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Compact Ejector Thrust Augmentation

Brian Quinn*
Aerospace Research Laboratories, Wright-Patterson Air Force Base, Ohio

Ejectors offer interesting means for resolving problems arising from the additional power require-
ments of V/STOL aircraft. They are capable not only of turning and augmenting the cruise engine’s
thrust vector, but their efflux can also serve to control circulation lift. The feasibility of ejector pro-
pulsion-lift concepts requires the simultaneous attainment of two conflicting objectives: high per-
formance and compactness. Performance is degraded by losses occurring in the inlet, the primary
nozzle, and the duct-diffuser of the ejector. Analytic results identified practical loss trade-offs that
led to the design of the ejector’s components. Static experiments with independently varied duct and
diffuser lengths showed, surprisingly, that skewed flows can be diffused effectively. Augmentation
ratios in excess of 1.85 were measured with a duct-diffuser 28 in. long. Increasing the length to 50

in. caused augmentation ratios to exceed 2.0.

Nomenclature

A = area

cr = gkin friction coefficient

Cp = diffuser pressure coefficient

F = force

hH = nozzle spacing (3 in.), ejector span (60in.)

L = length; ejector total L = L; + Ly + Lp; duct-
‘ ‘diffuser L = Ly + Lp

p.Pr,q = static, total, dynamic pressures (g = p/2 V?)
q quality of ejector

Aq/gIDRAL measure of duct-diffuser losses

S spacing between tips of nozzle

u, V= faud(a/A) = velocity at a point, mass averaged velocity
w width of ejector at throat (10 in.)
B flow skewness or momentum coefficient

N = thrust efficiency of nozzle

L | | R [ 1

6 = diffuser included angle

&,¢ = inlet loss coefficient, friction factor

o = mass density

P = static thrust augmentation ratio, Eq. (3)
Subscripts

DIM = diffuser, inlet, mixing duct

isen = isentropic conditions

0,1,2,3, = primary, entrained or inlet, diffuser entrance,

diffuser exit, ambient

Introduction

INSTALLING thrust augmenting ejectors in V/STOL air-
craft provides interesting means of matching the installed
power requirements of flight with those of takeoff and
landing. Additional benefits derive from using the ejector
efflux to control and augment forces whose origins are
found in aerodynamic circulation. For practical reasons,
lift and thrust augmenting ejectors must simultaneously
achieve two objectives: high performance and compact-
ness. Laboratory experiments dramatically point out that
ejector performance improves as the mixing between the
primary and entrained streams becomes more complete.
Insofar as complete mixing theoretically requires a very
long ejector, the high performance objective conflicts with
the compactness objective. This identifies the first of a se-
quence of conflicting objectives, each of which must be
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compromised in the design and fabrication of compact,
high performance ejectors. Practical solutions to the prob-
lems presented by compromises in component design are
the subject of this work.

Analytical Remarks

The paper! from which article originated, extended von
Karman’s? thrust augmentation analysis to include losses
encountered in the primary nozzle, inlet, mixing duct and
diffuser. The analysis balanced total impulse and mass
flow through the ejector and produced three equations im-
portant to the present discussion:

(V/ Vo) [2A4,4,/A% — (1 + £)(Ay/A0)? — q(A/A)]
—29V A/ VA + 2 ByAy/Ay —q =0 (1)

q=pRl2E+2-C,] 2)
and -
¢ = Feiector/Fisen
= By Ag/A{(1 + A Vi/A V)L -

(1 + £)(V/ VT2 (3)

The first equation expresses the velocity Vi of the en-
trained flow as a fraction of the velocity Vj of the primary
flow and relates this ratio to the geometry of the ejector
and the losses encountered by the flows. These include an

‘inlet loss coefficient £ = 41 2APr/Aipv12da, and the

quality g of the ejector, which combines the effects of
events that occur downstream from the plane of injection.
Equation (2) relates the quality to the degree, 2, to
which mixing between primary and entrained streams has
been completed, wall friction & = ¢;/2(Vyer/V2)2Arer /A2,
and the pressure coefficient of the diffuser, C, = 2(pg —
p2)/pBV22. How compactness influences performance can
be seen in Eq. (2). As the ejector is shortened, mixing be-
comes less complete and the flow skewness (82 increases
beyond its ideal value of unity. The resulting increase in ¢
reduces the ratio Vi/Vy thereby degrading the perfor-
mance of the ejector. For computational purposes it has

‘been found convenient to write ¢ = giprarL (1 + Agq/
‘qipeaL) where gipEaL = 1 + (A2/A3)? and Ag/qipEaL is

treated as a parameter. Equation (3) defines the static:
thrust augmentation ratio ®. As a fundamental measure
of ejector performance it relates the thrust produced by
the ejector to the thrust generated by an isentropic expan-
sion of the primary mass from the driving pressure Pro to
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ambient pressure Pr_. The second part of the equation
relates augmentation to the geometry of the ejector, its
losses, and the velocity ratio V1/Vj.

