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Flight and ground investigati-ns were made to compare an exhaust-ejector installation with
a standard exhaust=collector-ring set-up on air- eooled aircraft engines in & twisn-engine
airplane., Ground investiagtion showed that the standard engine configuration would have cver—
heated about 600 hp, while the engine with emhaust ejectors cooled at take~off operating condi
ticns at zero ram., The ekhaust ejectors provided as much cooling with cowl flaps closed as

the conventicrial cowl flaps induced when full open at low airs;edds. The propulsive thru t

of the exnaust ejector was calculated to be slightly less that that of the standard configura
ticn,
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NACA RM No. E6L13a RESTRICTED

NATICKNAYL ADVICORY COMMITTERE FOR AERONAUTICS

TLICHT CQMPATISON COF PLRTCKYANCE AND COOLING CHARACTERISTICS
OF EXHAUST-EJECTOR INGT. TION WITH
EXHAUST -COLLECTOR-RING INSTALLATION
By Loren W. Acker and Kernoth S. Kleinknecht

sOMAIY

Flight end grourld investizaticns have been medes to compare
an exhuust-eJector inslallotion with a atanderd exhaust-collectorw
ring iretalletion on alr-ccoled alrecxnti engines in a twin-erngine
eirplane. The grourd Inveatigation sicwed the%, wheresa the
standaid englne wvoulld have overkealed ebove 600 hursepower, tlhe
engire with exraust ejectora cooled at take-off operating condi-

tiono at zero rea. Tan exhaust ejectcrs provided as much cooling
with cowl fl=ps clogsed a: the convantional cowl flaps induced when
full open &t low alrepreeds. Tae prcpulsive thrust of the exhaust-
eJector ingtullntion wee calculated to be slightly loes than the
thrust ¢f the collector-ring inutailation.

INTRODUCTIOR

As part of a program requested by the Bureau of Aeronautice,
Navy Depurtument, flight and ground Investigutions have teen nade
cr. an exhauste-ejoctor installation in & twin-engine airplane. The
axhaugt, ejectors wore designed to increase the cooling-alr flow
throvgh the engino and wers iustalled in the lett nacelle. The
right engire was loft in its sinndard cenfiguration with an exhaust
collectcr ring. Tho cooulinz-alr pressuro drop across the engine
and the cylinder tomperatures were mouswuied in each installation
to determine the improvement in engine cooling obteined with the
exhaust ejectors. Brake livrsepowor and exhavat back precsure were
neasured for each installation tc compare the over-all performance.




APPATATUS

A M-l airplane (seriel No. 41-75541) (fig. 1) squinped with two
R-2800-43 enginea was us3d in thre inventigation. The R-1600-43 engine
has a norzel powor recine of 1600 horsepover at a speed of 2400 rpm
and 2 manifold pressurc of 41 inchcs of wercury absolute; it has a
military teke-off ruting of 2G0J horzepcwer at 2700 rrm and §2 inches
of mercury absolute. Tha left nacelle wns moditied by replacing the
conveational exhoustecollector-ring installstion with an exhauste-
eJector installation {Iigs. 2 end 3). No rodifications were mads on
the right nacelle (figs. 4 and S). <

The exhaust-ejector installation consinted of four two-stag:
eJectors on each 8lle of the nacelle. Iuasign data for exhaust nczzles
and electors were obteined from referencec 1 to 4. The ejectora were
designad with two stages in orler tlhat rexovel of the firat stage would
provide acreas to tiie engine accesscries. [51acs limitations prevented
the use of rove then four elecicra on eash nids of the nacelle, Indi-
vidual cylindar exiaucts were tlierefore giou.xd in trirle anl twin
stacks 28 follows:

Sylindes exrevets

Outtoard Irdovrd

1,117, 18 /et 'y, &
15, 16 5, 6
T, 14 7, 8
1, 12 9, 10

This grouning was pelected becaure of ornce liwitations and simplicity
of construction ot the expense of minimux velve overlap. Nozzles with
an outlet dlameter of 2 inchkes were welded to the end of each group of
stacks.

