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EFFECT QT ~EST EU23SURE ON TEE PERFOFMM?CE.C15’

AN 18-CYLINDRR AIR-COOLED RADIAL ENGINE WITE

A VNNZ OVERLAP @ 40° . . .

,.
By David S. ~omim, Tibor 1?,Nagey

and Ronald B. Doyle . .

s~fi~y””’., . . . ..—

An investigationwas made to ,det?rminethe effect of exhaust A
pressure on the perfm’mance of an M-cylinder air-c~oled radial engine
equipyed w lth a conventional.e~uet collector ring. The inve8tify3.-
tion covered a range of en@ne syeeds fmm 1200 to 2400 rpm, inlet-
manitoid pressures from 30 to 45 inches of mercury absulute, end
fuel-air ratios of 0.065, 0.055, and 0.100. The exhaust pressui-ewa8
‘(aried,in ~eneral, from’approximate~ ””7inohes of merclwy absolute
to about 20 inohes of mercury above the inl.et-ti%”fhld”pre~s~ve. .

tilee~ine power increaeed at a diminishing rate as e.xhauatpret3-
sure decreased.” For”any-given engtne E!peedand f~%l-air ra-tie)good
cw’rellationof the power over tha complete test rh&e of inlet-pmnifold
press~{r.eand exhaust pro~sure was obta+hed ly’plo%ting the ratio of ...
ind:eated mean effecti~e “pressureto inlet-manifold yressure ‘against
the ratio o: exhaust .@ressureto Inlet-manifold pressme. :

M2mn the ratio of the braks horsepower at any exhaust pre6sure
+.cthe brake horsepo-werat We same engine ypeed, fugl-air,ratio, em.d .
inlet-manl,foldpressure but at ~ e~ust yresafie equal to inlet:
manifold pressure wa”splotted sg~inst the ratio bf the exhaust pressure
to the inl.et.-mnnifoldpressure, a s~le mrve”reehlted for e~”ch
e~ine speed regardless of inlet-manifold pressure, exhaue”t_@&assure,
cr i’uel-air.ratio. —

..”.

The average cylinder-head tmzymratures were found to increase as
tho exhaust pressure increased at constant conditions of fuel-air
ratio, engine speed, inlet-manifold pressure, and cboling-ai~ pressure

offoct became more marked as the:fuel-alr ratio .decrsased
to.’o.o69* . .
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The efficient titilizwtionof the energy in the exhauwt gases of
an aircraft engfne Is of tiportance as a means of obtaining improved
power-yl.antperformance. The possibility-of improving engine yeriorm-
ance by gearing a turbosuperchargerto the engine crankshaft i8 dis-
cussed in roferende 1. The turbine powe~’.inexcess of that required
for supercharging is available to the propoller. In order to i~crease
the turbine power at a fixed set of engine operating conditions,
higher exhaust pressures than atmospheric pressure must be impcrsed
on the engine, which results in a raductlon in engine powor and
charge-air flow. The distribution of Towqr between the engine and
the turbine for either minimum specific fuel consumption or maximum
net powor wIU depend on the reaction cf the brake power end the charge-
air flow OY the engine to increased .exhauSt--pressures.Raforenco 2
shcws that exhaust pressure has an appreciable effect on engine

.“

porfomance and this effect varies with the pemticuler englra invos-
tigatod. x

1.dynamometer invostigattonwes therefore conducted at the NLCA
.

Cleveland laboratory to dotermino the cffe”ctof exhaust pr~ssui-~ on
—

the pwfmmance of an 18-cylinder air-cooled radial onghe with a
.

valve ,merlap of 40°. The investigation cpvered a rango of onGino
.

speeds from 1200 to 2400 ~m, inlet-manifoldpressures from 30 to
45 inches of mercury absolute, and fuel-ai”rratios or 0.069, 0.095,
and 0,100. Runs wero made with various combinations of tho variables
and, in general, the exhaust prmsure was varied from approxinw.tcl.y
? !.nchosof mercury absolute to about 20 Inches of mercury above tho
.nlet manifold pressure. Tho offoct of cn%aust prossuro .onmgino
.(JWOrwas correlated by two methods: indicated power by tho method
dcvelopod in roforence 2 ad brako power by a method dovolopod in tho
proscnt report. Ourves aro presontod that:show tho cffoct of o~uat
pressure on mglne power, charge-air flow, volumetric cfficioncy, and
exhaust-gas tomporature.

Duri~ this invostigetion, cooling data woro taken and tho offoct
of exhaust pressure on cooling ts.royortod in reforonco 3.

INSTMILATION AND INST!R~lLTION

J’inR-2800-5 (!L Emries) 19-cylinder nir-coolod r,adialmgino WCE!
u~cd. The onginc is rated for take-off at 1850 brako horseyowor at
an onglno speed of 2600 rpm with a maxixnm”continuous rating of
1500 ln?akohorsqowor at 2400 rp with tho suporchmgcr in 1.OWgear
ratio and 1450 brake horsopwer at 2400 qm with the suporchargor in
high gear ratio. Portirmnt specificationsof’tha mgin.o are:
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Bare, inches..;.”.. : . . . . . . . ..”. .0 -. -.. .
Stroke, inches . . . . . . . . . . ..i . . . .. ~... ,.

