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Reply to Comment by Philip A. Graham

Paul M. Bevilaqua*

Aerospace Research Labs. Wright-Patterson Air
Force Base, Ohio

GRAHAM is correct in observing that Egs. (1) and (4) of
the original paper refer only to the zero diffusion case;
this was all they were intended to do, since they describe
the performance of the simple ejector shown in that work.
A development with diffusion was not included, as it can
be found in a number of the sources referenced. Inclusion
of a perfect diffuser results in Graham’s Eq. (4).

Figure 2 of the original work is incorrect. In redrawing
this figure from the source paper3 an error was made. Fig-
ure 2 of the source paper gives Graham’s computed
values. We accept full responsibility for this error.

In the Aerospace Research Laboratories’ thrust augmen-
tation concept the source of the primary flow is envisioned
as the bypass air from a turbofan engine, and so there is
no significant density difference between the mixing
flows. The incompressible analysis is therefore appropri-
ate. However, it should be understood that Heiser’s? anal-
ysis only considers the effect of the density difference. A
hotter primary jet would have a lower density, but it
would also be more viscous. The net effect on the level of
augmentation cannot be predicted by the simple analyses
presently in use.

Graham has questioned the experimental results. The
basis of his objection is his belief that the nozzle was 24.5
in. long. This dimension was unfortunately added to the
figure by the Journal editors. The actual nozzle length
was 36 inches which could be computed from the text
which states “A unique feature is the ‘“hypermixing” pri-
mary nozzle which is segmented into 24 elements 1% in.
long.” Using the 36 in. figure for this length and the 12.6
square in. for the area, one obtains Wy = 0.35 inches,
slightly less than 0.38 as Graham correctly 1mphes it
should be.

No reference was made to a “loss free” ejector as Gra-
ham’s use of quotation marks implies. In fact a significant
portion of the mixing section of Fancher’s work is devoted
to a discussion of the transfer efficiency associated with
the mixing loss. This loss is implicitly accounted for in
the definition of thrust augmentation ¢, since the momen-
tum flux from the ejector reflects the transfer efficiency of
the mixing process.

Regarding the definition of augmentatlon Graham has
chosen a different reference thrust than the one used by
Fancher. The augmentation can be defined in terms of the
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thrust of the unshrouded primary nozzle, but then ejec-
tors with different primary nozzles cannot be directly
compared. A better definition is the one used by Fancher
in which the reference thrust is the value computed for an
isentropic expansion of the primary mass to atmospheric
pressure. Ejectors can thus be compared in terms of
thrust per horsepower required. More importantly, the
nozzle efficiency becomes part of the design optimization.
The development of the hypermixing nozzle is a conse-
quence of this approach, since it was felt at ARL that an
improvement in the performance of short aircraft ejectors
could be obtained by increasing the rate of entrainment,
even at some cost in nozzle efficiency. '

Graham has misunderstood the basic conclusion that
can be drawn from this work. The effect of hypermixing is
not to improve the performance of a given low area ratio
ejector in the sense of bringing it closer to the ideal. In
fact, the lower velocity efficiency of hypermixing nozzles
is a penalty that must be paid for their use. What is
achieved is a higher thrust augmentation in an ejector of
given length, a short length that is practical for aircraft
installation. This is important to understand. The best
ejector performance at a given area ratio is obtained when
mixing is complete. This can be achieved either with a
long mixing duct, which prohibits aircraft installation, or
in a lesser distance with hypermixing nozzles at some
penalty in maximum augmentatlon

The comparison between two ejectors of identical geom-
etry except for the hypermixing nozzle has been per-
formed at ARL by Bevilaqua.* The results of this test are
summarized in the figure. The isentropic thrust of the pri-
mary flow is used to define the augmentation. It can be
seen that at low diffuser area ratios, the slot nozzle pro-
duces larger values of augmentation than either of the hy-
permixing nozzles: However, as the diffuser angle is in-
creased further, the diffuser in the configuration assem-
bled with the slot nozzle stalls, and there is a resultant
loss in performance. Both hypermixing nozzles give higher
maximum augmentation than the slot nozzle. These re-
sults have been discussed at length in Ref. 4. ‘

