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RESEARCH MEMORANDUM

PRELIMINARY INVESTIGATION OF COOLING-ATR EJECTOR
PERFORMANCE AT PRESSURE RATTOS FROM 1 TO 10

By C. W. Ellis, D. P. Hollister, and A. F. Sargent, dJr.

SUMMARY

A preliminery investigation was made of the performance of several
cooling-air ejectors at primery Jel pressure ratios from 1 to 10 and
temperatures from 80° to 500° F. In order to determine the effective-
ness of these ejectors, the cooling-azir passage was blocked and the
presgure drop in the ejector, which occurred when the primary pressure
ratio and tempersture were varied, wes used as an indication of pumping
ability. The thrust was also measured to determine the cost of this
pumping in terms of Jjet thrust. The investigation was limited to
conical shroud type eJectors with ratios of shroud to nozzle exit
diameter from 1.10 to 1.58 for several ratios of the spacing between
the exits to the primary Jjet nozzle exit diameter.

The results indicate that ejector thrust is & primery consideration
in the proper selection of a coolling-alr ejJector inssmuech &8 a loss
in jet thrust is incurred. This loss is a function of the minimum
pressure obtained in the blocked cooling-zlir passage and increases as
the cooling-air-passsge pressure drops.

An increase in primary jet alr temperature from 80° to 400° F had a
detrimental effect on the pumping ability of ejectors having short
spacings between the Jet nozzle exit and the eJector shroud exit.

INTRODUCTION

The recent application of tail-pipe burning to turbojet engines
and the expected use of ram-Jet engines have greatly increased power
prlant operating temperatures and flight speeds of aircrasft, which Impose
greater requirements on the cooling system over a wider range of oper-
ating conditions than without afterburning. Cooling requirements of
turbojet engines without tail-pipe burning have been satisfied by the
use of an exhaust-gas-driven ejector as a cooling air pump. Design
and performance information over these wider ranges of operating con-
ditions is, however, meager. Coollng-sir-ejector design charts and
temperature correction factors are aveilable in references 1 and 2 for
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ratios of primary Jet total pressure to ambient pressure from 1 to 2.8. X
Theoretical and experimental ejector performance for higher primary

pressure ratios exists in referencé 3, but for configurations for which

the ratio of secondary welght flow to primary weight flow far exceeds

that necessary for conventional exhaust-gas ejectors. PFurthermore, the
theoretical treatment cannot be extended to the short mixing-section

ejector that 1is adequate for cooling purposes, because the assumption

that complete mixing occurs between the primary Jet and the fluld being

pumped is not applicable.

€828

An ejector analysis, based on certain assuwmptliona shown to be
applicable through experimental investigation, that provides some infor-
mation on cylindrical ejector performance is available in reference 4.
This reference considers ejector performence in the range of both
pressure ratios and weight flows suitable for cooling purposes, but
does not supply sufficient information to allow complete selection
of cooling-air-ejector configurations.

An investigation is being conducted at the NACA Lewis laboratory -
which will provide sufficient alr-flow-thrust information to allow
rational selection of ejectors. The present preliminary investigation
consisted of obtaining the pumping pressure rise, and the thrust of the
ejector when the cooling-air passage was blocked and the primary
pressure ratio, primary gas temperature, ratic of the spacing (between
the exits of the shroud and the nozzle) to nozzle exit diameter and
ratio of diemeters of shroud exit to nozzle exit were varied. Several
spacing ratios were investigated for each of several diameter ratios
from 1.10 to 1.58., These resulting ejecdtor configurations were inves-
tigated at primary pressure ratlos from 1 to lO and primary gas tem~
peratures of 80°, 3000, and 500° F.

SYMBOLS
The following symbols are used in this report:
area
diameter

thrust

= =5 o b

Msch number

B

mass flow
P total pressure -

P static pressure
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PO/PO ram pressure ratio

S gspace bebtween nozzle and shroud exit
S/Dp spacing ratio

T total temperature

v velocity

1 rem pressure recovery ratio

! Po/pO cooling system inlet pressure ratio

T ratio of specific heats
Subscripts: N

a standard ambient pressure
e ejector

J jet nozzle

P primary system

8 secondary system

sh shroud

0 atmospheric pressure

1 primary nozzle exit

2 shroud exit

APPARATUS AND PROCEDURE

The spparatus used in this investigation is shown schematically
in figure 1. The eJector consisted of a shrouded primsry nozzle
enclosed in a 16-inch~diameter duct connected to the lsboratory exhaust
system. The ejector was plvoted to & frams and comnected by mesns of
flexible bellows to the laboratory air supply to allow free movement
for thrust measurement. Both the primary nozzle and the shroud were
conical sections having 15° half-cone angles. The inlet diameter of
the primary nozzle was 5 inches and the exit diameter was 4 inches.