Experimental Program

The purpose of the experiments was to demonstrate
that losses can be controlled and high performance can be
obtained with compact ejectors. The test object was a 60
X 10-in. rectangular throat ejector with a cross section re-
sembling the sketch of Fig. 1. Primary air is discharged
from reservoirs through discrete nozzles spaced at ap-
proximately 2 = 3 in. intervals along the H = 60 in. span
and through small, flush mounted root nozzles positioned
between the primary nozzles. Small amounts of primary
air were also admitted through nozzles located on the end
walls of the ejector. Secondary air was entrained through
an inlet formed by stainless steel panels that were used to
mount the primary and root nozzles to the 15-in.-diam
reservoirs. Except for several end wall blowing tests, the
nozzle and inlet geometries were not varied and are shown
to scale in Fig. 2. The contour of the inlet was designed to
account for nozzle blockage and provide uniform accelera-
tion of the entrained air up to the plane of injection.

With L; fixed at 6.5 in. by the inlet design, the remain-
der of the total length L of the ejector was alloted to a
constant area mixing duct of length Ly and to a diffuser
of length Lp (Fig. 1). It was argued that the lion’s share of
the available length should be awarded to the constant
area mixing duct. Otherwise, incomplete mixing between
‘primary and secondary streams would present a skewed
profile to the diffuser. As diffusion amplifies skewness,3
the large value of B2 would degrade augmentation for rea-
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Fig. 2 Diagram of nozzle locations and inlet geometry, to
scale.
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sons discussed above. The counter argument noted that
large augmentation ratios require large diffuser area ra-
tios. In turn, the relatively small divergence angles of
practical diffusers suggest apportioning most of the avail-
able length to the diffuser. Lacking enough information to
resolve the issue, several combinations of Ly and L, were
tested. Table 1 specifies their dimensions in inches.

Diffuser inefficiencies seriously degrade ejector perfor-
mance through the Ag loss, which they enter through the
Cp term in Eq. (2). They arise, partly, through the en-
counter of a low energy boundary layer with the attendant
adverse pressure gradient and can frequently be read in
the pattern of the flow. Depending on geometric and fluid
dynamic properties, diffuser flows assume a variety of
characters that approach the one-dimensional idealization
in the one extreme and completely separated slug flow in
the other. The diffusers tested in these experiments were
observed to produce streamwise vortices in the corners
formed by the juncture of the end walls and the side walls
of the diffusers. The dimension of the vortices grew in the
downstream direction and their sense of rotation provoked
flow separation on the end walls. This contribution to the
Ag loss was controlled by energizing the end walls with a
small quantity of primary fluid provided by the twelve
small nozzles shown in Fig. 3. In addition, the losses aris-
ing on the side walls of the diffuser, especially at large
divergence angles, were controlled by the blanket of high
energy air sketched in Fig. 1. By scrubbing the walls of
the duct-diffuser with part of the more kinetic primary
fluid, this first of two services provided by the small root
nozzles increased the friction loss £, but not by enough to
override the benefits of more efficient diffusion. The sec-
ond task addressed by the root nozzles controlled inlet
losses £1. Near the exit of the primary nozzle the radius of
curvature of the inlet contour increases rather abruptly
from R = 1.80 in. to R — = as shown in Fig. 2. In pass-

‘ing from the inlet to the duct, centrifugal components of

the entrained momentum are converted into local in-
creases in pressure. The root nozzles energize the bounda-
ry layer and enable it to negotiate the locally adverse
pressure gradient without separating and increasing £;.
The integration of pressures surveyed in a separate experi-
ment indicated &3 = 0.025 for the inlet shown in Fig. 2.

In the absence of separation; inlet losses appertain
mostly to skin friction and are thus sensitive to the area
scrubbed by the entrained flow. But attempts at reducing
the size and number of the primary nozzles for the sake of
reducing their wetted area must be tempered by the more
important objective of thoroughly mixing entrained and
primary streams. Simply stated, good mixing means that
turbulence has distributed the momentum of the primary
fluid more or less uniformly across a plane normal to the
direction of the mean flow. In other words, primary jets
from each side have penetrated to the center of the ejector
and adjacent jets have spread and merged.

