' are not recorded. Plrect measurcment

of the 'hiss' is not possible with the present apparatus
and the estimation of its intensity must be made by

the ear. This is very unsatisfactory as so Puch depends
on the personal element, but the evidence is guite strong

and/
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end the rollowing deductions may be msdei—

I two airferent siienoers give the same curves
for 'bang', gud if the noise ss spparent to the ear
is grester in the csse of one than the other the
reason iox vuls difference must be thet the noisier
silencer ig s&llowing more oi the 'hiss® to get through.
0f the zour silencers tested the Howerth shows more
Ybang' and yet is distinctly uiver than any of the
éthers. The addition of & fish~tail to the Brooklsnds
decreascs Lhe spparent noise to s much grester extent
thsn is shown by the curves. The Voritex Tube when re—
versed almost elininstes the 'bang' and yet is apparently
quite s noisy as when fitted in the normsl way. A
method of reducing the 'hiss! without aifecting the
'bang' was to put s thick felt liner inside the test
eylinder {(of jig 37). This made only a slight difference
to the Indicator Curve but it reduced the total noise
considersbiy. ine conclusions sre, therefore, that the
'higs' accounts for g large proportion of the total
exhauct noise, and that silencers which have the séme
capacity to refleét long, high pressure, waves msy have

very different capseities for reflecting short wavesg.

HMETHODS OF SUPPRESSION OF SOUND.

Before eriticising the silencers in detsil it
}ill be necessary to discuss the various ways in whieh
sound waves may be suppressed or destroyed.

The methods of production of sound aave already
been ststed, 2nd the eondition is that high frequency
and low frequency wWaves are travelling elong a pipe

together/
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together with high speed exnhaust gas. The flow of the
gas must not be unduly impeded, so that the outlet area
cannot be deoreased sufficiently to keep back a high
proportion of the sound. But in most silencers the
outlet ares is reduced to some extent, and the effect
of this reduction was investigsated in the following
experimentsi-

EXFECT OF REDUCED AREA OF OUILLET.

Three nozzles of different diameters were masde to

fit the end of the exhaust pipe, Fig.4J

Nozzre
?‘\\‘ ,,e-;- =
N R SRR,
/ > Cvy ’
o i
SR v e
FIG.4.5.
Nozzle Open Pipe (1) {2) {3)
. 45 ‘ 3
Bore of Nozzle 18" 1/%;“ i %" |
Cross Sectionsl 4rea|l 2.1 1n? | 1.4 in?] 0.785 in? | 0.44 in? m

Curves Nos.99-102, show that the restricted outlet reduces
the amplitude but does not alter the period of the waves.
Curve 1CBA, Fig.4(¢ . shows that the intensity of the
primary positive wave does not decrease in proportion to
the area of the outlet. In Fig. 4. the reductions of
area and the corresponding reductions of intensity are
expressed as percentages. Bxcept at the limiting
conditions the reduction of intensity is much less than
that of area, e.g. when the area is reduced by 50%, the
° nolse is only reduced by 29%, and for a nolse reduction
of 50% the area must be reduced by 70%. It might be
possible by using a series of small cénxractions in a
pipe to stop the "impact"” sound wave without appreciably
hindering the gas flow, but there is no evidence as to
whether/

ij‘
]“
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whether the 'hiss' would be stopped at the same time.
The nozzles used in this experiment appeared to have
more effect on the 'bang' than on the 'hiss'.

4 somewhat similar experiment was also made on the
- ear engine, page , but without the nolsge recording
device. In this case the nozzle was a hole in a flange
screwed on the pipe near the exhsust valve, and there
- Was no reduction of noise.

When & gingle baffle without reduction of ares wasg
fitted at the end of a long pipe, page ‘7, there was s
distinet reduction of noise.

It would therefore appesr necessary to have any
reflecting device situated at some distance along the
plpe, otherwise the reflected wave has no liverty to move
back. Some types of sound reflectors will now be
eonsidered.

FISH~TAIL AND CONICAL PASSAGES .

The praetice of flattening and expanding the outlet
of an exhaust pipe into the shape of o fish~tsil has
become general, but no theory has been sdvanced to account
for the silencing properties of such g shape. In order
to investigate the actlon of sound waves in a fish~tail
the writer made the following experiments:~

A fish-teil of rectangular section was made of
sheet stéel and attached to a pipe from the exhaust of
the cylinder used to produce the 'hiss', Drawing No.l2.
Yhe exhaust Valvevwaa set to give o continuous hiss with
the air supply at medium pressure. The intensity of ﬁhe
noise inside the fish-tail was examined by inserting s
8mall metal tube attached to a rubber pipe the end of
which terminated in a pad that cqQuld be held to the ear.

The results were not very conclusive, and a large
fish-tall was made of wood in such a way that it’couid
be/ '
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ve varied in form, Fig.4d . In the first test the
perrow sides 4,4, and the side B, were fixed in position
while the side C was hinged st D. With the side C
parallel to b the intensities of the noise at (a) and
of the noise that got outside were observed. The side
C was dropped till the opening at E was about J/8" giving
the same cross-sectional area as the inlet at D. The
noise at (a) increased as C descended, but the noise
out side was much less. The inference is that the
gound waves were being condensed and partly reflected
bagk into the plpe. |

Vinen the sides B and C were kept parallel and the
sides A A moved from position (1) to position (2), Figfzg,
there wag an increase in intensity at (b), but the noise
outside was not changed. This was to be expected as
there were no converging surfaces and no reflection.

