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INVESTIGATION OF THE MUFFLING PROBLEM FOR AIRPLANE ENGINES.
BYG. B. UPTONandV. R. G.iGIL

-.

The initial perception.of the presence of .an airplane comes commonly through hearing
rather than sight. When near a plane the noise of theunmufflecl en.gineisfuirly deafen~g.
If muflling can be contrived witbout toolargq? loss of power it.willbecomemuclle .asier.for
the pilot to operate his plane, a cut-out being provided for engine-testing purposes. In civil
use of planes, if passengers are to be carried or if planes become numerous) rnu-fFli.ngwill almost
surely be required, as it now is for a“utomobi.les,motor. boats, and. stationary engines, In
military use of the planes the advantages to be derived from silent operation, if that is possible,
are immensely greater; for example, with night-bombiug airplanes.

A preliminary report upon this subject was printed as Report No. 10 of the f%cop,d ~nu~l .
Report of the National Advisory Committee for-Aeronautice, 1916, pages.41 to 49; .Pereinafter
referred to.as Report hTo.10. This report outlined the problem, gave the status of muflling for
automobile engines, and gave the beginnings of_our experimental work. For the main part of
the experimental work, Prof. V. R. Gage has .@en associated with the initial staff of Profs.
H. Diederichs and G. B. Upton. .-

In the early summer of 1917 the curti~s e:gine was taken. o~er by the U. S. A. S. M, A.
at Ithaca, A considerable amount of. expw’~ental data had already been accumulated.
Designs of mufflem had been worked out to}! }T@d upon planes in “geld work, At this time,
however, mufllii was much less important than the production of engties and planes, so that
field exper~ents with mufflers were not carried out.

The work has fallen into two divisions: First, the dete~minatiop”of the relation between-
back pressure in the exhaust Iig.e”and conseque~t power .loss, for various combinations of speed
and throttle positions of the engine. Second, the construction and trial. of mufller designs,
covering both type and size: The main body Zifthe work Iias”been done on a C-urtissOX eight-
cylinder airplane engine, 4 by 5 inchw rated 70 horsepower .at _l~?OOre~!luticms per minute;
For estimation of the .mufEing ability and suppression of !!b.ark” of .individ”u~lexllwsis,j we”
have also. used an ,((I~geco” stationary, sing~e cylinder, 5 ~z by 10 inch, throttling governed
gasoline eng@e, and occasionally other engines.

On the Curtiss enghg. the. Carburetor was ~ Schebler. model L: ~j+ throttle control rod
was graduated and adapted for duplication of sett~gs by means “d” a screw setthg into holes. -
Adjustment of needle valve and cams controlkg the mixture. vw once made and was not
subsequently changed, The ignition was by _Bosch magneto with fixed sp@c, set in th?.
advanced position by the manufacturer’s instructions, This adjustment was never changed.
The spark plugs gaye trouble and had JObe renewed. The+ngine was started by power from
an electric (street car) rnotor~~beliedto a pulley ~rhichwas keyed on the“en’dof the f’aridynamo-”
meter shaft, on the end awrayfrom the engine. . The-,eng~e ti@ro~ht” tti a rnoilerate spe6d
with the magneto slmrt c~ucuitedand then igni$gm ya? turned .o.n and the Mt thrown ofl the’”
fan dynamometer pulley simultaneously. CoQlmg water was.supplid to the engine from the
water mains through the regular.cticulatiug pump. The water %upplyvalve was always opened
to the same point, which had been feud by ttial to giye .:ughtly mo:e than adequate cooli.hg. :
It was found that air locks might occur ~d to detect theta separate,discharges iities were used,
one from each block of cylinders.
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In the”determination of power losses due to the mufflers it was deairafile that the engino
should drive a dynamometer with the same torque-speed characteristics as a propeller. WO
therefore built a fan dynamometer, copying in detail the dimensions of one at tho
Automobile CIub of America’s laboratory at New York City. This design of fan haspreviously ““-” ““
twice been calibrated using cradIe dynamometers. The fan has two blades set diametrically
opposite. These blades m-e rectangular plates 14 bj 10 inches, with the 10-iuch dimension
radial As used, the outside diameter across the blades was 42 inches, requiring 35.4 horse-
power at 1,000 revolutions per minute, and for other powers varying with the cube of the speed.
This adjustment hokls the engine to rated load at rated speed (61,2 horsepower at 1,200 revo-
lutions per minute, 69.1 horsepower at 1,250, 77.8 horsepower at 1,300). Dimensions and
calibration of the fan are given more coinplekly in Appendix A.

The determination of the power consumed by the fan depends solely upon the memurc-
ment of speed. For the reading of speed we used a Hopkins electrical tachometer, with its
dynamo driven directly by the engine crankshaft through a fIexible coupling. The tachometer ,. ~...
was calibrated several times during the progress of the work, both .i.nplace on the engino and
on a small high+peed ~athe.

To determine the power 1.OSSdue to back pressure, we put exhaust manifolds on the engine
along each block of four cylinders and combined the exhausts in a cross pipe at the rear of the
engine, M illustrated in figure 1, a photograph of the set-up. The cross pipe ended in a tec
with two valves, one a gate valve for adjustment and the other a quick-opening valve, similar
to a “molasses” valve. The second valve was used either entirely open or entirely shut; tho
ohange from closed to open and reverse could be made instmtly. In running to determino
power loss the engine would be set at a given throttle position with the quick-opening valvo
wide open; then closing that valve the gate valve was set to give a desired back pressure. Runs
were then made, alternatelyj in quick succession, wilhthe quick-opening vahw open and shut.
In each condition readings were taken of speed ~d back pressure. The alternation of condi-
tions was repeated several times, until the drop of speed (and power losses) associated with a
certain back pressure seemed well determined.

There was one manifold for each block of four cylinders composing one leg of the VCO.
Th~ back pressures of the two groups of cylinders were read separately and indepenclontly.
The manometer connections were made in each manifold at a point about 6 inches beyond tho
last cylinder and the two fittings vm.reidentical in construction. The pressure taps wem made
of small brass rods riveted over: inside nearly flush with the mimifold, with a lock nut outido
the msnifold. The openings through the rods were the same and were about ~ inch in diame-
ter. This construction was used in order to minimize as far as possible any errors of pressure
due to the effect of velocity and to damp the pulsations of pressure. If any such velocity
effects did enter into the observations of pressure they would disappear in the taking of the
pressure difference of runs with and without applied back pressure. Tak.@ the pressure
readings so close to the engine was intentional; all manifold and piping resistance beyond these
taps will be shown in the teadinge, and it was a matter of interest-to discover how serious thcso
losses might be, due to the use of long or improper exhaust piping.

From the pressure taps connection was made through rubber tubing of about ~-inch inside
diameter and 6 feet long to mercury mtmometers. A considerable mass of mercury ww used
in each manometer to obtain the damping effect of its inertia. Further damping was found
necessary and was swmred by stuf%ng the upper em& of the manometer tubes with cotton
waste. With the engine running, the back-pressure readings vrere satisfactorily steady and
practicably without time lag in shifting from running with and without applied buck pressures.

The fist series of runs was made to determine the power losses caused by difhrcnt applicd
back pressures with the engine under a tlxed throttle pgsition, set for normal power and speed.
The observations taken are shown in the &st four cohurius of Table I. The other vah.wsshown
in Table I are the results of computations from the averages of the data.

The true speed, revolutions per minute, is obtained from the tachometer readingg by the
use of calibrations made before and after groups of tcse: The correction factor for the tacho-
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Then

meter was always a constant multiplied into the indicated speed. This constant was about
1.09.

The per cent power loss was computed from the relative speeds with and without applied
back pressure. If the speed with applied back pressure was 97 per cent of the original speed, the
power loss was (1.00)3– (0.97)S= 1.00= 0.9127 =8.7 per cent. This relation is true because of
the loading of the engine by the fan dynamometer. The power absorbed by the fan is pro-
portional to the cube of the speed. (Appendix A.) ‘

The brake M. E. P. (brake mean effective pressure) is the product of the mechanical efE-
ciency of the engine and the mean effecti\7e.pressme as shown by an indicator diagram, and is
expressed in pounds per square inch. For this. engine:

Let P-brake M. E; P.
R= r.”p. m. .

B= cylinder bore diameter, in inches= 4 inches.
S= cylinder stroke, in inches = 5 inches.
N= number of cylinders= 8.

HP= brake horsepower.

--

--

I

~xpx~xRxN

HP=
12 3

(

rB2SiV
33000 = 4x2x12 x330CI0 )

PR

.-

----

()~- PR= 1577

p=~xHpm

For this fan dynamometer:

HP= ER3

in which Kis a constant whose value was 35.4x 10–9at the setting used, XAppendix A.)
Combining the expressions for this engine and fan:

P=~x X133=1577x ER3

=55.8 R2X1(!-0

Various results from this group of tests, as shown.in Table I, are show~~.scurves in plots
2 to ~, inclusive. In all of these curves the abscissa is the applied back pres~re measured in
inches of mercury. This “ appli;d back pressure” is strictly the increase of mwmrneterreading,
over that given with open discharge from efiaust manifolds and piping) with the app.fication
of a deiinite constriction of discharge.

Plot 2 shows the power losses, in per cent, as a function of the appliid ,~ack ~ressure.
With no applied back pressure the throttle was set and locked to give a~u~” 1,230 r. p. m.
corresponding to about 65 horsepower output to the dynamometer. The engine did ilot always
come back to this speed and power when the back pr~s~ure was”relieved, because of manY
minor variations of ignition, carburetion, lubrication, coohng, etc. Those chang9s were cared
for by the method of testing employed, as previously described. The result@s to power loss -
in plot 2 will be fcmndonly for one setting of the throttle on this engine. It comldnot btiassureed
that the same percentage power loss would be found, for a giver+ applied back pressure, on,
another engine, or even with other throttle positions on this engine. These”power losses are

.-

conditioned, also, by the dynamometer characteristic of power Varyi%” ~W._.gube d speed.
They would not hold for automobile engine operation in general, because the load character-
istics would be different. This curve is, howeyer, approximately typical, in.tim and in nmneri-
cal value, of average flying conditions -with airplane motors, when the ex&mst is. choked by
any means to increase the back pressure. This curve gives the information desired concern-

, ing the relative magnitude of the power losses incident to incre~~ing the b~~ press~e of an
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airplane engine by attempts at muffling. If satisfactory noise suppression can bo sccurwl with
small increases of back pressure, the power loss may be tolerable.

For moderate back pressures. the power loss is substantially proportional to the k-k
pressure. l?or higher back pressures the power loss mounts rapidly, appmently at such a rate
that a back pressure of even less than 10 pounds per square inch (20 inches mercury) would
stop the engine. These reIatiQm.are perhaps better brought out in plot 3, which is the stimc
as plot 2 except that the coordinates are logarithmically scakd. The full line cume in plot
3 is the curve of pIot 2 transferred. The dash line in p~ot 3 shows what would happen if [he
power loss continued to he proportional to the bark pressure.

A possible explanation of this chaPging effect of back pressure as the back pressure imrmscs
may be found by considering the indicator card. This is schematically shown in figu~e 4.
For small back pressures we may expect the main effect to be .a lifting of the exhaust ~no of
the card by an amount substantialityequal to the increase of back pressure. Tho result WOUM
be a loss of indicated M, E.”P. equal to ‘the back pressure, because the elevation of the ed~aust
line would extend through the whole stroke. The loss of brake M. E. 1?. will Im smaller than
the loss of fim.ted M. E. P. in the ratio of the rnechani.cd efficiency of the engine to unity.

At higher back pressures the exhaust gases arciheId back in greater amounta in the cylinder,
leaving the clearance space, at the end of the exhm@. period, fled with an adnormal weight
of hot, dead gases. .These,reexpanding, interfere with the incoming charge in various ways,
lessening the amount of the fuel mixture drawn in. The decrease of charge quantity wiIl
result in a decrease of M. E. P. which is added .to t-he‘Zikcrease”of Jf. E. P. due tcIlifting of the
pressure of the exhaust line.

Probably it is the decrease of charge which is the principal reason for tl~e possibility of -
stalling the ergine by fairly completely choking the exhaust pipe and bofore complete closure
is reached.

