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Fig. 3 Velocity increment resulting from a one-dimen-
sional unsteady expansion in hydrogen.

known initial driver pressure and temperature, the corre-
sponding entropy can be found from Fig. 2. Then from Fig.
3, the velocity increment resulting from the unsteady expan-
sion is

Figure 4 reveals a significant difference between the per-
formance of real and ideal hydrogen driving real air. For
example, generation of a shock Mach number of 24 into real
air at 300° K and 10 ~4 atm requires a pressure ratio
about 2-|- times that of the ideal driver gas analysis.
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Fig. 4 Comparison of shock tube performance for real and
ideal hydrogen driving real air.
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Nomenclature
6* = slot width, in.
fce* = Cdb*, effective slot width, in.
Cd = jet nozzle discharge coefficient
Fid = downstream induced force
hs = jet-shock height, in.
P = pressure, lbf/in.2

x = distance from jet slot, in.

Subscripts
j = jet conditions
o = stagnation conditions
peak = downstream peak conditions
s = separation conditions
oo = freestream conditions

Introduction

THE general problem considered here is the use of reaction
jets to generate control forces in a supersonic environ-

ment. A limited-scope, two-dimensional, experimental study
has recently been completed at the Naval Ordnance Labora-
tory. This study is related to the definition of the controlling
parameters for the surface pressure distributions aft of a
secondary jet blowing normal to the supersonic mainstream.
Only the case for turbulent separation forward of the jet was
considered. Numerous authors have hinted that the forces
produced downstream of the jet may well be beneficial for
control purposes.1-2'3 The only attempt to model this region
was by Barnes et al.1 using a limited amount of experimental
data. The NOL study, with additional experimental data,
found that the over-all behavior of the pressure distribution
was different from that implied by the earlier study.

Equipment and Procedure
The present tests, with adiabatic wall conditions, were run

with a freestream Mach number, Mm = 4, at two freestream
Reynolds numbers, per foot, of 6 X 106 and 18 X 106.
Shadowgraph pictures were taken of all test runs.4 The test
model was a flat plate 15.5 in. long and 10 in. wide fitted
with a half-cylinder boundary-layer trip 0.025 in. high,
located 0.75 in. from the leading edge. Surface flow studies
using azobenzene, and complementary shadowgraph studies
indicated that boundary-layer transition occurred 1.25 in.
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Fig. 1 Typical plate pressure distributions.

and 0.25 in. downstream of the trip for the low and high
Reynolds numbers, respectively. Glass-ported side plates,
mounted on the flat-plate surface, defined a 6-in.-wide flow
channel, the surface of which was instrumented with 78
static-pressure taps. A removable 6-in. span jet-slot nozzle
block was flush-mounted in the plate 7.25 in. from the leading
edge. The sonic slots tested had nominal widths of b* =
0.005, 0.020, and 0.030 in. Jet-gas mass-flow rates were
monitored during all testing. It was found that the slots
opened when pressurized. For this reason, an effective jet-
slot width was defined as 6e* = W>*, where Cd is the mass-
flow rate discharge coefficient of the jet slot. This was used
in all subsequent calculations.

In all cases, the secondary-jet supply gas used was air at a
total temperature of approximately 530°R. The jet total
pressure, Poj, was varied stepwise from zero up to that value
for which the upstream separation line approached the
boundary-layer trip, the maximum value being approxi-
mately 1200 psia for the 0.005-in. jet slot.

Results and Discussion

Figure 1 shows a typical set of plate pressure distributions
fore and aft of a 0.020-in. jet slot at a Reynolds number, per
foot, of 6 X 106. These data were measured over the center
2.75 in. of the plate surface. They are a valid representation
of the two-dimensional problem since the data show little
or no transverse gradients. Further, note in Fig. 1 that the
upstream separation bubble increases with the jet strength,
Poj/P™, and that a similar growth is noted in both the down-
stream recompression bubble and the distance to the down-
stream peak pressure. There is strong evidence that the
downstream peak pressure was independent of the jet strength,
a result originally hinted at by Volz and Werle.5 In addi-
tion, a universal pressure distribution was obtained by non-
dimensionalizing the downstream distributions by using the
measured jet-shock height, h8, as the characteristic length.
This correlation is shown in Fig. 2 where the faired curve
shown represents the average of all data taken for a given
Reynolds number per foot. Outside of some scatter near the
peak pressure, variations in the jet strength are completely
accounted for in this correlation. The tendency towards a
slight change in the downstream peak pressure with Reynolds
number is not definitive enough to warrant a positive state-
ment in this regard. However, the undisturbed upstream
plate surface pressure was slightly greater than the free-
stream static pressure, P^ for both Reynolds numbers (see
Fig. 1) and that it increased approximately 5% as the Reyn-
olds number was decreased (apparently due to a boundary-
layer trip interaction). This is roughly the same amount
and in the same direction as the peak pressure changes ob-
served in Fig. 2, the implication being that this change in
peak pressure is due solely to a change in the Pm used to
nondimensionalize the downstream pressures. Hence, it
appears that the downstream distribution is solely a function

of hs, the Mach number being held constant. The pressure
rise starts at x/hs ~ 2 with P/Pm ~ 0.4, thereafter rising
sharply to a peak at x/hs « 4.1 with P/Pm « 1.5, followed
by a decay back to the freestream pressure at x/hs « 12.
The net downstream side force is quite small where

