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FLICHT COMPARTISON OF FERFORMANCE AND COOLING CHARACTERISTICS
OF EXHAUST-EJECTOR INSTATIATION WITH
EXHAUST-COLLECTOR-RING INSTATTATION

By Lorer W. Acker and Kenneth S. Kleinknscht

SUMMARY

Flight and ground investigations have been made t 0 compere
an exhaust - ej ect or inatailation Wit h a ztanderd exhaust-collector-
ri ng installation on air-c00| ed aircraft engines in a tw n-engine
airplane. The grourd investigation showoed that, whereas the
standard engine would have overheated above 600 horsepower, tke
engine W th exhaust ejsctors cool ed at take-off operating condi-
tions at zero rem Tas exhaust ejectors provided a5 nmuch cooling
with com flap8 closed a8 the convsntional COW flaps induced when
full open at | ow airspeeds. The propuisive thrust of the exhaust-
gj ector installation wes calcul ated to be slightly lessthan the
thrust of the collector-ring instailation.

INTRODUCTION

As part of a programrequested by the Bureau of Aeronautics,
Navy Departnent, flight and ground investigations have been made
on an exhaust-ejector installation in a tw n-engine airplane. The
exhaust ej ector5 ware designed t0 increase the cooling-air flow
t hrough the engi ne and were installed in the left nacelle. The
right engine was | eft in it5 standard configuration W th an exhaust
col lector ring. The coolirg-air pressure drop across t he engine
and the cyl i nder temperstures Were measured i N each installation
to deternine the improvement i N engine cooling obtained With t he
exhaust ejectore. Brake horgepower and exhaust back pressure were
measured for each installation to conpare the over-all performance.
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APPARATUS

A JM-1 airplane (serial No. 41-35541) (fig. 1) equipped with two
R-2800- 43 engines was usad in the investigation. The R-2800-43 engine
has a norwel power reting of 1600 horsepower at a speed of 2400 rpm
and a manifol d preseurc of 41 inches of mercury absolute; it ha8 a
mlitary take-off rating of 2000 horsepowsx» at 2700 rpmand 52 inchss
of nercury absolute. The left nacelle was nodified by replacing the
conventional exhaust-collector-ring installation with an exhaust-
eLector ingtellation (figs. 2 and 3). No nodification8 were nmade on
the right nacelle (figs. 4 and 5)

The exhaust-ejector installation conaisted of four two-stage
gj ector5 on each aids of the nacelle. Tesign data for exhaust nozzle8
and ejector8 were obtained fromreferences 1 to 4. The ejector8 were
designed with two stages in order that removal, of the first stage woul d
provi de access t 0 t he engine accessories. STaﬂe limtation8 prevented
the use of nore than four ejectors cn each si3s of the nacelle. Indi-
vidual cylinder exhauste were therefore grouped in triple and twin
stacks es follows:

Cylindexr sxraugts

Qut board [ nboard
1, 17, 18 2 3, 4

15, 16 5 6
13, 14 7, 8
11, 12 9, 10

This groupi ng wes sel ected because of Space limitations and sinplicity
of construction at the expense of mnimm valve overlap. Nozzles with
an outlet diameter of 2 inches were welded to the end of each group of
gtacks.

The first-stage ejectors, Shown nounted on the accessory skin pansl
infigure 6, are lé% aquare | nches in cross-sectional area and 165 inches

long (fig. 7). Fiush With the outlets of the first stagss are the
Second- st age ducts, whi ch are 35 squars inches i n cross-sectional area
and 20 inches | ong. Diffusera 9 inches |long wWith an expansion ratio of
1.2 are wolded to the ende of the second stages. Pivoted at the diffuser
exit5 are control lable exit flaps 15 inches | ong that open approxi mately
20°. These flaps provide an outlet area of 210 egquareinches Wen

closed and 350 Square inches when fully open
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INSTRUMENTATION

Engine cylinder-baffle total pressures at the forward 1ip of
the front-row c;iinder baffles, engine cylinder-baffle static pres-
sures in the resxr curl of the rear-row cylinder baffles, and tctal
erd wal|l static pressures in the ejector ducts about 4 inches in
front of the diffuser section (fig. 7) were neasured with liquid
manometers.  The exhaust back pressures were obtained With flush

orifice8 In the exhaust pipea at etations 13 and zi- inches from the

exhavet ports Of the front-rowend rear-rowcylinders, respectively.
Exhaust back press.res were recorded from differential-pressure
gages for the modified engine and froma |iquid nmanometer for the
standard engine.

