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Ejector Performance at High Temperatures and Pressures

Brian Quinn*
Air Force Aero Propulsion Laboratory, Wright-Patterson Air Force Base, Ohio

Attention has recently been given to the use of thrust augmenting ejectors in the wings of V/STOL aircraft.
Laboratory experiments using low temperature and pressure primary air have measured high-performance levels
" with well-designed ejectors. The present experiments were motivated by aircraft designers’ questions regarding
the effects of realistic temperatures and pressures on ejector performance. The simplest geometry was used: a
convergent nozzle issuing into an axisymmetric duct that entrained from and exhausted to ambient conditions.
The length of the ejector was varied from 12 to 0.75 diam. Primary temperatures and pressures spanned the in-
tervals 60 to 1000°F and 10 to 80 psig. In support of existing theory, the mass entrainment performance usually
decreased with increasing primary pressure although an aeroacoustic interaction reversed the trend over small in-
tervals. Increasing the primary temperature decreased the performance of long ejectors but had little effect on
the performance of short ejectors. The results are interpreted in terms of measurements of the pressure along the
wall of the mixing duct and total pressure and temperature profiles acquired at the exhaust plane of the ejector.

Nomenclature

AApALAweT =area, of primary flow, of entrained flow,
wet by a flow

da =elemental area

C = orifice or venturi meter mass flow coef-
ficient

Cy = skin friction coéfficient

c, = (p(x) —Papp) / (Ppyy— Payp) the wall
pressure coefficient

cp _ = specific heat at constant pressure

D : =diameter of mixing duct

d =diameter of primary nozzle exit

F = thrust produced by the ejector

Fisen =thrust produced by isentropically ex-

panding primary flow from Pgpgs to P,

Fy (M) =M(p/p7) (t/T) * the mass flux function

F; (M) = (p/P) (I +yM?), theimpulse function

F =Cr(Awpr/A2) (Viwar/V:)?G:A;  the
skin friction force

L = the length of the mixing duct

M = Mach number

m =AP(y/RT) ¥F,(M), mass flow rate -

p.Pq = static, total and dynamic pressure

P1sD2Pss..Dsy =wall pressures

& = gas constant

r =2r/d dimensionless radial distance from
axis of mixing duct

t,Tor Ty =static and total temperature

u =velocity at a point

|4 ={4 u d(a/A) the mean flow speed where
the flow areais A

X =distance downstream from the plane of
injection :

o . =§ (o/p)(uw/V) d(a/A) =1, the first
moment )

8 = (p/p)(u/V)? d(a/Ax =1, the
skewness factor or second moment

Y% =ratio of specific heats
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5 ={ (p/p)(u/ V)’ d(a/A) =1, the third
moment

€ ={(o/p) (u/ VY (/T) d(a/A) =1

0 = Tres/ T4, the primary temperature ratio

I - =P,/ Ppgs, the nozzle efficiency

& =P,/P,, the inlet efficiency

£y =2Cr(L/D)(Vyar /V2)?, the friction
factor

T = Pgrgs/P 4, the primary pressure ratio

007 =mass density of the fluid at a point, at
stagnation conditions

P = F/F sy, the thrust augmentation ratio

¥ =0""m,/m,, the reduced mass augmen-
tation factor

Subscripts

01,2 =relating to primary, entrained or mixed
conditions, or their respective positions -
in Fig. 11 :

A, AMB =relating to ambient conditions

BM =relating to conditions at the throat of the
bellmouth inlet

EXH =relating to conditions at the ejector’s
exhaust plane

RES =relating to conditions in the primary flow

‘ ‘reservoir ]

WALL =evaluated on a surface, or at the outer

edge of its boundary layer
~barred
quantities =average values, as A= [ A\d(a/A) is the

average value of the arbitrary parameter
.

Introduction

ECENT reports'” have underscored the thrust am-

plification, or augmentation, of high-performance
ejectors. While ejectors have seen use in a variety of ap-
plications since the last century, their present vogue derives
from V/STOL aircraft concepts whose wings incorporate
ejectors. The wing designs constrict the length of the device in
the flow direction and, if short or compact enough, seriously
degrade performance. This deterioration stems from the
necessity to provide a sufficiently long flow passage for
thorough mixing of the primary and entrained streams.
Nevertheless, by directing efforts into the mechanics of the
turbulent mixing process, many of the preceding citations suc-
ceeded in achieving high performance from relatively compact
ejectors.
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That the prior experiments were accomplished at low
pressures and ambient temperatures was their principal short-
coming. Experienced designers, skeptical of laboratory
results, question the promise of high performance from ejec-
tors driven by aircraft engine effluents. In particular, they ask
what effect 1000°F primary gas temperatures, delivered at
two to four atmospheres of pressure, have on ejector per-
formance.