=°-305
represents only about 2% of the force generated ahead of the
jet, but within the accuracy of the measurements, Fid/PJi8
has to be taken as zero.

The pressure distribution downstream of a secondary jet
has also been considered experimentally by Volz and Werle,5
Spaid and Zukoski,3 Cooper,6 Kaufman,2 and Barnes et al.1
In Ref. 5, Volz and Werle used a scheme based on x8j the
forward separation distance, instead of hs% and were able to
correlate Mm = 5 downstream pressure distributions almost
as well as those shown in Fig. 2. In that work they found
the peak pressure to be about Ppeak = 2 Pm and its position
to be Xpeak = 0.5 xs. In the present work at Mm = 4, xs
was found to be roughly linear with hs, being given by

xs = 5 hs (2)

so that the xpeak was at 0.8 xs. Thus, there appears to be a
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Fig. 2 Downstream pressure distribution correlation.

J Volz and Werle were forced to use xs because no shadow-
graph data were available. The shock height, hs, seems the more
fundamental length for the downstream interaction region.
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dependence of the peak pressure and its position on the free-
stream Mach number. Further evidence to this effect was
given by Spaid and Zukoski3 who found experimentally that
at Mo, = 2.61, Ppeak = P^ while at Mm = 3.5, Ppeak = 1.1 Poo
and Xpeak ~ xs. Cooper6 verified experimentally that at
Mo, ~ 2.5, Ppeak ~ POO- The very limited turbulent data
presented by Barnes et al.1 was interpreted by those authors
as showing a dependence of Ppeak on the jet-gas mass-flow
rate with the maximum Ppeak observed being approximately
4 Pa, at Moo = 8. Careful review of this data, though, (see
Fig. 50 of Ref. 1) indicated that it would not be unreasonable
to take a Ppeak = 4 Pm at x = 0.5 xs to 0.6 xs for the three
jet-gas flow rates reported therein. Therefore, in contrast
to the model proposed in Ref. 1, it appears that the down-
stream pressure distribution is characterized by a peak pres-
sure which is completely independent of the jet-gas mass-
flow rate. The level of this peak pressure is apparently
only a function of freestream Mach number. No evidence
was found in this test series to support Kaufman's sugges-
tion2 that Ppeak depends linearly on x = 1 + Maf/(Re)llz.
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Decomposition of Second-Order Systems
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IN areas such as structural feedback, flutter, and control
systems in general, it is often convenient to formulate the

problem as a set of linear second-order coupled equations. If
the space is of order n these equations can be written as a set
of 2n linear first-order coupled equations. This paper pre-
sents a method of finding the transformation to decouple the
system. A situation where this decoupling cannot be fully
carried out is also discussed.

Consider the following linear second-order matrix equation:

where [Ai], [A%], and [A3] are square matrices of order n con-
taining constant coefficients (real or complex). These ma-
trices are assumed to possess no preferred property such as
symmetry or positive-definiteness.
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{R} = \U
( j \u (2)

a partitioned vector of order 2n and recast Eq. (1) into the
following format:

[B2]{R\ = (3)

where

and

_ o
Equation (3) can be partially hermitian symmetrized by

premultiplying by [Bi]*, the complex conjugate of [Bi].
The following expression is then obtained:

(4)

where [H] = [Bi]*[Bi], and [Bu]* is the matrix containing
the first half of the columns of [Bi]*. The hermitian matrix
[H] is non-negative-definite, and one can find its real eigen-
values K and vectors [v] such that

= [ (5)

[v]*[v] = [7]
and

p -f- q = 2n

The zero roots of [H], if present, are those of [At]. After
substituting

(6)

into Eq. (4) and premultiplying by [v]*, one obtains the fol-
lowing expression:

(7)

- El S:] -

where

and

From the bottom half of Eq. (7) one obtains the following:

W = -[A^M*} + [DK]-i[a]{P(t)} (8)
This solution is equivalent to the following:

where

The following expression is obtained by substituting Eq. (8a)
into Eq. (7) and premultiplying by [F]*:

where
{s,} + [L]{8l] = M[P(f)\

[7] = 1/3] - [.D12][D22]-'W

(9)