The first-stage ejJectors, shown mounted on the eccessory skin panel
in figure 6, are 14} square irches in croces-sectional area end 16-81 inches

long (fig. 7). Flush with the outlets of ths first stagss are the
seccnd-stage ducta, which are 25 esquare inches in croas-sectional area
and 20 inches long. Dirfus:ra 9 inches lorng with an expansion ratio of
1.2 are walded to the ends of 4ls seccond stavea. Plvoted at the diffuser
exits ars controlledble exit flaps 15 inches long that open approximately
20°, Thuoos flaps provide mn outlet area of 210 equare inches when
closed and 350 square inches when fully open.,
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INSTRUMENTATION

Enginc cylinder-baffle totel pressures at the forward 1lip of
the front-row cylinder bafflcs, engine cylinder-baffle static pres-
surcs !n the rear curl of the rear-row cylinder baffles, and tctal
and wall static vrussures in the oJoctor ducts about 4 inches in
front of the d!ffuser section (fig. 7) were measurcd with liquid
woan - moters, The exhaust back pressurcs were obtained with flush

orifices in the exhaust nipes at etations 13 and 2} inches frum the
exiia st ports of tlhe front-rcw and rear-row cylinders, respectively.
Exhaust bdack press:res were recorded from differential-pressure

gages for the modified engine and frow a ligquid manometer fcr the
standard cngine.

Temperatures of the rear-spark-plug gasket, the ejectors, the
carburetor screen, end tiie cylinders werc mcasured by thermocounles
and reccrded ty a flight-test rvcorder. The ejJector thermocourles
were located in the s=.;e rakes as the totel-prussure tubes. A
resistance-bulb thormometer was installed under the nose of the air-
plane for measuring free-stream air temperature.

Pressures for measuring altitude and indicated airspeed were
nrovided by swiveling static-rress:re and shrouded total-preseure
tubes, locatsd 1 chord langth ahead of the right-wing tip. Engine
charge-alr flow was dotermined by carburetor metering-nressure data
and air-box calidrations. Carburetor lapact total-pressure and
carburetor uncompensuted metering-pressure differentials wore obtained
fron sensitive absolute-pressirv guges and differuntial-prussure gagee,
resrectively. Engine manifold pressur:s wore easured by sensitive
absolute-pressure gages.

A positlon transmitter was used to measure cowl-{lap openings.
A deflecting-vane-type Juel flowmetor wes installed in the fusl line
tetween the carburetor and injection nuzzle to measurc fuel flow.
Brake horsepcwer was determined from Pratt & Waituey toxquemeters
and scnaitive tnchometersn.

All instr:ments were calibrated beforo installatilon in the air-
plane. With the exception of torque nressure, cowl-flap onening,
and eng'ne temperature, all data were recorded on photographic film,

SYMBOLS

The following symbols are used in the presentation of rosults.
Tho numorical subscripts reflor to stations on figure 7.
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exhaust-rozzle or extaict tail-pipe area, (sq ft)

specific heat at constunt pressuce, (Biu/{1b)(°F))

net thrust, (1b)
acceleration of gravity, (f‘t./aeca)
total preesure in front of engine, (in. water gage)

total yressure In ercomd-stage ejectors, (lb/aq £t cbeolute or
1a. water gage)

machanicel equtvalent o heas, (778), (ft-1b/Bin)
pase of engine cooling-alr flow, (slugs/ace)
zees of englne chargs-uir fiow, (slugs’eec)
zao3 of engine exhaust-gsa flow, (sluga/eoc)
free-prrenm ztatic presevre, (1b/sq £t absolute)

static pressurn at cylindsr-baffle exit, (ib/sg £t absolute or
'n. water gage)

engine exhaugt dack rresaire, (in. g adbasolute)
engine manifcld rressire, (:n. Hg adbuolute)

averace of engine cylinder-liead and cylinder-berrel pressure dron

(in. water)
engine cylinder-head precsure dror, (in. water)
froc-strean dynumic pressure, (in. water)
gaa constant for exhaust, (ft-1b)/(s1l:g)(°F)
total tempersture behind engine, (OR)
total itemperuture In cJ:ctors, (°R)
exhanst-zas temperatire, (°R)

cylinder-head temperatraw, (°F)
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true airsveed, (St/sec)

, velozity ai flap exit, ejector englae, (fi/sec)
velocity at flay ex!t, gtandard engine, (ft/scc)
meen effective exhaast-gas velocity, (ft/acc)
ratio of specific heats of seir, 1.4
provoller eff'icliency

ratlo of frec-ctream uir den3ity to BACA slandurd sea-level
alir density

ratis cf atr density at cyl’nicr-balfle exit to NACA standard
genelevel alr density

1L OF CAICULATIO

In order to dotermine the cver-all perlorzance of e¢ach instal-
lation, the not thrusts of the cuoling mir and +tho exhaust gns were
salculated by tis following comonressicle-flow equaticns. The net
thrust 1s the change in zouenium of the cuoling alr and the exhaust
gasz8 frox true alrspecd to their reenective exit veloc!ities.