The inside diumeter of the shroud inlet was maeintalned at 10 inches
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while the exit diameter was varied to obtain diameter ratios of 1.10,
1.21, 1.39, and 1.58. The spacing ratio was varied for each diameter
ratio by inserting stralght flanged spacers in the approach pipe ahead
of the shroud.

The performance of each configuration was investigated over a
range of primary pressure ratio from 1 to 10, which were obtained by
varying both the primery total pressure and the exhaust pressure. The
primery total pressure could be varied from zero gage to about 60 percent
of the maximum of the supply system (40 lbs/sq in., gage). The exhaust
pressure could be varied from amblent to about 8 inches of mercury
absolute. The primary air could be supplied either with atmospheric
dew point at 80° F or with -20° dew point at 80° F. The temperature of
the air was varied from 80° to 500°. F by burning fuel in a turbojet-
engine combustor, which waes inserted in the air supply duct. The
secondary-alr passage was blocked to prevent the induction of air through
it by the primary Jet and the resulting pressure vedriation in the shroud.
was investigated for each configuration. It was discovered at the conclu-
gion of the Investigation that a leak existed from the primary to the
secondary allowing a secondary welght flow ratio of zero to 1 percent.
This small amount of secondary flow was not sufficient to affect the
trends of the curves presented, but did cause the secondary pressure
and thrust ratios to be slightly high.

The total pressure and temperature of the primary sir were measured
by & total-pressure tube and an iron-constantan thermocouple located
16 inches upstream of the primsry nozzle exit. The secondary total
pressure, which in this case was identical to the statlic inasmuch as the
secondary weight flow was zero, was measured by a total-head tube at
approximetely the same station at which the primary measurements were
taken.

The exhaust pressure was measured from static taps located at the
lip of the shroud in the plane of exit. This pressure was considered
to be that into which the ejector discharged and to be representative
of the pressure acting along the conical shroud. The difference in
static pressure at the 1lip of the shroud and at the duct wall in the
plane of the ejector exit varied to a maximum of 4 inches of water.

,The resultant force composed of the ejector thrust and the force
on the eJector produced by the difference between atmospheric and
exhaust pressure, was measured by & strain gage located on the center
line of the Jet and anchored to the supporting freme, The actual
ejector thrust was obtained by adding the pressure force as determined
by calibration for various exhaust pressures to the force as read from
the strain gage.
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RESULTS AND DISCUSSION

The performance of a cooling-air ejector for aireraft can be
evaluated by its ability to pump air and its effect upon jet thrust.
These performence parameters are affected by both design and operational
variables, Primary pressure ratio, the principle operational variable,
is an Indication of the combined potentlal and kinetic energy avail-
able in the drlving Jet to entrain or pump cooling air.

The effect of primary pressure ratioc on ejector performance for
an ejector with the secondary flow passage blocked is shown by the

typical performance curves of figure 2. As the primary pressure ratio was

increased, the secondary pressure ratio decressed to & minimm value
and then increased linesrly with increasing primary pressure ratio.
This variation is similar to that observed for the wall pressures of

& convergent-divergent nozzle. For example, the wall pressure at the
exit of a supersonic nozzle .is ambient until the internal normal shock
moves to the exit whereupon the exit pressure sbruptly takes on the
value of the pressure Upstream of the shock. This is shown in the
sccompanying sketch as the reglon from a to c.

