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Fig. 3 Porous base injection at Mach 4.0.

injection duct has a very significant influence on the variation
of base pressure with mass injection flow rate, because the
second maximum is only found for the subsonic nozzle in-
jection case. This second maximum should not be con-
fused with the increase of base pressure at very large mass
injection rates as described by Reid and Hastings.®? Another
possible indication of the injection duct influence is that,
although the zero mass injection base pressures are decreasing
with increasing free stream Mach number in accordance with
Ref. 9, the maximum base pressure with mass injection does
not follow this trend consistently.

Based on the above results, it is apparent that the most
effective injection technique is to introduce the secondary
fluid through a porous plate which covers the whole base of
the axisymmetric body. The present results for this con-
figuration are compared with other available data in Fig. 3.
For all four experiments, the nominal free stream Mach num-
ber was 4.0, and the approaching boundary layer was turbu-
lent. However, the reference base pressure ratios varied
significantly. Specifically, Zakkay and Fox,® ¥ox, Zakkay,
and Sinhaf and Zakkay and Sinha,” using the same wind
tunnel and essentially the same test conditions, reported
values of the base pressure at zero mass injection of 0.413,
0.435, and 0.357, respectively. According to Sinha,'® the
results of Refs. 5 and 6 may have been affected by possible
nonuniformities in the approaching freestream and misalign-
ment of the streamlined centerbody.

The present data show that the base pressure can be in-
creased by 1009, of its sealed base value with mass injection.
For an actual vehicle, this would provide for a substantial
decrease of the base drag contribution to the total drag.
However, before these data can be considered for design
caleulations, the previously mentioned discrepancies in the
reference base pressure values must be resolved.

The present data, as well as that in Refs. 4-6 and 7, show
an initial monotonic increase of base pressure with increasing
mass flow. However, contrary to the speculation of Bowman
and Clayden,* the base pressure reaches a plateau value, and
then decreases with further increases in the mass injection
rate. Measurements at very large mass flow rates were
reported by Zakkay and Sinha.” As can be seen from Fig.
3, the influence of injection plate porosity on the base pres-
sure is negligible. »
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Time-Dependent Solutions of
Nonequilibrium Nozzle Flows—

A Sequel

Joun D. ANDERsON JR.T
U. 8. Naval Ordnance Laboratory,
White Oak, Silver Spring, Md.

HE solution of steady-state, nonequilibrium, quasi-one-

dimensional nozzle flows by means of a numerical, time-
dependent technique is described in Ref. 1. This analysis
employed a Taylor’s series to obtain the flowfield variablesin
steps of time, starting with assumed initial distributions
throughout the nozzle

gt + A = glxt) + (9g/0h).Ab + (9%/01%).A8/2 (1)

where ¢ can be any dependent variable such as p, T, u, ete.,
and where the time derivatives are evaluated at time {. The
steady-state solution, which is the desired result, is ap-
proached at large times. The advantages of this approach,
as well as the details of the analysis, are described in Ref. 1;
hence, no further elaboration will be given here. However,
emphasis is made that Eq. (1), containing three terms of the
Taylor’s series, is of the second-order accuracy, and that the
second-order term is absolutely necessary for stability.

This Note, which is a sequel to Ref. 1, describes the applica-~
tion of a new time-dependent, finite-difference scheme which
employs only the first two terms of a series expansion in time,

glzt + Aty = g(x,t) + (9g/08)aveAl 2

Here, the time derivative is not evaluated at time £ as pre-
viously; rather, an average value between ¢ and (f + Af) is
utilized. This average value is obtained from the general
method of MacCormack,? who has shown that the general
scheme is of second-order accuracy.f This new scheme, ap-
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plied to nonequilibrium nozzle flows in the present Note,
gives results identical to those obtained in Ref. 1, but with
fewer computations, hence leading to a reduction in computer
time of at least 309%. Since calculations of complex non-
equilibrium nozzle flows can be lengthy for certain cases, this
reduction can represent a substantial savings. Moreover,
the already straightforward and simple analysis of non-
equilibrium nozzle flows described in Ref. 1 is made even
simpler by the present scheme. The numerical details of this
scheme are described in Ref. 3; hence, for brevity, they will
not be discussed here.

To illustrate the preceding comments, consider the rapid,
nonequilibrium expansion of a vibrationally excited mixture
COxN-H;0O through a convergent-divergent nozzle, wherein
the detailed vibrational energy exchange mechanisms result
in a population inversion between the (001) and (100) vibra-
tional levels in CO,. This example is chosen because of its
current interest for gas dynamic lasers; however, the intent
of the present Note is to examine and compare the numerical
behavior of Eq. (1), hereinafter designated the “three-term
method,” and Eq. (2), hereafter designated the ‘“two-term
method.” The physical aspects of this expansion process, as
well as details of its analysis, will not be discussed here; they
can be found in Refs. 4 and 5 [which use Eq. (1)] and in Ref. 3
[which uses Eq. (2)]. Figure 1 gives the steady-state dis-
tributions of the vibrational temperatures for the upper (001)
and lower (100) laser levels in CO,, as well as the transla-
tional temperature. Agreement between the two methods is
excellent. Similar agreement between the two methods is
also obtained for the steady-state population inversion dis-
tributions through the nozzle.?