To make the tlnd~ of power loss caused by apphed back prasauremore general, not so
much a matter of the particular case studied, the results are given as loss of brake M. E. P.,
by the cur~:eon plot 5. The previous dkc.ussion of the effect of hack pressure upon the indicator
card expkins the form of this curve and the relatiOIISbetween the test curve and the line of
equality of...brake M. E. P. loss and b“ack-pressure increase. For t7te .sma.h and rm-wcmable
T:ahw of back prewme it is quite safe to assume that the 10ssof bake M. -K F+(potind8 pm square
inch) does nd exceed,and is nearly equal to, the apphd &ac$pressure @ poumh pcTsquare inc7J.
This conclusion is of considerable importance to the designer of engines, ed~aust manifolds,
and mufflers, and is probably valid for all types and services of intemal-combust ion cnginos.

of interest-to the airplane designer is the loss of propeller speed consccpmnt upon bark
pressure in. the engtie exhaust. Since propeller speed is tied, in a definite re)a~ion, to pro-
pe~er power, the curve of plot 6 is realIy another wrsititi”of plot 2. This curve of plot. fi should
correspond approximately to aver~ue running conditions of airplane IIIOt.OIS. It is about. H
three-quarter throttla position curve for this engine, and full throttle would probably chtmgo
the form of the curve only at the higher back pressures.

In the second series of tests the engine was bro.~~ht up to about normal speed and ]Jowcr~ “
The regula~ing -valve at the end of the exhaust pipe -was closed, alIowing all the exhaust tu
leak through the joints of the piping ‘and through the wyd.lsof the flexible methl.lk exhaust
hose when the end outlet valve was closed. The value of hack pressure wcs purposely made
large, in order to give more. accurate readings of back ~r~surej gnd to SW+what W-ouldhaien.
Readingg of speed and back pressure were then taken with the ehd outlet valve alternately
open and shut, until the values seemed to check among themselms, Then the throttle opening
was reduced, and again reac@s were taken. Immediately after the smallest advisable throttle
run, the normal throttle as tied at first was re~roduced, and a check run was made.

Table II gives the data-and the computations of the runs made on August 24 and 29. The
exhaust piping was changed between August 24 and “29by making the pipe ]oints tighter.

Plot 7 shows the relation between the brake horsepower and tho actual back pressure, as
given in Table II, The back pressure increases as some exponential function of tho horsepower,
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when the conditions of the exhaust passagesremain unchanged. The same curves are shown
on plot 8, using logarithmic instead of arithmetic coordinates. The slope of thise curves is
slightly less than 1.5, indicating about the 1.5 power of the engine output. An analysis of the I
muffler tests made at the University of Michigan (printed in Horseless +ge, May, 1915) also
indicates that the back pressure varies with about the 1.5 power of the engine ‘output.’ (An
analysis .of some of the features of the IJfiverSity of Michigan report is given as Appendix B.)

Neglecting changes of mechanical and therm.~ efficiency, the weight of exhaust ‘gases, per “
unit of time, must be nearly proportional to the brake horsepower. So, for a rough approxi- “” “’
mation, the quantity of exhaust gas can be subs!~tuted for the brake horsepower, as absciswe :,
of the curves, plots 7 and 8. The quantity of fhud discharged through orifices is nearly pro-

portional to the square root of the pressme difference aCrOSSthe orfi!w, By analogy it fiould
be expected that the slope of the curves on plot 8 should be nearly 2. A contributing feature
in the fact that they are not may possibly be aplained by the common method of averaging
and reading a fluctuating pressure. Averaging in case of plsations is quite often done by
damping. The damping of the oscillations may or it may not give- a nearly true average of
the pressure. But the instantaneous rate. of- flow through the oriilce is proportional to the
square root of the pressure at that instant. So for a pulsating flow there should be found
the integration of the product of the average of the square rook of the pressures and the time
interval during which the pressures existed, ndt the product of the square root of the average
of the pressyres and. the. total time. The latter method was used, agreeably to the common
practice under such circumstances. The flow and the pressure difference in the exhaust mani- :
folds are widely and rapidly pulsating., The average presstie as indicated Orithe manometer. “
may- be far from the average pressure valu? which should be used in determining the flow
However, when .measuringthe exhaust back prssures in this coivent~onal manner, the empirical
rdation here shown may be quite Useful—that the back pressure varies approximately as the
horsepower of the engine, raised to the 1.5 power.

Plots 9 and 10 give information very applicable to muffling of airplane engines: They
show how rapidly the back press~e rises to tigh values, as ,the engine is opened out to full
power and speed. The numerical values are obtained from Table II. Plot 9 shows the result
of excessive choking of the exhaist Whch was purposely done in tb case to bring out the
action. The two curves of plot 9 result from slightly different initial conditions. Plot 10
shows the back’ pressure due to exhaust piping, ody, including sharp turns, some extra pipe
resistance, and fittings on our experimental set-up. This curve is of the same type and of the
same magnitude of back pressure values which would. come from a good muffler. It should
be carried in mind that ytith.tiese figmes tpe engine was driving a fan whose characteristics
correspond to an airplane propeller.

. . .. ... .
The form of the curves i; conditioned by this type of

loading.
..

In attempting to a~alyze the data of Table. II, reducing the loss of engine torque to terms .-
of brake M. E. P., the result is the “shotgun” diagram “of plot 11. Interpretation of this is
highly speculative considering the small amount of data which Was coliected. The ‘ancdysis “”
here attempted is much broader than the special problem which was being studied, and so no
special runs were made to get the information needed to complete this figure. Curve OB is
transposed bodily from plot 5, representing runs at fixed throttle and va&ing exhaust conditions.
The straight line OF on plot 11 represents, as near as possible, the average relation from the
runs with varying throttle against fixed exhaust conditions. Since the engine was coupled to
a fan dynamometer, speed and throttle position are tied together except for the slight modM-
cations due to back pressures, etc. The small numbers adjacent. to the points in plot 11 give
the approximate r. p. m.. of the engine and fan”;‘and equal speeds nearly coincide with equal
throttle positions. The apparent scattering of the points may indicate that the points do not
belong upon one .curye, but upon a family of constant throttle cim!es such”as OC, OD and.OE,
all similar to OB. The curve 0~ was at about three-fourths throttle of the ~ngine.

Table III and plot 12 are put in as a demonstration that the choking of the exhaust by
sharp turns, pipe fittings, etc., give the same results as choking by a muilier. On August 29,
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after taking the data given in Table II, the exhaust piping connections were changed some-
what in order to try out a muffler. The wire-gauze-filled muffler, described on page 48 and
figure 4 of Report No. 10, was put on the open end of the exhaust manifold piping. Runs -were
made with and without the mufHer as resistance, giving” the data shown in Table 111, and in
plot 12. This is comparable with plot 7, the lower curve of plot 7 being reproduced as the
upper curve of plot 12. All three curves are evidently of the same type. Hence the informutwn
obtuinedfrom TcM8 I and II and their analysis will he appZicWe to the a.naly8i8of mu..er actions .
80 Jar a8 back pre88ure8and power los8esare concerned.

In the course of the experimental work so far described some pecuIiar phenomena wero .
noted. One simh was an abnormal power drop, considering the back pressure, at certain
“critical speeds. ” It was found that. this abnormal power loss was avoided by a very small
change of speed either way from the critical. The critical speed changed or disappeared with
change of exhaust manifold. Apparently some manifolds would not show this phenomena;
probably the curved manifolds would be free from it. The supposed cause of this abnormal
power loss at a critical speed is a reflected wave of exhaust gas filling the clearance of some
cylinder just before its exhaust valve closes.

Study of this effect led to a suggested design of an exhaust manifold, and ultimatdy to
the deeign of a muffler. If the pulses of exhaust gas, following the opening of successive exhaust
valves, could be so trapped that they would never return to their own or other cylinders by
direct motion, or by reflection, interferences and abnormal power losses would be avoided, and
the muffling problem itself might be simplified. The scheme selected was rather similar to the
muffler design shown in figure 3, page 47, of Report hTo. 10. The exhaust of each cylinder
was to enter, tangentially, the annular space between two concentric cylinders. In this space
the exhaust gas, entering with high velocity and pressure, could spin around, dissipating its
energy both by friction and by progressive leakage through numerous small holes in the inner
cylinders. The inner cyfinder, continued outward from the manifold, was to become the
exhaust pipe. A design for a manifold-muffler of this type is shown in figure 13. The tangential
entrance effects the trapping of the exhaust pulse, preventing ite direct or indirect return to
any cylinder. This is shown more in detail in figure 14.

While a device of this character (figure 13) might be successful in normal operation of an
automobile engine, it was discaxded as unsuited for airplane engine service. First, Lheinternal
construction would burn out owing to the great heat of the e.xl-mustgmeain airplane service,
and secondly, the radiant heat- from the large s~rface..of the manifold would prohibit the
installation. The first objection may be met, and the second minimized, by the moro compack
construction suggested in figure 15, which could well be built with a smaller external diameter
than the other design.

The remainder of the experimental work consisted of trials of various commercial mutTlers
and of experimental mufflers designed and built by the authors of this report.. Tbe experi-
mental apparatus remained, in general, uncha~~ed. The dynamometer, the tachometer, and
the arrangements for reading back pressuresremained the same and were used as before. I?owor
losses due to the application of mulllers were found as described previously in thcidatwrnination
of power 10SSOSdue to applied back pressures. When the emphasis was upon the determination
of muffiing ability, and the comparison of various mufflers with each other as sihmcors, tho
determination of power 10SSwas inferred from the back pressure reading ancl general engine
speed. This method is more accurate than the direct determination of. power loss from speed
drops, because the power losses from the mufllers finally selected were small. The+drop of spocd
wae too small to read satisfactorily while the back pressure was still a roatlly measurable
quantity.

Usually, when working with mufflers, the Curtiss engine was set to run at its recommended
speed of 1,200 to 1,250 r. p. m., developing about 70 horsepower. A scale of throttle sottinge
had been made so that this, and other settings, could be duplicated. &nerally one muffier was
used for the entire engine, taking the exhaust from all eight cylinders. The setup shown in
fqgurc 1 was the%modified b.y putting the quick-opening valve on the side outlet of the toe on
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the end of the cross manifold, allowing the installation”of the muffier under test, without a valve,
in the direct line of the exhaust flow. The back pressure due to the muffler could then be
determined, by taking alternate readings ~s before, with the quick-opening valve open and shut.
The data of Tables 111, VI, and part of VII came from this arrangement.

In a few tests, concer~ing particularly the capacity of mufflers, the cross mfifold was
removed. A mufikx could then be placed directly on the end of. the stock exhaust manifold
for one block of four cylinders. Generally a muffler was placed .on each of the two manifolds.
The muftlers then had. t.obe applied and removed by hand in order to determine the back pres-
sure due to the muflle~. This procedure was used for getting the data of Table IV, using the
G. P. F. 12-inch and 28-inch mufflers, and part of Table VII.

Estimates were always made of the silencing qualities of the muffler being tested. In the
end the devices selected as most promising were put through comparative tests, where rapid
substitutions were made by hand. For this work it seemed desirable to ..nmke an open-air
estimation of the noise. of the exhaust and the degree of silencing with the various muillers.’
To get the exhaust outdoors and pointefl in the right direction the tee and valves on the”end
of the cross manifold were removed. At the end of the cross mwifold direct connection was.
made to a 2-inch piping system consisting of a 6-foot length of pipe, a 45° en, and a second
6-foot length of pipe. This piping did not muffle the exhaust to any noticeable degree. The
back pressure due t.o the piping, at normal engine speed, was about 1 inch of mercury. This
measurement, in itself, may be of considerable interest in the problem of the disposal of engine
exhaust on airplanes. The data of Tables VIII and IX were taken with the mufiiers placed
outdoors in this manner.

Many devices and ideas for silencing were considered, and quite a few were tried out. All
devices with which tests were-made, and which were found worthy, as well as a few which were
rejected, are included in the descriptive matter w~ch follows. of the rejected schemes) only
those are described which me based upon some peculiar]y attractive idea, or which are akin
to common practice. The experimenters (the authors of this report) applied quite peculiar
descriptive nomenclature to some of :hese d&vices. For the sake of, brevity, some system of
naming is necessary, so those designatmns ydl .be perpetuated, and the derivation of the appella-
tion briefly indicated.