Another example of the converging passage 1s the
ear trumpet which collects and condenses the sound waves.
I1f, a8 1s generaslly supposed, the condensation of sound
in passing from the large end of a cone to the small end
18 {n the rstio of the areas of the ends, it is to be
eXpected that the total sound energy entering at the
large end would emerge at the small end.

The following experiment showed this belief Yo be

inoorrect:

B\ | E
1% U

¥1e. 90.

AB 18 the pipe from the end, B, of which the sound
issues. C ig a flange at right angles to the pipe. DE
13/
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is 2 cone which can be pressed on the flange C. In the
experiment the cone was slternately pressed on the flange
and removed, and it was very evident that there was less
noise when the cone was on the flange. This proved that
all the energy entering the cone did not eumerge st the
.small end. The intensity of the sound inside the cone
wag observed by inserting & search tube ss in the case of
the fish-tail. The intensgity was much greater at the
smell end L than st D, but it was impossible even to
guess at the ratio of the intensities. The conclusion,
therefore, is that a conicsal horn condenses the sound
waves to some extent, and retazins, presumably by
reflection, a proportion of the sound energy.

The motion of sound waves in a conicsal horn has
been‘spudied theoretically and experimentally by several
investigators. Their work as reported in the Physical
Review coumprises:—

(1) a Photographic Study of Sound Pulses between
eurved walls and Sound Amplification by Horns; by A.L.
Foley. Vol.Xx, 1922. '

(2) The Performance of Conical Horns; by G.W.Stewart,
Vol.XVI, 1920.

{3) Theory of the Optimum Angle in s Heceiving
CGonical Horm; by V.A.Hoersch, Vol.xXVv, 1925.

(4) Notes on Hoerseh's Theory of the Optimum Angle
of a Receiving Conicesl Horn; by G.W.Stewart, Vol.XXV, 1925.

(1) The particular mamner in which photographs of
Sound waves were obtained need not be detalled, but it
should be understood that passages of rectangular and
Bot oiroular form were used, e.g. for a hornm, Fig. I/
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The sound wave wWas produced by an electric spark.
The progress of a wave slong a parallel, & tortuous,
and a converging passsage, oor;GSpcnding to a straight tube,
"a erooked tube, and a horn, respectively, 15 shown in the
figures I to VI. The time interval between each figure
is 0?00003 sec. and the double line in Fig. represent s
the wave positions at an interval of 0°000006sec.

Phe following is a guotation from the report. "All
the pictures show that there was energy reflection in
every case except when the wave front was at right angles
to the surface and the motion of the air parallel to the
surface of the tube. In the case of the horn there was
eontinuous reflection from one end to the other even at
the small end where the angle of the cone is very small.
In the case of the crooked tube there were successive
reflections. For this tube figures V and VI show
fespactively an emerging snd emerged wave much more

attenuated than in the case of the stréight tube of the

Same size. A considerable portion of the wave energy
appears to be trapped inside the tube. However, it will
be observed that the reflected waves in general were headed

towerag/
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towards the outer end of the tube. This is not trus,
however, oi the horn. Here the advancing wave shows
unnistakable evidence of intensity increase, and that
it emerged from the small end of the horn considerably
amplified. But most of the energy was lost so far as
the small end of the horn is comcernsed. The lost
energy was contained in the rellected waves which, as
the photogrsphs show, hesded the wrong way 'backing
out' of the hora."

Some other experiments were made to get an idea
of how the amplifying power of & horn varied in relation
to the ratio of the end areas of the horn. The results

which are stated to be only approximately correct, were

a8 follows:—

| Batio of End Areas of Horn Amplifying Factor.
7.8 3.1
33. 7.9
122. 11.9
256. - 13.

This shows clearl& that the amplifying power of a horn
is very much less than that givén by the ratio of the
énd areas.

(2) In the Report by iir. Stewart, experimental
results are given of tests of amplifying power by horns,
Some of the conclusions being as follows:-

(a) When the angle of the horn is constant and the
length of the ﬁorn is varied the maximum smplification
i attained when the length is such that the horn forms
a #esonator for the particular note employed. The
&mplification st any other length is very much less than
this maximum.

-(b) When the angle of the horn is varied and that

length is retsined at which the resonance gives the
Baximum/
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maximum amplitude, the intensity increases until the
angle resches a certain value azid then decresases showing
thet there is an optimum angle for any note.

For a note having a frequency of 256 the curve of

intensity is as in Fig.52 .
he)
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The optimum angle in this case is just under 129 For
a frequency of 512 the ratio is 4 to 1 showing that the
ratio decreases as the frequency increases.

~ (3) In this paper iir. Hoerseh gives a theoretical
tx;eatment showing that there is an optimum angle of
horn for any note and its overtones.

(4) ¥r. Stewart here comments briefly on the theory
g8iven in paper (%), and uses the sxpression there given
for the optimum angle to check the values which he had
determined experimentally. The theoretical and experi-

mental values sgree fairly well.

The horns used in sall tihese cuses were open at the
large end so that the comclusions drawn are not strictly
‘applicable to the conical end of a silencer where the
large end of the oone is reslly the termination of a

tuhe. e.g. Fis.55 .

b

FI1G. 53,

o/
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In the following case the above considerations of

‘optimum angle would apply: Fig. 54

FIG. 54,

Here the conical outlet pipe and silencer end/are

similar to & horn with a flenge, and it would be possible
to get resonance of the high freyueney waves in the
conical pipe. Then 1f the ungle of the cone were the
optimum for resonsnt frequency the maximum amplification
would occur. This would be very detrimental to the
sgtion of the silencer.