Unfortunately, several investigatorst6 have shown that

Table 1. Dimensions of ducf diffusers in inches
"Configuration Ly Lp L=Ly+Lp
A 13 32.35 45.25
B 13 15.25 28.25
C 5 23 28
D 16 34 50
F 5 45 50
H 5 450 50

¢ Configuration H had a compound diffuser. The first 14 in. of Lp diverged at an in-
cluded angle of 36°, the remainder used to obtain the required Az/A2.
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the length characterizing the longer dimension of a finite
aspect ratio jet at first shrinks, then eventually grows with
downstream distance. A shrinking jet can obviously not
penetrate. Inclining the nozzles would provide better pen-
etration, but the tilt loss, B¢, contraindicated this ap-
proach. Instead, the primary nozzles were designed to
span the complete width of the ejector and virtually re-
duce the dimension S (Fig. 1) to zerc. In practice, how-
ever, a manufacturing error at the root canted the nozzles,
(Fig. 3) and caused a slight separation between nozzle
tips.

The spacing h between adjacent nozzles relates to the
length of the ejector and the spreading rate of confined
turbulent jets in a coflowing stream. Increasing the spread
rate has the effect of reducing inlet losses by reducing the
number of primary nozzles. For this reason, a continuing
effort has been made to develop efficient nozzles that pro-
duce very rapidly spreading jets. These have been called
hypermixing jets and nozzles. While most of this work re-
mains unreported at present, some aspects can be found
in Refs. 5, 7-9.

A three-quarter view of the hypermixing nozzle used in
the present experiments can be seen along with the small
root nozzle, in Fig. 4. Both were injection molded from a
Nyafil material. The cross section of the primary nozzle
was distributed to present a symmetrical airfoil of 18%
maximum thickness to the entrained air. It was felt that
reducing the thickness of the nozzle would degrade its
thrust efficiency nn, which separate tests determined to
be 96%. The segmented exit plane of the primary nozzle is
suspected of generating a system of streamwise vortices
that entrain additional fluid into the turbulent jet, there-
by accelerating its spreading rate. While difficult to mea-
sure precisely, the design exit area of the primary nozzle
was 0.5 in.2 That of the root nozzles was 0.0915 in.2 The
design area ratio of the ejector configured with 38 primary
nozzles, 40 root nozzles, and both sets of end wall nozzles

Fig. 3 View of nozzles from inside the diffuser, looking up-
stream. The small misalignment in the tips of the hypermixing
nozzles is due to a manufacturing error. Root nozzles cannot
be seen. The twelve small nozzles spray primary air across the
end wall. The fillets were formed from modeling clay.
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Fig. 4 Three-quarter view of primary hypermixing nozzle
and small root nozzle.

was thus
Ay/Ay = Ay/Ay — 1 = {60(10)/[38(.5) +

40(.0915) + 2(.5)]} — 1 = 24.36

The completely assembled apparatus can be seen in
Fig. 5. The ejector is suspended by cables from a steel
framework and provided with primary air by the ducts’
shown running from the left, below the ejector. A calibrat-
ed orifice plate located within the supply duct meters the
flow rate of the primary air, while probes and thermocou-
ples in the reservoirs measure its thermodynamic proper-
ties. A load cell measures the thrust F of the ejector and
supplies the last item required to compute the augmenta-
tion ratio:

® = F/MO(Visen) (4)

where i is the flux of mass passing through the primary,
root and end wall nozzles and Vigen is the velocity that
would result from an isentropic expansion of air from the
reservoir pressure to barometric pressure.

A second, independent but concurrent means of com-
puting & was provided by a static pressure probe posi-
tioned at the plane of injection. When referred to baro-
metric pressure, the information obtained from the static
pressure probe, together with the reservoir pressure, was
sufficient to compute the ratio of the entrained to primary
flow velocities V3/V,. Knowing the geometric properties
of the ejector, the nozzle efficiency nn, and the inlet loss
coefficient £1, the second part of Eq. (3) was used to com-
pute ® under the assumption of complete mixing, 83 = 1.
The computation is considered less reliable than reduc-
tion by Eq. (4) because of the complete mixing assump-
tion and its reliance on information obtained at a single
point in the ejector. Agreement between the two compu-
tations nevertheless adds an additional degree of reliabili-
ty to the results.

Each of the configurations listed in Table 1 was tested
at several diffuser area ratios Az/A2 between 1.0 and 2.2.
A typical test at a given diffuser setting involved record-
ing experimental parameters at 16 different levels of res-
ervoir pressure Pro between 0 and 8 in. Hg above am-
bient. A more detailed account of the instrumentation
and test procedure followed in these experiments can be
found in Ref. 8, in which ejector experiments using
nozzles similar to those shown in Fig. 4 are reported.
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Fig.5 The completely assembled apparatus and test strand.

