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NATIONAL ADVISORY COMMITTEE FCR AERONAUTICS

ADVANCE CONFIDENTIAL REPORT

A PRELIMINARY INVESTIGATION OF EXHAUST-GAS
EJECTORS FOR GRQUND COOLING

' By Bugene J., Manganiello

SUMMARY

A preliminary investigation was made to'determine'fhe'
suitability of ejectors actuated by the exhaust of a radial
air-cooled aircraft engine for providing engine cooling air

at the ground condition. Various length and diameter e jectors

were tested for varying engine power for: (1) nine ejectors,
each being actuated by the exhaust of individual cylinders;
and (2) three ejectors, each being dctuated by the exhaust of
groupe of three cylinders.

The cooling-air pressure drop induced by ejector action
increased with engine power and increased with increase of
ejector length and diameter up to optimum values above which
the pressure drop decreased. For equal ejector areas, the
grouped system provided more cooling air than the individual

ejectors. Diffuser exit scctions markedly improved the ejector

pumping. The pressure drops realized were of gigniricant
magnitude for cooling, & value of 4.85 inches of water being
obtained for an ejector installation with diffusing exits.

INTRODUCTION

The increased output of aircraft engines in recent years
has aggravated the difficulties of the cooling problem.
Ground ccoling, in particular, has been difficult to obtain
in submerged installations, pusher-type installations, and

some high-speed tractor installations. The possibility of theé

use of ejector pumps actuated by the engine exhaust has been
suggested as a means of Improving the sltuation,
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Some experimental investigations of the ejector principle have

been made in the past in connection with aircraft problems. References 1,

2, and 3 present results of tests of ejectors with regard to jet-thrust
augnentation. The tests were conducted, for the most part, with small-
gcale models actuated by compressed air under steady-flow conditions.
Reference 3 also includes the results of some tests with exhaust-gas
ejectors. Reference 4 reports the results of an investigation of the
design and operating conditions of small-scale compressed -air e jectors
pertinent to their pumping, as well as to their thrust-augmentation,
characteristics,

In view of the lack of experimental data directly appllcable to
the problem, an investigation was made to determine the efficacy of
e jectors actuated by the exhaust of an aircraft engine in providing
engine cooling air at the ground condition.

Tests were made of a propeller-loaded air-cooled engine of the
500-horsepower class mounted on an outdoor test stand. The pumping
effectiveness of ejectors of different diameters was determined with
varying lengthe for: (1) nine ejectors, each actuated by the exhaust of
individual cylinders; and (2) three ejectors, each actuated by the
exhaugt of a group of three cylinders. The pressure drop available for
cooling was evaluated for conditions of ejector action alone and of com=-
bined ejector and propeller-slipstream effects.

This investigation was a preliminary survey of the problem to check

" the order of magnitude of the cooling-air pressure drop to be expected

from ejector pumping and to determine its variation with change of the
hagic ejector dimensions.

APPARATUS AND METHODS
General Setup

A nine-cylinder radial air-cooled engine rated at 475 horsepower
at an engine speed of 1900 rpm at sea level was used in thesge tests.
Thie engine has a displacement volume of 1344 cubic inches, a com-
pression ratio of 6.5, and & blower ratio of 13:1. The engine was
mounted on an outdoor test stend that was provided with a scale for
measuring engine torque. (See fig. 1.) Engine speed was measured
with a tachometer, and manifold pressure was indicated by a mercury
manometer. The engine was fitted with conventional cooling baffles
and a conventional cowl that was completely closed off at the rear
except for the ejector-stack openings.



Iron-constantan thermocouples were installed on the rear
spark-plug gaskets and the flangss of each cylinder to provide
an indication of the engine cooling. Gasoline having an octane

‘rating of 100 and conforming to Army-Navy Fuel Specification

No. AN-VV-F-781 was used in all tests.

The power‘wéé absorbed by adjustable pfoﬁellers, the blades

* being set to give rated engine speed at rated_pOwer.