G. P. -F.—These mufflers are shown in figure 2 and described on page 43 of Report No.
10. Four of these were used, two each of the two sizes. All xere 5 inches diameter, two were
12 inches long, the other two were .28 inches long. They were made by Geuder, Paeschke &
Frey Co. These are regular stock mufflers.

iiAmhn.-A Maxim silencer for Fords was purchased of a local garage. The entrance to
this muffler was only 1.5 inches internal diameter.. The tail pipe was .12 inches long, tapering
from 1.5 inches diameter at the muffler to 1 inch diameter at the ~utlet. It was hardly fair to
use this on a 70 horsepower engine; but the data is of great interest. .

itlanijold nvu@ers.—The name comes from the original idea of putting several of these
devices in line, end to end, one for each cylinder, the combination to rep]ace the eihaust mani-
fold. HowevZr, this manifolding scheme was never thoroughly tried out; the one unit of the
device was used as a muffler, with conventional installation at the end of the manifold. As
originally constructed the inner cyl.inclerdid not touch the end plate, so that the exhaust could
escape around the end as well as through the holes of the inner cylinder. The end path could be
blocked by a piece of asbestos board fastened to the end plate. This first manifold muffler was of
the same general design as shown in figure 16 and figure 17, but with the outer cylinder 6 inches
long instead of 9 inches, and containing only the 3* inch perforated i~er tUbe”

The “Long Manifold Mufller” was made up of two outer sections of the first manifold
muffler, making an outer cylinder 12 inches long. The inner tube was not perforated and ex-
tended the full length of the mufller, its serrated end touching the far end plate. The exhaust
entered the outer cylinder near one eucl through the regular tangential entrance of this type of
mvffler. ‘Hw e~tranc~ Of the s9copd unit WQSh]ocl@ The Qnnularspace .WWboth spin and
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expansion chamber for the exhaust gssos, which escaped into tho inner tube only through its
serrated end, at the opposite end of the muflier from the gas entrance and oxi t.

Later ~ “New Manifold hluffler” was built similar to the sections which woro Orst made,.
but 3 inches longer, and with provision for slipping an edra perforated inner tube of 2J inches
diameter inside of the regidtii 3@ch inner cylinder. This last design of tho manifold mufllcr
is shown in fl.gure 16, with the extra inner tube in place, and in figuro 17 msomblcd rmcldis-
assembled. The manifold mufflers are developments of the muffler shown in figure 3, pago
47, of Report No. 10.

Wire mcs7Jtype.-Several if this typo wer~”built and t.rie~ out.. Tho gcncmd schomo ii
shown in figure 4, page 48, of the R6p”ort”No. 10. Tho idea is to grfidually inmmso tho resist-
ante, and to break up the energy, of t.ho exhaust by means of sections MIXI with fiIM wiro
mesh. The best mesh was used at the outlet, and the mesh increasing in size toward t.hoengine.

Spiral guide vane.—This scheme consisted of an expansion chamber, with spirals in tho
annular outlet passage, instead of the wire mesh. The.spirals formed, in offoct, a long nozzlo.
Various forms of spiral -weretried: of constant pitc,h, or area of passage; with area of pmsago

—

growing smaller toward t-he.outlet, forming a sort of converging nozzle, and with LAOarea of
passagg incre_aeingtcnyardthe d.i@argc end. The genqyd design of t.hcseis based cm that of t.hc
Maxim silencer, but there is not the repeated reversal d flow in the spirals.

Whirlc7kzmbcrmtiflers.+o calledfrom theirgeneral construction. Figures 17, 1S, 19, and20
show the form of these mufflers. The exhaust pipe is flattened from a circular cross sect-icma ~

the engine to a rectangle at the muffler, giving a contracted ngzzlo cflec t.. T~s roctan~fglar
section is fSstmed tangentially to the circumference of ““aring of considerrdiy larger diamctor.
One cover plate for onekide of the ring is a plate dished to gi~e st.iffncss. Tho othor c.ovor is [.hc
outle ttfor the gas, and consists of a truncated cone. The exhaust gases ont.crtho ring tutgcn(iidly,
swirling around and around inside the ring. As they 10S6velocity they gradutdiy cscapc through
the opening between the dished.cover plato and the end of the tmmcatcxlcone. Four of thcso
mufflers -mwemade, one each with rings 4 inches and 12 inches in tilamotor, two with 7-inch
&lametarrings. The 4-inch and l>inch diameter were made with the idea of having one of them
too small and the other too large. The exhaust pipe entering t.llemuflkr was contracted from
a 2-inch diameter to a rectangle l-inch widel except that one 7-inch ring had a nozzlo $ inch
wide. The sides of the rectangle had the same total perimeter as tho circumfcronm of n 2-inrh
circle. This is a constructional requirement.. The width, or depth, of the c-ylindrimdring was
limited to the length of the rectangdar discharge nozzle, plus clearance necessary in manu-

facture.. This malicis.the rhi@-”4 inches deep with th{ l-inch nozzlm, ancl 4* inchce with tho
~-inch nozzle used on one of the 7-inch vhirl chambem. The cover plates were dished about,
~ inch, this being the maximum obtainable with the local tinsmith. The dosign crdlcd for
~ inch. T~se plates.tiould be applied with the convox surface in or out as indic-atod in figuro
19. The area of the open end of the” truncatoil cono was tho same as that of [ho exhaust
pipe, that is, 2 inches diameter. The space betwken the end of the trune.ahxlcono and lho cover
plate was varied from time to time by the various arrangement, somo of which aro indica[cd
in figure 19. Shallow cones. were available as well as the doop ones. With deep -cono, and
cover plate dished inward, the clearance through which the wshauet had to csmpo WM ahm L
~ inch. With cover plate dished outward the .clein%nctihecmne $ inch. TKth slmllow cone the
clearance was 1~ inches. -

The 7-inch whirl chamber muffler was also tried out with a double cone mscrnbly, ono cono
pointed inward and one outward. (Diaggam of arran@ncnt iu Tablo VII.) This assembly
was also”tried with a ‘ <difluser” plate between the two conos. Chmdifluserwas a plntc with
about 100 scattered +-inch holes punched through it. .+inother diff~er tried with both 7-inch
and l%incih whirl chambers had no holes, or -very small ones, in the 120° sector first pssscd by
the entering gas, the next 120° with larger holes, and stili larger ho]cs in hwt 120°.

The Dup2x “whir~”ekmlier‘muflir ccmsisteclof thi”two 7-inch rbgs bolted cncl “ti end, using” -
. . . ——.——

one of the tangential nozzles as entrance, and the other as discharge pass~oc. Tho arrangement .

required the reversal of in@-nal whirling before the gas could get out, ~renerally one or ?N
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other of the diffuser plates was placed between the two rings. The l-inch nozzle was used as
entranoe in most cases.

—

Venturi .—A 2-inch pipe Venti.miwith ~ inch throat was tried, upon the idea of an expand-
ing nozzle to secure an adiabatic drop of pressur~ and temperature of the gas, also, to increase
the velooity of the gas above the velocity of sound, so as to prevent any sound waves issuing
from inside the manifold. The Venturi was used alone, and in combination ~th the 7-inch .
whirl chamber muffler, the Venturi then aoting as a discharge pipe. -.. —

..— _ .
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The problem of silencing the exhaust n+~e from an internal combustion engine is fairly
comparable with the problem of silencing a high velocity rifle, or better, a ~achine gun. At
the instant that an exhaust valve begins to open, the gases seeking to escape from the cylinder
have a pressure in theneigh~orhood of 40 pounds per square inch gauge and”temperatures of the
order of 1,000° F. Where the endeavor is to get maximum power from fhe engine, these values
are understated. If adiabatic expansion is assumed at the time of releas~, the initial velocity

—.

of the discharging gas is independent of the pressure into which the gas is escaping, b,ecause .
the “critical pressure

—

“ is greater than %hepressure in the manifold or atmosphere. The initia]
velocity will be the velocity of sound at the “ criti~al” pressure and existing” kmperature of the ., .~~ ~
gas at this pressure.’ This velocity of the exhaust gas is of the order of 1J500to 2,OOOfeet per
second-considerably higher than the velocity of sound through the air. The first portion of
the escaping exhaust is practically a slug of gas coming out like a projectile from a gun, with a ~ ,. -
velocity greater than that of scnmd in air.

.-

It is well recognized that the report of a sigh-velocity rifle consists-of two sounds. one
sound wave, the “report,” comes from the muzzle of the gun arising”f;o-fi “the slap of ‘bUlleiand

152577—20—No.55—3 ,,
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exhaust gas upon the air adjacent to the muzzle. The other sound, of cracking, ripping quality,
comes from the tearing of the air by a projectile moving with a yelocity in oxcoss of the velocity
of sound. If the bullet is traveling toward the observ~r, this second sound is heard first. Tho
slugs of exhaust gas from the open exhausts of an airplane motor are soon dissip~tcd, tind do
not travel far as projectiles. While they last, however, there is little doubt that they cent.ri~ute
to the quality and amount of e.xhaust noise from the engine.

If the velocity of the slugs of exhaust gas at the time when they enter tho air cm ho rcduccd
below the velocity of sound in air, the quality of the exhaust sound will bc much duller and tbo

‘ quantity of noise much less. The most effective way of lowering the valocit+yof sound in a gas
is to lowOrits .timperaturo.

There are two means of accomplishing the cooling of the exhaust gaw~ ‘before thy roach
the atmosphere. One is by direct cooling, as by water jacketing. The other is by designing
the exhaust passages on the idea of the nozzles of a single velocity stage sham turbine, so as
to reduce the Yelocity of the exhaust gases to iipproach the velocity of sound in air, by cfflc.icnt
expansion in the nozzles. This latter method was suggested. by Mr. F. C. Mock. (S. A. E.
Bulletin, p. 27o, Vol. V, I?o. 3, Dec., 1913.) It was found that such dmign of exhaust ports

--

-apparently increased engine power. However, the reduction of temperature by expanding in
-.

nozzlos is limited, if no work is clone by the gas. Only the edge of the crack of tho noiso from
the slug of gas can be removed by means of expansion alone. If the exhaust is mado to drivo
a turbine, then more heat energy will be-abstracted, useful work will be done, and tit t.hcsamo
time the exhaust.velocities will be made uniform and small.

The frequency of the exhaust from a multicylinder, high-speed engino generally is a source
of a humming sounc$ if in any way the air is made to vibrate with the engino frcquoncy. The
lowost audible note to-the human ear is of about 40 boats per second. The exhaust frequency
of a 12-cjdinder 4-cycle engine running 1,500 r. p. m. is 15~per. second. This will .?Ma low- .
toned hum. To this”liuni tin tiiphme propeller also contributes harmonics whioh will blend
with the engine hum..

Complete muflling, so that the engine will give ne~~l]ercrack, ~h~tle, nor hum of mhaust
noises would involve the smoothing out of the flow of exhaust gases into the atmosphcro to a
uniform velocity-below that of sound. This is manifestly impracticable. With a pukwting
flow it might be practicable to keep thq maximum velocity of exhaust gas entering the air below
the velocity of sound ;n the air. The humming g.oise wiIl then be heard, witihout the crack or
whistle.

The greater portion of the.exhaust from a cylindm must pass out in this fmt slug of high
velocity discharge, as the average velocity of the piston on the exhaust stroke is only al.wufi25
feet per second. This shows that the actual time roquircd for discharging the major portion
of the exhaust of any one cylinder is quite short compared to tho period during which the
exhaustvalve. of this’cylinder is open. A whole group of cylinders maybe discharging into ono
exhaust manifold without interferences, provided the manifold is so designed that-each slug of
exhaust can freely escape down the manifold without check or reflection. If too many cylindms
exhaust into one manifold, there will be overlap of the sca-renging periods, during which two m
more of the various exhaust valves maybe open at the same time. This overlap of the scaveng-
ing periods is a minor matter compared to what happens when a slug of exhaust cntwa somo
cyhnder through an open exhaust valve directly or by reflection.

An exhaust manifold may reduce the crack of the exhaust by slowing down tho initial
velocity of the slugs of gas, and by a limited amount of cooIing. The direction in which the
exhaust is pointed is a considerable factor in the noise. heard by observors, the intensity of
sound being much greater in the direction of projection. Long exhaust pipes may somowhat
increase the muffling effect of a manifold, by added friction and added cooling. However, the
notation on Table VII, based upon the estimates of several obsmvors, would indioat.e that
muffling effect of manifoId and long smooth exhaust pipe was wry slight. Bends, and also
rough interior surfaces, will increase the muffling effect and also tho power loss.