The results of theoretical analyses, including that reported
in the Appendix, indicate that increasing the temperature of
the primary fluid reduces the performance of the ejector. The
cause lies in the higher velocities of the heated primary jet
and, thus, in the higher ejector impact losses. Unfortunately,
present analyses argue only from thermodynamics and ignore
the dynamic role played by the heart of the ejector process,
turbulent mixing.

Since the molecular and ‘‘eddy” viscosities of a fluid
depend on its temperature, designers remain uncertain of the
consequence of heating the primary stream of a compact ejec-
tor. When operated with a cold flow, the performance of the
short configuration suffers from incomplete mixing between
primary and entrained streams. The same configuration will
experience more complete mixing when operated with the
more viscous, heated primary jet. This would tend to improve
performance. Present theories fail to identify which effect of
heating the primary stream, higher impact losses or increased
mixing, will dominate the performance of compact ejectors.

If theory is inconclusive, so too is the aggregate of prior ex-
periments. McClintock and Hood’s® pioneering article re-
ported ‘‘the design of an ejector is not affected by the primary
jet velocity.”” Other factors remaining constant, one might
thus infer the independence of ejector performance and tem-
perature, although the question received neither direct nor
specific treatment by the authors. In the three volume report
written by DeLeo and Wood,’ the temperature question was
confused by apparently conflicting statements: Part I data
and text acclaim the independence of the secondary-to-
primary mass flow ratio and the primary-to-secondary tem-

‘perature ratio, but Part III analysis and text claim ‘‘an in-
crease in ejector temperature ratio,”’ 8 in the present notation,
““increases pumping performance.’”’ Rabeneck, Shumpert and
Sutton'® found very little influence of temperature ratio on
ejector performance. On the basis of very limited com-
parisons, Armstrong ! suggests that “‘thrust and temperature
corrected airflow are not appreciably affected by primary-to-
secondary temperature ratios.”’

If one factor bears responsibility for the diversity of ob-
servations in the literature it is probably the diversity of ex-
perimental devices and configurations. Encapsulated pump-
ing devices, like that used by DelLeo and Wood, suffer from
high-inlet losses which, on the other hand, are practically

negligible in Armstrong’s experiments. Diffusers, used selec-

tively in some experiments, are absent or integrally included in
others. Since the sensitivity of diffuser performance to the
initial distribution of fluid properties is well known, it is dif-
ficult, if at all possible, to isolate the effect of temperature on
the ejector from that on the diffuser. The temperature
question is more appropriately addressed by experiments with
the simplest, most basic configurations.

This was Reid’s 2 tactic. His experiments with several sim-
ple, constant area, cylindrical ejectors clearly identified the ef-
fect of pressure ratio and length on ejector performance.
Tests were conducted on ejectors with inlet area ratios less
than three, lengths between three and thirty-two diameters
and pressure ratios up to two. Temperatures, however, were
maintained at ambient levels.

Ejector performance is most frequently characterized by
the thrust ® or mass ¥ augmentation ratios. In terms of rising
vertically, ® is more significant to V/STOL aircraft, although
¥ may become more important during transition to con-
ventional flight. Both parameters are mutually dependent but
® derives from a higher velocity moment and is therefore
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more sensitive to minor perturbations. Generally speaking, an
ejector that demonstrates good @®-performance will show
equally good ¥-performance. The reverse is usually, but not
necessarily, true. The equipment available for the present ex-
periments was only capable of measuring ¥. The ejectors were
very simple and similar to Reid’s, aithough the inlet area
ratios exceeded his by an order of magnitude. The present
ratios might be found on a VTOL transport but would cer-
tainly decrease on aircraft with higher wing loadings. With the
larger inlet area ratios, together with increasing the ranges of
pressure to six atmospheres and temperatures to 1000°F, the
present experiments were intended to complement Reid’s.