It is very unlikely that such a combination of
eircumstances would ococur accidemtally, but it is well
to be sware of the possibility of suech an occurrence in
order that it may be avoided.

The most important result of these invastigati.‘ons
1s the evidence that the inerease of intensity of a
sound wave passing‘hetweeg two converging surfaces is
not proportional to the decresse in area of the cross
gection of the wave front but is very much less than
this decrease especially in the case of a wide angle
Qeone.

This explains why a fish-tsil has some etfect in

. Pedusing exhsaust noise. Although the fish~tall spreads
out in one direction to give a cross section of constant
area, it tapers in the other direction; and it is
presumably this teper which reflects some of the energy

_8nd lessens the amount of sound thet gets out. It was
0lear from the writer's experiments that a large fish-
tail was more effective than a small one, even when the

large one had a greater area st exit than the smaller

~ ons.
These/
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These conclusions are drawn with reference to high
frequency waves only. The low frequency waves of high
ptessure were not greatly suppressed by the small
Brooklands fish-tail, see pagedd . It would seem that
there must be some relation between the size of a fish-
teil and the wave length of the sound which it can
reflect.

It is improbable that the design of the fish-tail
can be improved to the extent of muking a single fish-
tall give sufficient silence, but several in series
might have the desired effect. The attractive feature
about the fish~tail is that it does not absorb much of
the kinetic energy of the high speed exhéust gases.

The capacity of a cone to reflect sound eXplains.
the sction of a silencer fitted to a motor gycle
possessged by thé writer in 1922. The shape was simply
& cone without any baffles, Fig.J95

—

\_’\\
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FIG. 595,

The alleged reason for the design was that the gases
Were allowed to expand at the inlet and cool down,
becoming decreased in volume as they passed slong the
Sone and reusching the outlet at reduced pressure.

The writer did not believe this theory but was
Unable at the time to offer any reason for the apprec—
lable degree of silencing that took place.

THE EFFECT OF TORTUOUS PASSAGES .
The photographs of a sound wave moving in a curved

path, page 95, show that the wave front is reflected by
the/
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the sides of the passage a number of times and does not
gmerge in the same form as it entered.

The wave does not return towards the source as it
does 1n a horn and the only destruction of energy of
the wave must be due to successive reflections from the
sides of the passage. The fact that the wave does not
all emerge at once would reduce the intensity as appar-
ent to the ear.

REFLECTION OF SOUND BY BAFFLES.

The commonest form of baffle is a perforated plate

across the axis of cylindrical silencers::wwﬁf

‘‘‘‘‘‘

Previous experiments mede by the writer showed that if
the total area of the holes in the baffle was equal to
the oross sectional srea of the inlet pipe there was

very little reflection of sound by the baffle espec—
ially when the diameter of the holes was greater than
1/8", 1f the total area of the holes was made consider—
ably less than that of the inlet pipe a reduction in
sound became evident. The reflection was then due

mnore to the reduction of area, see pageﬁv. than to pure
reflection.

The question of the propagation of sound through an
orifice in a flat plate is discussed in Lamb's Dynamical
Theory of Sound, page 246 et sey.

He concludes that for a circular orifice the propor-
Yion of sound that gets through is 0816 of the amount that
Would have passed an aréa equal to that of the orifice

if the plate had not been there. Now the coefficient
¢

ot/
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of discharge of a gas through & sharp-edged orifice is
estimated to be about 0.5%5 when the difference in

| pressure between the two sides of the orifice is low,
eonseyuently such an orifice offers more resigtence to
the flow of gas ihan to the passsge of sound.

The case of slits instead of holes is given on
page 247 of Lanb's book:-

"Hor a 1bng narrow slit the energy transmitted is
Gomparable with znd may even exceed that corresponding
to an eyual ares of wave front in the primary wave. In
the case of a grating composed of eyual, parallel, and
‘8quidistant slits in @ thin secreen, the fraction of the
total incident energy which is transmitted is found to
be i":£E2i?" Where k = 2T 4 wave length, and
L= §5§,E log.sec. ?T§*§"57" where 'af denotes the
breadth of the opening and 'b' thst of each intervening
portion of the sereen."

Using the above expression snd taking values of the
Wave length from § ft. to 14 ft. the percentage of the
incldent energy which is reflected was obtained for the 4

a ft. 0.02 | 0.01 | 0.005| 0.02 | 0.01
| © . 0.2 |0.2 Joe2 [0.4 | 2.0

The caloulated vsalues of the % of incident enexgy

*efleoted by the gratings are glven in the following
table-
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Case 1 2 3 4 5
Wave 0.5 65.7% | 82.7% | 87.8% | 95. %] 99. # -
lengin :
£65. 1. 42.0 54.5 64.0 82.5 98.
2. 1544 23.0 31.0 54.3 94.
4 4+3 7.0 9.8 22.7 81.7
6. 2.0 3.5 Se 4 12.7 68.6
‘14. 0.2 0.5 0.6 2.4 26.2

These values are plotted on the graph, Pig. ST, It
is evident that for sll values of 'a! and 'b' the /i of
enargy that is reflected is much larger for short than for
long weves. The values for long waves are susplelously
low, and it is doubtful if the expression applies when the
wave length is very great compared to the dimensions of 'a!
and 'b'. hen 'a' is zero the expression becomes i:EE =0,
which is true because when 'a' is zZero no energ, can pass
the screen. But when 'a' is very small the expression
8till gives a large value; which shows that tiaere must be
& limiting value for the felative sizes of 'a', 'b' and
the wave lengih. No such limits sre mentioned in the
treatise.