Any long pipe may aot as does an organ pipe, having a natural period of vibration in sound
Fftwes, This period may happen to coincide with the frequency of the exhaust in such a way
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that exhaust gas will be forced back into some cylinder just before the closing of its exhaust
valve, entailing an abnormal power loss at “h critical speed. Such an effect was noted in the
experimental work, and was referred to. in the discussion of Table II.

.. ...-

As previously stated, the silencing probleti would be solved if it were feasible to reduce ‘”““’6“=-”-
the velocity of exhaust gases escaping into. the a: to a uniform velocity, less than the velocity
.of sound, Practically, it is possible only to spread out the peak of the discharge, or the” slug” .
of exhaust pulse, so that its velocity is reduced toward that of sound. Every slug of e#laust,
not only while in the exhaust system but in the p~~iod of issuing.from the system} is a potential
source and exciter of souncl waves, The interna~vibrations of the system as excited by eaeh .-

slug, combine their a.ound-with” that of the i~mpactof the slug upon the air, and change the
quality of the sound as a whole. @etit “iiiiegtihii~ticsof internal form. of the..exhaust system
may break up the internal sound wm%s. The sotind-proclucing qualities of the exhaust slug
are’relatively much greater than the sound wav= internal in the exhaust ‘system, ““

A very obvious device for dissipating the excessive velocity of, initial flOWof each exhaust
is an expansion chamber. The gas velooity entering the chamber is highly irregular; it is
assumed that the discharge Velocity is. much more nearly unif Orm; and the slapping of the
external air by successive e~aust SIU@ is. s!~pped. This is nearly true if the chamber is :

capacious e~ough. The slapping action takes place as thisxli~h~t tintersthe expansion chamber,
and sound waves from this paint radiate out~rard, some of them escaping through the tail pipe.
To complete this device as a rnufiler, th? ?xit O! sound waym would have to be prevented, it .
being assumed that the capacity of the chamber~s.sufficient to prevefit the SIUgp@ng through

.-
●

as such.
If through the exhaust line there is placed a long s~riesof baffles, each baffle ~$ drag back . .

a portion of a passing exhaust slug, delaying thi~ portion w~tl?reference to the r.emaindor,and
thus changing the, flow from intermittent to nearly uniform”. i$lu’ffling-might then be Secured
by a sufficient amount of baflhng alone. The cost in back pressurb ind power 10SS“\Vould””be “” “’ “’ ‘ .
prohibitive, to say nothing of the weight of. ma~erial nec~ssiry for the +bafHesand general
structure. When baffling structures are used, the highly hiated. exhaust gases burn out the
internal structure, and carbon deposits and okide scale ch~ke the baflle.s, This burning away
of internal parts is a very serious objection to the use Ofbanes .in mvfder: fo!. airplane motors.

.

A combination of expansion chamber and baffles Cm-be .rnade int,o a very satisfactory
mufller. The smoothing of the pulsations of the exhaust flcgw=js-cloge-rn~lnly by ~}e:expinsion ...
chamber, and with much less power loss than.if_it were done.by baffles. The baffles permit {h] ‘“ ,
expansion chamber to be made of moderate dimensions, .by helping the smoothkg out, o! the
fIOW. NSO, if properly designed, they will nearly prevent ‘the escape of sound wivei from the “-

.—,.... .. ___ .

expansion chamber by reflection (back~v~d) and dispersion (scatt.erbg in-d interference) of
the sound waves. coming from. the inititil slap of the slug.

In order to get the effect of a hwge Oxpan@ chanlbey ~Vit&outgreat w@ght and size, the
-—

manifold muffler typo ~’ whirl chamber”) con$!rvct!on ww” proposed. !J’he e~aust is b:oughh
tangentially into an annular space between two concentric cylinders. ~he, sTu,@of exhaust gas “—-. .._-_!_
may coiitinue to travel. around in this space, bu.~they can”not eicapc. from this cyl~der until
their -v~locityis sufficiently reduced to reverse or change direction in some way. If, for example,.
the gas slug whhh around the chamber 20 times (it was obs.erv~d’io”@MWl aiound more ti~es ‘“ “

.. —..__ ,..

than this upon a single.cylk~er-slow-speed engine) it has h@ @ .qff?ct, the use of an expansion
..-— .... ..

chamber of a volume X! times the volume of the annulus. As the gas ~pin~,Ioidig vifociiy,
.—

a continued series of small portions escape~at_@ht anglesj into the inner cylmder or discharge ‘ ““
passage. The gas can more readily turn at right angles ,t~afi \~v~r~:“ftself, so that there is
little chance for a return pulse to tho cylinder. In. spinnhig around and esckping.“bwards, -a -- --
subdivision of the e~aust pulse is made SUCb.@t the successive..srn?llp.orti~~senter the atmosp-
here over a comparatively long period of lime, m~Elng the velocity of t~f e~a”ust gas efiiei-
ing the air fairly uniform instead of highly intermittent. It is also probable that the initial, ““
slap Ofexhaust intering the whirl chamber Of the mufflers ii less than if they. abruptly entered
a large expansion chamberl because there is relatively a much smaller change of size of passage: ,. ,-j-:
AS contrasted with the use of baffles to smoo!h. OUtthe exhaust pulsati@~S, the desired end is ——L—-.
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accomplished in these “whirl chamber” designs (and “manifold mufllers”) with relatively less
power Ioss through “back pressure.

In the typical “ w~rl chamber mtiers” all metal parts had one side exposed to the air
in order to have considerable cooling effect upon the exhaust, and also to avoid the danger of
the burning away of the metal, (The succes~ “of this ..cool@ k illustrated upon oue of tho
mufflers tasted,”\vhichstill has upon it a,paper label oni s~~htly charred.) In so far as any
cooling of exhaust is secured, the muffling is thereby aided,

A sufficient cooling of the gas will, in itself, silence the exhaust. Such cooling is only

possible in marine practice, wher~water issprayed i.qto the exhaust line-,sad is found effective.
It maybe desirable to place fins for air cooling upon the exhaust manifolds, pipes, and mu.tTiers
of airplanes. A radiator used to COOIthe exhausi gases for the purposes of SiIencingmay sound
like a humorous suggestion, and yet it may be practical on heavy duty planes,

Before a mufller can be applied to sn engine there must be a manifold of somo kind to tako
the exhaust gases from the engige to the muffler. This manifold is itself a source of power
loss, both through friction of flow, and through the possiblo interferences already mentioned,
particularly the back flow of exhausts. In the early days of internal combustion engines,
manifolds were first made by bringii the pipes from the individual cylinde.re squarely into a
collecting pipe. The right angled turns of this design caused high back pre~ure and promoted
interferences. To decrease the back pressures (and interferences) the manifoIds are now made
with sweeping curves on the discharge pipes of each cylinder, making each iudividuaI pipe
have an easy entmmce, in the direction of flow, into the common pipe. It is suggested that a
more compact design could be made by analogy with the ‘( whid chamber mufflers,’; The
individual exhmst pipes might be brought straight out from the cylinders, but with t.heir
center Huesso far above m below the-center hue of the common pipe that tho exhausts would
make tangential entrance to the common yipe,.. This idea is shown in the designs of figures
13, 14, and 15. The change of direction of flow from-the individual pipes to tho common
pipe. can probably be-made with.back pressures no larger than from the sweeping benda of tho
conventional construction, md with the advantage of compactmss. The smallness of back
pressures may be inferred from the data at the bottom of Table VI on the resistances of rings
with nozzles only,

Throughout all the ales@ of manifolds and mumers there is one item that-must be kept
continually in mind. The sharp pulse of each exhaust is practically a mechanical slap or blow
upon all of the inside surfaces of the metal parts.. If these metal park are made of thin material,
as they must be to save weight, it is necessary to so form them that they me inherently stiff,
incapable of buckling or drurnm@. Otherwise.they will become transmitters for the exhaust
sound to the adjacent air, with additional noises from the reverberation of the metal itself.
Flat surfaces are to be avoided, and doubly or singly curved surfaces chosen.

The preceding para~~aphs have outliied the theory of muffling and associated problems
as it- developed. to the authors during and s,fter their experimental work,

Early in the work there krom the question of how the capacity rating of a mufllcr should
be made. The data of Table IV precipitated this question. The two different sized nmfllers
compared were presumably alike in internal design save tlmt..thelonger ones contained a greater
number “ofthe baflling elements in series. The G. P. F. design is given in @ure 2 of Report
No. 10. According to the makers. the horsepower capacity to be handled by the 28-inch
muftlers is four times that of the 12 inch. They recommended the 12-inch mufllers for
engines up to 553 cubic inches displagemen$ and the 28-inch mufflers for engines up to
138 cubic inches. Yet it was found that on the Curtiss engine, with one nmflier handling
4 cylindars, of 251 cubic inches displacement, the 12-inch mufflers gave 2 inches of mercury
back pressure, against 4 iqches from the 28-bch nmfllers, and if there was any choice as to
siIencing abiIity, the smaller mullhms were the better. It was also found that the 12-inch
G. P. “F. mufi3er failed to silence a 3~ by 4 inch Chevrolet automobile motor of about 170
cubic inches displacement. This same 12-iuch (1. P. F. rnufller gave the same back pressure
and better silencing effect when handhg all 8 cyEnders of the Curtiss engine (Table VIII)
502 cubic inohes displacement, that it did when handling onIy 4 cylinders of the same engine.

.
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In Table VII the data shows that one of the “manifold mufflers” had this same peculiarity of
improving its silencing, and of not increasin. its back pressure when the number of cylinders
handled was ~hanged from 4 to 8. At the same time”some “whirl chamber mufflers” increased
their back pressure jn the ratio of 1 to Ii or.1 to 2 when changed from hindling. 4to haudling
8 cylinders. If the back pressure of a muffler follov’ed the usual laws controllhg the increase
of pressure with quantity passing, the doubling of number of cylinders exhausting into a muffler
should have multiplied the back pressures by--4. The explanation is in part in the design of

, the mufflers themselves, and in part due to the peculiarly intermittent flow of the exhaust
gases,

The silencing by the muffler comes ~ its operation upon the “slugs” of the exhaust gas,
the size and character of which is fixed by the individual cylinders. In so far as the frequency

~ of impulse (due either to multiplication of the number of cylinders or to the increase of speed)
is concerned, it appears that the more frequent the impulsej the easier it-is to silence the exhaust
noise. The poyer 10SS,or back pressure, seems to dep?ncl .upog ,the form and sjze of the in-
dividual impulses. Perhaps if the number of cylinders should exceed the present limit (12)
there might be. sui%cient .owwlap of instantaneous impulses to require a larger muffler. The
bulk of the exhaust comes at the tist open~g of. !hg valye, so the~e.pulse~ are not liable to be.
superposed to any appreciable extent. The characteris$cs of. the individual exhaIst pulses
are controlled by volume of cylinde~, valve timing, throttle position, ignition timing, and
mixture ratio, all of these affecting the amount of gas and its pressure at the time of opening
the exhaust valve, The speed of an airplane engine. is tied with the tbottle position because
of propeller characteristic:, while an .qutomobile. engine throttle and speed are independent.

As a matter of fact, it appears that the smaller the rnuillers, up to some limit, the better
the silencing. Also the larger the mufller, the less “the back pressure, geometric similarity
being assumed. (The 28-inch G. P. F. muffler is not similar to the 12 inch.) The effect of
change in bacl< pressure is slight. So that the tentative conclusion @ reached that, with the
mumer design geometrically bed, aid if”the size only-~ ch~nge”d,then the smaller the muffler
the better the silencing and all around action, until the power loss exceeds the tolerated value.

It, may be remarked that mufllers taking all 8..cyllnders of the Curtiss engine receive about
‘\ the same frequency and magnitude of impulse as if used on one side, 4 cylinders, of back geared

motors such as the Thornas or St,urtevant.
The effect of size of muffler was noted when using the same mufflers on different engines.

- The greater the bark of the exhaust, the better was the relative suppression by the same muffler.
The mufflers were more effective in suppressing the bark of the single cylinder farm engine
(5% by 10 inch Ingeco) than on the Curtiss (4 by 5 inches).

The suggestion from the fac!x mentioned above is that. the capacity rating of a muffler
probably should not be based upon the total displacement of the engine, so much as on the
displacement per cylinder.

