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Fig. 2 Design curves—stress ratio vs frequency.

more of the input energy is transformed into the reflected
modes of the propagating pulse through the discontinuity.
Figure 2 presents the design curves developed from the results
in Table 2. These design curves can be used as a tool to
determine the loss in magnitude of the transmitted pulse for a
given A,/A, ratio and frequency value. These curves can also
be used in the nondestructive testing of determining flaw sizes
and voids as was suggested in Ref. 7.

The results of the third investigation verify that one computer
run can be used to predict the effect of frequency on the stress
ratio obtained in the second investigation with a big saving in
computer runs. The results summarized in Table 3 show that
good agreement is achieved between the two methods. The
percent error varies from 3.64% to 5.28%, as indicated.
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Introduction

HE experimental study' referenced by Pate et al.? provides

important and previously unpublished data which supports
the feasibility of the high density, MHD augmented wind-tunnel
concept. The results of this initial feasibility study are of particular
interest in that they provide the only known available MHD
augmented shock tunnel data obtained using unseeded air flows.
Such operation more closely simulates real flight and eliminates
the concern expressed? regarding flow seeding effects on model
heat transfer, flow chemistry, and possible particle damage to
models. This paper very briefly presents some additional
measured MHD interaction effects flow data obtained from the
earlier study in order to extend the scope of useful information
available to interested investigators and wind tunnel users.

Discussion

This study was conducted using a high-performance electri-
cally driven reflected shock tunnel. The unique performance
capability of this type of shock driving technique permitted
the generation of high pressure-high temperature shock tunnel
reservoir conditions yielding highly ionized unseeded air flows
in the accelerator and nozzle with moderate values of chemical
dissociation.>* The over-all facility setup is illustrated in Fig. 1.
The design and performance of the MHD accelerator were
based upon a one-dimensional, steady, inviscid, compressible
flow analysis.®> A typical set of calculated performance curves
for this experiment is given in Fig. 2.
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Fig.2 Calculated properties through ac-
celerator channel. High density inlet conditions,
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Fig. 4 Enthalpy/entropy increase due to MHD augmentation.

The MHD accelerator channel (Fig. 3) was 12.25 in. in
length, had a square-cross-section (0.5 in. x 0.5 in. entrance), an
area ratio of 2.0, with an average air electrical conductivity
of 110 mho/m, at a nominal magnetic field strength of 5.2 W/m?2,
resulting in an LB?¢/pv, parameter value of 0.15. It has 38
pairs of segmented copper electrodes. It was experimentally
determined® that the flow duration of ionized air in the
accelerator was of the order of 300 usec.§ The total MHD-
augmented shock tunnel process is as illustrated in Fig. 4.
The electrically arc-heated helium driver generates a strong
shock wave (M, = 13.6 at P; = 150 torr) which processes the air
initially in the driven tube to the stagnation value S. This
highly ionized air then expands isentropically to the MHD
accelerator entrance a. The high-density ionized air is accelerated
by the applied J x B forces; this kinetic energy addition being
equivalent to raising the air stagnation enthalpy to S". An
increase in entropy also occurs during the MHD augmentation
cycle. The air then further expands in the nozzle located
downstream of the accelerator exit b, influenced by these
increased entropy and effective stagnation enthalpy values.

The experimental performance was monitored by measuring
accelerator wall voltage gradients normal to the flow, current-
time history of various electrode pairs, channel static pressure,
open circuit U x B induced potentials, and nozzle impact
pressure. These measurements, with the exception of nozzle
impact pressure, have been discussed in a limited manner in
Refs. 7 and 8. From these measurements a direct determination
of flow velocity increase due to MHD augmentation was obtained
as well as an indication of over-all operational efficiency. A
constant voltage electrode surface-sheath loss of approximately
100 V and a variable voltage cool boundary-layer loss that
diminishes with increasing ohmic heating and/or turbulence of
the boundary layer were postulated from these measurements.’
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Fig. 5 Ympact pressure measurements in the MHD accelerator.

§ Limited by the arrival of the driver expansion fan. The time to
driver interface arrival is however 700 psec.
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powered MHD; dashed square—MHD Aug. @ 507, electric currents;
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Operation of the facility under so-called “fully powered”
conditions (as compared to “underpowered” conditions) elimi-
nated the boundary-layer loss and resulted in an operational
efficiency of 759 (somewhat below the 85%-90% value reported
in Ref. 2).

Velocity increase data were obtained primarily from the impact
pressure measurements. Fig. 5 shows nozzle impact pressure
responses, and Fig. 6 is a summary of the wide range of impact
data obtained compared to the one-dimensional analysis as a
function of variation in MHD channel electrode segmentation
ratio. The increase in impact pressure is quite pronounced and
the analytically predicted increases in flow velocity were readily
achieved experimentally. A tabulation of the various operational
and flow conditions shown in Fig. 6 is given in Ref 9
(Chart II). These conditions cover high and medium flow density
(p), high and low reservoir enthalpy, and include a very limited
study with seeded air using a novel “basket seeder.”® Under
the most optimum conditions used in this experiment, the
velocity in the test section increased from 19,600 fps to 24,000 fps
due to upstream MHD augmentation.
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Interpolation in Numerical Optimization

KENNETH R. HALL* AND DaviD G. HULLY
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NUMBER of numerical optimization methods, for example,

the gradient method, the generalized perturbation method,*
and quasilinearization, iterate on variable histories. In order to
facilitate the updating process from one iteration to the next,
a fixed-step, multistep integrator, such as the Adams-Moulton,
Adams-Bashforth integrator, is normally used. With a low-order
integrator, say fourth order, it may be necessary to use a large
number of integration steps to get the accuracy needed to
achieve convergence, and this is costly with respect to both
computer time and computer storage. At the same time, a large
number of integration steps can lead to round-off error in the
numerical integration process. The problems previously men-
tioned can be circumvented by using a variable-step integrator
with stepsize control based on local relative truncation error.
However, this procedure requires the use of an interpolation
method because the pattern of integration steps will differ from
one iteration to the next. In addition, the orders of the inter-
polator and the integrator must be similar to achieve the desired
accuracy. One arrangement which has been used successfully*-?
is the Runge-Kutta-Fehlberg 3(4) integrator® and the cubic-spline
interpolator. The purpose of this Note is to discuss the cubic-
spline interpolator in terms of the requirements imposed by
numerical optimization. '

In general, the requirements imposed on the cubic-spline
interpolator by numerical optimization are that the spline be
generated accurately and with the minimum amount of storage.
The standard procedure for generating a spline involves the
solution of a linear system in which the coefficient matrix is
tridiagonal. The linear system can be solved by an elimination
method (for example, Gauss elimination) or by an iterative
method (for example, successive over-relaxation). With regard
to accuracy, both methods yield essentially the same results.
However, Gauss elimination requires the storage of three more
N-vectors than successive over-relaxation, where N is the number
of nodal points. If N is large and if several curves are being
interpolated, storage minimization makes iterative methods more
attractive than elimination methods. It should be mentioned,
however, that iterative methods usually require more computer
time.

An algorithm and a code for generating the cubic spline
with successive over-relaxation is presented in Ref. 4. However,
there are two aspects of the procedure used in Ref. 4 which
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