Individual Ejector Stacks

_ The exhaust stacks consisted of short lengths of straight
tubing having necked-down exit sections with an area of aboutb
2 square inches, this area being the minlmum calculated value
resulting in zero loss of engine power due to back pressure
(reference 5). As shown in figure 2(a) the exhaust discharged
into the center of the entrance sections of the ejector stacks,

which consisted of straight lengths of sheet-metal tubing. The

symbols uscd in figure 2-and later figures should be gvident from
the sketches; they are defined in the appendix., The dimensione
of the entrance sections for the ejectors of 4- and 6-inch
diameters are ehown in figure 2(b). A rounded, or bell-shaped,
entrance section was used for the ejectors of 4~inch diameter.
Reference 2 indicates, however, that the shape of entrance is

not critical; hence, straight conical entrance sections were

used for all other ejectors tested.

In order to prevent the aerodynamic effects of the propeller
slipstream from influencing the test results, a pusher propeller
was uged and a housing was built around the engine cowl. (see
fig. 2(a).) The housing provided an annular passage for the
engine cooling alr with entrance at the rear of the cowling
where the propeller effects were negligible, aB determined by a
pressure ~head survey. : : '

The cooling-air pressure drop acroes the engine baffles

»APb was measured at eight locations by means of pressure tubes

and alcohol manometers. Thres of the static-head tubes installed
at the reer of the balfles were also utilized to indicate the
total-pressure drop - AP, offectod by ejector action. Pressure

determinations were also made ahcad of the engine (three locations),

at the rear of the cowling where the cooling air entered (three
locations), and at the end of one of the ejector stacks, The
locations at which pressure measgurements wers made are shown

gchematically in figure 2(a).



Ejector stacks of 6- and 4-inch diameters and of lengths
varying from 4 to 36 inches were tested for a range of engine
power from 80 to 475 horsepower. Under the conditions of pusher
propeller and housed cowl, the cooling-air pressure drop resulting
from ejector action was insufficient to permit steady-state engine
operation without excessive cylinder temperatures. The test
procedure adopted to obviate this difficulty consisted of vary-
ing the engine power steadily from idling to full load and holding
it constant at each of the test points only long enough to take
photographic records oi' the manometers and the tachometer and
to take sirultaneous readings of the torque scale. Two series
of runs were made for each e jector combination. Parallel series
of tests were made with the ejectors of 6-inch diameter to
obtain the combined effect of ejector and propeller-slipstream
action. For these tests the cowl housing was removed and the
pusher propeller was replaced with a tractor propeller. The
test procedure was similar to that of the previous tests except
that the engine power at each test point was maintained for an
appreciable time interval without overheating the engine.

Group Ejector Stacks

The exhaust stacks of the nine cylinders were combined in
gréups of three to actuate three ejectors (fige S Ly~
inders 1, 4, and 7 constituted the first group; cylinders 2,
5, and 8, the second; and cylinders 3, 6, and 9, the third.
This arrangement resulted in equally spaced firing intervals
oi the cylinders in each group. The exhaust stacks connecting
the cylinders to the ejectors were kept as free oi sharp bends
as was congistent with the physical limitations of the setup.
The exit sections, which were of the same diameter as those in
the individual-ejector tests, were set at the approximate cen-
ter of the ejJector entrance cones.

In view ol the cooling difiiculties encountered in the
individual-e jector tests with the pusher propeller and the cowl
housing, the grouped-ejector tests were made with a tractor
propeller and no cowl housing. In order to provide informatiocn
for isolating the effects of the propeller slipstream on the
cooling-air pressure drop, a more extensive pressure survey was
made. Pressure measurements were made at three locations in
front of the engine and at eight locations across the baifles;
all the tubes at the rear of the baifles were also used to indi-
cate the pressure at the rear of the engine with respect to the
atmosphere. Total-pressure PO and static-pressure Ps



measurements were made at the downstream end of each ejector
entrance section and static-pressure P, measurements were

made of the alr at the exit section of each ejector.

