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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCE MEMORANDUM

FLICHT COMPARISON OF FERFORMANCE AND COOLING CHARACTERISTICS
OF EXHAUST-EJECTOR INSTATIATION WITH
EXHAUST-COLLECTOR-RING INSTALLATION

By Ioren W. Acker and EKemmneth S. Kleinknscht

SUMMARY

Flight and grourd investigstlons have been made to compaere
an exhaust-ejector inatallation with e standesrd exhaust-collectore
ring installation on air-cocled aircraft engines in a twin-engine
airplane. The ground investigation shcwoed that, whereas the
standard engine would have overkealed ebove 600 horsepower, the
engine wlth exhaust ejsctors cooled at take-off operating condi-
tions at zero rem. Tias exhaust ejectors provided as much cooling
with cowl flaps closed es the convsntlonal cowl flaps induced when
full open at low alrspeeds. The propulasive thrust of the exhaust-
eJector installation wes calculated to be slightly less than the
thrust of the collector-ring Ilnstailation.

INTRODUCTION

As part of a program requested by the Bureau of Aeronsutics,
Navy Department, flight and ground iInveetigations have besn made
on an exheust-ejector installatlon in a twin-engine alrplane. The
exhaust eJectors wire designed to increase the cooling-air flow
through the englne and were installed in the left nacelle. The
right engine was left in its standard configuration wilth an exhaust
collector ring. The cooling-air preasure drop across the engine
and the cylinder temperstures were measuied Iin each installstion
to determine the improvement in engine cooling obteined with the
exhaust ejectors. Brake horsepower and exhaust back pressurs were
measured for each installation to compare the over-all performance.
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APPARATUS

A JM-l esirplane (serial No. 41-35541) (fig. 1) equinped with two
R-2800-43 engines was usad in the invesgtigation. The R-2800-43 engine
hes a norwel power reting of 1600 horsepower at a speed of 2400 rpm
and a manifold pressurc of 41 inchss of mercury absoclute; 1t has a
military take-off roting of 2000 horsepowsr at 27C0 rpm and 52 inches
of mercury ebsolute. The left nacelle was modifled by replacing the
conventional exhaust-collecvor-ring Instellstion with an exhasust-
ejJector instellation (figs. 2 and 3). No modifications were maés on
the right nacelle (figs. 4 and 5).

The exhaust-ejector installation conaisted of four two-gtage
eJectors on eachk side of the nacelle. Design data for exhaust nozzles
and ejectors were obtained from references 1 to 4, The eJectors were
designed with two steges in order that removal of the first stage would
provide access to tie engine accessories. Space limitatlorne prevented
the use of rore than four electors on each sids of the nacelle., Indi-
vidual cylinder exhauste were thersfore grouped in triple and twin
stecks es follows:

Cylinder sxkaugts

Outboard Inboard
1, 17, 18 2, 3, &

15, 16 5, 6
13, 14 7, 8
11, 12 g, 10

This grouning wes selected because of space limitations and simplicity
of construction at the expense of minimum velve overlap. Nozzles with
an outlet dlameter of 2 inches were welded to the end of each group of
gtacks.

The first-stege ejectors, shown mounted on the accessory skin panel
in figure 6, are lé% square inches in cross-sectional area and 165 inches

long (fig. 7). Flush with the outlete of the first stages are the

second ~-stage ducts, which are 35 square Inches in croass-sectional area
and 20 inches lorng. Diffusers 9 inches long with an expansion ratio of
1.2 are wolded to the ends of the second stages. Plvoted at the diffuser
exits ars controllable exit flaps 15 Inchee long that open approximately
20°, These flaps provide an outlet area of 210 square inches when
closed and 350 square inchee when fully open.
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INSTRUMENTATION

Engine cylindexr-baffle total pressures at the forward liv of
the front-row cjiinder baffles, englne cylinder-baffle static pres-
sures in the resr curl of the rear-row cylinder baffles, and total
ard wall static pressures In the ejoector ducts about 4 inches in
front of the diffuser section (fig. 7) were measursd with liguid
manometers. The exhaust back pressures were obtained with fiush

orifiices in the exhaust pipes at etations 13 and 2& inches frum the

exhavst ports of the front-row end rear-row cylinders, respectively.
Exhsust back press.res were recordsd from differential-pressure
gages Tor the moditfied engine and from a ligquid manometer for the
standard engine.