In reading the discussion which follows concerning the various schemes for silencing the
exhaust which were considered in this work, it should be kept in mind that the experimenters
had.-formulated certain requirements and limitations for mufflers in airplane service. The
rnamfolding and muflle~sshould not be h source of fire risk from radiant heat. Muffler explosions
should be made harmless, either through sufficient strength, or provision of a breaking piece.
Weight of manifolds and mufflers must not be excessive. Any parts so disposed as to cause
head resistance must be made as small as possible and of “stream line” form. The power
lost due to back pressure must also be very small. It is desirable, but not essential, that the
mufller be durhble, especially with regard to. burning out the interior parts. The amount of
silencing required is not great, compared to the usual ideas of muffling devices as exemplified
on automobiles. The reason for not requiring so effective silencing is that there are many
other noises coming from a plane moving through the air. Such noises are the hiss or whistle
of the wires, the beat or drum of the propeller, and the val;e and gear noises from the engine.
It has been assumed in this report that what the experimenters and assistants called,a 50 per
cent total silencing of the e~aust noise would be sticient arid satisfactory for airplanes. ~
there is more silencing than this, a muffler cut-out maybe needed by the pilot to judge the
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engine performance. However, it was found that 75 per cent sikncing was easily obtained,
so this was soon adopted as a standard.

A common device on planes is a long exhaust pointed upward. This is not i mufilcr, but _
it is somewhat eflective in directing the sound away from the ground. Long pipes running
back along the fuselage take the exha’iwtgis and some gf the noise away from the occupants of
the plane. .If pipes of smooth interior are used, the power loss due to back pressure is relatively
small. In Table VIII it is noted that 12 feet-of 2-inch pipe with one 45° elbow ctiusc(i a bark
pressure of 1 inch of mercury on a Curtiss (8-cyEnder OX) engine, resulting in a power loss of ~
about seven:tenths of 1 per cent. It is regretted that data on the back pressure duc to flexiblo
metallic exhaust hose was lost; but the notation made was that 4 feet of the ?-inch flcxiblo hmc
gave more back pressure than the 12 feet of standard 2-inch wrought-iron pipe including ono
45° elbow.

The first muffler tried out-in this series of tests was a wire mesh mufller shown in figuro 4 of
Report No. 10. The muffler type is that of expansion chamber plus baflks, relying largely upon
the baffles for noise suppression. The power loss was slight and the muffiing estimated about
50 per cent. The weight is 15 pounds, vrhic.his comparatively great. The f!a~ mettil sides
probably drummed, reducing the muffling ability. It waij anticipated that the wire gauze would
burn out and choke the passages with scale under continuous operation. Even in sho~t opera-
tion the wire gauze began to pack although it did not burn. These prospective troubles, together
with the weight, caused the discarding of this type. ‘”

The variable pitch. spiral muffler mentioned in Table V, was, as constructed, cumbersome.
Its silencing Was estimated at 50 per cent plus. The construction embodied a cylindrimi
expansion chamber plus a baffle placed in a concentric annular space. The baffle was made of a
single strip, helically wound around the chamber, mak@g, in eflect, a long- unobstructed pat]].
This device is of the same type as a number of commercial mufflers which have already bow
more highly dewloped. It is subject to the disadvantages of weight, size, and burning out.

A Venturi with throat 0.75 inch diameter and of 2-inch entrance and exit was tried on tho.
end of the 2-inch exhatit pipe. The throat size was selected to give a gas velocity greater than
the velocitywf sound, in order to prevent the transmission of sound from the engine through tho
exhaust pipe.- The success was undoubted, as there was no crack. But the velocity of the gw
in the throat set up an uneartMy noise all its o~~. The ~xpanding portion of the Venturi,
instead of serving as a-diverging nozzJe, actgd m- a megaphone. Then the l~enturi was [ricd
with the exhaust first passing through the 7.inch ‘(whirl chamber” muffler, with somclvhat
similar results. The Venturi was also.rejected.

The Ford Maxim mufiler was found to be a very effective silencer when used upon the
Curtiss engine, as well as when used on a Ford automobile. On the Curtiss engine, handling all
8 cylinders, the power loss was rather high compared with some other devices. Considering the
fact that the muffler was built for a small engine (the tail pipe was 1 inch diameter), this is
hardly to.be wondered at. The weightof 12 pounds was prohibitive.

Throughout the experimental work the G. P. F. 12-inch muflkr was used as an arbitrary
standard of mutlling qualities. It appears repeatedly in the tables on account of thii. WMle
estimates of noise suppression were attempted in absolute v“hlues,the final decision alwti~?rested
upon relative performance. The “Remtirke” of Tables VIII and IX will illustrate tlm. TIJe
G. P. F. H-inch muffler construction, as shown in figure 2 of Report No. 10, is nowi Tho
hatlles, in the form of nozzles, occupy the expansion chamber. meparts are few and simple.
Surfaces are doubly curved, making for inherent stiffness. The peculiar fmct was noted that
this muffler worked equally well with either end as erifrance, both as to back pressure and
silencing, There is a possibility that the internal parts may act as dispersemof the sound wares
by reflection, as well as other ways.

Our attempts to design muffler?, especially adapted to airplane use, ha-re followed two
main lines. The “manifold” series of designs use tangential entrance to an annular whirl
chamber, the gases gradually escaping to the central part as. they spin. The spin chamber
givqs the effect of the conventiomd expansion chamber with a much smaller volume. The
perforated inner tube replaces the bafflw, with less weight and back pressure. The objection
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to the .ccmstructionis that the j,nnercylinder hay burn out. To avoid this objection the” whirl “
chamber.” series +’as designed. The action is essentially the same m’the “ manifold” typb, but

I all metal parts are air cooled on one side, ‘and the fi-eight is less. A particular study of the “
‘~whirl chamber” type is given in Tables VI and VII. While making the obs;rvat,ions on bark
suppression, using the Ingeco engine (Table VI), the tests y’ere made with load, .at a~out 100 “’ “.
explosions a minute, and with retarded spark to give a vicious bark. - The exhaust was flaming
as it issued from the.engine, and gave .tisual demonstration of the spinning actio”nin the-whirl
chamber, and of the gradual timissionof gas from the.muffleri

Both “manifold” - and “whirl chamber” types have a peculiarity that may be advan-
tageous. The exha,ust is turned at right angles between tl+ entrance and.dis.charg~of the muf-
fler, and. with very little back pressure. Roughly, the_back pressure is less than ~v.hen”.~ising
an ordinary pipe-fitting elbow. Short tail pipes of diameter equal to the manifolds were tried
upon these types of mufflers, and were found no! to affect either silencing or back pressure.
So these mufflers might be plaied at the end of a horizontal manifold, and the muffler.tai] pipe
be carried vertically upward.

The data from the different tables in this report shouM not be indiscriminately compared.
The manifolding conditions were frequently changed. In Tables VIII and IX the manifolding
arrangements were the same, apparently, but actually were not constant, The increasing
vibration of the engine continually -shook loom’ the packing of the joints of the complicated
exhaust line. Leaking of the exhaust from the manifolds became noticeable and evidently
serious. Part of the piping was made of flexible metallic hose, from which the asbestos packing
departed. These troubles make it improper to compare the dnta .of Tables .VII1 and IX
directly with the other tables, especially in regard to back pressure. However, the small group
of tests, marked off by themselves in.these .t.ables,are correct for relative internal comparisons.
To show how these increasing leaks affected back pressure results, the diagrammatic Table X is
given. With the aid of this diagram, applied to the data given in the previous tables, the’sum-
ming of results as given in Table XI is derived. “Power losses are htire inferred from the curve” _-
established in plot 2. .-

It is evident from this table ‘that the “ manifol~’~ t~pe of muffler @l give good sileilcing

with power losses.less than 1 per cent and with weights comparing very favorably with any
commercial muffler. If minimum weights are desired, the “ ~h~l chamber” type looks most
promising although its silencihg action is not as good as the.manifold type.

In the “manifold” mufiler type the size, shape, location, and total area of the holes in the -
inner tube may be varied over a con~iderable extent. We used a. total area of all holes equal
about one-half the arei of the exhaust pipe with very good results, and deviations did not a]~er
the action of the rnufller to Wy great extent; although many small holes probzibly gave better
mufiling without corresponding increase of back pressure. The best construction happened, to
have no holes opposite the entering gas, 33 holes %-inch diameter which the gas first passed,
33 holes ~-inch diameter next, and 33 holes %-inch diameter last, just under the nozzle, We
do not lay particular stress upon the size or location, except they shall not be too big.

Taking all the results as shown in plot 10 into consideration, we have recommended, as a
tentative .design for the Liberty 12-cylinder engine, the design shown in figure 21. A variant of
this is given in figuro 22. - Both designs may possibly be improved by the. addition of cooing
fins. They are supposed to be placed at the end of an exhaust manifold handling the exhaust . .
froln either six or twelve cylinders: The length of the muflier is to be parallel to the fuselage.
There is no real attempt to stream line the back end of these mufflers for the-stream of escaping
exhaust gas is supposed to perform this function. Also any suction at the back end of the . .
mufflers due to lack of stream lining may be worth its cost. In figure 21 is shown a design in
which air is supposed to pass through the inner tube to so,rneextent, aiding in “cooling.

It is possible that very c+flectivesilencing COUMbe obtained if the exhaust manifold were,
patterned after the design sho~vn.in figure 15, in combination with a muffler.

The completion of the solution of the muffling problem can only be accom@ishcd by trials
at fitting rnanifolds~mufflers, and tail pipes to engines installed in airplanes and in use in actual
flight,
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TABLEI.—Runsat constant throttle, wzrying bad presuuw.
Throttle set to run the eng[ne a roximately at the ower recommended by the rnsker, 70B. H.F.at 1,250r. p. m., wit]] no fipphl Ixtek pros

~ and piping. Tab~e shows oh8wes by applied bzck pressure. Data of Aug. 24and 26.sure except thst due to the rmni[o
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T’~B~EI.—Runs at wnstant throttle, varying back pmxwres-Continued.
,,

...-

. . .. , . ..-.,- ~
Observations.

! [ II I

ReeMts.-Based on average of observations.) ““““ “-””
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I ::;::: @

-......-—.....~--=~
. . ..., ..’-. ...

Shut . . . . . . . . 3.7
0 en . . . . . . . .
Sl%lt . . . . . . . 3::
Open . . . . . . . . . .5
Shut . . . . . . . . 3.9
open . . . . . . . . .55

. . ... ...
,.t.
-...

...”
Shut . . . . . . . .~ 6.9
0 en. . . . . . . .
I&it. . . . . . . . ~:
Open . . . . . . . .

Shut . . . . . . . . 9.8

:$2.-::::::: 10:!
O en . . . . . . . .
Shut . . . . . . . . 10:!
Open . . . . . . . . .65

.. .
--------<

, ~ ..-,:.....
- . ...-+,.Shut . . . . . . . . 12.1

.65
:Zlw:::::::
Open . . . . . . . .~ ‘2:&

Open . . . . . . . . .65
Shut . . . . . . . . 12.1
open . . . . . . . . .65
Shut . . . . . . . . 12.s
Open . . . . . . . . .7

1 11.1 I I
. .

TABLE 11,—Runsat varying throttle, bachpressure conditions fied.
,.

%.-7.......-:-+
. ...= . . ...

, ----
Observations.

.... .. . . .
“Re$its. (Based on average’oi~jie~v~tioii.) ~ “” - ‘“ “”

“,..

—. -. .-..,.. . ... ...
--wI!peod

hanga
ot cor.
3cted
~ )P.

. .

Brake yr:k:f
K.E. P. ~.~.p
‘~p~ds (pound
square Sqpu:re
inch). ~c~).

Per
cent
speed
hange

I —1—II. —I-L--4=--- .—

7
~hu: . . . . . . . 9.8

.55
Shut:::::::: 10.2
Open..., . . . . .6

open . . . . . . . . .35
Shut . . . . . . . . 7.00

.30
:i?’u%-::::::: 6.90

0 en. . . . . . . .
Shut . . . . . . . . i:5

X%::::::: 3::5

0 cu . . . . . . . .
&rt. . . . . . . . : ;5

.....

Au& 24,1916
42

42

25

0

3.81

4.08

2.86

0

.,

875 t“”
3:i

}

860– Open. 375 .1
37: ~ Shut.. 850 i ;2” } 3.43

8:i I
..
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.—
7!ABmlL-Rum atvaryingthrottles, backpi%–we ‘eonditwna@xd-C&tinwxL *.- ., ,=,.