Experimental Apparatus

The ejector was axisymmetric and consisted of an
aluminum bellmouth machined to mate smoothly to a steel
mixing duct of diameter D=1.375 in. The length of the
mixing duct was initially 17 in. but incrementally reduced
during the course of the experiments. The high-energy
primary air jet was expelled through a convergent, stainless-
steel nozzle of exit diameter d=0.2656 in., thereby producing
an inlet area ratio A;/4,= (D/d)? ~1=25.8. The nozzle’s
exit plane was located at the throat of the bellmouth and its
axis of symmetry coincided with that of the mixing duct. A
special tool was constructed to assure alignment and position.
The nozzle connected to a large stilling chamber through a 15-
in. length of 0.5-in.i.d. stainless tubing.

Pressure taps were drilled in the wall of the mixing duct.
Four of these, spaced at 90-deg intervals around the cir-
cumference of the duct, were located in the primary injection
plane, i.e., the throat of the bellmouth. A difference of more
than two or three hundreths of an inch of water in the pressure
at these locations was never observed and the arithmetric
average was called the bellmouth pressure pg,,. Beginning
1.1875 in. downstream from the throat, other pressure taps
were drilled into the wall at 0.25 intervals. These were also
spaced at 90-deg intervals around the circumference of the
mixing duct, so that adjacent taps at each of the four cir-
cumference locations were one inch apart. In all, there were
sixty taps that indicated wall pressures relative to ambient.
These were called p,,p,,...,D60, beginning with the most up-
stream location. '

Figure | schematically illustrates the general arrangement
of the experiment. Mounting components on an optical bench
with a three-axis traversing capability resolved many align-
ment problems. A two-axis traversing table held the ther-
mocouple and total pressure probes that surveyed the mixing
duct’s exhaust plane.

Standard laboratory instruments were used to measure tem-
perature and pressure at key locations in the apparatus and its
environs. These included water or mercury filled manometers,
pressure transducers and fast response thermocouples. The
sixty wall pressures were sensed through a Scanivalve system
whose output was displayed on the Y channel of an X—Y
recorder. The X channel was driven by an analog signal
relating the pressure signal to its corresponding distance from
the exit plane of the primary nozzle. This arrangement
provided a very quick and useful description of the pressure
rise along the length of the mixing duct. Explicit descriptions
of the apparatus and equipment can be found in Refs. 13 and
14. :

The plan of the experiments was as follows: the rate at
which a measured primary mass flow entrained ambient air
into the mixing duct was measured as the primary stagnation
pressure was increased in regular increments up to 80 psig.
This was accomplished at nominal primary stagnation tem-
peratures of 70, 500 and 1000°F. In most instances,
simultaneous measurements were made of the pressure rise
along the length of the duct and the distribution of pressure
and temperature across one diameter of the mixing duct’s
exhaust plane. After these data had been reduced and
examined, a short section was cut from the end of the mixing
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Fig. 1 -Schematic diagram of experiment.

duct and the procedure repeated. This permitted the isolation
of pressure, temperature and length effects on the corrected
mass augmentation ratio ¥ of the ejector.

The essential parts of ¥, the primary and secondary mass
flow rates, were computed independently from equations of
the form 7407y =CcHpeq, . 1deal mass flows were com-
puted from the compressible venturi equation using venturi
pressures, temperature and geometry in the case of the
primary stream, and ambient conditions expanded to the
bellmouth pressure in the case of the entrained stream.
Prolonged experiments, '*- in which the primary venturi and
the bellmouth were tested against a venturi that had
previously been calibrated by the National Bureau of Stan-
dards, provided accurate values of the flow correction coef-
ficients. The accuracy of the corrected mass flow ratios re-
ported in the following is estimated at +1 to 2%.

