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where
H, =, P'SPdV
Q. = fs, L'RdS
§,PTBdV; under Eq. (1)
{jMRTL dS; under Eq.(2)
and for the steady-state creep,
M, = 4o Jy, (/A PTGP AV (18)

Here B involves derivatives of L according to the strain displace-
ment relation. The equivalent stress ¢ can be expressed in terms
of @, and hence also in terms of g.

Since, in general, both g and q may refer to common nodes,
it is required to assemble the matrices H,, M,, G,, and Q, into
corresponding global matrices, H, M, G, and Q; i.e.,

n=(1/28™Hp+ FMB- p"Gq+4d"Q (19)
In applying Eq. (2), of course, there will be no coupling between
B matrices in different elements, hence H, M, and G are simply

super diagonal matrices. The variation principle thus leads to
the following system of equations

[2 “3][5} [i?;‘”’”] (20)
[‘ﬂ:[-gT o] 126 @1

This is a system of first-order nonlinear differential equations.
With the initial conditions for g and q obtained by a linear

elastic solution, Eq. (21) can be solved by many numerical
methods.

(7)
G, =

or
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Laser Anemometer Measurements of
Surface Pressure Distributions

S. J. BARKER* AND H. W. LIEPMANNT
California Institute of Technology, Pasadena, Calif.

L. Introduction

HE forces exerted upon a moving solid body in incom-

pressible flow can always be obtained from velocity
measurements on a suitable contour around the body. In
particular, the surface pressure distribution can be deduced from
velocity measurements taken on a contour just outside of a thin
boundary layer. According to boundary-layer theory, the static
pressure change across a thin boundary layer is of order (/1)
where 0 is the boundary-layer thickness and [ is the length of
the body. The x-momentum equation outside of the boundary
layer is U(dU/dx) = —(1/p) dp/dx, which can be integrated to
p+3pU? = constant for the incompressible case. The surface
pressure coefficient, defined as ¢, = (p— p,)/5pU >, is then given
by ¢, =1—(U/U,*. The error in this approximation to the
surface pressure is of order (5/1)%.

The present technique for measuring surface pressure distribu-
tions in wind or water tunnels requires the construction of
models with many small static pressure taps in surfaces of interest.
Such models are expensive and very difficult to build. The laser-
Doppler velocimeter technique provides for the first time a
convenient method of measuring velocities directly without any
interference, and hence suggests a very attractive alternative for
measuring pressure distributions on airfoil and hydrofoil sections.
The application to hydrofoils is particularly attractive because
the construction of these very thin sections with a sufficient
number of pressure taps is often impractical. At the same time,
the laser-Doppler technique is most easily used in water.

II. Experimental Technique

An experimental test of the feasibility of this method has been
conducted in the Caltech High Speed Water Tunnel. This tunnel,
described in Ref. 1, has a two-dimensional test section for testing
6 in. span hydrofoil models at velocities up to 85 fps. The
models are cantilever mounted on one wall of the test section,
and the opposite wall is transparent. The laser-Doppler veloci-
meter (LDV) used for this test is one which has been developed
at Caltech, and has been applied to a variety of hydrodynamic
flows.?3 The LDV optics are mounted on a traversing system
which can scan the flowfield near the surface of a two-dimensional
model and position the center of the measuring volume to within
0.001 in. Since this LDV operates in the forward scatter
reference beam mode,? the mounting plate of the hydrofoil
model has to be made of a specular reflecting material. In this
way, the reference beam and forward scattered Doppler shifted
light are refiected off the mounting plate, back out through the
test section window and into the photodetector (see Fig. 1).
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Fig. 1 Experimental geometry.

The hydrofoil model used in this test was an NACA 66-210
profile with a chord of 6 in. At a typical freestream velocity of
30 fps, the boundary layer thickness at the trailing edge is about
0.12in. and the chord Reynolds number is 1.5 x 10°. The pressure
surveys were made by positioning the LDV measuring volume
at the desired distance (x) from the leading edge, and then
increasing the distance (y) from the wall until just outside of the
boundary layer. The outer edge of this thin boundary layer was
easy to locate by the sudden decrease in the turbulence level
as detected by the LDV. Outside of the boundary layer the
velocity was found to be a relatively weak function of y. At each
measurement point the velocity was averaged over a 10 sec
period, and the scatter of the results was about 0.3%. (This scatter,
although small, might be further reduced by replacing the Plexi-
glas test section window with one of better optical quality.)

III. Results and Conclusions

Pressure distributions on the NACA profile were measured for
angles of attack of 0, 3, and 6°. Values of (U/ U,)* were plotted
by computer and are shown in Fig. 2. These results are in reason-
able agreement with theoretical predictions for this airfoil shape.*
Further tests of this technique will include lift and drag measure-
ments on the model which will be compared to the forces
predicted from the pressure distributions.

This method of measuring surface pressure distributions has
several advantages which make it a desirable alternative to the
pressure tap model. Most obvious is the fact that the models are
much less expensive and easier to build. Pressure tap models
are completely impossible in some cases, such as the present
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Fig. 2 Surface pressure distributions.
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generation of supercavitating hydrofoils with very sharp leading
edges. Another advantage is that pressure measurements can be
made at as many values of x as desired using the LDV technique,
whereas the number of points for a pressure tap model is very
limited and points cannot be spaced more closely in regions of
interest. In addition, pressure tap models have an artificial surface
roughness which may itself affect the pressure distribution.

The method described here is of course subject to the assump-
tions inherent in the equation p+34pU? = constant, and the
assumption of constant pressure across the boundary layer. This
latter assumption requires that boundary layers remain thin and
attached ; separated flows are not considered. However, for the
testing of almost any thin wing or hydrofoil section, these assump-
tions are not restrictive. In flows over more complex shapes where
separation could occur, the LDV measurements should be sup-
ported by conventional surface pressure measurements.

If the LDV technique is to be used as a standard testing
procedure, it is expected that the traversing over a contour and
recording of velocities will be automated. At Caltech a small,
on-line computer will be used to generate the required x-y
coordinates for the survey, and the traversing mechanism will
be driven to these coordinates by stepper motors. The computer
will then record the LDV frequencies and generate a plot of
(U/U,)?. In this way it should be possible to survey a model
surface in a couple of minutes of tunnel time.
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Independent Region of Acceleration in
Solid Propellant Combustion

TakAsHI NIokA* AND TOHRU MITANT*
National Aerospace Laboratory, Miyagi, Japan

Introduction

THE spinning of a rocket causes a marked change in the
performance of the solid propellant rocket, and that change
is unpredictable from the motor at rest. Usually, the chamber
pressure is higher, the burning time is shorter, and the total
impulse is lower, respectively, than those in the similar motor
fired under static condition. These differences are due to the
increases in the burning rate augmentation in the radial
acceleration field. The burning rate, however, keeps its value
constant up to certain acceleration (here referred to as “critical
acceleration”), and under certain circumstances the spinning
rocket motor may be designed in the independent region of
acceleration, should the rocket performance be different from
the one of the static condition. The purpose of the present
study is to investigate the pressure dependence of the critical
acceleration, especially concentrating our effort on the com-
parison of the composite propellant with CMDB (Composite
Modified Double-Base) propellant.
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