Figure 1 illustrates that, for practical purposes, the two
methods yield identical steady-state solutions. However, the
transient variation during the approach to the steady state
can occasionally be quite different between Egs. (1) and (2).
Consider a fixed location in the supersonic section of the
nozzle. For the same nozzle expansion, Fig. 2 illustrates the
temporal behavior of 0(p/po)/0t’ at this location as the time-
dependent solution begins from the arbitrary initial condi-
tions and proceeds towards the steady state. Here the time
derivatives predicted by the two methods follow similar
paths; in both methods, the derivatives become very small as
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Fig. 1 Steady-state vibrational and translational tem-
perature distributions through a wedge nozzle; compari-
son of the two methods.
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Fig. 2 Transient variation of the density time derivative
at a fixed location in the supersonic section.

time progresses. The final steady-state value for p/p, differs
by only 0.93% between the two methods. On the other
hand, Fig. 3 illustrates the temporal variation of d(p/pa)/0t’
at a fixed location in the subsonic section. Here, a striking
difference is observed between the two methods. The three-
term method yields a derivative which is plateauing whereas
the two-term method gives a result which is plunging towards
zero as time progresses—a much more satisfying behavior.
Despite the differences shown in Fig. 3, the two methods yield
steady-state values for p/p, which differ by only 0.12%.
Additional comparisons are discussed in Ref. 3.
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Fig. 3 Transient variation of the density time derivative
at a fixed location in the subsonic section.
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The behavior of the three-term method shown in Fig. 3 is
explained as follows. Returning to Xq. (1), there is the
numerical possibility that a steady state can be achieved
where (0g/0t). and (0%g/0t%); do not approach zero, but rather
the first-and second-order terms in Eq. (1) eventually become
of equal magnitude and opposite in sign, hence cancelling and
resulting in a stationary value for ¢ from one time step to the
next. In previous applications of the time-dependent
method employing Eq. (1),1.45.67 this behavior was not ob-
served; in all cases, both time derivatives in Eq. (1) became
very small as the steady state was approached. However,
occasionally the aforementioned anomalous behavior can
occur in practice, and such a case is illustrated in Fig. 3. Such
remote anomalies do not occur with the present two-term
method.

In conclusion, the two-term and three-term methods yield
essentially identical steady-state results for nonequilibrium
nozzle flows. However, the two-term method [Eq. (2)] dis-
cussed in the present Note must be considered superior be-
cause it requires less algebra, it requires fewer computations,
hence less computer time, and the time derivatives rapidly
approach zero in all situations. Hence, the already straight-
forward and simple analysis of nonequilibrium nozzle flows
described in Ref. 1 is made even simpler by the present
modification.
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A Directibn-lndicating Color
Schlieren System

GARY S. SETTLES*
Unwversity of Tennessee, Knoxville, Tenn.

HE conventional black-and-white ‘Toepler schlieren

system®-? displays only those refractive index gradients
which deflect light normal to its knife-edge. Other mono-
chrome schlieren methods have been developed to overcome
this disadvantage,®* but these methods have limited utility
as a result of difficulties with loss of information on gradient
directions, separate images, and the compromise between
sensitivity and image resolution.
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Fig. 1 Arrangement of direction-indicating color
schlieren system.

The new color schlieren system deseribed in this Note
produces a single image, in which refractive index gradients
‘n all radial directions are displayed and directionally color-
coded. In addition, this schlieren system has sensitivity
and resolution capabilities comparable to those of the single
knife-edge monochrome schlieren, and uses essentially the
same optical components as the monochrome schlieren.

A diagram of the new color schlieren system is shown in
Fig. 1. The system consists of a white light source, a lens,
a color source filter arrangement, two parabolic mirrors, a
knife-edge aperture, and a camera lens and screen. These
components are arranged in the standard Z-type schlieren
configuration.

The source filter, which is illustrated in Fig. 2, breaks the
schlieren light beam up into four color bands, which are
arranged in a square. The beam proceeds from the source
filter to the first parabolic mirror, where it is collimated.
The collimated beam passes through the test section and is
refocussed by the second parabolic mirror to form an image
of the color source bands at the knife-edge location. A
square knife-edge aperture cuts off about half of the light of
each color, but allows the remaining light to form a schlieren
image on the screen.

In going from the source filter to the first parabolic mirror,
light of the four colors overlaps and mixes to form a beam of
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Fig. 2 Source filter assembly.