..Di,apl+cemen$,cubic inches . . . . ~ . . . . . . . . . . ~.
Cmpressiclni%tio.. . . ..” .9.9... ● ..*.;”..
Redue’~ion-geal’ratio . . . . . . . . . . . . . .“. . . . .,;
Valv~omrIap, degr&eB: . ... . . . . . . . . . . . . . . .
S.?ark~et.tlng,.degrees B.T.C. . . . . . . . * . . t .“”.. ~
Ii”lp~Zler.dMmeter, inches . . . . . . . . . . . . . . . .“.
Suyer:harger-gear ratio:
T~ . . . . . . . . . , .’”,: ..,’..... .“: ...;

.Ei@l. b....*...** . ..****....**. ● .

‘ 5.75
. 6.00
. 2~04
* G’.65
. 2:1
.4 40
‘-; 25●

. . i~

“7.6:i
9.45:1

. .,.
The setup is shoyn in.fignres 1 and 2; the engine was rigid~

supported on ft,smoun~ing struct~e and was connected by an ext~-nkion
shaft to a 20Q0-horsepower eddy-current d~meter. I@mmometor
torque-was measured wi~n a %alanced-diaphra~ torquemeter of the $ype
described in rqference 4. En@M g~ed was mo~stiriidwith a cl&ono-
metric tachometer.

CooMng ai.rfrom the,@boratory quppti”&atom was delivered to”
tho top of .an@ hox located ~etween the”e’~iti &nd tho-d~momqtor.
This -box serve,das a.large air reservoir for providin& a uniform
cooling-air distribution qver the .fr.ontoS.,the engine. The cooling
air flawed from the air box thrqu~ a f&iTed.noz”zlesection, “across
the Qngi.w throu@” the cylindrical engine cGwl@g, and discharged
into the room. . ——

.. . “.’: ..
The induGtion system could be e.ugmonted.by the laboratory -

coriibustion-airsupply when ne,cessary~.A butterfly valve was located
in the charge-air pipo between the charge-air orifice and the engine
toallow adjustment of the car?mrchor-inlet.pressurp to such a value
that.the,desired inlet-manifoldprossure (blowqr-rim”~re6surc) could
he obtained with .full-cpenongim throttu. T~ni~ vamsw ore
installed.in the pipe ahead of tho carburetor in ordor to insure “-
uniform charge-air distribut~oh at tho cca%uretor top deck. Wargo -
air flow was measured by a thin-plate orifice installed, accordi~
to A.S.M.E. specifications, in the pipe approximately 30 foe% ups+&am
of the carburetor.

A noodle valvo in a li~’~~cti~ tho hi@-pros&u?o chamber of
the’cavburotor yith t.hofuel wzzlo was used to regulate the fuel
flow.in order to,?mintain constant fuel-air ratios. The mto of flow
Gf the.fuel (AN-F-28,.Amendment2) was measured by a calibrated
rotamotor.

The dxaust-gas colloctor ring was the type u_sedin the turbo-
supcrchargor installations on the T-47 airplano and was built in

.
. .
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hq~-sbctio~, ’one..for.each side.of ~h6 tmgine. The halve~ of the., cp~]-ector,ri~’~ere .cop~c~~d to the laboratory,altitude exhaust
., . . qys%m through h Y-soctj.onof-pipe and a 9~0 mitered elbow. Tho

P dis’tanoefroq the’junction of.the Y-section to the elbow was ayproxl-

mtely”z$ foot, :~e’e~fm-ti-ust-~essuie was co~trollkd by,,
., ‘ thrcrt~li~qthe flow of”exhaust gases into the exhaust system with a,,

.lnrbteti~y”valve.,!Thoengine exhaust prossuro wa~ measured by a
static-proseuro.tay;ldcated.a~+he”soction whore the exhaust yipo
was.connoctcd to the b-usk-dutit’elb~. .

,, .
Tho.cooling-air total prosswr~ in front”of the cylinder hcmds

was EW@UrGd with ,threeshroudod totml-pm?flsuretubes mountod on
rakes and yl~ced directly in front of”tho ongine 120° apart and at
tho samo radial distance as ‘thbmiddlk circumf’erontialhoad fin.
Three shrouded total-pressure tubes were also mountod on the rakes
i’ormoasuring cooling-air total ,prossure.ti front of thi3cylinder
larrola. Theso tubes wero”placod at tho same radial di~tanco us tho
tinter of tho cylinder barrels. The static yrossuro behind tho cyl-
inder heads”was measured with an open-red tubo placed in the lml?flo
curl of each of the”nine rear-row cylinders at the same radial dis-
tance as the cylinder-head total-yressurb tubes. The static pressure
behind the bar~*elswas measured by thxee static-pressure tubes mounted
on rakes behind the rear-row cylinders and at the same radial diutance
as the barrel total-pressure tubes; All statio-pressure tubws were
installed in such a position that they rec6.iyedno velocity pressure.
The cooling-air pressure drop was taken as the difference between the
.averaRetotal pressure in frcnt of the cylinder heads @ the av=xe .
static pressure behind the heads corrected “tosea-level density con-
dition. All pressures were rbad on manometers.