Although the above expression refers only to parallel
8lits the results indicste that for sny kind oi aperture
8hort waves are eagier to reflect than long ones. This
may explsin the unusual degree of gilence obtalined in the
osse of s twin two-stroke motor cyole engine belonging to
the writer, which has a pipe 6 ins. long leading to an
open box silencer from which a tail pipe leads t o another
Bllencer. The short inlet pipe produces waves of a
Comparatively high frejuency and these are very much

~80ftened by the second silencer.
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Referring to the actusl sizes of 'a' and 'bt' it will

be sesn that in csse 2, these are 0.0l snd 6.2 5. (or
0.12 and 2.4 ins) respeotively. v'ﬁ' cannot be increased
without meking the whole plate inconveniently large nor
can 'a' be made smaller without danger of sooting up.

A number of baffles in series is a possible solution but
this means the loss of kinetic energy of the gases since
the velocity head 1s almost all lost after the passage
through each baffle.

REFLECTION BY AN EMPTY BOX SILLUNCER.

Thore is a genersl belief that silencing depends on
volume, e.g. in a roview of the improvements in motor
eycles at the 1929 iotor Show it was stated that "Though
there have been improvements of a minor nature in the
ellencers themselves, there sppesrs to be no golden rule
for silencer construction other than to employ the
‘greatestl;§$$g; for expansion purposes”. Thisg is just a
repetition of the belief mentioned alresdy on pages 84-57,
that the exhaust gases are &t high pressure and must be
allowed to expand before réaching the atmosphere. Despite
the fact thet the belief about the pressure is incorrect
1t is nevertheless quite true tuat volume alone does,
Within limits, redwce the noise. The test of the
Brooklands silencer without the fish~tail, curve No.?&bage«?g,
Sshows that the intensity of the primary positive wave was
reduced by the silencer to 70 of its value from an. open
Plpe. This cannot be asccounted for by reflection from
the silencer end which is smsll and not shaped to give
hmuch refiection. he resson will be evident from a
Sonsideration oi the ordinary theory of spherical or box

réesonators.

‘ *See The iotor Cyocle, Deec. 5th, 1929.
- - .
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The assumption is that.the alr in the neck of thé

apefture’&fggngQ acts as a piston compressing the sair
-in the vessel and then being pushed out'by it. Taking
the case of a resonstor with two necks‘B’and‘Cz Fig«Sq-.
suppose that the air piston in B receives an impulsge

and compresses the sir in the vessel. This static
pressure now pushes out the air pistons in B and C, each
ebsorbing nalf the energy. Applying this to the engine
conditions B is attsched to the exhamst pipe, the vessel
or resonstor becomes the silencer, and C is the tall pipe.
The initial wave of pressure enters at B and raises the
pressure in the silencer. Yhis pressure sends one wave
out at the tail pipe and another back into the exhaust
pipe. In the ideal case the reduction in intensity of
the issuing wave could be 505, but not more. Also the
ordina;y resonator theory is not strictly applicable to
‘Oxhaust weve eonditions. and the idesal case is not likely
to be reached. Silencing by volume albne could there—
fore]ba achieved ponly by using & series of large chambers,

Which ie not convenient.

DISSIPATION OF SOUND LENERGY .

One of the features of many silencers is curiously
shaped baffles or passages which are stated to be for
th’;Purpose of'"breaking up" the exhaust gases or
®Xplosions or sound waves. The scheme is probably
intended to be similar to that of breaking up the forae

% %he impact of water by causing it to flow over rough
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and irregular chanuels. A gound wave 1in & gas is,
howé%er, a ratner different pnenomenon and cannot be
treated in yuite the same wﬁy.

In Lamb's Dynamicsal Theory of Sound, p.196, he
ststeg, "It is Lo he observed thut it is only through
the action of dissipgative forces, such as viscosity snd
thermal conduction, that sound can die out in an enelosed
spaece, no mete modification of the waves by irregular-
ities being of any avail”. Therefore if the sound
energy of the gases passing slong the exnaust pipe is to
be absorbed instead ol reflected (as considered in the
previous section, this can be done only by viscosity and
thermal conduction.

DISSIPALION By VISCOLITY.

When a sound wave moves along & surface such as the
inside of s tube, the layer of air which is in contact
with the surfsce remains at rest. Due to the viscosity
of the alr there is a velocity gradient from zero at the
surface to the point at which the surface drag ceases to
hsve an effect. The depth to which the drag penetrates
is stated by Lamb (p.192) to be glven by(h’: l1.29 £ Hﬁ,
Where(h?is in cms. and § is the frequency of the}wave.
He also states (p.194) "ﬁhen'h1is large compared with
the width of the tube the mere inertie of the fluid
¢eases to have any éppreciable influence, the mean
velocity over a cross section being determined by an
approximate statical equilibrium between the pressure
gradient (in the direction of the walls) and the friction
0of the walls".

Consegquently if a sound wave enters a tube of very
small dismeter its energy is soon lost in friction.

It is of interest to note the values of h for
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certain fregquencies.

N 64 | 100] 200} 400| 600] 900} 1600l2500 |

‘h, in m.m. 1.6 liaincal Oog 0.5310. 4 0032 0026

A tube or orifice having a radius egual to the
velue of h will have a considerable damping effect on a
wave of the corresponding freguency, but for radii
greater than h the effect will rapldly diminish. The
limiting eifective diameters will therefore be 1/8" for
K = 64; L/16" for N = 240; =nd 1/32" for N = go00.