Temperatures of the ryear-spark-plug gasket, the electors, the
carburetor screen, ani tie cylinders were measured by thermocouples
and recorded by a flight-test recorder. The eJector thermocouples
were located on the seme rekes as ths total-rressure tubes. A
resistance~bulb thermomever was installed under the nose of the alr-
plane for measuring free-stream alr temperature.

Pressures for measuring altitude and Indicated airspeed were
nrovided by swiveling suatlic-pressure and shrouded total-pressure
tubes, located 1 chord length ahead of the right-wing tip. Engine
charge-air flow was determined by carburetor metering-vressure data
and air-box calibrations. Carburetor impact total-pressure and
carburetor uncompensated metering-pressure differentials were obtained
from sensitive absolute-pressure gages and differential-pressure gages,
respecbively. Engine manifold pressures were measured by sensitive
absolute-pressure gages.

A position transmitter was used to measure cowl-flap openings.
A deflecting-vane-type fuel flowmeter was Installed In the fuel line
between the cerburetor end inJection nozzle to measure fuel flow.
Brake horsepower was determined frowm Pratt & Whltney torquemeters
and sensitive tachometers.

All Instruments were calibrated before installation in the air-
plane. With the exception of torque nressure, cowl-flap opening,
and engine temperaturs, all data were recorded on photographic film.

SYMBOIS

The following symbole are used 1n the presentation of results.
The numerical subscripts refer to statlons on figure 7.
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exhaust-nozzle or exhaust tail-pipe area, (eq ft)
gpecific heat at constant pressure, (Btu/{1b)(°F))
net thrust, (1b)

acceleration of gravity, (ft/sec?)

total pressufe in front of engine, (in. water gage)

total pressure ln sacond-stege eJectors, (1b/sq 't absolute or
in. water gage)

mechanical equivalent of heat, (778), (ft-1b/Btu)
mass of engine cooling-alr flow, (slugs/sec)
mass of engine chargs-sir flow, (slugs/sec)
masgs of engine exhaust-gas flow, (slugs/sec)
free-gtream static pressure, (lb/sg ft absclute)

gtatic pressure at cylinder-baffle exit, (lb/sq ft absclute or
in. water gage)

engine exhaust back pressure, (in. Hg absolute)
engine menifcld vressure, (in. Hg abzolute)

average of engline cylinder-head and cylinder-barrel preasure drop
(in. water)

engine cylinder-head preseure drop, (in. water)
free-ptream dynamic pressure, (in. water)

gas constant for exhaust, (ft-lb)/(siug)(oF)
total temperature behind engine, (OR)

total temperature in eJectors, (°R)
exhauat-gas temperaturs, (°R)

cylinder-head temperature, (°F)
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Vo ‘true airspeed, (ft/sec)

velocity at flap exit, ejJector engine, (ft/sec)
velocity at flap exit, standard engine, (ft/sec)
o meen effective exhaust-gas velocity, (£t/sec)

V4 ratio of specific heats of sir, 1.4

propellsr efficlency

Cg ratio of free-stream alr density to NACA standard sea-level
air density

Ty retio of air densgity at cylinder-baiffle exit to NACA standard
gea-level alr density

METHOD OF CALCULATION

In order to determine the over-all performance of each instal-
lation, the net thrusts of the cooling air and the exhaust gas were
calculated by the following compressiblo-flow equations. The net
thrust is the change in momentum of the coolirg air and the exhaust
gases from true alrspeed to their respective exit velocities.

For the modified enginse,

Fpo= (Mg + M) ¥y o, - (M3 + M) T, (1)

where
r

e -1
]
VA-',G =‘-4E: ZchpTS l "("H";)
¥ rd
In equation (1) the assumption was made that the fluid changed
igentropically from the total pressure (fig. 8) and the total temper-
ature in the ducts to free-strecam static pressure and temperature.

Any losses that might have occurred in the diffusers and through the
closed cowl flaps were neglected.