1 1
Bjectors of 6-, 75-, and 85-inch diameters were tested for

lengths from 4 to 36 inches over a range of engine power from
100 to 450 horsepower. Ejectors of 9i.inch diameter were tested

for lengths from 4 to 120 inches. The characterigtics of the

e jectors of 9l_inch diameter were also determined for conditlons
of restricted exit sections in order to obtain data for correcting
the test results to atmospheric pressure at exit. (See appendix
for method of correcting results.)  The two restrictions tested
congisted of conical sections of 8§~inch and Zé-inch diameters

at their exit ends. An additional test was made of the ejectors
of 9%—inch diameter when fitted with. diffusers of 13%—inch exit
diameter and 30-inch length.

The engine cooling was adequate in these tests and therefore
permitted the attaining of equilibrium conditions for each test
point before data were recorded. Manometer readings were taken
photographically and readings of engine speed, torque, and ’
temperature were taken visually.

RESULTS AND DISCUSSION
Individual Ejectors

The total-pressure drop of the cooling air from the front
to the rear of the engine baffles AP, obtained in the housed-
cowl tests is attributed entirely to the ejectors and may be
taken as a measure of their performance. ' This total-pressure
drop slightly exceeds the cooling-air pressure drop across the
engine baffles APb because of the losses involved in the

annular entrance passage provided between the cowl and the
extericr housing.

The variation of total-pressure drop AP, with engine

horsepower for various lengths of the ejectors of 4-inch diameter
is shown in figure 4(a). The increase of pressure drop with
increase in horsepower results from the greater energy contained
in the exhaust gas at the higher powers; whereas, the increase

of pressure drop with increased ejector length is explained by the



mixing-length requirement for transfer of the energy of the
exhaust gas to the cooling air. It is noted that the pressure
drops are insufficient for satisfactory cooling. Similar results
are obtained for the ejectors of 6-inch diameter (fig. 4(b)).

Comparison of the results of the ejectors of 4- and 6-inch
diameters is given in figure S5, which is a cross plot of fig-
ures 4(a) and 4(b) with total-pressure drop plotted against
length-diameter ratio at constant engine power of 450 brake horse-
power. Also included in figure 5 are the results of the tests
made of the combined e jector and propeller-slipstream pumping
action. Greater cooling-air pressure drops are realized with
the larger-diameter-ejector system and with increasing length.
The pressure drop tends to level off at increasing length-
diameter ratio owing to the diminishing improvement in energy
transfer with increasing mixing length and to increasing friction
losses. Evidently, the optimum length for these e jectors had
not guite been reached in the tests.

The cooling-air flow is increased by incorporating the
propeller-slipstream effects with the ejector action, a pressure
drop of 3.7 inches of water resulting at a length-diamster ratio
of 6 as compared with 2.6 inches of water for ejector action
alone. Becasuse the separate effects do not add algebraically
when combined, the propeller slipstream alcne would provide more
pressure drop than is indicated by the difference of 1.1 between
3.7 and 2.6 inches of water. For example, at zero ejector length
there is no pressure drop due to ejector action; hence, the pres-
sure drop of 2 inches of water indicated for the combined ejector
and propeller effects is evidently entirely attributable to
propeller-slipstream effects.

The pressure drop of the combined ejector and propeller action
levels off at shorter ejector lengths than the pressure drop of
the ejector alone, owing to the greater friction assocliated with
the larger air flows.

It is noted that the cooling-air flow due to propeller action
is the resultant of two effects: (1) an increase in static pres-
sure directly behind the propeller and acting at the front of the
engine, and (2) a decrease in static pressure at the rear of the
cowl and acting at the ejector exits. The second effect is greater
in these tests than would prevail in some conventional propeller-
nacelle combinations owing to the absence of an afterbody on the
test installation. Use of cowl flaps on conventicnal nacelles,
however, permits the obtaining of statltc pressures at the cowl
exit of even lower values than cxisted in the test sctup.




