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the cost associated with the DLS method (without extra com-
putational modes) is approximately double. Two iterations of
an IV method could be performed for about the same com-
puter cost as the DLS method (without extra computational
DOF), and experience has shown that, in general, IV methods
converge in only a few iterations. The cost of oversized LS and
DLS methods increases exponentially as the number of com-
putational modes increases. The relative computer cost be-
tween an iterative IV method and an oversized LS or DLS
method depends upon the application. Reference 3 indicates
the advantages of the DLS method over IV and Maximum
Likelihood methods for applications with a large number of
DOF.
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Comment on ‘‘Solutions of
One-Dimensional Steady
Nozzle Flow Revisited’’

George Emanuel*
University of Oklahoma, Norman, Oklahoma

EFERENCE 1 discusses a number of topics dealing with

one-dimensional nozzle flow. Two of these topics are also
discusssed in Refs. 2 and 3 and may well be found in other
compressible flow textbooks. These topics are a simple proce-
dure for finding the nozzle solution when there is an internal
shock wave, and the criteria for distinguishing different
regimes for the flow in a converging/diverging nozzle.
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Reply by Author to G. Emanuel

Meng-Sing Liou*
NASA Lewis Research Center, Cleveland, Ohio

EGARDING two of many topics discussed in Ref. 1, I
wish to thank G. Emanuel for bringing Refs. 2 and 3 to

my attention. Indeed, an identical procedure for solving the
exit Mach number with a normal shock in a nozzle appears not
only in Refs. 1 (Remark 5) and 3 [p. 96, Eq. (7.7)] but also in
Ref. 4 [p. 168, Eq. (5.12)]. As demonstrated in Ref. 1 (Remark
1), solution of the total pressure loss across the shock wave is
equivalent and straightforward, yielding immediately the
shock Mach number. As expressed in Eq. (14) of Ref. 1, the
three critical points (called in Refs. 2 and 4) now can be de-
scribed by the only two solutions of Eq. (13). Consequently,
these two solutions completely delineate the seven regimes/
points (e.g., see Refs. 2-4) associated with the convergent-di-
vergent nozzle flows.
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Comment on ‘‘Influence of Initial
and Boundary Conditions
on Vortex Ring Development’’

David E. Auerbach*
Max-Planck-Institute of Fluid Dynamics, Gottingen,
Federal Republic of Germany

RDMUSA and Garris! found that vortex rings ejected
from a circular hole (air in air) entrained less fluid than
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Fig. 1 A suggestion for optimizing the geometry in canal aeration
duets.

those ejected from a sharp-edged nozzle. They found also
that, all other things being equal, the former moved faster.
They suggested that the reason for this lay in the increased
detachment of secondary vorticity (with opposite sense) from
the leeside wall for the hole case compared to the nozzle case.

It is easy to show? that these two effects are explainable in
terms of simple inviscid flow considerations; i.e., both effects
depend not so much on the detachment of secondary vorticity
as on the intrinsic inviscid motion of vortices being generated
at a sharp edge at various orientations to the main flow. Ac-
cording to similarity theory predictions using a point vortex
model, for example, a growing vortex (i.e., with increasing di-
ameter) should move away from the salient edge at right
angles to it, regardless of the orientation of the edge (hole or
nozzle) to the main flow. This means that a vortex generated
at a hole would not grow at all as it moved in the direction of
the issuing jet. On the other hand, a vortex generated at a noz-
zle would grow and entrain, not moving forward at all. Now
this simple model is obviously unrealistic, but it does show
both tendencies found by Irdmusa and Garris.! The actual
growth of the vortex at a hole geometry seems to be accounted
for when the effect of the constantly winding-up vorticity is in-
cluded in the model.2 The model with this inclusion, however,
predicts that a vortex generated at a nozzle would move back-
ward! It would seem that the nozzle geometry is more compli-
cated to calculate, requiring both nonlinear inviscid effects
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and the inclusion of the notion of viscous entrainment, not
easily accountable for using a simple inviscid theory.

Such knowledge seems to have been tacitly used by design-
ers of many forms of entrainment devices. For example, the
heart of the water-jet pump is such a sharp-edged nozzle. It is,
however, interesting to note that water-jet pumps generally en-
train both air and water. As a final point, our experiments?
show that the motion of a two-dimensional vortex pair obeys
essentially the same laws as those of a ring. An example of a
planar entrainmernit device working on the same principle as
that of the water-jet pump is the well-known aeration duct
nowadays built into canals between bed blocks in order to
reduce erosion. These ideas suggest that the form shown in
Fig. 1 would probably entrain air more efficiently than the
conventional slit form.

A final point on entrainment optimization is that the opti-
mal entrainment for the nozzle geometry found by Irdmusa
and Garris! can be further improved. Miiller and Didden3
found that the rate of entrainment during the evolution of a
single vortex was constant until the ‘“length’” of ejected fluid
exceeded the nozzle diameter. Rings generated on ejecting a
still larger volume of fluid have a reduced rate of entrainment.
This finding is in agreement with many engineering applica-
tions requiring optimal entrainment that resort to the con-
trolled periodic ejection of small amounts of fluid.
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