For the standerd engine,

Foo= MgV g + MV - (My + M) Vg (2)
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where ;
7=t
" ! BN 7
{ -
Vig = V 2chpT2]1 (’__
i 2
and
MegRTe
e POA

In equation (2) the total pressure was agsumed equal to the static
pressure behind the engine; therefore, in the calculation of cooling-alr
thrust an isentropic change of the fluid was assumed from the static
pressure (fig. 9) and tewmnerature behind the ongine to free-stream static
pressure and temperature. The losses through the closed cowl {laps were
again neglected. The exhaust velocity was morely a function of exhaust-
gas tempereture, free-stream static pressure, and mass of englne exhaust-
gas flow. Co L :

In order to determine the thrust that might be expected from Jet
exhaust stacks on a standsrd engine, calculations were based on the assump-
tion that the exhaust stacks used with the ejectors were installed on the
standard engine in place of the collector ring. The following equation
was used:

Fpo= MV, o+ MV = (Mg + Mg) V, (3)

e o)

With an assumed propeller efflciency of 0.85, the total net thrust
horsepower available was calculated for sach inetallation by

where

(See reference 4.)

thp = 1000 bh (4)
P =gt MRy
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PROCEDURE AND DISCUSSION
Cooling-Blower Invesbtigation

In order to determine the relation between cooling-air flow and
engine pressure drop, a portable engins-cooling blower was used. This
blower was set up in front of each engine (fig. 10); the blowsr outlet
wae sealed to the cowling inlet by a rubber casing and the blower was
operated at various air flows. Engine pressure drop was muiltiplied
by the density ratic at the cylinder-baffle exit to include the effect
of altitude and engine tewmperature on cooling-air flow. Engine cooling-
air pressure drop and temperatures bshind the epgines were measured in
flight and used in conjunction with the data of figure 11 to obtain
cooling-air flow under flight-teat conditions.

Ground Investigation

A ground investigation was made to determine the cooling charac-
teristics of each installation at a conditlon of zero ram. The results
of this investigation at a free-air temperature of 35° F with cowl
flaps open are shown in figurs 12 where the avallable cylinder-head
preasure drop OOAPh’ fuel-air ratio for both englnes, and the maximum

cylinder-head temperature T for the exhaust-ejector engline are
plotted againat brake horsepower. If permitied to stabilize, the
cylinder-head temperatures on the standard englne would have exceeded
the manufacturer's maximum limit of 500° F at test conditions using
about 600 brake horsepower or wore; therefore, no cylinder-head tem-
perature data for this engine were obtained. As shown in figurs 12,
an increasc in brake horesepcwer produces a greater increase in head
pressure drop in the modified engine than in the standard enginc.
Despite slightly leaner fuel-air ratios, the modifled englne cooled
far better than the standard ongine for all powers. For example, at
take -off conditions (maximum power) with cowl Flave full open, the
modified-engine installation provided a cylinder-head pressurs drop
of 5.5 inches of water; whereas the cowl flaps on the standard engine
induced a pressure drop of only 2.5 inches of water. With a cylinder-
head nreasure drop of 5.5 inches of water, the maexlmum cylinder tem-
perature for take-oTf conditions was 480° F.

Flight Investigation

The available cooling-air cylinder-head pressure-drop ratios
Aph/q in fiight for standard and modified sngines are shown in


http://www.abbottaerospace.com/technical-library

8 KACA FM No. E6L13Ja

figure 13 at altitudes of 5,000, 10,000, and 15,000 feet. In order to
compare the instelletions, the curves for the stendard installstion
were superimposed, w1tnout test points, over those for the eJjector
insgtallaticn. - .

The standard engine had a constant pressure-drop ratlo of approxi-
mately 0.48 with cowl flaps full open and about 0.23 witia cowl flaps
closed. This pressure-drop ratio appeared to be constant for all alti-
tudes. The pressure dvop availadble on the meodified engine was a function
of brake horsepower. The ejector pumping action fell off slightly with
altitude because of the Increased specific volume of cooling air at
higher altitudes. For a given horsepower the pressure-drop ratio weas
higher at low alrspesds, such as those encountersd during climb or take-
off. At normal rated conditions, an altitude of 5000 feet and an Indi-
cated airspeed of approximately 165 miles per hour, (q = 12.0 in. of
water) the pressure-drop ratio was 0.62 with flaps open and 0.40 with
flaps closed. Thus at £000 feet and a low airsweed, the eJectors induced
nearly as much pressure drop across ths engine with exit flaps closed as
conventional cowl flaps that are full open.