Exhhust-gas temperatures were measured approximately 18 inches
downstremn of the junction of the Y-section by three quadruple-shielded
chromel-alumel thermocouples located on one circumference and spaced
120°. The depth of thermocouple inmwrsion was approximately three-
tenths of the pj.podiameter.

The cooling-air temperature was measured by three thmmocouples
mounted on the total-pressure-tu’berakes and was taken as the average
of these three thermocouple readhga.

Thermocouples were located on each cylinder at the following
locations: rear-spark-plug gasket, rear center of barrel, and rear-
svark-plug bo~s. ‘TIMgasket thermocouples were made by silvor-
s=ldering the thermocouple wires into a small hole drilled into the
tab to the outo~’edgo of the copper spark-plug gasket. The barrel

*
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.
. Wermocouples we~e embedded in the aluminum barrel muffs at the rear

between the two middle barrel fins. The boss thermocouples were
emkedded 30 percent “ofthe cylinder-head thickness at a point
45/64 inch from the spark-wlug axis and 45° from the bottom of the
slar}:-pl~ bogs toward the-exlliaustport. ,Thoaverage cylinder-head
temperature was taken as the aver~e of the thermocouple reading~ at
the rear-spark-plug boss.

The carburetor-air temperature was measured just above the
carburetor top deck by.six thernmoouples mnnected @ p~allel. The
inlet-manifold mixtuzzetemperature ifithe Intake pipe.aw@ obtained
by averaging the temperatures measured by unshielded thernmoouples
in +.& intake pipes of cylinders 5, 9, 13, snd 17. Ono therqcxouple
was”locate&.in eaoh of the four intake piycsapproximatel.y 6 inches
i’romthe intake-port.

.

.
.

All of the therrriocouples.with the exception of.those indiOatiW
the exhaust-gas temperature wero iron-constantan thmmocouplos; all
ixxnporaturoswore read on a self-balancing potentiometer.

.,

PROOEEJURE.

The mgine speed, the inlet-nb.nifoldpressure, and the fuel-air
ratio were maintained at the desired vhluea far each run while tho
exhaust pressure was varied in increments from approximately 7 inches
of’mercury abeolute to about 20 inches of mercury above the inlet- ‘
manifold prossuzzc. Most of the runs were made with the supercharger
in lcw gear ratio; however, rune at thrqe engine speeds (1.200,1.900,
and 2400 rpm), one inlet-manifold preesure (34 in. Hg absolute), and
one fuel-air ratio (0.095) were repeated with.othesuperchar~er in
high Cear ratio. The nominal ergine-operating conditions at which the
runs were made are ~resented in table I.

.. .

.
-.

All data were obtained with the engine throttle full open. In
order to keep the inlet-manifold pressure constant, at meet conditions
the oarbul’etcm-inlet-pressurehad to be slightly decreased as the
exhauat pressure was increased. The maximum change was about 0.6 Inch
of mercu~-yfor the range of etiu~t pressures covered, although in
WSJG oaaes it was much less. At low engine speeds and with the super-
cha~’gerin low ~esx ratio it was sometimes necessary to use the
~laboratorycombustion-air supply in order to obtain the high inlet-
manffold pressures.

Tar ea~ series.of r- with ~~iable must press~e, the
coolt~-dr pressure drop was set at such a value that the maximum
rear spork-plug-gaaket temperature was between 375° and 425° F when
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the exhmstpressure was approximately 26 “inche~of mercu-ry absolute.
The cooling-air prpssvre.dropwas maintained at this ~alue while tho
.exkaustprsssure was varied over the desired range. Sufffclent time
waa alkwbd at each exhaust pressure for the cylinder temperature to
roach equilibrium: The oil-in temperature was uintained at 1.60°fi” F.,...

METHOZS CX?CALCULATION

Ei”foctof e-ust pressure on in.dicatodpower. - ~ refco?once2.—
‘ it is.shown thAt, for a given eng~ne, engl~ speed, inlet-manifold
mixtur8 temperature,and fuel-air ratio, the effect of exhaust pres-
sure on engine Indicated power can be reyre.sentedby plotti~ the
dimensionless ratio ~ of the indicated ~an”effective pressuro to
the inlet-manifold pressure against the rtitio,.ofexhaust pressure to
inlet-manifold pressure. The resulting curves.are shown to be
approx.imakelyindependent of inlet--lfold pressure. Thus

wh.ere

imep

‘%

P*

N- ‘

%

f’

indicated mean effective pressure, (’lb/sqf~)”” “-

,inlet-manifold pressure,”(lb/sq ft absolute).

exlu~ustpressure,”(lb/sq ft absolute)

engine speed, (rpm)

inlet-manifoldmixture temperature, (OR)

fuel-air ratio

(1)

..

For any given run with variable etifiustpressure, tho c~~ine spood
and Lb fuel-air ratio were held constant. ,3ecauef3fucilitios were
unavailable for varying *ho carburetor-air tempera’ture,the inlet-
manifold mixture temperature could not be held constant. Tho indicated
horsepower (and hence ~) was corrected to q canstant tnlot-manifold
mixture temperatureof 660° R on the assumption that it varied
inversely as the absolute inlet-manifoldmixture tomporature. For
engines having variable spark tix, the spark.advanoe would have an
a~rociable effect on “$ for otherwise constant oporating conditions.

