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It can be seen that the minimum mass will be obtained when
(Z8;) is a maximum. This wiil oceur when the structure
is under maximum isotropic tensile stress S,, that is, when S;
= 8, = 83 = 8y, providéd that S, is not much less than S,.
It follows then that

Mst 2 %pst Emag/so (15)

This minimum may be difficult to achieve for any practical
coil design. It perhaps may be approached in a coil design
that produces a quadrapole-like field at a large distance, but
such a coil does not appear attractive for shielding purposes.

The minimum mass for a structure consisting of thin plates
or shells will occur when each section is under maximum bi-
axial tensile stress, that is, when each principal stress in the
plane of the shell equals S,, and the stress normal to the shell
may be neglected. In this case, one has

Mse 2 %PstEmag/Su (16)

The minimum in (16) is approached for a very flat (or single~
turn) solenoid supported by the disk-like structure. In this
example, the mass is mostly in the disks, which are under
tensile stress S, in both the radial and azimuthal directions.

In a previous result presented by Levy,’ a minimum mass
twice that of (16) was obtained by assuming that in any
element of volume each principal stress is supported by an
individual structural element. The possibility of a strue-
tural member bearing more than one stress, in particular,
more than one tensile stress, apparently was not considered.

The ratio of the structural mass t0 ps:Fmaee/Sy is shown in
Fig. 3 for the single-cylinder and disk-cylinder structures.
In accordance with (14), as L/R approaches zero the ratios
approach unity and %, respectively. The increase in these
ratios with increasing L/R can be attributed to the addi-
tional mass required to support the compressive force F,.
The lower mass of the disk-cylinder combination results
from the replacement of some of the single tensile-stressed
material in the single-cylinder by double tensile-stressed
material in the disks. If, instead of the disks, (single tensile-
stressed) spokes had been used, no mass savings would have
been realized. The mass savings obtained by replacing
uniaxially stressed structural elements (e.g., spokes or rings)
with biaxially stressed elements (e.g., disks or cones) may
be useful in other applications.

Concluding Comments

With the decrease in structural mass gained by using bi-
axially stressed structural elements, additional savings in the
overall mass by reducing the amount of superconducting wire
used or by reducing the mass of the cryogenic components
becomes more important. The development of improved
structural materials will enhance the magnetic shield concept
further.

To complete the design of a magnetic shield, more detailed
information concerning the variation of the shielded volume
with coil shape and magnetic moment is required.
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Experimental Unsteady Airfoil
Lift and Moment Coeflicients
for Low Values of Reduced Velocity

H. NorMmaN ABramson* AND Guipo E. RansLeBeEN JR.T
Southwest Research Institute, San Antonto, Tex.

SOMEWHAT open question of long standing relates to

the accuracy of the classical aerodynamic theory for
oscillations of a two-dimensional airfoil at low values of re-
duced velocity or, alternatively, at high values of reduced
frequency, k. The situation has been summarized by
Bisplinghoff et al.,! noting the difficulties encountered by
various investigators In obtaining experimental data for
1/k < 2.0, and particularly for 1/k < 1.0. The various ex-
perimental data show generally excellent agreement with
theory at high values of reduced velocity (1/k > 2.5), except
for the lift and moment due to pitching; however, at lower
values of reduced velocity (0.8 < 1/k < 2.0) several of the
coefficients show increasingly poor agreement between theory
and experiment.

Interest in this question has been maintained over a num-
ber of years not only for its intrinsic importance in the de-
velopment of unsteady aerodynamic theory, but because a
steady increase in available data on flutter of foils in dense
media, more typical of hydrofoil boat applications, has re-
vealed the apparent existence of serious discrepancies be-
tween calculated and measured flutter speeds.? Because of
the low values of reduced velocity generally involved, some
controversy has developed as to the nature of these dis-
crepancies and the implications regarding the classical
theory; recent theoretical and experimental studies® have
not clarified the picture. An effective answer to this prob-
lem probably will depend primarily upon the availability
of fundamental experimental data on the unsteady aero-
dynamic coefficients.

The authors presently are engaged in a study of hydro-
elastic characteristics of submerged lifting surfaces for hydro-
foil applications and have acquired experimental data on
oscillatory lift and moment distributions on a rectangular
cantilever foil of aspect ratio 5 in water under fully wetted
flow conditions.* These data at a low reduced velocity are of
such nature that they may be correlated directly with similar
data obtained during wind-tunnel tests at higher reduced
velocities,? at essentially the same Reynolds numbers. Al-
most identical experimental techniques and procedures were
employed in both programs.