II .-
Ohmrvations.

Back ressme
?l(h? es of

Position of mercury).
en$a;r~let

. .
S&h ~;eti

–—l—l—
.06

s%’:::::::: .6 ./
.05

%K::::: ::: ,55 .5

.05
%%:::: ::: .8 .!
open . . . . . . . . :%
Shut . . . . . . . . .!

Shut . . . . . . . .

II
U:&I11.9

.55
w:::::::: 12.1 12.0

. . . . . . . . .S5 .55

Shut . . . . . . . .
Open . . . . . . . .
shut . . . . . . . .

%%::::::::
Open.. . . . . . .

8.. I
2.7
~:

.25

Oporr. . . . . . . .
Shut . . . . . . . . ~? i:
Odors. . . . . . . .
shut . . . . . ..- i? 6:5

gt:i:::::::~ :?0 :?
Shut . . . . . . . . 4.4 4-4
open . . . . . . . .~ .1 .1

I

%%::::: ::: 1:$ 1:%
.05

x%-::::::: 1:$ 1.70

1Shut . . . . . . . . l!l.1 11.8

X%::::::: 12:Y la: :
open........ .7

Aver-

hat%.
meter
~)P,

. .

530
530

610
605+

,112
003

122+-
1,670

1,073
m

~!

850
320

694
&w

1,140
1,036

; ;25

0.50
9.34

12::

.33
8.67

ia
. .

.10
4.35

1:%

12:#

-1.1

9.34

H. 4

8.34

d“

&6S

ResuT& (Bsssd on observations.)
.

Spe-et
ha~
lot00.
ecte
;%;

. .

—

(

&$

44

+6!2

‘7.5

M

4.25’ 24

I
1.72 14

lL 47 54

Per
cent

speed
‘Iraw

a

0.5

3.60

4.67

7.27
, ,,

,6.01

3..49. . .

L 98,., ,

4.74

.-

Breke
horse-
)Owcw

6.9
6.8

[0.4
10.2

;3. 4
;6.1

65.2
56.5

60.:

’45.7
33.0

29.3
26.3

15.4
14.6

%A

Braka
&.E. F
pound

Jr&
Inch).

18,7
13. II

24.7
24.4

22.2
75.8

83.8
m. 2

76. S
65.8

EN

49.2
45.8

82.1
26.7

S6. 4
78.4

0.1

0.3

6.4

7. If

10.7

7.7

3.4

1.4

0.0

*-. .—.,,. ,.. -..——...——.

, . .
...-.& > ---

Au& 24,1916 -.

Q. ...>.
-+.=.: ..-

Asw. 29,1016

!I’ABLP.HL-Ru.n uith and without wire mah WbU@ff, vaq~ng throttle position, other conditions wwhanged.
[Runs of Aug. 2S, 1916.]

----- .-. .,, ,—.. . ---- .. -.” ..- -== - .= ===F,. . . ..- L, . . ..—, I t
Back rwsure

r,(fnoheso moroury). I

~

\

0:4;

.10
6fuOler in position beyond quick-opening Mve. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10

i
.30
.45
.75

I

]0
$3:+.

.0!

IV1thoutmuMer.."i. i . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..l
;; .07 300

.26 :% 1,%

.40 .45 1,146

Aveweege
Tme

rffg[R%%]

0:O&4
%

.10 1,014

.15 1,113
+..32 1,108

.45 1,244

.70 1,276

602
.0! 308
4J

1,z
.375 1, M
.426 1,254

Brsko
horse
fwsvcr.

. .

..

.10.6
18.7
32.4
43.2
59.6
02.1

.—.
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TABLE N.-Q. P. F. Mujlers; Throttle Varied.

Mnfffers placed one on the end ofeach etr.tight etiauet manifold for eaoh block of four cy~ders of the Curtfes engine. One pefr of the ?Mnch
long mufflers tested first, then the pair of l@wh long mufllem were r+wd.

[Sept. 8, 1916.] . .

TWO 28-INCH G. P. F. MUFFLERS.

0bs8rvatione.

I I I

Results.

I
Aver-

Tacho.
meter Muliler

on or \t:c co-
:eadfng
R.P.M.) ‘ff”

meter
(~;.

. .

Back pmseure

Thr;t-
(inches of mercury).

ivfufller —
p~~:tJrl o~fior

No.). . So&h

Aver-

b;?k
pres-
sure
(in.
mer-
:ury).

Per
cent
jpeed
~ange
!u#Jo

tier.

Srake Loss “Of
[. E. l?. brake
)onnds M. E.P.
par d;;~

‘qnar! fler~inch)

;3$
. .

power

——

23.3
28.3

42.8
42.1

72.1
67.4

I

Ury).

. - .

{

4 off . . . . . . 0.05
On. . . . . . .5
off . . . . . .
On. . . . . . .7°

-li—1~
0<0:

.6:

1.;
.05

1.5

4.0:

4.0

-
I

840
ml

}

off . . . . . . Wo
360 On. . . . . . 850
8WI

970
980

}

::..... 9774
975 . . . . . 9723
975

0.01
.2-4

. !-)25
L 5

4.:

0.63

1.475

4.0

—

o

5

26

“o

0.512

!lti

,.,..-
.,——

5 off . . . . . .

{

On. . . . . . 1.5°
off .. . . . . .05
On. . . . . . 1.5

8 C&. . . .

{

. . . . . . 4.0°
off . . . . . . ~
On. . . . . . 4,0°

89.7

}

!35.fjl 3.9

1,MO

}

.1,140 off . . . ...’ 1, 162}
1,165 On. . . . . . 1,1364
1,130+ i-

, .,.-,&

TWO12-INCHG.P.F.JfUFFLllRS.

off...... 855 o.
On. . . . . . 85S .O.!x 0“25 0

c): ..... 982
982 0.5: .55 0......

off...... 1,149
On. . . . . . 1,143 L 90 } L, 6

I
,.- ,...,------

{

4 off . . . . . .
On. . . . . . 0.2!
off . . . . . .
on . . . . . . .9:

.05

.55

.5:

18 off . . . . . .

{

On. . . . . . 1.6°
off . . . . . .
On. . . . . . L 7°

850
0.2! 855

855
.2: 855

980+
.5: 980i-

980+
.5: 980+

o ~ pJ+
2.1

0 1:145-
2.1 1, 135+

0

0

0.522

. . .... ..+

, .“. -—A

1Position for 75 H. P. es used in Table I.

TABLE V.—J@fiertests on marine type, .kcylinder two-cycle engine.

B. H. P. ofengine on these taste abut 25. Exhaustnoiseabout tht ofa 75H. p. 3-cylinder 4oycle airplane engine when exhaust was open.
.—

.-.. ..Back pr~r~yjinches

Rs%?%?.).

-

,050-1,201

l,2ch2

1,230
,.

1,225

?ifndler. Remarke.
.-,. ,<

,-.’.-
1.0+ o.75* 0.25

1.30 .s0 ,50

Noise over one-half stopped; exhaust still cracks a little.
Back preeeure ~ery smef~ @ght ofmuftler Iarga.

Variable pitch epiral . . . . . . . . . . . . . . . . . . . . .

One unit, ‘(manifold murller, 9*1 end
blocked; gae goes around end of inside
cylinder.

One unit, ‘(manifold muffler,” 1 end
blocked; gae goes around end of inside
cylinder.

D~de~-sound more than spiral did.

....... .. .......... .30

, .
#

. . . . . . . . . . . . . . . . . . . .50

.._.

Ivfufior at end of lo~g pipe through window to outdoors.
Longer msnifold before mu~er may lower back ressura

i?ofmntHer, but adda back ureesure of its own the may be

Two units of manifold mufiler oonneeted
ae rlesigned.

——

..
- .- . ,.-. .—--

I Weight of one unit of “manifold mufller” about 4 pounds.

..
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TABLE VI.

Mutller tests on Curtiis OX 3-oylindor 4 by 5 inch motor, usin whfrl chamber muftlers. A cheek run on mtmifoId muflor.
LNot= ~ ~Mlity of mumers t.osilencs the arsok of the exhsust ken on Ingeoo efngIa 5.6 by 10 inch OYlfndnrfunn OUgirIO,hdd WSd wILII .

retarded spnrk. -
[Apr. 10, 1917.]

Back pressure
(fn~h&;er-

_ Taoho
meter
resd-

?orth (r$&
tide.

r

Mudler set-up, for all 8 oylinders.

hue
peed
p,m;

Back
prOs-

1%0
Iumer

Dii-

~ 1’1
MnfEer oft

e:te:; W;#h OrM.
:y&t;l l?fls:s:

cham-
ber ri

7 “ ‘bte”’ c;%:)”(inohee.

{

off . . . . . . .
12 In . . . . . . . . . In . . . . . . . . . 1 On. . . . . . .

On . . . . . . .

{

off . . . . . . .
7 In . . . . . . . . . In . . . . . . . . . 1 On.. . . . . .

On . . . . . . .

7 ID. . . . . . . . . In . . . . . . . . . .5 &.......
. . . . . . .

“ c): . . . . . .

I

. . . . . . .
4 In . . . . . . . . . In . . . . . . . . . 1 ~~..----

Onlllllll
On. . . . . . .

.-. .-. .—
0.5
1.6
1.6

1::
1.9

1:!

..UI

.25

.30

.40

k:

0.101,140
L 6 1,140
1.4 1,140

.1 1,130
1.7 ,1,130
1.8 ,1,120

I
o 11,110
1.65,1,110

1,245

1,234

1,212

1*ZJ1

1.2

1.6

1.6

L 65

Lo

1.2

1.3

L 2/

,+0~ crsck.

!* .

I,.

.

t+.

12,In......... out . . . . . . . 1

7 In . . . . . . . . out . . . . . . . :1

7 In . . . . . . . . . out....... .5

4 W........ out . . . . . . . 1

.10 1,140
1.20 1,140

.06 1,130
1.2 1,130

0 1,140
1.6 1,140

.4.0
1.40

.40
1.45

.30
1.7

1:?
1.3

F-I-.
!-h

1,245

1,=5

1,245

[,222

—

1,235

[,212

1,300

1,201

1.06

L 10

L 45

1.0

-1.0

-1.0

L 45

.75

.6s

.00

1.15

.32

.8

.8

L 15

.62

.05 1,120
1.0 1,120
1.15 1, In1{otl......<

On.......
On....... -, orlms.

=--=..--——

f

12 out . . . . . . out . . . . . . . 1 g~--”-””

7 out . . . . . . . out . . . . . . . 1 {;:;;;;;;
.

7 out . . . . . . . out . . . . . . . .5, {K:::::
.,, ..-

4 out . . . . . . . out . . . . . . . 1 I&::::::

A
1::

i?

1:85

.5

.6

.5

.6

: !5

,45
.5a

.2 1,130
1.10 1,130

.05 1,110
1.1 1,110

0 1, K@
L 6 1, MO

.05 1, mo

.60 1, la)

.05 1,130

.25 1,130

.05 1>KF3

.26 1, KM

.05 1,000

.26 1>090

.05 1,050

.30 1,060

3arks and whfstkw; bad.

12 Removed - Removed. 1 {%::::::

7 ‘Removed. Removed. 1 @.......
. . . . . . .

7 Remo\”ed. Removed. ‘5 {8:::::::

4 Removed . Removed. 1 {::......
. . . . . . .

1,234

1,201

1,190

1,147

.15

.15

.27

.15

.1$

. U

.X

. 1s

I 1

Manifold muiller, one unit, as designed. . . . .

[

:2::::::

~ E:::;::

1,247
1,212 hndmuflling.1::.6!

.8



TABLE VII.

Tests of mufflers, corrtinnfn the investigations ofcapacit
f

~ Fir$hal.foft eets,.mutllers takirr exhaust ffom all 8 cylinders of Clrrtiee OX engino
Second half of tests, mutllers ta fig exhaust from only 1 CIOC,4 cylinders, north side ofengine. &ottlepositionNo. &

[Apr. 21, 1917.]

ONE W.JFFLER ON 8 CYLINDERS.

‘, ~ti’Y- ‘=
bIutHcr arr~ set-up specifications of

Bsok prassure (inches of mercury).

whul-cham~er mumers.

Ring Cone. Cover. “$:;s
diameter.