¥rom previous experiments with perforated baiffle
plates and tubes the writer found that holes less than
1/8" qiameter gove better silencing than an equivalent
area of holes of " diameter. This is common iknowledge
and the makers ofvmany silencers uée baifles and pipes
with holes of swmall diameter.

To obtuin complete silencing by this method alone
it would be necessary to use s number of small tubes
of sufficient length to absorb the whole of the sound
energy. A much larger cross sectional area than that
of the exhsust pipe would be reyuired, otherwise the
tubes would cause back préssure.

The scheme is not reslly worth going into because

8mell tubes would rapldly soot up. All silencers using

i S
1S
Y-
4.00 800 Yzo00 /600 2000
Fi REQUENCIES.
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small holes are objectionable becsuse cleaning is
difficult and reyuires to be done frequently.
DISSIPATION BY THERYAL CONDUCTION.

The designs of many silencers include schemes for
cooling the hot gases on the supposition that reducing
the volume (and therefore the pressure} lessens the
noise.

The condition for cool exhaust obtains for a few
gseconds after the engine is started, and the noise is
not then appreciably less than when the pipe and
gilencer have become hested. As the writer has shown,
the noise is produced at the exhaust valve, and cooling
the gases after that does not remove much of the sound
energy.

The compressing of the air due to the paseing of a
sound wave raises the ten@erature'of the air but the rise
and fall of temperature is so rapld that in genersal there
is no time for loss of hest. The propagation of sound
in free air is thus adiabstic. If instead of moving in
free air the wave were to pass between plates of material
having a high thermal conductivity it is conceivable that
there might be an exchange of heat between the alr and the
plates resulting in a net loss of energy of the wave.
Successive repetitions would wltimately absorb all the
energy of the wave, but as a practical scheme it is

obviously impossible.

WAVE DAMPING SHOWN BY TIE PRESSURE CURVES.

The curve of pressure variation in an open pipe No.20,
Sheet 7, shows a gradual diminution in the amplitude of the
Waves until the energy almost disappears by the end of the
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eycle. This diminution is due to two causes -~ viscosity
and discharge of energy at the open end of the pipe.

There 1s no restriction at the opening and & pressure

wave emerges freely, but the whole of the energy discharged
into the atmosphere is not recovered and this accounts for
most of the damping, viscosity not having much effect in

& large smooth pipe. Rayleigh gives the expression for
the time taken for the energy to die out in & resonator

by discharge from the open end into the atmosphere as
3
4T Q&
n*S.
S is the volume of the resonstor in ft.3. For curve

where 'a' is the speed of sound.‘n)is 27rx freguency,

No.20 the expression gives a time ol .082 sec. the pipe
length of 5' 2" being taken as the resonator. Conslidexr-
ing the curve after the exhaust valve is shut i1t is evident
that the vibration would not die out completely in one

and a half revolutions, the time of which is .09 sec. .
Teking the setual damping from the curves it is found that
the smplitude of each wave is about 0.7 of that of the
preceeding one. Thne number of repetitions of the wave
required to reduce the_amplitude to 1/50th of its initial
velue is given by (.7)nk; .02, from which n = 11, and

the corresponding time is 0.18 sec. The theoretical

time is therefore an underestimate. This is to be
expected as the theory is based on the assumption of a
wave of small intensity, whereas in this case the wave
initislly contains a relatively large store of energy
which would take longer to dissipate.

EFFECT OF RESIRICTED QUILET ON THE DISCHARGE.

In the case of the parallel plpe open at the end |
%he whole of the energy in the pressure wave discharges
into the atmosphere leaving a negative wave in the pipe.

The pressure wave then returns into the plpe but some of
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the energy has escaped into the atmosphere and there is
g net loss of energy in the pipe.

If the piﬁe is reduced in diameter at the outlet
less energy will escape and still less will be returned.
The curve for the fish-tail No.38 Sheet 10 shows that
only a small negative wave was produced and that the
return of energy into the pipe was negligible so that
the net loss was very rapid.

~ When the resistance of a silencer to the passage of
the wave 1s great and when the silencer is of small
volume a large proportion of the wave ig reflected as in
curves Nos.33-4-5, and there is no return from the atmos—
phere into the silencer. The energy is entirely lost
in & few reflections. ‘

When the silencer has a rather larger volume and
also a big resistance part of the wave is reflected and
part escapes, and the net discharge is not quite so rapid,
see Curve No.36, Sheet 10.

Curve Ng.izvshows even slower damping than in the
case of the open pipe. Thb Brooklands silencer has a
very large volume the gas in which absorbs most of the
energy of the wave coming out of the pipe, and returns
it to the pipe, a small proportion — about 20% - being
discharged from each wave at the fish~tail.

The study of the rate of discharge of energy‘from,
or dissipation in, any exhaust system is important in the
sage of high speed engines where the time of a cyole is
very smsall. The energy contained 1n.thg system at the
instant when the exhaust valve 1s opened has a consider-
able influence on the ensuing wave motion.

INTERFERENCE .