.
.

.
.-

-—

.. .
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Additional variables ex..st“that“alsbhf~uence # but, for a given
engine> theireffect is generally mall as ccinparedwith the variables
listed in equatiofl(”l).’‘“

.. .

“The,&sntity ~ was”computed from the emarimental ds~a bj

. .

:“ d=~.= 2 X33,000 .ihp” : :
-.~vd~ “ “,, .-””- -

. . ..-

where v~ i.sthe,d,~splace~nt volume of the engine in cubic feet.
The indicated horsepower”is defined by -

.—

ihq = Wake horsepower.+ superchargez?.horsepower‘+’frictioq.horsepower
.- .-.’ ...

...

and this is seen to include the contributions
the cycle. The brake horsepmer,was .obtaZned
tests.

.,

Supercharger power was obtained by

.,

where

qwc(li.f)~
shp = ~ 550 g ~g .

.....

measu-red.oharge-atrflow,

superc@argp,rimpeller tiP

(II++

speed, (ft/see)

of all four strokes of
from tlaedynamometer

. ..- .
., -

,“

,,

:.’.

.
.,

..... . . ..-.. , . . . ..- .,
. .
,.

acceleration due to gravity, (ft/sec2)

supercharger-drive-gearefficiency; assumed to be 0.55

ratic of pressure coefficient to adiabatic efficiency, assumed
to be 1.0 .,

The mechanical-friction hor::pp??

= ~zfhp = ,,,

was computed from

,-
where K“ is the.constant, 3“.214X 10-?. The value of K correspond-
ing to the bore, the stroke, aiidthe nuniberof.cylinders of,tho engine
was determined from.an emplri’balequation.l)ased.on”a large smount of
test data obtained on various”types of reciprocating engine. The

.-

friction horsepower thus determined is due only to rubbing and excludes
pumping power.
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.Effect of &haust pressure on brake power. - In addition to”pre-

sentifi-%he variation of hake power with.exhaust presflure,.the ratio
a. of brake power at any value of pe/~ to”the value at P~/Pm= ~.~
i’orthe same engine speed, inlet-manifoldpressure, carburetor-air
tem~~tu~; and fuel%ir ratio is “-plottedagainst pe/~. The brako
horsepower at pe/~ . 1.0 was determined from fatred curves of
coi-rectedbrake horsepower..“Thebr!ke power was correctod to a
carburetor-air temperature“of.550° R on-the conventional assumption
that it varied inversely as the square root of the alsolute carburotor-
air temperature. This mrrection was quite”small bccau~e tho
carburetor-air temperature vtiied no more than &15° F“from 90° I’for
most caaes during the investigation; . . —

Effect of ex&ust pressure on volumdric”e.fficiency. - Volumetric
efficiency qv was computed by the relatlon U

120 R TmWG”
%= ~-vdN-

(2)

.

.
.

where

R gas constant for sip, (ft-lb)/(lb)(%) .

~aiatj.on of power with charge-air flow. - For a given enging,
spark setting, and fuel-air ratio, the power defined by tho contribu-
‘Gi.2nof the compression and eqmnsion strokes is approximately pl*o-
portional to the charge air in the cylinder at the instant-f valvo
closure. An estimate of this power was obtainod by subtracting the
pumping horsepower php from the Indicated horsopowor Ihp. Tkm
pumping Imwor was based on a square indicatQr card and was calculated
by

Vd N
php = (% - Pe) z ~ 33,OOO

REEKIWS AND DISCUSSION

Effect of Exhaust Fressure on 12.u3icatedPower

‘Thevariation of # with pe/~ is shown in figure 3 for
several constant engine s~eods and three fuel-air ratios. The curms,
which are independent of inlet--manifoldpressure for the range of
wmlj,foldpressures covered, show that ~or any given inlet-manifold
yressuro the indicated power increases at-a dtmimishing rato as tho
exhaust pressure decreases.

. .

. ,..
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The cotiection for inlet-mnifold mixture temperature seems to
be.$usixifiedby ths fact that the data obtained with the supercharger
tn high gear ratio agree fairly well with the low-gear data, (See
curves for 1800 end 2400 rpm, fig. 3(b).), Inasguch as the dat~ for
the high-gear-ratio operation were obtained with approximately the “
seam carburetor-air temperature as the low-~ea.rdata, for the same
ewine 6peed an appreciable dfiference In inl.st:mqnifoldmixture,
temperature existed. The standard mixture temperature of 660~”Ryas”
arbitrarily chosen; but, if the manner in which indicated pawer varies
with mixture temperature is known, the data can be corrected to emy
desired mi.tiuretemperature without affecting ,thecorl’ela~~c?n...

In the present investigation,with a constant carburetor-air
temperature Tc, the inlet-manifold mitiure temperature Tm slightly
increased with an increase in exhaust pressure. The quantity” -Tm - Tc
plotted against ~e/~ is shown in figure 4 for all eng~ne.speeds;
inlet-manifold pressure”s,,and fuel-air ratios. Although the variation
of mixture temperature with exhaust pressure is seen to be small for
this enghm, the eff6ct is probably more pronpu~ced on enginee havirwj
a“valve overlap large% than that of this,engine.