It4marks; sketches ofwhir],
chamber ssctiom,

-?.....--=.-
12 In . . . . . . . out . . . . . 1 0:;0? 0:;3 1.60 1.4 1,1.50 1, Iti
1; ~...... out . . . . . “_ : ::5 L 4 1,MO 1,156

t,

1.2
out. . . . . .40 ;;; 1.2

4 In::::::: out . . . . .
1.3 1,150 1,130

Manifold mut?3er. . . . . . . . . . . . . . . . . . . . . ..~.
. j5 1:8 1.1 1,103 1,1s5 .9

.1 1.0 .8 1, 1(Y3 1,160 .65 W
. ,_

ONE WJFFLER ON 4 CYLINDERS.
—-.

......... -. 0.05 . ... . . . . . . . 0.6

. . . . . . . . . .05 . . . . . . . . . . .9

. . . . . . . . . .05 . . . . . . . . . . .7

. . . . . . . . . .05 . . . . . . . . . . .7

. . . . . . . . . .05 . . . . . . . . . . Lo

#

In . . . . . . . out . . . . . 1

Shallow out . . . . . 1
cone in.

,.., .
1,140 1,140

,.

1,140 1,140

1;140 1,140
. .

1,150 1, 15d...
.:

1,150 1,;150

,.

0.55

.85

.65

.65

.95

12

7

4

Manffold

7

—

In . . . . . . . out . . . . . 1

,irfller.. .. . . . . . . . . . . . . . . . . . . . .

Shtdlow
- In..

RegnIar

. 1

= out out . . . . . 1
Diffuser
~$lane-

-.

I I . .
TABLE VIII.—Tests of mujting r&alities,

Exhaust carriad outdoors by ccnnectin to the end cf.oross mgnifold two &foot lengths of Xnch standard wrought-iron pipe joined b a
%45-fnchcast-iron all. Thle ipe caused 1 inc of mercury back pressura, additional, on the engfne, but dfd not ellence the exhaust nofses. C,nr ir$

E
[.

engine. Throttle position 0.8.
Tha values of noise suppreaaion were obtained from the collaborated eatiiates of a number of obeervers. Otie stationed in a direct line with

tha and of the exhaust pipe. Another at right an 1.ssto the Iina of the pip in the plane of the mufller.
muMers, end perhaps others scattered around. ‘&e Ilrst twoweregenerafiyabout 50 feet away from rnudler,but othar distancee wore aleo us~

.4nother at tha end of tha pipe changin

when mufdffg qualities oftwo devices were nearly the same.
APR. 21,1917.

Muffler and description. =;=)IW
.“

.

Remark:, estimated bark suppression,
rrr fraotion or par cent.

~.
.. ....

South.
.-

Wnifold mnmer, inside oylfnder not touoh. 0.8
fng end plate.

K?-fnchwhirl cone in sever out . . . . . . . . . . . . 1.0
7 by 1 inch wkl, shal~owccne in, daep cone L 2

out, no dfiluser.
4-inch whirl, eons in, cover out...........:. 1.2
Manifold muftler, end of inner tuba closed, 1.2

exlnraet eseapes only through holes in the .8
tube (SBdasignad).

12-ffch whirl, qona out, cover out . . . . . . . . . . . 1.1
7 by.1 moh wkurl, deep ccne out, cover cut.. 1.2
Wr.ufoldmufilsr,sameasla st .. . . . . . . . . . . . . 1.2

S’orth. ] Scuth ~orth. I off. I On.

K steady awkh, no crack.

*; eteady a~tish, less hum than manifold.
~; eharper crack.

~ ~~:y ~e~inc~ creek.

!;etis’&&’S%%&%&&&j

*; &ore axhmrst n“oise.

!$Y~%l%%~&derescarC.ely audible.

0.7 1.5

.8 1.6

.8 L 8

1.0 ;.:
1.0
.6 1:4

.9 1.5
1.8

1:: 1.9

1. 41. . . . . ...1 I,L50 1.7

,55
.75

.4

.7

.75

:.45
.65
.7

-

;.; 1........ 1,152
. . . . . . . . 1,150

1.5 . . ...”... 1,164
1.7 . . . . . . . . 1,160
1.5 . . . . . . . . 1,100

-.

-.-.:..

1.4 . . . . . . . . 1,165
1. f3 . . . . . . . . 1,165
1.7 . . . ... . . 1,170

.- . .,. ..:
MAY 12,1917.

.. . . . . ..,,.
Manifold mtier, tube end clcsad . . . . . . . . . . . ::
G. P. F.l’MO)+ . . . . . . . . . . . . . . . . . . . . . . . . . . .
7 by 1 mch whul, vanturi substituted for 1:2

cone, cover out.
Manifold mutlter, tube end clcsad . . . . . . . . . . . 1.1
G. P. F.lXnch . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.25
Manifold mufrler, as last . . ... . . . . . . . . . . . . . . . . 1.05
Q. P. F..l%neh.. . . . . . . . . . . . . . . . . . . . . . . . . . . L 25
g~gp::g--;iii;i:::::::::::::::::::: ;.5

Sh;gv~~ manifold mufller, inner tube re- 1.2

1,170 1,170 0.75 80per cent, lfght swish rmd hum.
1,170 ~,;;: 2:g5 80 per cent+; sharp swish,
1,170 ,- Edpar cent; metalho bark..,
1,140 1,140

. . . . .

1, i35 1,130 1:~

}

‘l?hadifferent character of sottid [rem G.
1,120 1,130 P. F. and M. M. is hard to oompare.
1,130+ 1,130– 1.8 Both are successful silencers.
1,130 1,130 .6 + Unearthly hcwl; loud shriek.
1,145 1,145 .6
1,145 1,145 .65 Rpara and whistles,

1.85 ‘.
2.9 ;.:

; $ . i:5
1.55

1:8 1.6
1.9 1.6

......?
.......:,

1::
.85

Lo
1.0

i::
.....“1 I I ““
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,

TABLE VIII.—Te@sof mujliagquaKth-Ccmtbmed.
MAY 14,1917.

.
Back pressure (inches mercury).

I

WfUer and description.

+- ‘- ~~

bfrrfuer off.
~tiuon f#g& \ ~

R. I’. M.).e i ~~o lZam9rfm.
muf-
fler.

South North. South. North. ok.”’”” On.

Duplex whirl, l-fneb entering nossle . . . . . . . . 0.9 &7 1.4 1.8 1,110
1,3 1.1 :+::1”s” !1

Manfkddmptller,regular. . .. . . . . . . . . . . . . . . . . LO .8 1.6 L3 ::::: II
DUPIKXwhrrl, l-inch entering nossle . . . . . . . . . . ..-y 1.5

1.7
L 8

:; 1.8

?: ::
L2
1..3 ;!
1.2

. .........
i;
~~.,

......

......

......

.... ..

L 4
S.6

“k;
L7

. . . -----

. . . . . . . .

. . . . . . . .

. . . . . . . .

Genmd canchrslone from brsts of Mey 14,
aftar re eated tri41e, were tbst the

?~Duplex s sllghtI the better eilanmr
; than tfre manlfol ; both \“ary goad.

I

I*

MAY 16,1917.

‘i ~~ ~1 :l$il~~l~”l”ue’:m~Duplex w~rI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
I&n&a#~~d mutller.. . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
I,m.gmanifoldmuffler . . . . . . . . . . . . . . . . . . . . . . L 2

* uteqlralfnsfIeix$J%damw

I About.

TABLE 1X .—Tests of mujhg qualities.

Various mufdere used. Otherwise apparatus same as that describad in Table WII.
Tasts on Ingeco engine for bark euppreswrm made on May 25, are shown in ‘~Remarks .“

Teets meda May 19 and 25, 1917,on Curtlsserrglne

Adam d. D&vIs, ‘r., C. A. Pierce, G. M. Rogers E. Duderfehs, V. R. Ga~e, G. B. U ton, and Birton N. W1fsonindividually mwla notss, end
d J’afterwards eolteetw Ymade the final decfsion on the sflenrfrrg qrrahties of&. various evices.

MAY 19, 1917.

“1 1?

.,, ,.! -,. ,,, .,
Back prtx.ura

(inciw mercury). Techomc!er.
(multiply hy Back ,

!

$;;& ‘g~& {$ ; = ;

Wiihwhirl . . . . . . . . . . . . . . . . . . . . . . . L3 LO

..:’1 141 l’;FO*:. :3 l*?kWw*=!RY’ 1“ ‘4

Manifold m.yller, regular . . . . . . . . . . .

::~:~:kzcr-!?.tiffu=-- -
1.!

Secend best on SWIJX tbfrd on hum.. 4.6
: ;5 Ffr*t best on awlsh: second on hum... a.o

. . . . . . . . . . . . . . i 1 L 2 Third best onswhh; Sret onhrrm . . . . . . 4.3
.-

Maxm . . . . . . . . . . . . . . . . ..-...-. —_
G. P, F. IMrmh. . . . . . . . . . . . . . . . ..-. k;

I

‘ 1.9
~ ~.l :: ;: ;; # $$, L&

“1}-”

Of tlxwe3, ?daxfrnjudged ).kwtsilencer, 12.0

Manrfold mu~er, r.gular . . . . . . . . . . .
manffold nusfder next,and G. P, F.
lest; all very good. { :;

5fAY 25, 1917.

1{ }New manifold, double frmer tube.. ~ ~ 0.5
,,401,,40-’-

G, P. I?. 12-inch . . . . . . . . . . . . . . . . . . ~..
. . . . . . . .. . . . . . . H

\

0.4 ~New manifold muf?ler fSMUCI1~cttor
. . . . . . . . . . . . . . ..h. l3o

7.2
Lo I silencer than G. 1’. F.

.1 .
. . . . . . .

./
4.3

ew manifold barks more without
New manffoid, efngle inner tube . . . . Lo L 36 ... . . . . . . 1,145 ,145:,

I ..1 ~

.35 seeond inner tube. Now equsls
G. P. F. l%mch

. . . . . ..-
-9 . . . . . . . . .1.8 . . . . . . . . 1, MO 1, Mo G, P. F, ee a silencer. A short tail

}

5.9
. . . . . . . . . . . . . . . . . . . . .9 pzpeonrmwmanifold muMerdoes not 4.3

. change back prwsure or silenciug.

On Ingeeo engfne the new manffold mufller wftb two perforated frmer tubes is emfiy better than C!.P. l?. l?Arch or the duplex whirl chamlxr
muElere,

.’ =

/--
. . . . .

,“..

,-~. - .,.

---

- .,:-— .,.

----- ._.=

.

.

—
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TABLE X.—Showinghowthe back pressure due to any one mujler apparently decreasedas time passed. This e~ect is due
to increasing leakagein the exhaust piping system.

fl=G. l’. ~. 12” Mmller.
M- “kfmufold Mutller” (regzdar).

L=~lLo~Mrmifrdd ‘)
1)=” Dupe% Whirl “Chamber.”

12= “Whirl CMamher,” 12”.
7=” Whirl Chamber,?’ 71!x I~f,

G /1
Sepf8. AL.q29 Ape/0 Apr21 /%k7y/2 ~oy/4 /Voy/6 ~oy/9 t?Oy A$

Time of tests.

TABLE XI .—flummary oj results.

Mufller.

*

O. P. F..12.tich . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
G. P. I?. 28-tirh. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Maxim &ord)

i
. . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Manifol t}Qe. . . . . . . . . . . . .. ... . .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Long mamfoid
Newmanifold:... -.---. ----" .". ---" ---. -""---" "------ .------ ~-... "-". ---". """-----

2innertnbm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
lhnertube . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . .

Whirl chamber type
4.]nch . ... . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . .
7byiinch-
7byltich.:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
12-inch. . . . . . . . . . . . ... . . . . --------- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

\Vk;;~h:.::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Flexiblemetallicexhausth ose 2incheed1ameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Curtissstockmenifold; 2req&ed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . .

1 Per foot of l~th.

i-+

Curtiss, 8-cylinder,
70-horsepower.

Noise

Weight ;~a;{s::
pounds). p~~;:e Power

$wlcl; loss
v

in per
Cen . cent).

Cw).

APPENI)IXA.

—l—l—l—
4.3 ~g

. . . . . . . . . ;: 40-%
U. o 3:6 .2.9 75-;:

4.6 .8 :7
. . . . . . . . . .7 .6 .: . . . . . . .

7.2 .8 .7 75-;;
5.9 .8 ..7

1.2’ 80-40
1.8 1:: ::
1<7

50-60
.7

3.4 :L- .6- 543-%
.8 .7 . . . . . . ..-

1}: .8(?) .2(?) 60
11
95.5 :: II

........................................................
I , #

2Each.