Results and Discussion

Performance data appear in Figs. 2 and 3, where the cor-
rected mass augmentation ratio ¥ has been plotted against the
primary pressure ratio w. The primary temperature ratios 6
and lengths, L/D of the ejectors’ mixing duct serve as curve
parameters. The monotonically decreasing trend of ¥ ()
exhibited by the longer ejectors supports the analytical results
drawn over the L/D=12.36 data for #=1.0 and §=2.7. The
calculations employed measured ' relationships between state
variables and the nozzle £, and inlet &, efficiencies, but the ef-
fect of length entered indirectly through its influence on the
friction £, and skewness 3 factors. £-=0.1 follows, ap-
proximately, from assuming V.4, =V, the turbulent skin
friction coefficient Cy=0.004 and taking L/D=12.4.
Analysis of the m=1.7 profiles exhausting' from the L/D
=12.36 ejector suggested 3=1.014. Assuming the constancy
of £, and 3 across the range 1 <7 <7 is, of course, naive. On
the other hand, equations printed in the Appendix suggest
that friction and profile characteristics appear in com-
bination, as (¢ -+ ). There is an exception in‘Eq. (A5), where
the first velocity moment « appears alone, but with little in-
fluence since (¢ —1)=.25 (3—1)=~0 for longer ejectors. In-
tegration of the velocity profiles discussed in the following
shows that the sum of ¢, and 8, and their combined effect on
¥, did, in fact, remain nearly constant over the pressure range
in question. Factors that increase 8 by concentrating energy
along the axis of the duct tend also to reduce ¢ - by decreasing
Vway, relative to V,.

So long as B and &, remain independent of ther-
modynamics, theory stresses that higher temperatures degrade
performance at all pressures. In Fig. 2, this is clearly the trend
of the L/D=12.36 data, where the long duct assures nearly
complete mixing at all pressures. Very subtle changes that
reflect the real thermodynamic dependence of 8 and £ occur
as the ejectors become shorter. The first indication appears in
the L/D=8.73 and 6.55 data obtained at the higher pressures.
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Fig. 2 Ejector entrainment performance as a function of primary
pressure ratio with primary temperature ratio and the length of the
ejector as curve parameters.
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Fig. 3 Ejector entrainment performance as a function of primary
pressure ratio’ with primary temperature ratio and the length of the
ejector as curve parameters.

Notice, especially at #=35.2 and 6.6, that the =1 and =2
data are practically coincident. At these pressures notice also
that performance at §=2 exceeds that at § =1 for the next
shorter ejector, L/D=35.82. As L/D decreases from 12.36 to
5.82, the general trend is a reduction in the sensitivity of per-
formance to # and, in some cases, a positive influence of 4.
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This tendency continues with further reductions in length,
although obscured to some extent by another phenomenon.

The initial set of data obtained with the L/D=5.09 ejector
appeared to contain more scatter than had been seen in earlier
tests. The suspected points were repeated but fell perfectly on
the original values, as shown by the single and double tick
marks in Fig. 2. Suspicions of a departure from the
monotomic trend of ¥ (7) were confirmed by data collected
at 2-psi increments throughout the interval 1.4 <7 <6.6. The
more refined-tests clearly identified two relative maxima in ¥,
and 7=2.8 and 3.8, approximately, which continued
throughout the remainder of the experiments. As the length of
the ejector dropped below four diameters, it became ap-
parent, Fig. 3, that higher temperatures slightly increased the
pressure levels at which the maxima were observed. Data ob-
tained at # =2.0 and 2.7 appeared to maximize at r=3.1 and a
second pressure ratio around 4.5 to 5.0. The second relative
maximum was not more precisely determined because
prolonged testing at elevated temperatures provoked failures
in the electrical heaters which, at that time, were irreparable.
The reader will notice that the three last tests, L/D=1.82,
1.09 and 0.73 could not berun at §=2.7.

The theoretical curves drawn over the L/D=4.36 data in
Fig. 3 direct attention to the substantial increases in per-
formance found in the two relative maxima. Friction and
skewness factors of £-=0.035 and §=1.6 give reasonable
estimates of the performance of an L/D =4.36 ejector, except
over pressure intervals around 7#=2.8 and 3.8. To achieve
analytical levels of ¥ that match the measured levels at these
pressure ratios requires skewness factors of 3=1.02. In other
words, around 7#=2.8 and 3.8 an extraordinary agent has
nearly completely mixed the primary and entrained streams in
a very short distance, 4.36 duct diameters.

Shortly after noticing the relative maxima in ¥, abrupt
changes in the noise radiating from the ejector were observed
to occur repeatably at certain pressures. It was later learned
that Reid!’> had observed a similar phenomenon. Quick
calculations indicated that screech tones generated by the un-
derexpanded primary jet might tune to transverse waves
standing in the mixing duct around == 2.8 and 3.8 at ambient
primary temperatures. Rosfjord and Tom’s'® experiments
argue in favor of an influence of temperature on the tuning
pressure. It would appear that the relative performance
maxima were the consequence of an aeroacoustic interaction
that promoted very rapid mixing. This notion was discussed
briefly in Ref. 16 and will be developed more completely in
the future.