Experimental Results

Effects of Pressure Ratio

A question frequently put to ejector experimenters asks
if thrust augmentation varies with pressure. The experi-
mental results plotted in Fig. 6 are typical of all the test
data and provide the answer. No point deviates from the
dashed line indicated the average by more than 2%, and no
trend can be observed. Drummond and Gould® arrived at
a similar conclusion, although small, adverse effects of
primary pressure on augmentation have been observed at
very high pressure ratios.11.12

Effects of Diffusion

The benefits of good diffusion can be seen in Figs. 7-13
which plot augmentation ratio as a function of diffuser
area ratio Az/Ay. Each of the curves shows a characteris-
tic rise in augmentation that eventually peaks and falls as
diffusion increases. During the rise in augmentation, en-
trainment benefits from reductions in ¢ brought about by
Cp in Eq. (2). This persists until 82, friction and diffuser
losses eventually limit the entrained mass flux, as shown
by the measured values of V1/Vj in Fig. 7. The figure also
compares the values of thrust augmentation computed by
the data reduction Eq. (4), with those computed by as-
suming 83 = 1.0, A1/A¢ = 24.3, nx = 0.96, and & = 0.025
in Eq. (3). Increased diffusion typically tends to magnify
the differences between the two calculations, no doubt be-
cause skewness develops and B3 increases beyond the as-
sumed value of one. The remainder of the figures omit
V1/Vo and the & it implies for the sake of space and clari-
ty.
The data obtained with configurations A and B, each
with 13-in. mixing ducts, are contrasted in Fig. 8 and clearly
demonstrate the advantage of the longer diffuser. The mes-
sage persists in Fig. 9 which presents the data from testing
configurations C and F, each of which had 5-in. mixing
ducts. The result is hardly surprising since for a fixed throat
W and diffuser ratio Az/A2, longer diffusers reduce the dif-
fuser angle and thus, the losses. Very surprising however, is
that configuration C with its shorter duct and diffuser, per-
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Fig. 6 Thrust agumentation performance of configuration F,
A3/A2 = 2.2 as a function of primary pressure ratio Pro/
Pro.
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Fig. 7 Measured values of V;/V, and thrust augmentation
ratio ¢ for configuration D. The crosses in the upper graph
represent ¢ computed from the second part of Eq. (3) with 33
=1,A1/Ap = 24.3, nn = 0.96, £1 = 0.025,

forms as well as, if not slightly better than, configuration A.
Configuration A was the design point of the program. On the
basis of special experiments with hypermixing nozzles, it
was computed that the primary jets would merge 13 in.
downstream of the plane of injection. Very recent, still
incomplete measurements of the flowfield within the ejector
have substantiated the calculation. The attempt to maxi-
mize performance by gently diffusing a well mixed flow met
with failure. Equally good performance resulted from rap-
idly diffusing a poorly mixed flow.

The following two Figs., 10 and 11, emphasize allocat-
ing the available length to the diffuser. Configurations B-
and C have nearly equal total lengths, as also do configu-
rations D and F, and in each case the configuration with
the shorter mixing duct out performs the other. Mechani-
cal constraints regretably prevented our testing an ejector
with no constant area mixing duct.

Since the above observations imply a reduction in skew-
ness during diffusion, they would seem to be at odds with
the generally accepted view to the contrary. However,
subsonic, skewed flows are rarely diffused by expanding
the channel in a direction normal to the sense of skew-

‘ness, as in this ejector. Usually, as in Ref. 3, the breadth

of the channel is increased in the same sense as the flow is
skewed. The circumstances under which nonuniform flows
can be diffused efficiently deserve considerable attention.

Friction Effects

Skin friction losses appear to be very small since the
performance of configurations B and C with no diffusion
differs negligibly from that of the considerably longer con-
figurations D and F. Note, however, that the shorter mix-
ing ducts might also promote better diffusion by extract-
ing less momentum from the energy blanket set down by

L I 4 "
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Fig. 8 Thrust augmentation data for configurations A,0 and
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Fig. 9 Thrust augmentation data for configurations C,0 and
F,¢.

the root nozzles. In designing the compound diffuser of
configuration H, it was reasoned that the small losses sus-
tained in flowing through a short duct would enable the
energy blanket to encounter a very abrupt diffuser angle
without separating. The data obtained with configuration
H are presented along with those from configuration F,
from which H evolved, in Fig. 12. The merits of the com-
pound diffuser are debatable: it obviously provoked losses
in addition to those in the straight wall diffuser over a
substantial range of diffuser area ratios. Only for Az/A»
greater than around 2.3 can any bemnefit be observed, and
this only extends the peak value of ® from 2.0 to 2.06.