Effect of Exhaust Pressure on Ih=ke Power

Variation of brake horsepower and .a’ with, pe/~. - The brake
horsepower, corrected to a carburetor-air .Zempe~ture%f 559° R and
with the supercharger in low gear ratio, is plotted against”pe/~
in figui%e5 for various,engine,speeds and inletaanifold pressur6s
and for three fuel-air ratios. The values of brake horsepower with
thb supercharger in high g~ar ra~io at engine speeds of 1200, 1800,
and 2400 rpm are shown in figure 6..fora fuel-aim ratioof 0.085 and
a constent inlet-manifold pressure of 34 inches of mercury absolute.
From the faired curves in figures 5“qnd 6, the brake horsep~erB”at

Pe/Pm = 1.0 were determined.

lhe quantity a (ratio of brake horsepower at any value of
pe/~ ko that at” pe/& = 1.0 for the same altitude, engine speed,
inlet-manifold pressure,carburetor-air temper&ture, and fuel-air
ratifi)is used as a measure of the effect of exhaust pressure on
engine brake horsepower. Figure 7(a) shows this ratio a as obtained
from figure .5(a)plotted against pe/~ for constsmt engine speeds
and a fuel-air ratio of 0.100. A single fairetlcurye isobtiined for
each engilm speed regardless of inlet-mnifold Qressure. Corresponding
plotb for fuel-air ratios of 0.085 and 0.069 are shown in figures 7(b)
and 7(c),rds@ectively. Comparison of the curves of figure 7 shows that

-.
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for these tests”the.ratio a was indeyeridentoffuel-ai.r ratio; the “
sane faired curve .istherefore usedfor a gtven en@ie speed re&md-
l.essr~i’the fuel-air ratio.

.
.

. ‘1

Vrake horsepowe”r”and’ m “Ghownin fi@res.5 and 7, re~pectively,
are for the”supercharger in low gear ratio? Ir.figtire8 the %ired.
curves of a as”o.ltainedfrom figure 7 .fcmengine speeds of lZIO,
‘.530,and 2400 rpm are comp~ed with ‘point@of a“ for the,supercharger
in high gear ratio. The effect”Qf super+rger-gear ratio on a iEI
mall . For operation at high gear ratio; the use of a as given for
low gear ratio and the corresponding ergihe “syeqdwould.introduce an.

mror uf approximately l+ percent.In brake-horsepo~~er.Predictlqn’for

a change in pe/~ from 0.2 to”l.O.
..

In figtire9“a single ourve of a plotted againat, P~/~ for .
each engine speed includes data for E+I1inlet-manifold pressures, -
three ~uel~air ratios, and withithe supercharger in both high ati”
low gear ’ratio. The effe~t of exhaust pre6sure on power as defined .
by a is seen to be grbater.at “thelow than at the liighengine speds “ ‘
for val.ues.of pe~p& .I.ess~han”l;O. lll~p pe/~ is greater tti
1.0, tineeffect of-:wxh.au,8tpressure oil @ ‘isTracticalby independent
of engine speed. . .

,. ,.-. . .

in’this’inVest3.gationthe e;ihaue’tpr&stires were’~fton consid- .
orably less than the carburetor-inletpressu~e; Co.nseq,ucntly,the brake
horeeyowers meamred Qnder the test”contlitiunswere hi@er than would
“m obtained if the engj.newere c~rged”w.ith the yover required .bya
Ceared blower $0 supeibrge from an altitude press”~e to the,carburotcn*-
inle~’pressure’measured,under“thetest ccm.dj.ticns.C!omputatidnsshow,
however, that.the curves of..G are unchanged if the en@ne i~ changed
with the additional superchargerwork. Fotiqmmple, if,tho altltt.lde
presm.me 3.s9,~9.inch6s of mercury absclute (30,000 ft) and t;lo
carboretoz’-inletpressure as measured duri~ U-m run Is ‘ZOInches oi’
mel’cury-absolute,tiheentire curve of’,braktiIiorsepoworplotted against
‘Pe/~ would be low~red by the amount of gqared-w~perchargo,rptdmr
iwquired to compress the air ftimn9.89.to 20 inches of mercury absglute.
The charge-air flow is nearly prGportlonal,t,othe engine power wl:h
the result that the additional suporc~ger power under considorati.on
1s likewise near].yproportional to the engine power. Thus the valuo~
in both the numerator and denominator of d exe decreased an amount
sullstantiallyproportional to t~~e.origi~l ~values”andt@ effect on
m of including the additional supercharger powor is mall.

—-
As prev!.-

ously mentioned, the carburetor-inletpre6Sure decreased as the exhaust
pressure was increased with co~tant inlet-manifold pressure, This effect ,

. .