Friction and mixing combine to increase the pressure of the
fluid as it flows through the ejector. The contribution of fric-
tion is relatively small however, and the pressure distribution
along the wall emphasizes the history of the mixing process.
The data presented in Figs. 4 and 5 describe the increase in
pressure or, equivalently, the reduction in C,=[p(x) — P4}
/{pgs —P4]1, along the wall of the L/D=8.73 ejector under
different primary stagnation conditions. Similar -trends were
observed with all ejectors whose lengths exceeded their
diameters by a factor of six or more. The broken line drawn
for 0<x/D<1 represents data obtained by probing through
the bellmouth into the mixing duct along a path r=D/4 with
6=1 and Pggs=5 and 50 psig. The agreement between the
wall and the probe data over their common interval suggests
the absence of normal pressure gradients.

The flattening of the wall pressure distributions well within
the limits of the mixing duct suggests that mixing is nearly
complete, that the initial, almost discontinuous profiles have
evolved into almost uniform, equilibrium profiles. Moreover,
the rate of change in C, reflects the rate of mixing, and the
data in Fig. 4 identify three distinct mixing rates. The fastest
mixing occurs during the aeroacoustic interaction at = =3.8.
An intermediate rate of mixing developed at #=1.7, 2.4 and
3.1, whereas data obtained at the highest reservoir pressures,
7=5.2 and 6.6, clearly indicated retarded mixing. Similar
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Fig. 4 Pressure distribution along the wall of the mixing duct, L/D
=8.73,0=1.0.

Fig. 5 Pressure distribution along the wll of the mixing duct, L/D
=8.73,6=2.7.

X/D

Fig. 6 Effect of primary temperature ratio on the pressure
distribution through the mixing duct, L/D =10.18, = = 6.6.

developments can be seen in Fig. 5 where the most rapid
mixing also occurs during the acoustic interaction, w=3.1
when §=2.7.

A dependence of mixing rate on pressure ratio was ex-
pected, but not the identification of discrete mixing modes.
The usually accepted turbulent eddy viscosity models relate
mixing rates to differences in the kinematic and ther-
modynamic properties of two streams. While the initial dif-
ferences between the primary and secondary streams certainly
varied in the present experiments, they varied monotonically,
not discretely, with pressure ratio. If one were to excuse the
aeroacoustic data as the product of an altogether different
energy transfer mechanism, the remaining data would con-
tinue to describe two discrete mixing modes. This departure
from what had been expected remains unexplained.

In support of the performance data and most viscosity
models, the wall pressure data show that mixing is accelerated
by heating the primary stream. This can be seen by con-
trasting Figs. 4 and 5 or by examining Fig. 6. In making these
comparisons, one must focus attention on data that derive
from the same model of mixing. To do otherwise would con-
fuse temperature effects with those attributable to other fac-
tors.

The data presented in Fig. 7 are typical of the velocity and
temperature profiles measured at the mixing duct’s exhaust
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Fig. 9 The dependence of mass augmentation performance on the
length of the mixing duct for parametric levels of the primary tem-
perature and pressure ratios.
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plane. Asymmetry persisted despite efforts to eliminate it by
adjusting the alignment of the nozzle and duct. Armstrong "'
also discussed the attraction of axisymmetric ejector flows for
one side or another of the mixing duct. The tendency, together
with a random flapping from side to side, seems to have been
much more pronounced in his experiments than in these. The
effect on mass entrainment performance of purposely
misaligning the flow was found to be slight. Differences in the
four bellmouth pressures quickly registered lateral
displacements of the nozzle from the centerline of the duct but
remained insensitive to angular excursions less than around
ten degrees, far more than indicated by the data of Fig. 7.

It is interesting to discuss Fig. 7 in light of Fig. 4. As men-
tioned earlier, the most rapid mixing occurs during the
acoustic interaction, at = =3.8. In contrast to tests at other
pressure ratios, the velocity profiles at this condition attain
their maximum values not on the centerline of the duct, but
nearer to its walls. The triangles in Fig.. 7 show the double
peak trend which becomes more proneunced as the length of
the ejector decreases. The similarity between the data ob-
tained at w=1.7 with those at w=2.4 is apparent: both
profiles are relatively flat and roll off near the wall. These
measurements derive from the intermediate rate of mixing
described by the central trace in Fig. 4. The upper trace, in-
dicative of retarded mixing, corresponds to the very steep
profile, 7=46.6, in Fig. 7. When the primary jet was heated,
Fig. 8, similar trends developed in the temperature profiles
but to a far less extent, consistent with faster diffusion of
scalar quantities. Consistency in the stories told by Figs. 4, 7
and 8 supports the existence of several modes of mixing, an
apparently fruitful research area.