For the modifivd englns,

Fro= (M, « BV - O+ 3)

1)
5 7 l
20\
KE i / J
o7
In vquation (1) the assumption vas made that the fluid changed
isentropically from the totel pressure (fig. 8) snd the total tewpers
ature in the ducts to [rve-strean static pressure ard temperature.
Any losses that might have occurruvd in the diffusvrs and through the
clcoed cowl flaps wore usglected.

For the stendard onglne,

Fﬂ = Ma\'4,s + MO"G ) (Ma + MC) V(\
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In equaticn (2) tle total pressure was essuzed equal to the static
presaure behind the engine; therefore. in the caleulation of csoling-alr
thrust an isentronic chenge cf the fluid vas assuved from the static
pressure (fig. 9) and temrerature behind the englne to free-streanm static
pressure and temperature. The loogea tliroughi the closed cowl {laps were
agaln reglected. The cxbmuet velcelty wos merely a functlion of exhaust-
ges temperviure, frve-utreanm stutlc precsure, 2al nass of englne exhaust-
gas flow.

In oxder to determine the thrust that zmight be expected from Jjet
exhaust stccks on a standard engine, culculuations were baced on the assump-
tion that the exhaust stecks used with the ejJuctors were installed on the
standerd engine in pluce of the collecter ring. The following cquation
wag uged:

Fpo= MVy 5+ MyVo = (My + M) ¥y ()

A
3 J
Ve= 1 GT)

(Swe refercrico 4.)

With an azsarsd propeller efficiency of C.8%, the total net thrust
horgerower ave!lable wus crlculated for each instaliation by

F.
tkp = ..?3.‘3 + bhp (4)
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PROCETUTE AND DISCUSSION
Cooling-Blower Inveatigation

In order to determine the relation between cooling-eir flow and
engine preasure drop, a portolle enginc-cooling bleows: was used. This
blower was set up in front of each wngine (fig. 10); tre bluwer outlot
wag scaled to the cowling inlot by a rubber casing and the blower vas
onerated at various alr flowa. ¥ngine pressure drop was multinlied
by the dénsity ratio at the cylinder-baffle exit to 'include the effect
of altitude and ergine tomperuiuze cn ccoling-alr flow. Engine cooling-
a’r prossure drov and temcerniures tehind thu engines were measured in
Tlight ond used In conjunctinon with the data of figure 1l to obtain
cooling-air flow under fl!ght-teat conditicns.

Cround Invostigaticon

A srouond dnvestigation wes mode to dAetermine the cooling charac-
teristics of each installution ot a condition of zero rem. The results
of this investigation at a frecealr tempurature of 25° F with ccwl
flays open ore showa in figure 12 whers the availadle cylinder-head
pregaurs drcp Cplly. fucl=uir ratio for buth enginos, and the maximun
cylizder-heed temvelnture Ty for th2 exhruate-glector cngino are
plotted £3a’na* trake hovsepower., If jermiticd to statilize, the
cylinder-houd tempsroturee on tho etendard engine would have cxceoded
the renufacturer's max!uas limit of £007 P at test conditicna using
about 600 bxm¥%e horgercwer or wore; thersfore, no cylinder-tiead tenm-
peraturo data for this enginc woere obttalned., As shown in figare 12,
ea incrensc in braks horscvower ntroduces a greater !noreasc in head
rressure drep in the modified engine thun in the standurd engiac.
Dospite slightly leaner fuclenir retios, the modifled engine cooled
far bettor than the gtandsxd cvrgine for all powere. For oxamrle, at
take-off conditiors (rmaxioum power) with cowl flera full coven, the
modified-engine installatlon provided a cylinder-head preasurs drop
ol 5.9 inches of wmter; whereas the cowi flaps on the standard engine
induced a presswxw drop ol oaly 2.5 inches of water. With a cylinder-
kead rressure drop of 5.5 Inches of water, the waximum cylinder tem-
serature £or take-0"f corditions was 430° F.