Tenperatures of the rear-spark-plug gasket, the ejectors, the
carburetor screen, and tkre cylinders were measured by thernocoupl es
and recorded by a flight-test recorder. The ej ector thermocouples
were | ocated on the ssme rake8 as the total-gressure tubes. A
resi stance-bul b thernoneter was installed under the nose of the air-
pl ane for measuring free-streamair tenperature.

Pressures for measuring altitude and indicated airspeed were
nrovided by swiveling static-pressure and shrouded total-pressure
tubes, located 1 chord |length ahead of the right-wing tip. Engine
charge-air flowwas determ ned by carburetor metering-oressure data
and air-box calibrations. Carburetor impact total-pressure and
carburetor uncompensated metering-~pressurs di fferenti al 8 were obt ai ned
fromeensitive absolute-pressure gages and differential -pressure gages,
respectively . Engine manifol d pressures were neasured by sensitive
absol ut e- pressure gages.

A position transmtter was used to measure coOWM -f| ap openings.
A deflecting-vane-t; fuel flowmeter was Installed In the fuel |ine
bet ween the carburetor and inJjection nozzle to measure fuel flow
Br ake horsepower was determined from Pratt & Wit ney torgquemesters
and sensitive tachoneters.

All instrunments were calibrated before installation in the atr-
plane. Wth the exception of torque rressure, cow -flap opening,
and engi ne tenperature, all data were recordsd on photogrephic film

SYMBOLS

The follow ng synbols are used in the presentation of results.
The numericel subscript8 refer to station8 on figure 7.
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exhaust-nozzl e or exhaust tail-pipe area, (eq ft)
specific heat at constant pressure, (Btu/{1b)(°F))
net thrust, (Ib)

accel eration of gravity, (ft/sec?)

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

total pressure in second-stage ejectors, (1b/eq £t absolute or
In. water gage)

nmechani cal equival ent of heat, (778), (ft-1b/Btu)
mass Of engine cooling-air flow, (slugs/sec)
mass Of engine chargs-sir flow, (slvugs/sec)

mass Of engine exhaust-gas flow, (slugs/sec)
free-streamstatic pressure, (1b/eg ft absol ute)

static pressure at cylinder-baffle exit, (ib/sq ft absolute or
in. wat er gage)

engi ne exhaust back pressure, (in. Hg absol ute)
engine manifcld pressure, (In. Hg absol ute)

average Of engine cylinder-head and cylinder-barrel pressure drop
(in. water)

engine cylinder-head pressure drop, (in. water)
free-streamdynamic pressure, (in. water)

gas constant for exhaust, (ft-ib)/(silag)(°F)
total tenperature behind engine, (°R)}

tot81 tenperature in ejectors, (°R)
exhaust-gas tenperature, (°R)

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

Ve velocity at flap exit, ejector engine, (ft/sec)
V45 velocity at flap exit, standard engi ne, {£t/sec)
V¥, mesn effective exhaust-gas velocity, (ft/sec)

Y ratio of specific heats of air, 1.4
propellsr ef fici ency

Og ratio of free-streamair density to NACA standard eea-|eve
afr density

Oy ratio of air density at cylinder-baffle exit to0 NACA standerd
sea-l evel air density

METHOD OF CALCULATION
In order to determne the over-all performance of each instal-
lation, t he net thrusts of the cooling air and t he exhaust gas were
cal cul ated by the fol |l owi ng compressible-f| ow equations. The net

thrust i s the change in momentuwm of the coolirng air and the exhaust
gases from true airspeed to their respective exit velocities.

For the nodified enginse,
Fp = (Mg + M) Vg,e - (Ma ¥ M) Yo (1)
wher e

/ e -1
j 1

V4’e =A|E Zchst l "("H"g

¥ g

In equation (1) the assunption vwas made that the fluid changed
isentropically fromthe total pressure (fig. 8) and the total tenper-
ature in the ducts to free-streamstatic pressure and temperature.
Any losses that mght have occurred in the diffusers and t hrough the
closed cowl flaps were negl ected.