Grouped Ejectors

The cooling-air vressure drop APb obtained in the grouped-
ejector tests is the resultant of both ejector and propeller -

slipstream effects. The pressure drop attributed to ejector
action alone AP,' may be calculated from APb and a knowledge

of the pressures at various points throughout the system. The
method of calculating APb' is shown in the appendix.

The variation of pressure drop due to ejector action AP

with engine horsepower for varlous lengths of ejectors of 6-,
i il
72~, 85-, and 93-inch diameters is shown in figures 6(a) to
6(d), respectively. The curves are, in general, similarito those‘l
of the individual-ejector tests, show1ng an inerease in pressure
drop with increase in engine powcr and ejector 1ength

Figure 7(a) is a cross plot of figures 6(a) to 6(d) in which
cooling-air pressure drop due to ejector action APy' is plotted
against length-diameter ratio at constant engine power of 450
brake horsepower. The total pressure drops, APy (e jector plus

propeller-slipstream offocts) are plotted in a similar mannef in
figure 7(b) :

Figure 7(a) indicates that the valucs of APb increase

with increasc of ejector diameter at the hlgher values of length-
diameter ratio but decrease with increase of e jector diameter at
the lower values. The last-mentioned effect is somewhat unex-
pected but may possibly be due to better miXing effectiveness
with ‘smaller-diameter ejectors for the shorter lengths.

; . 8 M
The pérformance of the e jector of 9§rinch:diameter, which
was investigated over a larger rangec of longths than the ejectors
of smaller diameters, is seen to have def'initely leveled off
at a length-diameter value of about 6, providing a maximum pres-
sure drop of abpout 3.3 inches of water. 'Comparison'of the

1 1 , :
Sé' and, 9g~inch diameter curves indicates that further increase

in dlameter would be unlikely to increase the ejector pumping
appreclably - :

With refgrence to the curves of .combined e jector and
propeller-slipstream action (fig. 7(v)), it is seen that the
pressure drops for the larger ejectors remain higher than those



for the smaller-diameter e jectors down to lower values of
length-diameter ratio than for the ejectors alone. This fact
may be explained by the increase in propeller pumping with
increased exit area., The greater effect of diameter on pressure
drop with the combined e jector and propeller-slipstream action,
as compared with the ejectors alone, may be attributed to the
game effect.

The performance of the ejector of 9%winch diameter is seen

not only to have leveled off but to have started decreasing with
increased length in the range tested, i1llustrating the effect of
greater friction at higher air flows. A maximum pressure drop
of about 5.4 inches of water is realized, which is an increase
of 2.1 inches of water over the performance of the ejector alone.

The use of a diffuser exit section results in a marked
improvement in e jector performance. From figure 6(d) it is seen
that a cooling-air pressure drop of 4.65 inches of water is .

obtained at 450 brake horsepower for the ejector of Qé—inch
diameter by 36-inch length when fitted with diffuser exits of

it
13§~inch diameter by 30-inch length.

The corresponding e jector plus propeller-slipstream pres-
gure drop for these diffuser ¢jectors was 6.75 Inches of water.

The performance of the e jectors of 9%-inch diameter (without

diffusers) of the same over-all length is found to be 3.1 and
5.2 inches of water for the ejectors alone and ejectors plus
slipstream, respectively (fig. 7). The increased performance
of the diffuser ejectors is attributable to the pressure-
recovery characteristice of the diffuser. Obviously, the dif-
fuser is a very important adjunct of the ejector.

From a comparison of figures 5 and 7 it is seen that the
individual ejectors provide slightly higher cooling-air pres-
sure drops than the grouped ejectors for the 6-inch-dlameter
stacks (the only size common to both systems). It is noted,
however, that the total ejector area of the individual system
is three times that of the grouped system. For a case of almost
equal total eljector area (specifically, the 9%-in.—diam.

grouped ejectors and the 6-in.-diam, individual ejectors) it
is apparent that the grouped system results in higher maximum ’
pressure drops than the individual system. Since small cowling



exit area is required for the airplanc in the high-gpeed con-
dition, grouped-ejector systems will probably be preferable to
individual ejectors.