a
P 1.0p-"8
p&
c

Pp/2o

Once the normal shock gtands at the exit of the nozzle, the relation
between the primary and exit pressure is fixed and remains so regardless
of how high the primary pressure ratio becomes. Thus, a&s shown in the
sketch (region ¢ to 4) the exit pressure ratio varies linearly with
primary pressure ratio. From flgure 2(a), it can be surmised that a -
shock system forms at the shroud exit in the primsry pressure ratio
range from C to E causing the secondary pressure to assume some low
value as required by the pressure rise through the shock. Beyond E

the curve is linear as with the supersonic nozzle. In the region
from.A to C the maln part of the Jjet, which is subsonic at primary
pressure ratios less than that at B and supersonic at ratios higher
than that at B, does not greatly Influence pressures within the

shroud. The reduction in secondary pressure is due to the pressure

rise required for the mixing region of the Jjet to emerge from the shroud
at ambient pressure. Beyond C, the primary pressure ratio is such

that the supersonic portion of the primery Jet has expended to £ill

the shroud exit and set up the shock system mentioned.
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The variation of thrust ratio of figure 2(b) 1s similar to that
which occurs with a supersonic nozzle operating at off-design conditions
such as described Inreéeference 5, Also the thrust ratio characteristics
follow closely those of the secondary pressure ratio of figure 2(a).
FPor example, the minimum secondary pressure ratic and thrust ratio
occur at the same primary pressure ratio. This apparent dependence
of thrust ratio upon secondary pressure ratio 13 explained in the
following discussion: —T o T

Thrust of an eJector can be written as

Fo = mpVp + Ag(pz - pp)

by referring to the asccompanyling sketch.

Pg = pg

1

[ab}

Writing the momentum equation between stations 1 and 2 glves
Ag-Ag
Pg(Ac + Ap) + pAp + mVy - f Pan 4A = DpAg + mpVp

By subtracting AsPo from each side, simplifing, and noting that
Ap = Ay = A » each side of the momentum equation becomes equal to
eJector thrust Fe resulting in the expre551on

Ag-Ag
Fo = Pbp (l + YMlz) + PgAg - AP) - Pohg + Pghe - ~[\Psh dA

This equation can be further simplified by utilizing the equation for
primary nozzle thrust which is

T

. £828
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Ejector thrust now becomes

~-Ag

Fe”Fj-"' (PS_POJ (As' A-p)"'AcPs'ﬁh dA (1)

remains subsonic), inasmuch as the areas involved are equal and pgy»

being affected only by the subsonic flow, does not vary appreciably
from P,.
s

Therefore, the thrust of an ejector becomes

. .
Fo® Fjy + (Pg - po) (&g - Ap) = Fy +Po%<§§' )('A—.:‘l) (2)

and the dependence upon secondary pressure ratio is shown. As the

secondary pressure ratic decreases below unity the thrust loss lincreases

and the thrust ratic reaches a minimum at the primary pressure ratio

at which thé jet fills the shroud. Further increases in the primary

pressure ratio cause the secondary pressure ratlo to Increase and the

thrust again increases. Examination of equation (2) indicates that

the thrust loss should be zero when the secondary.pressure ratio is

unity. However, the shroud pressures are affected'by the shock system
Ag-Ag

and the term Pgh, -\]\ Pgp GA which was previously omitted must be

included in the thrust equation to allow for the increasing shroud
well pressure. Therefore, the thrust ratio increases to & maximum
velue less than unity. '

Effect of Humidity on Ejector Performsnce

In addition to the effect of primary pressure ratio, the effect
of the operstional variables humidity and air temperature were
investigated briefly. Most ejector lnvestigations are made with
models supplied with compressed atmospheric air. The bhumidity of
this air may be relatively high, as indicated by vapor trails leaving
the ejector. In order to determine whether or not condensation within
the ejector had been affecting performance, several configurations
were investigated with both moist alr (50° F dew point) supplied at
80° F end dry air (-20° F dew point) supplied at 80°, 300°, and 400° F.
A comparison of ejector performance using the moist and dry alr at
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these temperatures is shown in fligure 3 for one ejector configuration.
Use of dry air st 80° F eliminated condensation thus preventing the
premature formation of the shock system due.to condensation and allowed
the secondary pressure ratio to decrease further until the internal
compression shock system formed.

Because of the relative high expansion ratios of the primary air
within the ejector, condensation was still theoretically possible with
the dry air at 80° F. Air temperatures were therefore increased by
burning part of the air with a hydrocarbon fuel. The 300° and 400° F
temperatures used were selected on the basis of the data of reference 6
to Insure condensation free flow. The effects of condensation had
apparently been eliminated by use of the dry air at 80C F inasmuch as
the use of heated air did not produce any additlonal change in pumping
characteristics of this configurastion. Additional effects of tempera-
ture will be discussed later. '

The effects of condensation on thrust (fig. 3(b)) are not as well
« defined as the effects on pumping chereseteristics. This lack of
definition results from the smell thrust difference between the moist
and dry air case. However, s trend towards a greater thrust loss is
indicated when condemsation is absent. The greater thrust loss 1s

due to the attainment of a lower minimum secondary pressure ratio and
the accompanying overexpansion of the primary Jet stream.