Figures 1-4 present plots of the oscillatory lift and moment
coefficients due to bending and torsion. In each figure,
experimental data from both wind-tunnel and water-towing
tank tests at 509 semispan are compared with the classical
two-dimensional theory. The coefficients are given in terms
of magnitude and phase angle vs reduced velocity, 1/k, where
the following notation applies:

Li» = nondimensional oscillatory lift coefficient due to
bending, positive downward = L,

Li. = nondimensional oscillatory lift coefficient due to
torsion about the quarter-chord, positive down-
ward = L,
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Although the data from the tests in water are not of as high
quality as from those in air, correlation between the two sets
of experimental data is remarkably good, with the exception
of the phase angle of moment due to bending (Fig. 3).
Agreement between experimental and theoretical lift coeffi-
clents is generally good, but that between experimental and
theoretical moment coefficients leaves something to be de-
sired. The phase of the moment due to bending (Fig. 3)
is puzzling because this is the only instance where the air
and water-test data do not appear to correlate well; one could
speculate that the experimental data do correlate and that
any deviation resides with the theory (compare with the
phase variation shown in Fig. 4). The moment due to
torsion is interesting because the two sets of experimental
data correlate very well but differ significantly from theory;
for the higher values of reduced velocity, this seems to agree
generally with previous investigators. It is emphasized that
the selection of 509, semispan as a reference station was en-
tirely arbitrary, dictated only by the fact that this was the
only spanwise station at which measurements were made in
both air and water tests.

Figure & shows that the general effect of the actual finite
span on the shape of the spanwise distribution remains
significant down to even 1/k = 0 (the other coefficients
show quite similar effects). Of course, theoretical finite span
effects® begin to diminish rapidly for small values of reduced
velocity, reducing to the two-dimensional values of lift and
moment at 1/k = 0. More detailed comparisons with finite
span theory over the range of reduced velocities are given
elsewhere.*

Although few final conclusions should be drawn from the
limited data on hand and the few correlations with theory
that have been made, the extent of the differences between
the classical theory and the measured coefficients at low
reduced velocities appears to be significant. This applies
particularly to the moment coefficients, where the phase of
the moment due to bending requires additional data, and both
the magnitude and phase of the moment due to torsion de-
part from theory rather significantly, on a percentage basis,
as reduced velocity decreases.
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Turbulent Mixing of Compressible
Free Jets

R. C. MaypEw* anDp J. F. REEDT
Sandia Corporation, Albuquerque, N. Mezx.

HE effect of Mach number on the spreading rate of
turbulent free jets (in the half-jet mixing region) is not
clearly defined. Estimates®? of o, jet-spreading parameter,
as a funetion of Mach number differ by a factorof 2at M = 2.
An experimental investigation® of the turbulent mixing
of axisymmetric jets with quiescent air at nozzle exit Mach
numbers of 0.70, 0.85, 0.95, 1.49, and 1.96 was conducted at
Sandia Laboratory. Radial Pitot and static pressure surveys
were made at 0.5, 1.0, 2.0, 3.0, and 3.84 nozzle diameters
downstream of the 3-in.-diam nozzles. The 0.042-in.-diam
Pitot and static probes were mounted on a lathe bed assembly.
Probe position was measured with a 10-turn Helipot geared
to the lathe bed assembly. Probe position and pressure
data, measured by unbonded strain-gage transducers, were
recorded in both analog (strip chart recorders) and digital
(IBM cards) form. Data reduction with the CDC 1604
high-speed computer greatly facilitated handling the copious
quantity of data.

Velocity profiles were calculated, assuming a constant
total temperature through the mixing region. The virtual
origin of the mixing region (resulting from the nozzle-wall
boundary layer) was determined by extrapolating the width
of the mixing region by, (for the five axial stations) to zero.
The width by, is defined as the radial distance between 0.1
(V/V)?and 0.9 (V/V,)? streamlines, where V/V; is the ratio
of local velocity to velocity at the inner edge of the mixing
region. The measured virtual origins are 0.2, 0.5, and 0.8 in.
upstream of the nozzle exit for Mach 0.70, 0.85, 0.95; 1.49;
and 1.96; respectively. The data indicated linear growth
of the mixing region with axial distance.

The experimental velocity distributions (in the nondimen-
sional form of oy/x. vs V/V,) were compared with Crane’s?
and the error-function theoretical profiles. The jet-spreading
parameter, ¢, is proportional to the spreading rate of the
mixing region and is determined by comparison of experi-
mental with theoretical profiles. The coordinates y and =z,
are the radial and the axial-plus-virtual-origin dimensions,
respectively, with y measured from the V/V; = 0.5 stream-
line. Considerable effort was devoted to trying to fit the
data (by the right choice of o) to the error function distribu-
tion, since this simple mathematical model is easier to apply
to other problems. However, the data correlated well with
Crane’s* (or Gortler’s%) solution for incompressible flow. The
correlation is shown in Fig. 1 for ¢ = 10.5, 10.8, 11.0, 15.0,
and 20.0 for Mach 0.70, 0.85, 0.95, 1.49, and 1.96, respec-
tively. Data from 16 repeat runs® (not presented herein)
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