Satisfactory cooling for the engine used in these tests
was obtained with about 2 inches of water pressure drop at
450-brake -horsepower output. In view of the magnitude of the
wressure drops obtained in these tests, it is apparent that
oxhaust-gas-actuated ejectors offer a method of providing
gatisfactory ccoling for the ground condition and should be of
particular advantage for submerged and pusher-propeller
ingtallations.

Admittedly, these tests were of a preliminary nature and
a more complete investigation of ejectors is desirable.
Additional tests might well include an extensivc survey of
ejector size and shape and diifusing exits with engines of
currcnt horsepower ratings at various flight specds and
altitudes.

CONCLUSIONS

From tests of a nine-cylinder redial air-cooled engine
of 475 rated horscpower provided with ejectors actuated by
exhaust gas, it has been concluded that:

1. Ejectors furnished a means of supplying the required
engine cooling air at the ground condition.

2. The cooling-air prossure drop induced by e jector
action increasecd with engine powor.

3. The cooling-air pressure drop provided by the ejectors
increased with increase of ejector diamecter and length up to

optimum values.

4, For equal total ¢joctor crose-sectional arca & grouped

system of three ejectors, eesch actuated by the exhaust of three

engine cylinders, provided higher cooling-air pressure drop
than individual ejcctors for each cylinder.

5. Diffuscr exit sections considerably improved the
performance of the ejectors.

w
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6. A total cooling-air pressure drop of 6.75 inches of water
was obtained at an engine power of 450 brake horsepower for
ejectors fitted with diffuser exit sections; of this amount
4,65 inches of water is attributed to ejector action.

Langley Memorial Aeromgubtical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.



¢ From equatlons (1) and (2)
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APPENDIX
CORREQTION FOR PROPFLLER-SLIPSTREAM EFFECTS

The coollng air pressure drops AP obtalned in the

2 grouped -¢ jector tests were the result of both ejeotor and

prope7ler sllpstream.action The measured APb may -be

corrected by a semiemplrical method for the propeller-
slipstream effects to obtain .the pressure drop due to ejec-
torraction AP, v,

b

Static-Pressure. Increase in Front of Engine

Congider first the increase iﬁ static pressure ahead of
- the engine due to the propeller slipstream. (See fig. 3.)
The quantity of cooling-alr flow “Q  is proportional to the

square root of the pressure droyp across the engine baffles

5 K1~’APb = Ki~/PéijPr el (1)

where

P, static pressure'éhead_of'engiﬁg
P. . static pressure at rear of engine . .

and is proportiohal to the square root of the static-pressure
drop from the rear of the engine to the front end of the ejector
tube P

q-= KZJP | (2)

B Py KalBr S Bg) (3)

which may be written

= P.)A

8

HJ
1
vl

1

5 Kﬁ(Pa
or

APb = K4(Pa i PS) (4)
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If the subscript 1 1is used to denote measured, or indicated,
values and the subscript ¢ +to denote values corrected to Pa

reduced to atmosbheric pressure, it follows that

AP P - P

: bc " ac 8¢ )
B P~ P

& bi as 84 ;

For the small range of variation of Pa experienced in the

8
to Psi because the effect of the change in P, 1is to change the

in the tests, P b may, as a good approximation, be taken equal

quantity of ‘cooling-air flow Q; and P was obsgerved to be

gubstantially independent of Q for constant ejector conditions,
as determined by the teets on the ejectors with restricted exit
gections. Equation (5) thus becomes

AP;  JRE

bC % ac Si (6)
R R

by a4 8y

Equation (6) permits a reduction of the measured pressure drops to
the pressure drops that would exist were there no increase in static
pressure over atmospheric in front of the engine. In the applica-
tion of this correction to the test data, the value of P used

was the difference between the observed valuesg of APb and P

Thig difference was congidered to be more accurate than the observed
value of P (see fig. 3) because AP, and P, were obtained

from averaglng pressure readings at eight locations, whereas P,

was obtained from averaging pressures at three locations. It 1s
noted that good agreement existed between the two values.