The principle of Interference is well knowni-
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A pipe AB along which a note is passing is branched
at B and reunited at D. If the relative lengths of the
branches BCD and BC'D and the wave length of the note are
such that s positive node arrives by one branch at D at
the samne time as a negative node arrives by the other
branch the two nodes cancel each other and the sound
CERSEeSs, This slso happens for notes having frequencies
which are mqltiples of this particular freguency. In
the osse of a noise in which there sre many notes having
widely differing freyuencies interference applied in the
above manner can have only a very small effect. The
writer tried another scheme which could not completely
silence any one note but which would have a partial effect

on a number of notesi-

£
A S TT——————FLE 5
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The pipe AB was plugged at B und a long slot CD was
out parsllel to the centre lins. A cover Z¥F was fastened
to the pipe the end E being open and F closed. The idea
was thet a wave passing from C to D as it issued from
the slot would interfere with part which had slready
igsued and wes returning from D to C inside the cover.
When tested on the "hissing" device the cover was & loose
fit so that it could be put on and taken off quickly.
There was a distinct decrease of sound when the cover was

on in the above position, but when it Was reversed - with
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the outlet at U ~ there was no deorease. This appeared
to indicate the action of Interference as expected. DIThe
device wasg tried on the engine and did reduce the noise
considershly.

The possibilities of the use oi Interference would
be worth wihile exploring as it ie & scheme which does
not involve reflecting the waves or restricting the
outlet.

The writer is not aware of this principle having
been intentionslly made use of in the design of any

gtandard silencer.

EXAMINATION Of THE SILENCERS.
WHICH WERE TESPED.

The various ways in which sound waves can be destroyed

or prevented from gettihg out of the exhaust pipe have
been discussed and the reasons why silencers which are
deéigned on a relatively inaccurable conception of the
conditions to be met, are partly successiul, will now be
evident.
Fish-~tails, baffles, tortuous passages, large volume
etec. etc. are mesnt to give gradusl expansion of the
. gages and to prevent the formation of sound by so doing.

Actually these deviceé do not prevent the formation of
sonnd waves but they do prevent some of the existing
Waves 1ssuiﬁg from the pipe. The order of merit deduced
from the epparent sound suppressing gqualities of the
Biiencers wﬁen tested on the engine was as follows.

1. Howarth, and Vortex Standard.

2. Gurbjector.

3. Vortex Tube.

4. Brooklands with fish-tail.
5. " without fish-tail.

f .when tested on the "hiss" and "bang" producing devices
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the order of merit was much the same.
. The engine test for "bang", see pasge$ 5§ gave a
different order:i-
1. Carbjector.
2. Vortex Tube and Brooklands.
3. Howarth.
The Vortex Standard could not be given this test as it.
hed been returned to the makers.

The difference between the apparent noise of the
firet list and the "bang' noise of the second 1is£ is
accounted for by the differences in the capmeities of
the silencers to suppress "hiss", see paged 90 .

THE HOWARTH SILANCHR. DRAWING NO.10Q.

The guses enter the first slightly conicsl chamber
through long slots which do not restriet the flow, but
owing to the flow being reversed there masy be some
réflection and interfecrence. The small holss in the
6enxra1 baffle and the " hole at the "ejector" end have
& cross sectional area of 0.602 in®.  From Fig.46 , page‘?/
this restriction Woul@hfceount foi the reduction of "bang"
shown in curve No.91,[p£;;33. The conicsl shape of the
three chambers may be the'factor which gives this silencer
& better capacity to suppress "hissg" than the others. Also,
all the chambers are "dead", l.e. they could not form -

resonators for notes of any pitch.

THE CARBJECTOR SILENCER. DRAWING NO.10.

The cross sectional aree of the splrel passage is
about 1 in? which would give little more than half the .
reduction of "bang", Curve Ko.82. The resistance of the
long spiral passage maey account for the rest of the
reduction., The effect of such a passage on a wave front
has been stated on page 79, and this action reduces the
hiss, but not to a sufficient degree. A spiral passage

alone does not give much sound reduction. This was shown
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in the K.A.#. Report (page67). The "Connor" Silencer
.Which was similar to the Carbjector, Fig.oZ was tested
against anolher Kig.6J in which the inlet wae tangentiel
to the curve of the spiral so that there was no abrupt
change of direction ol flow and no refleciion at the inlet.
The spiral gpassage was longer than in the "Counnor” Silencer
but the silencing was not so good showing that & spiral

passage is not of itself a good sound reflector or destroyer.

LHE VOSTEX TUBE SILENCEK. Drawing No.1l.

The cross aectional area at the throat of each "oup"
is 1.4 1n2 which would give nslf the reduction of "bang"
shown by Curve No.93. Yhere are 8 cups in series which
might be expected to aecoﬁnt for more then the remainder.
The stream-lining of the throat of the constrietion may
lessen the reflection dué to the reduction of area, and
it is very evident from Curve No.34 that refliection is
inoreased by reversing the silencer sc that the flow is
against a sharp edge.

These cups are not a good shape for reflecting high
frequency waves and do not suppiess the hiss very much.

THE VORWLA SIANDARD. Drewing No.ll.

The outlet area ot the fish-tall is 0.9 in®, but the
internel areas could not be measured. The silencer had
ﬁo be returned to the mekers sfter s few days and was not
tested so thoroughly as the others. Its silencing
Properties were due partly to restricted outlet, to
Teflection by other restrictions, and to volume.

L BROOKLANDS SPANDARD. Drawing No.1ll.

The refleetion in this case is due partly to the
lerge volume end to the fish-tail.
The silencing is not good, but this silencer is

intendea mainly for use om the race track where a consider-

‘8ble amount of noise is unavoldable.
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BACK PRESSURE AND SILI

In all the abové cases silencing is due to successive
reflections of the sound waves back into the exhaust pipe
thus sllowing the énergy to emerge in several stages.