. . .
—
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. would cause a small decrease in supeerchsrger power (about 2 percent

‘ fm t~e range of.exkuiustpressuresccwered) and.one that is nogli-
gi-~lsin its’effect on a. ,,

X1O for i~e of a. ,-TiguTe 9 qan be”used to predict the
‘eff’dctof ck&iges in-emhausti”pressure on engine brake horsepower at
va-iom”operating conditions.provided that the operating conditions
at-one pointi.arekxkmn. (Operating conditions may be obtainod f~’om
tliemantiacturerts calibration.) For example, the following con-
ditions are assumad: ‘,,“

:..
Zr@ino@eedj”rpm .:”;. .,i..i- . .. . . . . . . .~.. 2400
Inlet-manifold pressure, i.ncheqof mqrcury absolute . . . , . ~ 29
Exhaust pressure, inches of mercury absolute . , . . . ; . ~ i . 17
3ra1kehorsmower . . . . . . . . . . . . . . . . . , . . . . .1150 —

. . ,.-
The following relation is used to determine the-brake horse- ‘-

power when the exhau@pressure i~,.i~reased to 35 inches of mercury
absolute with no change in altitude~

.

. .

.-.

bhpl

bhp2

..

y-i -,,,
bhp2 =bhpl —-.,.,.,. ,.., ,. ‘fl:. ” .’.’

.,. .), ,.-. ,

,. .,. ,. .. . . .
,“ ,-

Wown,value.of bhp ,.

desired valuo’”of.bhp
,.

,<

ratfo ~otomninod from”fi~re 9“fo&syecifi”ed &gi& speed and
Pc/~ = ~7/29 = 0’.59

... .

.. %2 ., Wtio ddxm’’mirio,dfrorn,’figure9 for same engine speed and
P~/~ = ~5/29=l;21 . ~ ~ ‘“ ‘., .. . .-,“ ---- -

Fkom f.igu@ 9, ,a”l is found to tieljd9’,and ~ is $ound to
be 0.937; therefore, the brake horsep”ower’”atthe hew exhaus~ yres&
is . .

,.
bhp2

0.937
““1150 1.09 = ’89,. .-

If the change in etiust pressure in this e~mple is caused by
a change in altitude, then corrections must also be applied for any
changes in supercharger work and carburetor-air temperature.

-.
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Effect of E@.rQ Speed on p~pc

The brake horsepower was measured with the engine t?mdtle In the
fuj-1.opQ1~p~~i~lon ~d the carburetor was supplied with air from the
laboratory air syBtem at a pressure sufficient to give the desired
prossuro at the inlet manifold. The””varia~io~of:$he ratio of”inlet-
manifoldpr~ssure to fill~throttle carburetor-inle %.preszmre~pc
with engirm speed N.is shown in figure “20. This fatied curve, which
is for..acarburetor-air tanpereture of 550° R, is included to facilitate
the detehi.nation of pc for the vmious operating conditions and in
combination with the values of charge-air flow may be used to compute
the auxiliary-superchargerpower for any altitu~e~ ;The curve Is
accurate to dc}..Operc~n> ~oy values-of ‘p&:/~ near 1.0 d to about
+2.0 percent bvbr;the range of ,pe/~ “covered.

.,’ ..
. . .

..-”

‘Effe&t ‘of

,.
1?low

,,.,

—

.,, ..-
..’ .

,..’”
. ..’

Ikchaustpressure on Oharge~Ai&” “ “

and ~olumetric’~ficikncy
.—
.

—

The variation of char~e-air flow WC) corrected to a oarbluwbor-
air temperature of 550° R, with yo/~ for constant inlet-manifold .

pressures is showh in figure 11 fcr operation with the au~rcharger in ‘
low gear ratio. At all conditions the ~ge-air flow decreased as
exhaust pressure increased. At high Inlet-manifold pressur~s, 10W”
exhaust pressures, and low engine speeds, the air flow tended tu
increase sharply as the e-ust pressure decreased. The effect.could
possibly be due to the h@h valLlecf ~ -“pe, which tends to open
the intake valve early, Ch&ves for.operation with the supercharger in
high gear ratio and for an inlet-manifoldpres6ure of-34 inches of

.-

mercury absolute.are shown in”fi.gure12.

Volumetric efficiency qv is p$ottedinfi~ure 13 against pe/~
for constant engine s~eeds, various inlet-~nifold yressures, and
three fuel-air ratios. The values for high-gear-ratio operation are
included in figure 13(b) and are seen to agree with the data for low o
gear ratio at the same inlet-manifoldpressure.and engine ’speed. For
all.conditions the volumetric efficiency decreases as the edmust
pressure increases.

All the datwof figure 13 are shown in figure 14 with the various
fuel-air ratios plotted on a si~le curve for-my given inlet-manifold
pressure and engine speed. For a given en&ine speed and’inlet-manifold

..-

.-
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p3’SSBU17e, ~o~L~tric efficiency is seen to be practically independent
g.’fuel-aii’ratio. The volmnetric efficiency is R190 independent of
inl.et+anffol.dpressure for a.Given sleed except at Pints where
bhr-through occurs.