--

..

Silencing qualities.
..-

.... ..... . ....... ,.

Very good.
....u-

Good minus.
Verygoodphrs.
Very good.
Yerygood. ,. .,, . ..
very good @US.
very good. .

Fair mink
.--,-u

Fair plus.
Fair plus.
Fair lUS.

-.

8Goo phlS. . .......s----

... ,

:. ,,. :.”.=

FANDYNAMOMETER DESIGN AND CALIBRATION.
.

Because of its flexibility and inherent regulation, due totorquevarying as square ofspeed,
and similarityto 4 propeller, the dynamometer chosen”was thefan type. The gcmeralscheme
of design is shown in figure 23. Thereaistance plates PP.areof Tobin bronze plate ~inch
thick. The length, a, of each plate parallel to the shaft is 14 inches.. The radial width, b, of
each plate is 10 inches. The plates are fastene’clto thest.eel arm, A, which rewlves edgewise,
by two angle irons riveted .on the back of each Tlate, and bolted .to the arm A.. .A series of
evenly spaced holes in each end of arm A makes it possible to clamp the plates PP at any desired
distances from the center, making the outside diameters of the plates, DO)adjustable.

The fan shaft is mounted in ball bearings, which are supported by a framework built up
of steel angle shapes. ‘l’his frame is extencled, as maybe sesn in the photograph, figure 1 of the
main body of this report, to carry a rectangular box safety housing of wire mesh screen around
t12e fan,
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‘lhedesign is copied in detail, both as to fan and framework, from a fan dynmnometer at
the A. C. A. testing laboratory in New York City, which in turn was-built tift.ertho “Franklin”
dynamometer. In each case the fan dynamometer of this design was t~ted out by driving

I

IT
/o’*b P

1-1. 3

3& *
a

A

_&_ :
.

-. ~-.-.
-. L.___

‘?--- : +

A

TT
lo-b

L1 ~’d
u
/4’”

F[g. 23

from an engine or motor mounted on a cradle, and the calibration curves BO obtaincil were
available to us and used for our machine, as developedin tilefollowing analysis:

To check the accuracy of these calibrations we used the general formula for fan dynamonl-
eters, worked out by the mite d% lbppe Automobile Co., in England, and puhlishcd in
Automobile Engineer, Aigjust, 1910. Tha formuhi is quoted in the book on Dynamometers,
by F. J. Jervis-Smith, on page 117, It is

~2]~3~~
~~=” 4.01x1015 ““ ““-”

in which a is the side dimension of a squmepltite, replacing the a and J of flgum 23; R=% of

figure 23; and N=r. p. m. Dimensions wer~ in centimeters in getting the constant 4.0 i x 101!
above, We may generalize the formula into .

~D:A.l’-”

1~P=8x 4,01X 10[5

—-

-.—.—

.-

. .

. -.

for dimensions in centimeters, or
2.546alDosNs

‘p= 8x 4,01x 1“015
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for dimensions in inches. This reduces to

.

k?P=3A3 x 10-’5x abD; x N’.
. — .,.

The formula is stated by White & Poppe to be valid only if there is no intwferenc.e with in or
out flow of air around the fan. If there is such interference,.and.less air is hanclled, the power is
decreased below that given by the formula.

Taking the formula as
“HP= Kx 10-15XahD~iW,

we checked over the available @ibra.tions. of. our dyna~.orneter design by finding the values of
K for different settings of DO,and trying to account for”variations.by the expected intefierences”
with air flow.

HP X 10’5K== . . ...... .... .... . .. .. -

.-.

--- ..- ---

TABLE X11.—S. A. E. or F~’onldincalibrations, 10 by
14 inch plates.

TABLE X111.—A. C, .4. calibratwn (Chase), 10 by
14 inch plates.

-

HP

—..-
. ..&K W&u

— .

:. :;. &04
Ll:40
3.42 3.41
3.35
3.53 3.41
3.23
%49 3.32
3. 3

i; ~; 3.20

3:18 3.13
3.04 Su
3.03 .

L ~~

2.$5
2.98 2.06
2.87
2.73 2.82
2.69
2.63. 2.67

iv
1=————1— . ..... _.
. 66

56 ‘&%

!8 1,g
46
46 1, &Jo
42 1,Wo

1,200
g 1,000

1,400.
36 1,000

1,4t-O
:: 1,200
34 1,600
82 1, !200
32 1,600

1,200
i: 1,SW

3.20 : 3,15
:.;;

3:42

1

I 3.42.
3.37 ; ‘3 36
3.35 ‘
3.42 ‘ s ~

!

3.42 “
3.26
3.29 3.28

:: ;~ I 3.15
3.15

. \

3.14 : 3.15
3.15
3.12 : 3.14
3.08 ; 313
3.19 “

19.7

2:;

17:8

J;

2:;

20:8

2;;

24:5

2::
8.4

27.1
8.6

..—,.......

. . ... ...,...

.“.--”. ...
.,

. ...”. .

,-.

. . . .

.; .,-..

,.

,. ._-.

Il— -

I I

3+ / M

/ -

> ‘
32 \ 3,2

\

c)

*.JO
:’ ~.a

m / {
o
9 / I FAN CAL/Bt7AT/ONDATA I
$2,8 P M/nts O fromA.CA or Chos~ca;%otbn.

4J
,. + .. sA.E... Frenklln .. 2s

Both with 10“X /4” P/of es.

c{

ZJ 26

1 I I t 1 1 I I I I I I I I I
.?2 3s”47

I I
/VofNaZ

* 48
I

52 56 44
Outs;de ~iometer oft%w Blades, Do, Ii?ches.

.—

The relation of the K values to DO;and of the t~vocalibrations to each other, are shown in
plot 24. The A. C, A. o.rChase calibration seems probably the better, being notably more con-
sistent internally. This may, however, be due to smoothing out of data by Chase, by cross-
fairing methods. Low values .of K for small values of DOare due to interference with intake
air by the shielding framework around the fan; sma~lvalues of K at large values of DOare due
to interference of the floor and ends of framework wnth discharge air,

.-
1

—

____

.
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With given plate size and setting of DO,we ih values of a, 6, and DOof t.hoformula 17P=
Kx 10–15dDJATs,and K is also fixed by the setting, so that the formula becomes for any one
setting EP = const:mt x W. Picking values of K from plot 24 for the 10 by 14 inch plate’s,
assuming the curve sketched in along the Chase points as correct, wa have:

--JDO K

T.iBLE XIV. .

-4- -.:- -—

&mst,ent=(Hm-rnx10 x14xD#).

6.56X1(H

:.?
14.1
17’.6
21.3
25.5.
30.2
35.4
40.8
46.6
52.9
59.6
00.2
72.8
79.8
36.9 “-
9L 8x10-@

The “constant”. ~ives the H.P. at 1,000 r.p.rn. for each setting. The setting used throu.@-
out the muffler tests-on the Curtiss engmo w-aswith DO=42 in;hcs, constant= 35.4 IIil?.”at
1,000 r.p.mi

APPENDIX B.

TESTS OF AUTOMOBILE ENGINE MUFFLERS AT UNIVERSITY OF MICHIGAN.

[Reported in Horselcss Age, May, 1915.]

These tksts were.made on a stock Hudson 6-cy~~der motor of 4%~ch bore by 5~-in~ll
stroke. For the purposes for which we would like to use the data the method of test was unfor-
tunate. Runs were made through the rarige of throttle positions and speeds without. a muffler,
followed by similar sets of runs with the muffler tested. Back pressures wem read with the
mufllers. Power losses were inferred by comparison of the runs with and without tho mulllxs.
As these runs were somewhat separated in time, power changes due to changes in carburction,
lubrication, ignition, etc., can not be sorted out from power changes duc to the nmfTimsalone.
The mufflers tested were commercial designs, five in number.

From the data we have sorted out parts from results on three of the mufilers (thoso found
best as silencers), tabulating and plotting their results for our own information. The data
are given in Table XV herewith. Inspection of the table, which may bo tidmn to roprcsent
the state of the art of muffling at the dato of 1915, shows how well grounded wrasthe fctir that
the mufig of airplane engines would be accompanied with prohibitive loss of pmmr. Ono
commercial muflier lost about18 per cent and another 14 per cent of. tho maximum mghm
power, At the same time, however, there was hope oflcred, in that the smallest d lightest
muffler tested gave the best silencing and also the least power loss-only 3.6 pm c4nL uf tho
maximum ongino power. This muflier weighed 14 pounds for a 40-homepower motor, or 0.35
pounds per horsepower. We have now obtained, by contrast, excellent mufiling on a 70-
horsepower motor at a power loss less than 1 per cent and with a vrcight of 5 or ~ pounds. (less
than 0.09 potinda per Iioisepower}.

.

_—-.

.
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TABLE XV.—University of Michigan tests--Hudson 6,4% by 5X in~es. -. .. :-,. ,! ..

‘1 750 r. p. m. I ‘ ““”- ““’ ~ooorprn

Back
presyre

Muflier. BC?o~C &&:r EP

myi;r. (pounde iiss.”
per

square
inoh).

- 1
—.

I
0.25 0.2

1! 0.5 0.2
D...... 0.95 0.35

i: 1.5 1.0
22 2.2 L o

{

1!: : : :: i
Y...... 16 0.2 0.3

20 0.25 $ ;
24 0.5

I

0:1
: ! 0.2

0 . . . . . . 15 0.3 0.1
20 0.6 0.1
2s 1.1 0.6

1 .1.1 1 I 1

1This group d 1,350r. p. m.

& m &AXK.E HOR.
.? of EM _

~.
S~mbOls D, O i7dicufe

Afuffler med. l-t-

8’7

—..
.-. ..”, -.

1,300r. p. m.
-
Baok’

~ressnre
with
mufibr
pounds

per
square
frmh).

-

Efif:.

L 3
1..8
2.8
4.6
7.0
0.05
0.05
0.5

i::

8.8
2.5

k!

q : , I 1 1 , t I 1 1 I I I
d /2

8r2e Hor5ep%veP of En$gfhe,
28

I

P10tW7.Z6
32 36

-

% cenl
~o:ser

10.6
11.4
Il. 8
13.7
17.9

}:
2.6
3.4
3.6
0
5.1

10.6
10.7
13.8

i. .,., >,. .. .,___ .——.,.. .-. -. .. , -----

L$yss:f

K.E. P. . .
‘pormds

per
square
inah).

0.07
g. ;7

M ‘

!. 1
3.4
4.9
7.6

. .

,.-.......
.

----
.-.=

.4

.

-.

Muffler Y, besides giving the least back pressure and power loss, was the least in weight
and size, and the best in silencing ability.

A partial analysis of the University of Michigan data is given in plot 25, showing the losses
of brake M. E, P. as a function of back pressure at various speeds,. At the right of plot 25
the curves for the three speeds are combined. The resultant grouping is comparable with
Table II imd plot 11 of the main body of this report; (Note that in plot 11 back pressures are .

in inches of mercury and in plot 25 in pounds per square inch.) The conclusions there reached
are confkmed, at least qualitatively, from this independent source.

~;

Plot 26 shows the back pressures due to the mufllers as a function of power output of the
engine. It is similar to plots 7 and 12 of the main report, Plot 27 presents the same data “b

.

logarithmic plotting, just as plot 8 reproduces plot 7. The suggestion that back pressure
varies as about the 1.5 power of the output of the engine is checked.

It does not seem quite true, however, that back. pressure depends, for any one muffler and
engine, solely on power output. The back pressure (and per cent power loss) is higher when
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the power is obtained, by small throttle opening and high speed than by large thrott.k opening
and 10v7S~d. It should be remembered, however, t$at in the discussion of rnufh capacity

* we have pointed out that some mufflers in our own tests dld not increase back prmsure when
the number of cylinders exhausting into the muffler was doubled. Other muflleti did inmeasc

.--
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back pressure under the same circumstances by 50 to “1OOper cent; none quadrupled, as might
be expected from_mdiqwy flow lays. It seems”@robable that the difbrencee botwccm the
curves for mufller _Din plot 26 for speeda of lj300,”lJO00, and 750 r. p. m. me largely tied up
with its having been a poor muffler design (in resptit of power loss) and that such a difkronce
would show much less with the better mufhs of our Iater tests.

o