End Wall Energization

The effects of end wall blowing, Fig. 13, are far more
dramatic. The small nozzles shown in Fig. 4 spray less
than 5% of the total primary mass along the end walls.
But when deprived of this energization, losses ruin the
performance of what had been a good thrust augmentor.
Nor is performance determined by the quantity of blowing
alone. A single nozzle, capable of supplying almost twice
as much air, replaced the twelve small nozzles on each of
the end walls. This design was less able to distribute the
flow uniformly across the end wall and was less successful
in achieving very high levels of thrust augmentation.

Accuracy and Repeatability

The author estimates the accuracy of the thrust aug-
mentation data at 97%, or better. This figure derives
mostly from the use of very simple instruments, frequent-
ly calibrated. The repeatability of the experiments is evi-
denced by the agreement between the data of the five
basic configurations at low diffuser area ratios and by the

flagged symbols in Figs. 9 and 11. These data were ob- .

tained after configuration F had been disassembled, re-
placed by D, G, and H, and then reassembled a month
later.
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Fig. 10 Thrust augmentation data for configurations B,A
and C, 0.
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Fig. 11 Thrust augmentation data for configurations D, 0
and F, 0.

The Aq Loss

Equations (1) and (3) can be used to predict ejector
performance if £1, nn, B0 and Ag/qipeaL can be estimated
reasonably. In this regard, Aq presents the most difficulty
since it combines the effects of friction, mixing and diffu-
sion and since experience and handbooks can be brought
to bear on the others, provided, of course, the flows re-
main attached. Insight into the variation of Ag with dif-
fuser half-angle is provided by Fig. 14. The curves were
constructed by substituting the experimental values of &4,
1w, Bo and ® into Egs. (1) and (3) and numerically solving
for Aq/qipeaL. The curves give the appearance of decreas-
ing linearly with the sine of the diffuser half angle, at a
rate’ determined by the configuration, specifically Lp/W.
This trend persists until a threshold value is reached,-
whereupon Aq/qipear remains fixed. That the five config-
urations have nearly the same threshold value will assist
further predictions. The applicability of these results to
completely different designs employing central primary
injection?-13 is indicated by the crosshatched region of the
figure. The ejectors used in Refs. 7 and 13 experiments in-
clude a range of inlet area ratios between 4 and 8.6, far dif-
ferent from 24, the inlet area ratio of the present experi-
ments.

Conclusions

In summary, the experiments have shown:

1) Good agreement between two independent tech-
niques for computing thrust augmentation ratios. This,
together with the repeatability of the experiments, fur-
thers confidence in the rather high augmentation values
that were measured.

2) The efficiency of abrupt ejector inlets can be main-
tained at reasonable levels if a small part of the primary
fluid can be used to energize inlet boundary layers. Re-
ducing the inlet loss coefficient £; from the value of 11%

DIMENSIONS IN INCHES

| 1.2 1.4 1.6 1.8 20 2.2 2.4 26
As/Ae

Fig. 12 Differences in augmentation ratio ¢ obtained with
the straight wall diffuser of configurations F, ¢ and the com-
pound diffuser of configuration H, ¢.
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Fig. 13 The effects of end wall blowing on configuration F.’

found in Ref. 7 to the present value of 2 1/2% can be as-
cribed, to a large extent, to the root nozzles used in these
experiments.

3) Very high diffusion rates can be achieved by covering
the walls of an ejector with a blanket of high energy pri-
mary fluid. Whereas other investigators?-19-11 have found
augmentation ratios to peak at diffuser half angles less
than 5 or 6°, the highest augmentation ratios occur at
approximately 10° in the present experiments. Larger op-
timum diffuser angles are also reported'? with ejectors
that use Coanda injection schemes.
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Fig. 14, Experimentally implied values of Ag/qipeaL for con-
figurations A,0; B,0\; C,A and F,O. Shaded region includes
data from Refs. 7 and 13.
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4) Analytical results indicate that ejector performance
is very sensitive to the losses of its components. The loss
in thrust augmentation increases on nearly a 1:1 basis with
£1, nn, and Bo and on a 2:1 basis with Ag/gipeaL losses,
approximately.

Most important of all, the high levels of static thrust
augmentation achieved with compact ejectors in these
tests removes the first, and most debilitating, impediment
to proving the feasibility of ejector propulsion-lift systems
for V/STOL aircraft.
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