Effect of Primary Alr Temperature on EJector Performance

Heating the dry air to insure that all condensation effects were
eliminated resulted in reductions in thrust ratio as shown in
figure 3(b) as well as other variations in performance of the ejectors
having small spacing ratios (fig. 4(a) to 4(d)). The small-spacing-
ratio ejectors gave higher secondary pressure ratios (less pumping) as
the alr temperature was increased. The effect of temperature on the
pumping characteristice decreased as the elector spacing ratio increased.

Poesibly these effects resulted from changes in configuration
caused by the dlfference in linear thermal expansion between the nozzle
and the shroud. Investigation showed, however, that although the trends
were in the right direction, the changes in diameter and spacing ratio
were too small to account for the .difference,

An explanation of the effect of temperature on ejector performance
is suggested by evidence In reference 7 indicating that the primary
Jot spreads less rapidly (the efflux angle based on equal Mach numbers
at the Jet boundary is smaller), when the tempersture 1s increased.

2283
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As the Jet spreads less rapidly with lncreasing temperature, the maximum
pumping effectiveness willl occur at increasing primary pressure ratios,
These variations were found to exlst as shown in figure 4. As the spac-
ing ratio was increased, allowing Buffigient length for satisfactory
attachment of the Jet to the shroud wall, the eJector pumping perform-
ance wag less sensitive to both primary temperatures and spacing ratio.
The effect of temperature on thrust was relatively small.

Effect of Spacing Ratio on BEJjector Performance

As shown in figures 5 to 8, when the primary Jet temperature and
diameter ratio were held constant, an increase in spacing ratico resulted
in a decrease in the minimum secondary pressure ratio for any one
spacing ratio,to a minimum value for the dismeter ratio.. Further
increases in spacing ratio increased the minimum secondary pressure
ratio. Also, the minimum secondary pressure ratic occurred at progres-
gively lower primary pressure ratios as the spacing ratio was increased.

The thrust loss which accompanied the use of an ejector generally
tended to increase with decreasing secondary pressure ratio for each
diameter ratio. This trend is consistent wlith the thrust trends
already discussed and results from the internal losses asgsociated wlth
overexpansion of the fluid stream. Generally for any operating condi-
tion an increase in spacing ratio increased the thrust loss of the
ejector.

Effect of Diameter Ratio on Performance

An examination of figures 5 to 8 shows that the general effect of
increasing diameter ratio was to shift the pumpling range of an ejector
to higher pressure ratios and to increase the range of primary pressures
over which the ejector would pump. The lowest value of minimum second-
ary pressure ratio also decreased and occurred at higher spacing ratios
a8 the dlameter ratio became lsrger. The thrust ratio again followed
the secondary pressure ratio trends, indicating s close gssociation
of pumping cost with the magnitude of the pumplng. These data slso
indicate the magnitude of losses that would occur if throttling upstream
of the ejector was used to control cooling-air flow. As the cooling-
air flow approached zero;,; the thrust loss in the eJector would approach
the values shown iIn figures 5 to 8 with thrust losses as great as
35 percent occurring.
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Significance of Data

The pumping region of an ejector can be determined for various
pressure conditions and aircraft flight speeds from the data presented
herein as shown in the following sketches:

Ram ratio, Po/po'

1 Fo/p Yy Po/P

- 070 Limiting of 5 0/*0
> pumping S /
Pl range, e

1.0 Pp/P0 1.0 . Limit of
= ho - .
- . Pp/i pump

o .

§ Py/py zero weight & range
&2 flow curve & _’—Ps/po zerc weight

flow curve
Pumping range plng range

] (]

2.0 P,/Po 2.0 Pp/Po
() Ram-tvpe inl>et, (b) Zero-ram inlet,
Po/Po 2 Po/Po: 1. i1z Po/Po z 0.

The variastion of secondary pressure ratio with primery pressure
ratio under conditions of zero secondary weight flow, shown in the
sketches as the curve of zero-weight-flow ratio, 1s one boundary of
-the pumping region. The other boundary is the varlation of the
cooling-system inlet pressure ratio with primary pressure ratio lnasmuch
as this inlet ratioc cannot be exceeded by the secondary pressure ratio
when the ejector is pumping. The latter boundsry for the case of a
ram-type inlet is shown in sketch (a) where Py/pg = 13 Po/Pp Z 1.