The degree of sllencing is fixed by the proportion
of the total eigigy wawve ppessure which is reflected.
It is the reflected wave of high pressure which influences
engine performance: the pressure of the high freyuenoy
waves has not yet been recorded and is unlikely to have
sny sppreciable effect.

There are two factors which decide the effeot of any
sllencer on power output - pressure reflected to the
engine and the time of this reflection relative to piston
position and exhaust valve closing. This can be seen by
' gomparing the Howarth and the Brooklands, Curves Nos.33
and 37, Sheet 10. With the Howarth there are two
reflections and the press is below atmospheric at T.D.C.,
whereas with the Brooklands the reflections take longer
and the second one occurs at T.D;C-

Most investigators are agreéd that silencing 1s in
proportion to decrease of power output, and it ig easy to

see thet this could obtain in many cases, e.ge. suppose

silencer "A" gives a curve such as shown in Fig.64.,

*

N\ “5”/
aoc. \ﬂ@ be. /4
N
E;G 64

and that another "B" gives the curve Fig.o35 . VB" reflects

more of the pressure which iss% higher at TIC.
But it would be quite possible to have two other

8ilencers "C" and "D" having larger volumes giving quite

———
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different curves, Figs 66 and ¢ 7.
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J Plg.b6 Fig. 67,

These might both have the same reflecting csapacity
as either "A" or "B', but "C" 1s bet{:er than A from the
- power point of view while D ls worse.

It is therefore impossible to establish any general
relstion between reduction of sound and reduction of

power.
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GCONGCGLUSIONSGS.

The ultimate object of this research was to arrive
at a means of obtaining a completely silent exhaust
without detriment to engine performance.

Although this goal has not yet been reached the
primary objJect of a good working knowledge of almost
all the conditions of pressure variation and sound
production and suppression has been gained.

The following is & brief summury of the general

conclusione arrived at by the writeri-

1. The concluticns Arawn from the preliminary work

on the ear engine have already been given ...... pp.li~16.

2. THE MULTI-POINE INDICATOR:-

An indicator such as that devised by the writer
is sultable for spoeds and gressures such as
obtain in the exhaust systems of high speed petrol

engines R p-22.

3. CUnViS OF PRuSSUKL IN WHE E;HAUST PILE -
The gas pressures in any standard exhaust system
are of sufficient megnitude to exert an apprecisble.
influence on engine performance, snd this in-
fluence is greatly sffected by the periodic nature
of the pressure variation. Many examples of
pressure variation for different exhaust systems

at varions enginc speeds are given «.... pp.43~61.

4. VELOCITY O SOQUND:—~

The velocity of high pressure sound waves in gas

contained in pipes appears to be less than that of

normal/
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norinel @ und WAVES seevvesapie O3=The

5e

6.

8.

A ALYSIE OF LAty NOISEH i

The noise 1s composed of & nigh pressure, low
trequency, wave and an assortment of very high
frejuency waves the pressures of'Which have not
been meusurede «.vav..opp. T6=85.

{See also sppendix).

WOLlow LRTEN L L dem

The intensities oi tae nlgh pressure waves as
measured by the indicator de not correspond

exactly with the intensitles as estimated by the
ear ghovwing tuoat the high frequency waves account
for s considerable proportion of the totul noigse...

pp. 85-90.

.

FLEnCtES fatItd) PN TR RTINS ety AN ¥ AR IEY
AEPHODS OF GUPPHEGSHTIOL OF S0UND-

In genersl the noise is suppresscd by belng  '
reflected basck into the ezhaust pipe.

The efficiency of most of the devices used in

d lencer construction nave been examined, e.g.
(a) Restricted Outlet ppe 90-92
{b) Fish-tail and Conlcasl Passages. pp. 92=99Y

{c) Tortuous passagee Ppe =100
(dy Baffles pp+100=103%
(e) BEmpty box | Pp.105=-104

No single device iz sufficient to reflect the
rejuired amount of sound witnout anduly restricting
the 11 w of gus, and & series of reflecting
elements must be usede.

DISSIPATION OF SCUHD BHLRGY i—

The dissipation of sound energy by viscosity
or therusl conduction is impracticable in the

case/




9.

i0.

12.

113.

Case of engine exhaust systoms. ........ ppe 104=107

SAVE DAUPING SHOUN BY UTHE CRESSURE CGURVES .

The discharge of smound energy from an exhsust
system may take an appreciable time and at high
engine speeds this is an importent considerstione.e...

T e et i ]
INL B il iy s =

The complete elimination of exhaust noise by Interiercnce
is impossible owing to the noise being composed |

of many waves naving different frequencies......pp.10y=-111

THE STLENCURS WHICH VERE IBSTLD:-

These illustrated to some extent the relative values
of some of the devices wnich reflect sound and show
that silencers which reflect high pressure, low

frequencylwaves. do not necessuarily reflect much of

‘the high freguency waves. ..e...... pp. 111-114.

BACK PRESSURE AND SILENGING:—

The connection between silencing and engine
performance is very complicated and no general

statement can be mude about it. ......pp.114~-115.

In conclusion the writer wishes to express his

indebtedness to tiae University of Glasgow for providing

the spparstus and the facilities for carrying out this

research, and to Professor % .J. Goudie for his advice

and encouragement.
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APPENDIX .

fhe Analysis of Noige.

In order to appreciate fully the difficulties
attendant on a proper analysis of the sounds wnich are
being dealt with it is advantageous to cousider the
physiological aspect of the question.