Flisht Investigation

The av:ilable cooling-air crlinder-hrad pressare-drop ratios
Aph/q in ritght for standard ani modified engines are showm in
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rigure 13 at nltitudes of 5,000, 10,000, and 15,000 feet. In order to
cemrare the instrlleticns, the curves for the atendard installation

were guper.mposed, witnout toat points, over thoss for the elector
ingtalleticn.

The atandard engine had a constant pressure-drop ratic of approxi-
mately 0.42 with cowl llaps full open and about 0,23 witih ccwl flaps
cloaed. This pruasure-drop ratio apreared to be constant for all aliie
tudez. The presgurc drop evaiiable on tie modified engine was a function
of brake horsepower. The ejoctor pumping action fell off slightly with
altitude because of the increcsed srecifisc volume of cooling air at
higher gltitudes. ¥For a given hurncpower the nrescure-drop ratio was
hligher at low alrapeeds, such oo thoae encouatered during climd or take-
off, A! ncrmnl ruted conditions, an altitude of 5000 feet and an indi-
ceted nirsgeed of approximntely 1€5 milea per hovr, (g = 12,9 in, of
water) the pressure-drop rablo vaa 0.62 with flagn ozen and 0,40 with
flape clused. Thus at £C00 fect end a low airsreed, the ejectora induced
nearly as much preosure drop asross the englne with exit flaps closed as
conventional cowl {laps that are full open.

The average cyiindar-head tomperatures are plotted against free-
gurens dynenmic pressure ¢ for normel rated and maximum crules powers
at an alttltude of SU00 feet In figure 14. Thoee curves show that, et
1460 btruke Lorecerower mnd at a luw cirspeed correspording to a dynamic
preasure q of about 12.0 inchos of water, the modificd engine with
cuwl £laps clossd runs about 18° F cooler than the standard engine with
cuwl flars full oren.

The exlaust tack preseurcs srasured on each engine at 5000 feet are
shown In figure 10U, DPecease of the meatricted exhaust nczzles, the back
pregour: 13 conelderatly higher in Lhe podifled engine than in the stond-
ad ongine. Separate curves aro ghuwn with cowl flaps open and closed
for the modifled enzine beczume thoe cxhangt 2ns i3 discharged through the
exit flaps, wnlch alfuct the statlic prescenre ut the exhiaust-gtack outlet,
Engine calibretion curves at an aitit:ide of 5000 fuet are given for the
standard and mediffed eagines in rigurv 16 from which the effect of back
pregoure on englne performance may be seen. A loea of 100 brake horse-
vewess existed for tie modificd ongine at 2400 rp. The resulis of thrust
ecalculationa at onch nltitudo are gshown In figures 17 und 18. These
curvee show the drag, or thrust, ol tnv cuoling alr and oxhauat guges for
ench tyse of installation.

The follow'ng table shows the total net thrust horaepower for both
inatallaticns with cowl flups closed at an altitude of 5000 feot and a
true nirspoed of 265 mllea per hour, with cack engino operating at the
sume Spucd and manifold pressuro:
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i n
Fnzine bhp 13) thp
Standard 1560 § =31 {1300
Modified 1460 | 65 41286
Standard with | 1460 | 162 {1355
Jat olacks

LY . L]

The date show that the loss of 100 brake horsepower due to lhgh'
exhzust tack prasesure is almost all recnined by the momentum increase
of the cooliag air on the uodifled engine and alsc that more thrust
B2y be obtained fivm a standad engine with Jet exhaust stacks than
from ths erzhausti-ejloctor installeticn. At low airspeeds the cowl
flaps on the standad erngine must be open to provide sufficient engine
coolir3 end thus they ircreage the forn dArng. Inssuwuch as nc form=-
drag measurezants weie made in flight, a quantitative thrust analysis
at low alrgpeseds could not Ye mula.

Rapresor.i.at!ve tezyerature and precsure patterns for the two
inetallations under sixilar operating conditions are shuwm ia fig-

ures 12 and 29. lo serfous cffect on tezpernture and pressure distri-
butions resulted from the use of tho exhaust-ejlector installation.