The case of an inlet in which no ram existe is shown in sketch (b)
where 1 >1ni Po/po > 0. The primary pressure ratio at which the
bounding pressure ratios become equal determines the limit of the
primary-pressure-ratio range over which pumping can take place inasmuch
as at this point the secondary weight flow 1s zerc. This limit as
shown 1n the sketches occurs at the intersection of the zero-~weight-
flow curve and the inlet-pressure-ratio curves. Primary pressure ratlos
higher than thls limliting value would induce reverse flow through the
cooling system inasmuch as the secondaxry pressure ratio then exceeds

the inlet pressure ratio.

£822
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CONCLUDING REMARKS

The examinatlion of these data showing pumping cheracteristics and
assoclated thrust losses indicates that ejector thrust should be a
primary consideraticn in the selection of a cooling-air ejector. EJectors
which provided high pumping pressure ratios introduced high thrust losses.
Furthermore, any attempt to control cooling-sir flow by throttling
upstream of the ejector could lead, in some ejector configurstions, to
thrust losses approaching 35 percent of convergent nozzle thrust. The
investigation indicates that ejectors should be designed with spacing
ratios shorter than that which would produce the maximum pumping pressure
ratio for any one diameter ratio. This type of configuration can give
sufficient cooling flow with minimum thrust loss.

An increase in primary jet air supply temperature from 80° to 400° F
had a detrimental effect on the pumping ebility of the ejectors having
short spacings between the exits of the primary Jet nozzle and ejector
shroud. The effect of temperature on thrust retio was, however, small.

Increasing the humidity of the air supplied to the ejector showed
detrimental effects on the pumping chsracteristics when condensation
took place during the expesnsion of the air through the ejector. The
use of -20° dew point air at 80° F was sufficient to eliminate humidity
effects in the ejectors investigated.

Lewis Flight Propulsion Iaboratory
National Advisory Committee for Aeromautics
Cleveland, QChio



NACA RM ES1HZ21

REFERENCES
Performance of

1. Huddleston, 8. C., Wilsted, H. D., and Ellis, C. W.:
Jeveral Air Bjectors with Conical Mixing Sections and Small

Secondary Flow Rates. NACA RM E8D23, 1948.

2. Wilsted, H. D., Huddleston, S. C., arnd Ellis, C. W.:
Temperature on Performance of Several Ejector Configurations.

iz

' Effect of

NACA RM E9E16, 1949.
3. Keenan, J. H., and Neumen, E. P.: A Simple Air Ejector. Jour.
vol, 9,no. 2, June 1942, pp. A75-A8l.
Performance Charac-

Appl. Mech.,
4. Kochendorfer, Fred D., and Roussoc, Morris D.:

teristics of Aircraft Cooling EJectors Having Short Cylindrical
Shrouds. NACA RM ES51EO1, 1951.

Theoretical Performance of Convergent-Divergent

5. Hall, Newman A.:
Meteor Rep. UAC-1, Res. Dept., United Aircraft Corp.,
(U. S. Navy, Bur. Ordnance Contract NOrd 9845 with

Nozzles,
Dec,..1946,

M.I.T.)
6. Burgess, Warren C., Jr., and Seashore, Ferris L.: Criteriomns for
Condensation-Free Flow in Supersonic Tunnels, RACA RM EQE02, 1949.
7. Rousso, Morris D., and Kochendorfer, Fred D.: Experimental Investi-
gation of Spreading Characteristics of .Choked Jets Expanding Into
Quiescent Alr. NACA RM ESOEQ3a, 1950.

2283



2283

2452

NACA RM ES1H21 L 13

Secondary duet

- g’

/
L
]
1 |
|
Flexible connections
h Y Pivoting axis
|
9.42°
Instrumentation
|
‘! ﬂk
r )
/ U
o) vy _ )

/.
.
-

|

T — \
train gage Primary nozzle: X
’ Exhsust duct
Shroud.
_ |

Figare 1. - Schematic diagram of model setup for ejJector investigation.
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Figure 2. - Typleal effect of primary pressure ratid on performance
of conlcal cooling-air ejector.
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Figure 8. - Effeect of spacing ratio on ejector performance. Primary air
temperature, 300° F; dlameter ratio, DB/Dp’ 1.58.
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