For the standard engine,

Fn = MaVy g + M Vg - (Mg + M) Vg (2)
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wher e . _
. 7-_‘1_
| N
-4 zazeggs - (20
V4:: 8 \,’ &TGPTE!l N -p2>
and
_ MegRTe
Ve = ~
(0]

In equation (2) the total pressure was assumed equal to the statio
pressure behind the engine; therefore, in the calculation of cooling-air
t hrust an isentropic change of the fluid wae assumed fromthe static
pressure (fig. 9) and tewperature behind the engine t 0 free-stream static
pressure and tenperature. The losses through the closed cow <laps were
again neglected. The exhauet vel ocity was merely a function of exhaust-
gas tanerature, free-gtreem Stati C pressure, and mass of engi ne exhaust-
gas flow

In order to determne the thrust that mght be expected from Jet
exhaust stacks on a etandard 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 follow ng equation
was used:

Fpo= MWy g + MoTo = (Mg + M) v, (3)

e )

Wth an assumed propeller efficiency of 0.85 the total net thruat
horsepower avail abl e was cal cul ated for each installation by

wher e

(See reference 4.)

7

F
thp = gsg + bhp 7, (4)
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PROCEDURE AND DI SCUSSI ON
Cool i ng- Bl ower I nvestigation

In order to determne the relation between cooling-air flow and
engine pressure drop, a portable engine-cooling blower was used. This
bl ower was set up in front of each engine (fig. 10); the bl ower outl et
was sealed to the cowing inlet by a rubber casing and the bl ower was
operated at various air flows. Engine pressure drop was multiplied
by the density ratio at the cylinder-baffle exit to include the effect
of altitude and engi ne temperature on cooling-air flow Engine cooling-
air pressure drop and temperaturss behind the engi nes were measured in
flight and used in conjunction with the data of figure 11 to obtain
cooling-air flow under flight-test conditions

G ound Investigation

A ground investigation was made to determne the cooling charac-
teristics of each installation at a condition of zero ram The results
of this investigation at a free-air tenperature of 35° F with cow
fl aps open are shown in figure 12 where the available cylinder-head
preasure drop ogpy, fuel-air ratio for both engines, and the maxinum

cylinder-head temperature Th for the exhaust-ejector engine are
plotted against brake horsepower. |If permtted to stabilize, the
cylinder-head tenperatures on the standard engi ne woul d have exceeded
the manufacturer's maxinumlinmt of 500° F at test conditions using
about 600 brake horsevower or nore;, therefore, no cylinder-head tem-
perature data for this engine were obtained. As shown in figurs 12,
an increase i n brake horsepower produces a greater increase in head
pressure drop in the modified engine than in the standard engine.
Despite slightly |eaner fuel-air ratios, the nodified engine cool ed
far better then the standard ongine for all powers. For example, at
take-of f conditions (maximum power) with-cow #£ieps full open, the
modi fied-engine installation provided a cylinder-head pressure drop
of 5.5 inches of water; whereas the cow flaps on the standard engine
i nduced a pressure drop of only 2.5 inches of water. Wth a cylinder-
head mressure drop of 5.5 inches of water, the nmaxi mumcylinder tem-
perature for take-off conditions was 430° F

Flight Investigation

The available cooling-air cylinder-head pressure-drop ratios
Aph/q in fiight for etandard and nodified engines are shown in
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figure 13 at altitudes of 5,000, 10,000, and 15,000 feet. In order to
conmpare the instelletions, t he curves for the standard installation
wer e superimposed, W t hout test points, over those for the elector
Ingtallaticn.

The standard engine had a constant pressure-drop ratio of approxi-
mately 0.48 with coM flape full open and about 0.23 with cow flaps
closed. This pressure-drop ratio appeared to be constant for all alti-
tudes. The pressure drop available on the modified 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
hi gher altitudes. For a given horsepower the pressure-drop rati o was
hi gher at |ow airspeeds, such as those encountered 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, (g = 12.0 in. of
water) tepressure~drop rati o was 0.62 wth flaps open and 0.40 with
flaps closed, Thus at 5000 feet and a | ow airameed, the ejectors induoed
nearly as nuch pressure drop across the engi ne with exit flaps cl osed as
conventional cow flaps that are full épen.

The average cylinder-head tenperatures are plotted against free-
stream dynam c pressure ( for normal rated and maxi mum cruiserzowers
at an altitude of 5000 feet in figure 14. These curves ehow that, at
1460 brake horaepower and at a | ow ai rspeed corresponding to a dynamc
pressure ( Of about 12.0 inches of water, the modified engine Wi th
cow flaps cl osed runs about 15° F cool er than the standard engi ne with
cow flaps full open.