SOMMARY OF RESULTS

From comprarativo flight and ground investigations of an exhaust-
cjoctor !nstallation and a standard exauust-collector-ring installa-
tica on alr-cocled engines in a twin-engine airplene, the following
rosults wers obtained:

1. At teko-off ovorating conditions at zoro rem on the ground,
tho eJectore provided a prassure Aroy acrosa the engine of 5.5 inches
of water with the oxit flzpa full open, which was sufflclent to cool
the englne 20° F bolow the maaufacturer's limit of 500° F at a free-
air temperature of 35° F; whereus tho standard engine would have over-
heated at abcve 600 brake horscpower.

2. At low airaspeeds, such as oncountered during take-off and
clizd, the ojectors puupd apsroximately as much ccoling alr across
the engine with the exit flups closed &s conventional cowl fleps
purped when full oren.

3. The propulsive thrust of the exhausteejoctor installation was
celculated to be slightly less than tho thrust of the collectorering




10 NACA RM No. E6L13a

installation becauee the thrust cbtained from the eJectors was slightly
less than the loss in brzke horsepower due to high exhaust back pressure
caused by the restricted outlet area of the exhaust stacks,

Alrcraft Engine Research Latoratory,
Natlonal Advisory Committee for Aeronautics,
Cleveland, Ohio.

REFERENCES

1. Manganiello, E. J., and Bogatsiy, Donali: An Experimental Investiga-
tion of Rsctangular Exhaust-Gas Ejectors Appliccble for Engine
Cooling. NACA ARR No. E4E31l, 1944.

2., Manganiello, Eugene J.: A Preliminary Investigation of Exhaust-Gas
EJectors for Crourd Cooling. MNACA ACR, culy 1942. (Classification
changed from "Confidential” to "Restricted", April 1946.)

3. Marquardt, R. E.: A Theorotical and Experirmental Investigation of
Exhaust Ejectors for Cooling &t Low Svceds. KACA ACR Ko. 3GOS,
1943, (Claesification changed from "Confidential" to "Restricted”,
April 1946.)

4. Pinkel, Benjam!n, Turner, L. Richard, and Vosc, Fred: Design of
liozzles for the Individual Cylinder Exhaust Jut Propulsion System.
NACA ACR, April 1941.




‘uoyie) |eIsSuUl J03d8le—-3sneyxa 40 uojiebiisaau) wyBi1s ul pesn suejdigy - °f ®anbyg
"l

o

o
L)
-
o
w

NACA RM No.




*PUR DU IR ISP} 4O 9| |90FU 4@ Ul uoje) |RISu) Jo3dela-3snreyx3l - *Z @aanb.g

o
-
-
]
W

NACA RM No.




‘aue|diie 3893 u! uol}

- *g @anbyg
—ejje3sul 403da8fa-3sneuxs 40j peij1pow | |@20u 133 40 juswaburase (RIIUID €

o
"
-l
-]
w

NACA RM No.




*aue|d
Buis-40328)|02-3SNEUX¥ piazpuels - ¥ a.nbid

-41® 35233 40 a)|adeu qybia ui uolle)| [RISU!

L3
L4
-
o
w

NACA RM NoO.




©

caueldste 31S91 ul | |aORU anbia paeg

vi15 0 iudwabuvise (vIIUIY - ‘g a.nbg
o g¥-ql-ul —— - i P o g
T Zgees : ¢

VN




NACA RAM No. E6LI 3a

7""5'.‘-';‘_5:”‘ ejectors mounted yn removable acces~-
sory skin panel.
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igure 8. - Avor:so total pressure in exhaust ejectors with
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Free-stream dynamic pressure, 4, in. water

Figure 9 . = Average static pressure behind standard engine
with cowl flaps closed,
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Figure 11, - Engine cooling-air-flow calibration from
cooling blower.
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Figure 12, =« Cooling characteristics of modified and standard

engines on ground with cowl flaps open at free-air temperature
of 35° F,
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Figure 13. - Avallable engine cylinder-head cooling-air pressure
rop.
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(b} Altitude, 10,000 feet.

Pigure 13. = Contlnued. Avallable engine cyllnder-head cooling-
alr pressure drop.
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Erake horsepower
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