—
—

Vol~9tric efficiency was calculated by equation (2) using tile
char~e-air flow, the measmmed inlet-nmni.foldmixture temperature, and
the gas constant for aiT. A progressive increase in mixture temper-
ature was found to exist from the blower rim to the engine intake
yrts; the temperature rise was of the order of 60° F. The most
logical temperature on which t.obase a vol~etric efficiency would
be the one nearest the cylfnder; however, as t.% unshielded thezmo-
oouples in the intake p“ortswould @e considerably influenced by
radiatfon from the cyli~-der,the temperatures in the tritak pipes
about 6 Inches upstream of the intake ports were used.

—.
These tem-

peratures, Gf oourse, are subject to any inaccuracy caused by
incomplete vaporization of the fuel.

The total charge flow (fuel plus air) and the gas cons@nt for
the mlxt~e. of fuel and air ~fght seem ’morecorrect to use in”tti’
calculation of-volumetric efi’tciency qv (equation (2)); however,
the Quantity %(1 +f), where ~ is the gas constant of the
mixture, does not vary appreciably with fuel-air ratio and thus the
corresponding values of qv given by equation (2) exe al~’near>y
independent d? fuel-air ratio for the ra~e corered by this inves-
tigation. The qtiantity ~(1 +’f) is several percent larger than
the value of R for air and the corresponding volmqetric-~ficiencies
would be increased accordiri~y by an approximately constant factor.
The trends obtained with the two volumetric efficiencies would thus
re~in apprcximatelcythe same.

Variation of-~ower:,withCkarge-Air Flow

The difference between indicated horsepower and pumping horse-
power (Ihp - php) is plotted .againstcharge-air flow Wc in figure 1-5.
This difference represents tinewmk of only the compression and
expansion strokes of the cycle. Seyarate zlots are shown for .eachr..
T’uel-airratio and each plot is ‘k~,yedaccording to engine speed. The
data obtained over the range of exhaust pressures at each inlet-
manifold pressure are included in the points shown for”eack--engine
speed. All the data shown are for the supercharger in >OW gear ratio.
The pfiwerand charge-air-flow curves were oorre@ed to a cgnet~t
inlet-manifoldmixture temperature of 660° R. The few data points
in i’igure15 that show a relatively large deviation from the curve
corrospcnd to operation at low values of po/~, law engine speeds, _ _
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and hi~h inlet-manifoldpressures where appreciable.blow-thr~jL@Of
the char~e air probably occurs, as.indicated by figures U to 14.
The cmrelation is effected to &=me extentby the”atimmnpttans~de
jn determlni~ indicated horsepower and pumping horsepower ~d
g.)ssj.blyto changes in thermalefficiency.

I&ect of EXhaust Pressure on @linder-Head Teuq?eratures

In order “toshow brfefly how cylinde?-head temperatures valw
w~th exhaust pressure, the quantity (’lb- Ta)/(~ - Ta)l is plotted
agatnst pe/~ for constant engine speeds, fuel-air ratios, end
cooling-air pressure drcps in figure 16. The quantity (Th - Ta)
is tinedifference between average cylinder-head$enperature and ~,nlet
cooling-air temperature’; (% - Ta)l is the corre:p@$~value at

l?e/11= 1.0 for the same engine syeed, inl.et-me,nifoldproseure~ fLlel-

air rabio, and coollng-air pressure,drop. The cyllnder-hqad temper-
ature is taken as the average of tifietemperature indications Of the
thermocouples deeply embedded in the rear-spark-pl~ bosses. The
cfmling-afy yressure drops acrose the cylinder heads romainod nearly
cons”tantfor each set of ruris’at variable edmtititpreS8ure. The
maximum and minimum values are given in figure 16. The pressuro
drtipjhowever, did vary for the vartous spetids,inlet-manifold yres-
s“wes, and fuel-air ratios. me ratti (Th -Ta)/(Th -Ta)l iS eeen

.

,
.

.
.-

.
.

.

to increase as Pe/~ Increased. The effect of exhaust pressure on
cylinder twmpemture $ncrea~es as the f’uel:~irratio is”decreased over
the rangq investigated.

Effect of Exhaust Pressure on Exhaust-Gas Temperature

The exhaust-gas tenperaturon obtained %y averaging the readings
of the three thexwmc6uyles in the.eihaust collector are plotted against
Pe/~ in $iare. 17 for the various engine:operating cond?ti.ens,The
readings obtained from the three thermocou~les for any one datum pcdnt
were witkdn a temperature r~e of 30° T. :The temperatures increaoeii
with engjne speed and inlet-manifold pressure and as the fuel-air
ratio decrb.asedfrom 0.100 to 0.C69.

An attempt was made to seal the exhaust system ahead of tho
thermocouples in order that air cGuld not leak into tho collector
sad cause afterburnimg when the emaust pressure was below atmospheric.
In some cases where leaks did develop duri~” a running Teriod, tho
temperature rapidly increaoed 100° to 200° F. These values are rmt
shown in figure 17.

.
,-
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.

The ex%aus%-gas temperatures as measured in this investigation
will probally not e,yplywf.thgreat accuracy for turbine computaticm~
in flight ia?tallatiorm where the exhaust syetem is flhrmded and
cooled or where large amownts of ductlng exist betwecm the engine and
\.henozzle box.

-.