Summary and Conclusions

Figures 9 and 10 are cross plots of Figs. 2 and 3 and sum-
marize the interplay between primary state variables and
length. Curves have been drawn through the cold data, 6
=1.0, for clarity. An ejector of area ratio 25.8 requires a
mixing duct at least half as long as its diameter in order to
function. Increasing length up to around six diameters rapidly

Fig. 10 The dependence of mass augmentation performance on the
length of the mixing duct for parametric levels of the primary tem-
perature and pressure ratios.
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improves performance, almost linearly, by providing more
time for the primary stream to transfer its energy to the en-
trained stream. Heating the primary fluid has a slightly
favorable, if any, effect on performance in this regime
because the larger viscosities reduce the skewness of the flow
in the same length of mixing duct. The observation has special
significance to those accustomed to thinking of the deleterious
effect of temperature on the performance of fully mixed ejec-
tor flows. Performance maximizes around L/D=9,.con-
- sistent with Reid’s !* observations. However, the peaks of the
curves are rather flat and performance at L/D = 6 differs little
from the maximum. Since hot and cold flows are all well-
mixed in an ejector of this length, increasing primary flow
temperatures decreases performance in accordance with fully
mixed ejector analyses. Increasing lengths beyond nine
diameters decreases ejector performance through the in-
tegrated effect of wall friction. The principal benefit of in-
creasing the rate of mixing, by acoustic coupling or other
means, can be seen in the data obtained at ==3.8, Fig. 10.
With the acoustically. enhanced mixing, performance
maximizes with approximately half the length usually
required.

Appendix

Ejector Theory

At station 1 in Fig. 11, primary fluid flows through an area
A, and the entrained fluid flows through an area A;. The
streams mix in a duct of constant area A, so Ay+A4,=A,; if
the primary nozzle has a vanishing wall thickness.

Assume the following. 1) Pressure is constant, but not
necessarily equal, in 4,,4, and A,. p,; and p, equate so long
as the primary nozzle remains unchoked. 2) 7,=7T, and
Ty=Tres. 3) y=1.4 and constant (this assumption has been
relaxed in many computations although no significant dif-
ference was observed across the interval 1=<6<3). 4)
Adiabatic flow in the mixing duct.

With these assumptions and definitions, equations can be
written that express balances of mass, momentum and energy
between stations 1 and 2. Thus, the following:

1) Continuity equation

mO+’hI=mz
(PAV) o+ (0AV) = | pu da=ac(pAV),

or
Ay Py Fy(My) (v/®RTy) " +A,; P, F,(M;) (v/®T;) *
=ad,P, F,(M,) (v/®T,) " (A1)

2) Impulse equation
(P+oV?) Ao+ (p+pV?) 1A =F +prA,+ SA pu’da
2

=F+p,A,+6p,V,°A, ‘ (A2)
where & represents the sum of flow-directed body forces
acting on the fluid as it passes through the duct. In the present
example, these are friction forces that are assumed to have the
form )

T F=Cr(Awpr/A2) (Vipar/ Vo) 2 0V, 2 Ay =Epyp M, A,

where the parameter

-~ Ep=2Cr(L/D) (Vyar/V2)?
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Fig. 11 Nomenclature and scheme of analytic model.

Usually, V4. / V<1, although the inequality could reverse
for the extraordinary profiles produced by the aeroacoustic .
interaction discussed in the text.

Using the earlier definitions, Eq. (A2) becomes
PyAoF3(My) +P A F5 (M) =p,A,)1 +v(Ep+B)M;?)
(A3)

3) Energy equation .
(mT) o+ (T, = SA pquang ou(t+ (u?/2¢c,) )da
2 2

or
T,/ To=Ka/e[ (mg+rm,;T;/Ty)/(rhg+m;)] (Ad)

where X=1+(8/e—1)(1 —1,/T,), a weak function of M,.
The largest value attainable by X occurs when the duct
chokes, i.e., M, =1. Moreover, as shown below, both § and ¢
usually exceed unity by small factors which roughly confine
their ratio to the interval 1=<6/e<1.5. This observation
assigns X to the interval 1 = X < 1.08 and experience indicates
that setting X =1 produces no meaningful error in per-
formance calculations.