In conclusion, we would like to apologize for the error in
the original article and any confusion it may have caused.
We also wish to thank Mr. Graham for his comments.
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Fig. 1 Performance of the inlet area ratio 6.5 ejector. The hy-
permixing nozzles improve augmentation by making efficient
diffusion of the mixed flow possible.
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They have been helpful in pointing out some areas of mis-
understanding concerning this work and provoked a stim-
ulating exchange which we hope has been of interest to
other investigators in this area.
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Comments on the Comment by
Philip A. Graham and Reply by
Paul M. Bevilaqua

William K. Greathouse*
Grumman Aerospace Corp., Bethpage, N.Y.

GRAHAM’S very complete analysis of Fancher’s paper
pointed out an error in the presentation of ejector poten-
tial (ideal) augmentation ratio (Fig. 2), questioned the
primary nozzle area (size) used in the experiment and ob-
served that something was missing from the Eq. (11) used
to define augmentation ratio with inlet and nozzle losses.
He also noted that Fancher’s equations were developed for
a unique case of equal flow densities (pp = p1) rather
than the case of a hot primary (nozzle) flow.

Bevilaqua’s reply verified a plotting error in Fig. 2, ex-
plained the nozzle area question (a wrong dimension in
Fig. 6) and pointed out that Graham used a different ref-
erence thrust than did Fancher in the def1n1t10n of ejector
augmentation ratio.

These additional comments are offered to clarify Fanch-
ers Eq. (11), point out why Graham’s Eq. (11) is different
and to include some remarks on the effects of hot nozzle
flow.
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The augmentation ratio, ¢, for a static ejector system
using incompressible fluids of the same density, an un-
choked primary nozzle, a constant area mixing section
and a full flowing diffuser discharging an ambient pres-
sure is (using Fancher’s nomenclature)

o =7ny1+ )2 (Ay/AL)/(x + D1 —(1 + £,)n,%u2]?

(a)

One may assume that Fancher did not include the (1 +
£1)nn? term in his Eq. (11) because the product was al-
most unity (= 0.939 for & = 0.04, nx = 0.95) for the hy-
permixing ejector being tested.

Substituting Graham’s nomenclature in Eq. (A) gives

¢ = @y 21+ xu)(Ay/As)/ (x + DL = (y/n ]2

(B)
where

Tw =1y, ny=1/(1+ &)

Graham’s Eq. (11) is identical with Eq. (B) except for the
first term, (fy5)1/2. The reason this term does not appear
in Graham’s equation is because he used a different defi-
nition of Vo’ in the thrust reference for augmentation
ratio. Francher used the conventional definition of
isentropic velocity for Vo’. Graham used Vo’ as the veloci-
ty from an actual nozzle having the same thrust efficiency
as the nozzle employed in the ejector system.

Note that nothing is technically wrong with the defini-
tion used by Graham since it is still a matter of choice as
to what reference is employed for augmentation ratio, ¢.
And it is a very simple matter to convert from Graham’s ¢
to Fancher’s ¢ using nozzle velocity coefficient [Cy = 7y
= {nn)1/2] as the conversion factor. In the past, several
references have been used for ¢ in ejector systems that
employed choked convergent nozzles or underexpanded
convergent-divergent nozzles. The conventional isentropic
velocity reference (as used by Fancher) has well served as
an unofficial “standard” for over 20 years and (as noted
by Bevilaqua) should be employed for evaluating or com-
paring different type ejector systems on an absolute basis.

As for the effects of hot nozzle flow on ejector thrust
augmentation, it should be noted that the simple incom-
pressible flow equations presented in Fancher’s paper
were never intended for such application. Hot nozzle flow
can be accounted for by using the compressible flow rela-
tionships and the task is best handled today with comput-
er programs. Hand calculations may be performed for
one-dimensional steady compressible flow using the analy-
sis presented in Ref. 1. In general, augmentation ratio of
an ideal ejector is degraded by the use of a hot nozzle
flow. In real ejectors the degradation may be greater or
less depending on how the loss factors change with hot
flow.
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