The following comments on noise as distinet from
musical sounds are taken from a paper on "A Modification
of the Helenholtz Theory of Hearing"* by Dr. AcA.Gray.

The ear 1s a complicated structure and only that
part which estimates piteh and intensity of tone need
be referred to. This part is shown diasgrammatically in
Fig.68 . AB, 0D, ete. are fibres embedded in a long, thin

Panp flet membrane MN, which is

el fixed to rigid supports and
_vapoﬁ73l is in tension in the trans—

// verse direction only. Above
Nemsrane.

the membrane is a pad of
unylelding nmaterisl. | The
membrane is tapered so that
the fibres vary in length
an& each fibre responds to

a sound vibration of one

particular frequency. The
membrane is covered with minute hairs which touch the pad,
and when s fibre is bent upwards by a sound pulse the

: haiis are pressed on the pad with a greater or less degree
of force. This pressure affects the auditory nerves

located at the roots of the hair cells, thus conveying to
:the brain the presence of vibration in this particular

fibre. The sense of hearing is therefore found to be &

*British Associsation Meeting, Dover 1899.
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hlghly specialised sense of touch.

How the taper of the membrane &glves a very gradual
change in the length of tna fibres so thet when & pure
tone sets 8, puxtlculmr iibre in vibration the aag&cent
fibres are’ &lbO set in sympathetic vibration. though
to & less oxtent anc this is ennanced by the fuet that
the fibres are bound together by the membrane. It woulg
seem tiiut the bruin shouid be cdnscious of more than one
note or sholild ut least have gi fficulty in estimating
the pitch aacurately. The case ig analogus to that oif
& sensstion of toueh when g sherp point ig pressed into
the skin without penetrating it. The nerves sll round
the point of waximum preséure are excited and‘yet the

Sensation is that of pressure at a single point. Similarly

in bearing the ming bays attention only to that fibre

wnxou has the wmaximun amplitude.

A difficulty arises, however, when two notes having

8 smzll difference in frequency are sounded together. The

fibres AB and CL, say, of iig.68 corresponding Lo two
8uch notes ure not able to vibrate indeuendently. and it
can ‘be shown tﬂat there is no fixed point of meximum
amplltude and that tne latter poinL moveg to anu fro slong

the meabrane between AL snd Gu. It is this lack of

definite maxiinum points of pressure which causes the

8ensation of noise aug prevents the noise from being
analysed into its component parts. Two pure noyes _
sounded togetier cen taus produce & noise, but most noises
heard in ordinary experience sre composed of many notes

of di fferent frequencies either sounding together or in
Yapid sequence. The approximute piteh of & noise
omposed of two or more notes not widely differing in
fre@lueney can be estimated, and if there are separste

8Youps of such notes there being s considerable di ffexrence

—— e
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in aversge frejuency between the groups, it ig possible
in a limited degree to distinguish the separate groups.

| On the other hsand single notes which are not in
mugiceal harmony but which are fairly far apart on the
scale can be readily distinguished. These may, however,
produce a discord which is not necessarily the same
thing as s noise.

ihe writer naus observed that tie diftficulty of
snalysing mixed sounds is greatly added to when the
gound is.extremely loud or when some components of the
gound sre much louder than others. It is evident tnat if
the membrane ¥ig.68 1s pressed very hard against the pad
"1ts sensitiveness to differences of pressure will be very
much decreased. Also in the case of a long high pressure
wave caused by an explosion it is probable that the whole
membrane is pressed upwards and consequently any smaller
fibrations superimposed on this motion would be difficult
to detesct.

The general opinion regarding the hind of noise
produced by a high speed engine exnaust is that it is
entirely explosive. An explosive noise may be produced
by a single pressure pulse such as the crack of e rifle,
but it may also be composed of a large number of high
frequency notes sounded together for a very short
intervel of time. The essential features are shortness
of time and magnitude of intensity. The ease with which
the ear may be deceived is illustrated by the following
eXperience of the writer's. The air compressor in the
laboratory had“been‘running for some time and was then
stopped and immedistely after there was a loud €xXplosion
as if a valve on the air bottle had been blown off. At
least so it seemed to the writer, but en investigation

showed that the apparent "explosion" nad really been
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czused by & very large coil of hard copper wire falling
on the floor! The "ring" of two pisces of hard metal
striking each other is a high pitched note, snd a large
number of piecees sltriking together ss in the above case
made a noige exacily similar to that of a sudden blow-—
off of nigh pressure air.

Ihe writer had studied exhaust noige for some years
betfore discovering that it was partly composed of a
violent hiss. The plunger arrangsment for silencing
the smell engine, see page 12, was tried on a larger
engine without the sume success, and the reason sppeared
Lo be that tne noise irom the lsrge engine had s certain
continuing guallty which was abseut from the "pop" of the
snmaell one. On anslysing the sensation produced by the
"continuing" noise it was felt to have a rasping quality
similar to that produced by sharpening s hand saw.

| IThis peinted to the presence of high frequenay
waves which could only be caused by a “hiss". It was
impossible to tell what proportiom of the total noise
was due to this cause, snd the experiments described on
pages 7§-82 were intended to give some ides of this
proporﬁion. |

In view of the fact that the ear ig capable of such
fine securacy in the estimation of piteh it seems strange
that it has no definite means of estimating loudness with
anything approaching sccuracy. The loudness of a sound
is gauged in much the same way as the weight of a body -
hy’the intensity of a muscular sensstion which is a very

variable factor.
The study of noise without the aid of mechsnical

devices is thus seen to be extremely difficult.
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