Dividing the continuity Eq. (Al) into the impulse Eq. (A3)
and algebraically gathering terms eventually yields a
biquadratic equation for the mixed flow Mach number

M;* (e (Y= D) Fy? /2= (£r+B) 2] + M, 2 (a7,
~2v(§r+B)]—1=0 | (A3)
where

F= 7F; (My) +F; (M) (A /7Ap) (§,7Ep)
[(7F, (Mo) +F, (M )07 (A;/A4) (5,/60) 1(T>/Ty) *

With A;/A,, = and 6 given, and with £, and &, prescribed by
experiment or parametrically assigned, F, becomes uniquely
determined by the entrained flow Mach number M,. The
corresponding value of M, then follows from Eq. (A5) if
values have been assigned to £, « and 8. In this regard, tur-
bulent skin friction coefficients around 0.004 provide
reasonable values of £r. The remaining two parameters, o
and (3, are properties of the velocity and temperature profiles
at x=L. Their values are, strictly speaking, independent and
cannot be specified a priori, except by speculation and ex-
perience. In practice, this complication all but dissolves
because an assortment of density and velocity distributions in-

‘dicates that «, 8, and & are almost linearly related. Specifying

one therefore specifies the other two, a situation reminiscent
of the relationship between the shape factors common to
boundary-layer calculations. If, for example, one assumes
that u, p and ¢ can be described by a distribution of the form
A=1+Y f(r’',X), the integrals that define o, 3,6 and ¢ (=0
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Fig. 12 Corresponding values of « and 3 (open symbols) and é and
@ (filled symbols) computed from forty-eight different profiles.

1.8 20 22

for the distributions considered) are readily evaluated. Figure
12 was prepared by assigning twelve combinations of X and Y
to each of the four profiles sketched thereon, computing the
moments and plotting the related pairs (3,«) and (B,8). In
subsequent ejector -performance calculations, 8 was ar-
bitrarily chosen as the characterization of flow skewness, with
« and 6 computed by the linear functions drawn in Fig. 12.

In aircraft applications, the ejector exhausts to a pressure
Pexn Which could differ somewhat from P, if aerodynamic
circulation were present. Assuming the existence of a diffuser
or other device whose pressure rise is characterized by the
coefficient C, = (pgxw — P2) /q;, the momentum Eq. (A3) can
be restated as a compatibility equation:

Pexu/Pa) —Cp(q2/Pa) = [EF3(My) (Ag/As) T
+EF3 (M) (A /A) T +y(Ep+B)M,7] ! (A6)

This relationship will be satisfied only if the proper value of
M, has been used in Eq. (AS) to compute M,. In practice, a
computer code treats 4,,A4,, the £’s, «, B, etc. as parameters
and iterates on M, until Eq. (A6) has been satisfied to a
specified degree "of accuracy. The left-hand side of the
preceding equation was, of course, unity in calculation used
to support the present work.

With M, so determined, the performance of the ejector
follows directly. Recalling,

tho=AgPoF, (M) (v/RTy) *
m;=APFy(M)) (y/®T,) "
then
Y=0""r,/tmy=(A;/1Ag) (§,/E0) [F>(M,)/F, (M) 7!

(A7)

The thrust F sy produced by isentropically expanding the
primary mass flux to ambient pressure is Fgey =My Visens

J. AIRCRAFT
and the thrust produced by the ejector is

F= [(p—P,)+pu’lda

S AEXHAUST

For the constant area geometry used in the present ex-
periments wherein the exhaust pressure was ambient, the ejec-
tor thrust may be written

F=8p,V;°A,
The thrust augmentation ratio becomes
S=F/Fispn=(B/a) (/M) (V;/Visen) (A8)

where
V, =M,(y®T,)"[I+Mj(y—1)/2] '

Visen=Msen (YRT ) “ [1+Mispn(y—1) /21 =/

Mggn=2/(y=1) [ -0~ D — 1] %

Other figures of merit such as energy transfer efficiency
and pumping pressure ratio are also computable.
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