The average cylinder-head temperatures are plotted against free-
stream dynamlic pressure g for normal rated and maximum cruise vowers
at an altitude of 5000 feet in flgure 14. - These curves show that, at
1460 brake horsepower and at a low airspsed corresponding to a dynamic
pregsure ¢ of about 12.0 inchss of water, the modified engine with
cowl flaps closed runs sbout 15° F cooler than the standard engine with
cowl flaps full open.

The exhaust back pressurecs measured on sach engine at 5000 feet are
shown in figure 15. Because of the regtricted exhauat nozzles, the back
pressure is conslderably higher 1n the modified englne than in the stand-
ard sngine. Separate curves are shown with cowl flaps open and closed
for the modified engine because the exhaust gas is discharged through the
exit flaps, which affect the static pressure at the exhaust-stack outlet,
Engine callbratlon curves at an altitude of 5000 feet are given for the
standard and modified engines in figure 16 from which the cffect of back
pressure on engine psrformance may be seen. A losg aof 100 brake horse-
power exlsted for the modifled engine at 2400 rpm. The resulls of thrust
calculations at each altitude are shown in figures 17 and 18. These
curves show the drag, or thrust, of the coolling air and exhaust gases for
each type of installation.

The follow!ng table shows the total net thrust horamepower for both
inatallations with cowl. flape closed at an altitude of 5000 feet and a
true alrspsed of 265 miles per hour, with each engine operating at the
same speed and manifold pressure:

¥
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Fngine vhp | ¥ | thp
1)
Standasrd 1580 | =31 |13CO
Modified 1460 65 11286
Standard with | 1460 } 162 {1355
Jet atacke

The data show that the lose of 100 brake horsepower due to high
sxhsust back pressure is almost all regelned by the momentum Iincrease
o the cooling air on the modified engine and also that more thrust
msy be obtainod from a standanrd engine with jJet exhaust stacks than
from the erhaust-ejector lostallaticn. At low airspeeds the cowl
flaps on the standard engine must be open to provide sufficient engine
cooling and thus they increase ths form drag. Inasmuch as no form-
drag measurements weire mafe in flight, a quantitative thrust analysis
at low airspeeds could not e meds.

Representative temmerature anl precsuve patterns for the two
inetallations under similar operating conditions are shown in fig-
ures 19 and 20. No sserious effect on temperature and pressure distrl-
butions resulted from the use of the exheust-sjector Installatilon.

SUMMARY OF RESULIS

From comparative flight and ground investigations of an exhaust-
ejector installation and a standard exhaust-collector-ring installa-~
ticn on air-cooled engines in a twin-engine airplane, the following
results were obtained:

1. At teke-off operating conditions at zero ram on the ground,
the ejectors provided a pressure drop across the engine of 5.5 inches
of water with the exit flanze full open, which was sufficlent to cool
the engine 20° F below the manufacturer's Limit of 500° F at a free-
air temperatures of 35° F; whereas the standard engine would have over-
heated at above 600 brake horsepowar.

2. At low airspesds, such as encountered during take-off and
clintb, the ejectors pumped approximately as much cooling air across
the engine with the exit flaps closed &s conventlonal cowl flaps
pumped when full open.

3. The propulsive thrust of ths exhaust~e jector installatlon was
calculated to be slightly less thap the thrust of the collector-ring
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installation because the thrust obtalned from the ejectors was slightly
less than the loss in breke Lorsepower due to high exhaust back pressure
caused by the restricted outlet avea of the exhaust stacks.

Alrcraft Engine Research Laboratory,
National Advisory Committee for Aeromautics,
Cleveland, Chio. ' '
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Fig. 14 NACA RM No. E6LI3a
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Fig. 16 NACA RM No. E6L13a
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Figure 16. - Engine calibraticns at altitude of 5000 feet.
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Net thrust, Fj, 1lb
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Figure 17. - Comparison of net thrust of cooling air and
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exhaust gas for modified and standard engines.
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FPigure 17. - Continued. Comparison of net thrust of cooling
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Figure 17. - Concluded. Comparison of net thrust of cooling
alr and exhaust gas for modified and standard engines.
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Figure 18. - Comparison of net thrust of cooling air and
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Fig. 18b
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Fig. 18c NACA RM No. E6LI3a
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Figure 19. - Typical cylinder-head temperature distribution.
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