The exhaust back pressures measured on each engine at 5000 feet are
shown in figure 15. Because of the restricted exhaust nozzles, t he back
pressure is coneiderably higher in the nodified engine than in the stand-
ard engine. Separate curves are shown With cowm flaps open and cl osed
for the nodified engine because the exhaust gas is di scharged through the
exit flaps, which affect the static pressure at the exhsust~-stack outlet.
Engine calibration curvea at an altitude of 5000 feet are given for the
standard and nodified engines in figure 16 fromwhich the effect of back
pressure on engi ne psrformance My be. seen. A losg of 100 brake horse-
powsr existed for the modified engine at 2400 rpm. The results of thrust
cal cul ations at each altitude are shown in figures 17 and 18. These
curves sShow the drag, or thrust, of the caolirng air and exhaust gases for
each type of installation.

The following tabl e shows the total net thrust horsepower for both
installations with cowl flaps closed at an altitude of 5000 feet and a
true airspeed of 265 nmiles per hour, with each engine operating at the
same speed and nani fol d pressure:
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F
Engine bh n| thp
s ? REDY
Standard 1560 | -31 1300
Modi fi ed 1460 65 11286
Standard with | 1460 | 162 1355
Jot atacke \

The data show that the | oss of 100 brake horsepower due to high
exhzust back pressure i s almost all regsined by the nmonentumi ncrease
of the cooling au on the uodified engine and also that nore thrust
wzy be obtained from a standard engine with Jet exhaust stacks than
fromthe erhaust-ejector irstallation. At | ow ai rspeeds the cow
flaps on the standard engi ne nust be open to provide sufficient engine
cooling and thus they increase ths formdrag. Inasmuch as M form-
drag neasurenments weire made in flight, a quantitative thrust analysis
at low airspeeds could not te mecs.

Representative temperature and pressure patterns for the two
inetallations under simlar operating conditions are shown in fig-
ures 19 and 20. mo serious effect on tenperature and pressure distri-
butions resulted fromthe use of the exhaust-ejector installation.

SUMMARY OF RESULIS

From conparative flight and ground investigations of an exhaust-
ej ector installation and a standard exhaust-col [ ector-ring installa-
ticn on air-cool ed engines in a twin-engine ai rpl ane, the following
results were obtained:

1. At take-off operating conditions at zero ramon the ground,
the' ejectors provide9 a prsssure drop across the engine of 5.5 inches
of water with the exit £iaps full open, which was sufficient to cool
t he engine 20° F below the manufacturer's limit of S00° F at a free-
air temperature of 35° F; whereas the standard engi ne woul d have over-
heat ed at above 600 brake hor sepower.

2. At low airspeeds; such as encountered during take-off and
clinmb, the ejectors punped approxi mately as nuch cooling air across
the engine wth the exft flaps closed as conventional cow flaps
pumped when full open.

3. The propul sive thrust of thle exhaust - e jector installation was
calculated to be slightly leas thap the thrust ofthe collector-ring
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instal | ation because the thrust obtained fromthe ejectors was slightly
less than the | oss in brake horsepower due to high exhaust back pressure
caused by the restricted outlet area of the exhaust stacks.

Aircraft Engi ne Resear ch Laboratory, .
National Advisory Commttee for Aeronautics,
C evel and, Ohio:

REFERENCES

1. Manganiello, . J., and Bogatsky, Donald: An Experimental Investiga-
tion of Rectangular Exhaust-Gas Ejectors Applicable for Engine
Cooling. NACA ARR No. E4E31, 1944,

2. Manganiello, Bugens J.: A Preliminsry | nvestigation of Exhaust-Gas
Ejectors for Gound Cooling. NAaCA ACR, July 1942. (C aseiffcation
changed from" Confidential" to "Reetricted"”, April 1946.)

3. Marquardt, R E.: A Theoretical and Experinental Inveatigation of
Exhaust EJectors for Cooling at ILow Speeds. NACA ACR No. 3GOS5,
1943. (Classification changed from" Confidential" to "Restricted",
April 1946.)

4. Pinkel, Benjamin, Turner, L. Richard, and voss, Fred: Design Of
Nozzles for the Individual Cylinder Exuaust Jet Propul sion System.
NACA ACR, April 1941.