Static-Pressure Decrease at Ejector Exit

The correction for reduction in static bressure in the region
of the ejector exits P, caused by the propeller slipstream was

obtained from a graphical analysis of the data.

The cooling-air pressure drops APbc were plotted against
the static pressure at the entrance end of the ejectors Ps and
were found to yield straight-line relationships for ejectors of

each diameter (see fig. 8), which indicates the following expressions:
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| KAPbC)g - (APbc>l = - n1<P82 - Psl> (7)

where m is the slope of the lines and depends. on ejector
diameter and subscripte 1 and 2 refer to specific points
on the curve. It is noted that Py in Figure 8 is given in
inches of water vacuum and is thus consistent with the negative
slope indicated in equation (7).

The tests of the ejectors with conically regtricted exit
sections gave the variation of pressure rise in the e jector
(P, - Pg) for variation of exit pressures from several inches
of water below atmospheric to an inch above. It is noted that,
for the restricted-exit tests, Pe is the static pressure

existing at the exit end of the e jector just upetream of the
restriction. The variation of pressure rise in the g jector
stack (P, - Py) with engine power was found to fit a single
curve for each ejector length for this range of exit pressures.
Figure 9 illustrates one of these curves. Hence (Ps - Pg)

can be considered independent of Pe for a specified ejector,

giving

%1-131=P%-Ps (8)

From equations (7) and (8) there is obtained

b e ) b P ) (9)
AP - A = -m - |
( bC /}2 \ bc 4)1 k 82 el/

or, designating APb‘ as the cooling-air pressure Adrop cor-

responding to an ejector exit pressure Pe (equal to atmos-
<
pheric) and APb as the previously noted cooling-air pres-
@

sure drop corresponding to the measured e jector-exit pressure

P, (less than atmospheric)
i

/ / 3
APy' = 8y - m (P - e (10)

Combining equations (6) and (10)

AP, = APy, |
2 1\ Fay - Pay
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Equation (11) provides the correction of the measured pressure drops
for propeller-slipstream effects.
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Figure 1. - The engine and outdoor test stand.
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o



6a, b

Figs.

NACA

R S R s i T AR R A S R SRR T8y : g e Tr L L GR M B TR e VR &= i B g : il SE S 3 L R M G B R Rl A BE R e ) Ll 5L | S8 AR B i ﬂw
I 5 1%
s MR X sl
R \ , IR
SRl I i
|| ST
JV 1
: 1%
{ | 3 SR “
: Y \ 3 ]
NN £ \ \ 19
I D N '8
| e
3 ./ A
NEA N 189 .
TR X
\ Q ] mm
\ o ool
N \ | gk
° |2./d
WL o (MERIE
S\ VR I ¢ ] &=
NLVE: VIR
S \ 18
\R AL S0 E
A\ [ AN s
Pty 6]
ANNE T
. A HE
AN
] B
........ ) TR ERES S E SR LAk TSRS [ L ¥ B A=k ) 211l 111 Ll SERNSs R ETHWRENES &N E Aakak: el AL i .-.-um E
N N 3 5 N S 3 N @ L
oM v T ‘AOYD S4NS Sy SO OM W/, 074 ‘GO UNPSSIYLs B

Figure 6. - The effect of ejector length and dlameter and engine power on
cooling-air pressure drop for the grouped-ejector system.
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Figure 6.- Continued
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Figure 9. - The variation of pressure rise in e Jector (Pe'Ps) with

engine power for the grouped ejectors of 9§-inch diameter.
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(b) Combined eJjector and propeller-slipstream effects.
Figure 7. - The effect of length-dlameter ratio on cooling~air pressure drop for grouped-
e jector system at 450 brake horsepower.
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