A few runs were nwde with the exhaust collector insulated w?.th

1 to ~~ inches of insulating cement. The collector was insulated f&m.
the plara of the rear-row em~u@ Forts to about 1 foot beyond tho
yoint at which the thermcovjjles were located. The “tercpera:.m~a‘SCX3
a’bout250° F higher thaznthose obtained tith the uninsulated collea’-nr.
Seve-ralfailures in tineexhaust
abnormally high temperatures to
=11 eJllo3=tof data was taken.

s~~~~

The following results were
determine the effect of e~~ausb

collector occurred o~~” to the
which it was subjected and only a

19-cylindel*,air-cooleE radial e~=ine operated-at “e;~~tie~Fasds SZom
1200 to 2qOC)r-pm,inlet-nex+itcld~%smres from 30 to 45 inches @~-
meicury absolute, fuel-dir ratios & 0.06S, 0.085, sad O.lGO, and
exhaust pressures from epproXimate& 7 inches of mercury absolute to
about 20 inches of mercur~ above inlet-manifold pressure:

1. For constant values of engine speed, inlet-msnifold pressure,
and fuel-air ratio, ‘-heengine power increased at a diminishi~ rate
as exhaust pressure decreased.

2. For any given engine speed and fuel-air ratio, good correla-
tion of the pm~ar.dats.over the c~lete ran3e of inlet-manifold.
pressure and exhaust p-refisurewas obtained by plottiz?~the ratio of
indicated mean etfective pi”eflm~ to inlet-manifold preQsure against
the ratio of ehu?t pressure to inlet-manifold pressure.

3. When G (the ratio of the brake horsepower at amy exhaust
pressure to the brake horsepower at the same engine spoedj fuel-air
ratio, ar-dinlet-~nifold press~e but at an exhaust pi-ess~~reequal
to the inlet-~ifold pressure} was plotted against the ratio of
ex%aust pressure to inlet-manifold -pressure,a single curve resulted
regardless
alr ratio.
of etiust
S~G&i .

of inlet-manifold pressure, exhaust pressure, or’fuel-
The shape of the curve of a plotted qjainst the ratio
pressure to inlet-manifold pressure varied with engine

.

.. .

. .
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4. At constant conditions of fuel-air ratio, engine speed, inlet-
manifold pressure, and cooling-air pressure drop, the average cyllnder-
head temperatures increased as the exhaust pressure increased. The
ef~ect became more marked as the fuel-air ratio decreased from G.1OO
tO 0.069.

Aircraft Engine Research Laboratou,
National Advisory Committee for Aeronautics,

Cleveland, Ohl.o,December 3, 1946.
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1200
1400
1600
1800
2000—.
1=400
1600
1800
2000
2200
2400

200CJ
2200
2400

1400
1600
1900
20G0

1400
1600
1900
2000
2200
2400

TABLEI - amw+mCONDITIONS

Nomixal Nominal inlet -
fuel-air manifold pressure
rat io (in. Hg absolute)

0.069 30

0,069 34

0.035 ‘

I
34

3uper-
charger-
gear
rat to——
7.6:1

7.6:1

-—. —
7.6:1

7.6:1

7.6:1

-t-l

Ncminal Nominal !Nominal inlet- 1sLlper-
engine fuel-airjmanifoldpressurechazwger-
sp~ed

:.; ‘::owp
2000

2400

1400
1600
1800
2000 ,

1600
1800
20Q0
2200
2400—-—
1800
2000
2200
2400

lFIOO
2W0

0.069

0.085

-—
O.iOO

0.0!35

40

40

40

45

7.6:1

7,6:1

7.6:1

7.6:1

2200 !
1900 ~ 0,100 i 45 7.6:1
2000
2200 I I I

NATIONALAIWISORY COhMIXTliEFOR AXWWh!ICE

I-J
4

/



.

.
.

.. .

.
. .



.

NACA TN NO. 1220 Fig. 1’

.
.

.

.

*

.. .

.. .-

4“ . . I

Ilil!ir—.—.—.,

-. .-+

.—.—
.

.
Q
3

to

3
w

.-

>’

I

.

Ql
L
3
al
.-
LL

..—



.

I
.,

. .

.—

.
.

.

.. .

. . .



, :, 170-302..
690

.

\
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b
~J — IIIYII[ ‘i ;iri;r~;;r-;i; di;t ‘---” N Torque meter manometer

-“-”
~/’l&2=i&2==Tn-ll A

L Exhaust-gas thermocouples

carh,jr~tor-airthermocouples M Balanced-diaphragm torquemeter

MTIOML ADVISLWY
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S1 u‘u-- C Carburetor manometer (1 Engine stand

D Inlet-mhni fold manometer P Exhaust-gas collector ring

z
>
(7
D

-1
z

z
o
●

N
N
o

E Cooling-air pipe Q Engine cowllng ;

F Cooling-air box R Charge-air orifice

G Dynamometer S Charge-a ir-orif[ce manometer n

H Cna}ge-air butter~ly valve T charge-air-orifice thermocouple :

J EltIO~section of exhaust ducting U Char9e-a~r “eed ‘a’”e .

K Exhaust manometer V Combustion-air SIJPPlypipe
N

Figure 2. - Sketch of setup. ‘ ,.
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