695 v

=Ly
g 10

P T

NACA
C- 14426
3-13-48

Figure I. -~ Alrplane used n f ight nvest gat on of exhaust-ejector installation,

‘“ON WY YO¥N

=g 1194

oEI:I

!



_gaiﬁg.

Figure 2, - Exhaust-ejector

nsta

o1 i R

-

eft nac

695

e

H

‘e _f tsst airplan

T ea)39
o 12-10-45
e .

‘ON Wd VIOVN

e 193

*B614



Figure 3

el prﬂ'['”' a-

| i Hy _-.JMJ

~General arrangement of left nacelle modified for
tlon in test airplane.

-

695

il'!ﬁ ; 12.:'13-358

P

exhaust ejector instal | a-

*ON WY VO¥N

93

Bis



Flagure 4.

Sl Ll . L, 1

Standard axhaust

collector~

ring

[T Y

installation

plane,

Huast

695 o

NACA
C-I8940
12710~ 48

in right nacelle of test alr-

“ON KHH VYIVYN

2e 1193

614



' ~ [l
,g_th.__.._.aﬂm* T.n_.. .._. : " .

L LT B I

R T b e et

Figure 5. - Genera arrangement of standard right nace e in test a rp ane.

‘“ON WY ¥IVYN B

wg | 193

814



Fig-.

iectors mounted on removabie acces~

o
-
o
o
)
)
+»
"
o |
N o
- w
) -
0 —
w (T
. i
o
z .
{¥e]
=
o o
*
< =
3 o
< —
= w

‘ B G69 . ‘ )

sory skin pane



Station 4

695 “

Station C

v -
Statlion 3 L.« Station 2 Statlon 1
' Statlo-preas
tubes
(
ressure an d
temperature rakes
all;atntlo-pressure oin.-dt
orifices -in.~diam.
) ejcetfi nozzl Wanii
- d [Exhaugt ~baok=
[- presaure orifices|
e ] 3
tet— |, =1
4 p y LPivgt-stage |
45: y ejeeto;a. L
Exit flapa ffuger Zé;o -stage T Ug sl fz-Tota1-pressun
lnctinq :Jggtora, “‘\\\ tubes
aq in.
U LA A L 20" ———> -—-16-;"—'- i
' Fire wal

/

Plgure 7. ~ Sobamatio diagram Of exhaust-sjeotor installation In left nacelle of test airplane.

COMMITTEE FM AERONAUTICS

€ Thermocouple

o 8tatlo-pressure

orifice

NATIONAL ADY ISORY

"ON NH eDVWN

Te3

T
[ +]

=l




Fig. 8

NACARMN o

oowl flaps closed.

2.9 NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
c\ Br ake
1.6 Ny horsepower
o 1460
. o 1000
N o 700
1.2—8&q ~
\\ \\ ]
E \ o .
R ‘\“\\ﬂ_ o
.o\*.
X
(a) Altitude, 5,000 feet.
o
B 1. oy
g N
) [+
o \ Brake
- 1. \\ horsepower
g ~ o \ o 1250
w
. 4 I~ o 1000
& X O o 700
* P\
& PO
"(b) Altitude, 10,000 feet.
.
\o. ke
J N Bra
1.9 7 ~ horsepower |[—
E\\ \\ o 1250
— - o 1000
e o 700
- ol
~L
45 15 20 25 30 35 40
Free-stream dynamic pressure, 4, in. water
(e} Altitude, 15,000 feet.
Figure 8. =- Average total pressure in exhaust ejectors with

E6LI3a

G669



NACA RM No. E6LI13a

Statiec. pr: ssure ratio, pz/q

Fig.

NAT fONAL ADVISORY

COMMITTEE FOR AERONAUT ICS

[4¢]

o

Al Sivude

(£8)

5, 000
o 10,000
< 15, 000

.

%

L ]
-

1 1

20

2

Free-stream dynarm c pressure,

Figure & . -~ Average static pressure behind standard engine
with cowl flaps closed.

q,

. 3
I n.

wat er



Blower setup for ca

brat

ng engline coo

[y

,.__..o.. . R i
...-..-u. s __f N

695

ng-air flow.

‘“ON WY YOVN

®g 1793

'Bld

0l



695

NACA RM No. E6 LI3a

Cooling-air flow, My, slugs/sec
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