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Fig. 2 Comparison of predicted and experimental back-
side temperatures for various thickness insulators.

Therefore,
ou/08 = —R 3)
and noting that
0%/dx? = d%/ou? 4)
and
ol _oudt | ot o -
00 df ou 26 o8
with 060’/38 = 1, substituting Eq. (3) into Eq. (5) gives
X rE 2 ®)

substituting Eqgs. (6) and (4) into Eq. (1) gives
=0 ™

by noting that 0¢/00’ = 0 in the quasi-steady state. Integra-
tion of Bq. (7) and use of semi-infinite bcundary conditions,
t—t;asu~ « and { = {; when 4 = 0, yields the following
for the backside temperature rise:

b — t: = (ta — t:;) exp(—Rus/ ) 8)

Employing Eq. (2), which relates ws, z:, and 0, yields the
following:

& —ti = (ta — 8;) exp(—Rzi/a + R20/ ) (9)

By use of Eq. (9), it is possible to estimate the backside tem-
perature rise of an insulator as a function of exposure time for
various initial thicknesses in a solid-propellant rocket motor.

The value of 4, used in Eq. (9), may be determined from
experimental data. In this investigation, data showed it to
be approximately 300°F. Physically, this value approximates
the start of thermal decomposition in silica-filled Buna-N
rubber.

In Fig. 2, experimental backside temperature for various
exposure times and initial thicknesses are compared with those
predicted by Eq. (9). The predicted backside temperatures
and the experimental data are in close agreement, within
3°F, at any reported exposure time.

Agreement of the predicted and experimental data indicates
that a useful approximate relationship has been developed to
estimate rapidly the backside temperature of silica-filled,
Buna-N internal insulators in solid-propellant rocket motors.
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This relationship can be used in design applications for rapid
selection of optimum insulator and motor-case thicknesses.
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Flutter of Multibay Panels at
Supersonic Speeds

WiLLiam P. Roppen*
Aerospace Corporation, El Sequndo, Calif.

N Ref. 1, Dowell has carried out a comprehensive study of

the flutter of two-dimensional multibay panels at high
supersonic Mach numbers. The stability boundaries pre-
sented in Ref. 1 for the two-bay and four-bay configurations
differ substantially from earlier results obtained by the
present author. Dowell attributes the differences to a lack of
convergence related to approximations in the previous
collocation (or lumped-parameter) solutions. This was
not the case, and it is the purpose of this note to review the
difficulties in the previous solutions and to correlate the
correctness of Dowell’s results by proper application of
the collocation method.

The two-bay panel was originally investigated in the
author’s thesis,? and the results have been reported in Refs.
3 and 4; the subsequent investigation of the four-bay panel
was reported by Fung* in his survey of theories and experi-
ments on panel flutter. The method of analysis was a nu-
merical collocation solution of the aeroelastic integral equation
expressed in terms of a structural influence coefficient matrix
(SIC), a mass matrix, and an aerodynamic influence coefficient
matrix (AIC), which permitted construction of the conven-
tional required damping vs velocity flutter stability curve.
The particular collocation formulation was developed in
Ref. 5, and the panel AIC’s have been reviewed in Ref. 6.
The two-bay and four-bay panels are considered in turn in
the following, since each encountered a different difficulty in
its solution.

In reviewing the two-bay panel caleulations, the question
of convergence was considered first. In Ref. 2 each bay was
divided into ten segments and nine collocation control
points, the SIC’s and AIC’s (including all unsteady terms
in the panel pressure expression) were generated by desk
calculations (the mass matrix was a unit diagonal), and the
North American Aviation, Inc., high-speed digital computer
program based on Ref. 5 was used for the flutter solution.
The present state of automation includes not only a faster
and more accurate flutter solution” but also programs for the
generation, in punched-card format, of SIC’s® and panel
AIC’s.® It was therefore feasible to attempt verification of
the sufficiency of the original 18 degree-of-freedom analysis
of the two-bay panel by doubling the number of divisions of
each bay (20 segments and 19 control points). The 38
degree-of-freedom analysis demonstrated the adequacy of the
original division. It then became necessary to look else-
where for the source of the discrepancy. It was soon dis-
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Fig. 1 Flutter stability determination for two-bay panel
at M = 1.56.

covered, by computing additional points for the stability
curves, that the eigenvalues corresponding to the second and
third modes which came out of the flutter solution in order
at high reduced frequency & > 0.3 (based on panel semichord)
switched between the reduced frequencies of ¥ = 0.3 and
k = 0.2, so that the second eigenvalue at & = 0.2 corre-
sponded to the third mode, whereas the third eigenvalue
corresponded to the second mode. This was a consequence
of obtaining the complex eigenvalues by the power method
(matrix iteration) which yields the eigenvalues in order of
descending modulus, but it was not apparent because of the
large spacing of the original points. The original and
additional points and the original and corrected curves for the
second and third modes are shown in Fig. 1 for the Mach
number M = 1.56 and in Fig. 2 for M = 2.00; the notation
of the figures uses ¢ for required structural damping coefficient,
1/k: for the reduced velocity based on the fundamental
frequency of the panel, e for the mass ratio (product of air
density and bay length divided by panel mass per unit
length), and 8 = (M? — 1)V2  The regions of switching of
the order of the eigenvalues are indicated. It is interesting to
note that, although the second and third eigenvalues did not
switch at M = 2.00 for ¢/8 = 0.12, the points for k =
were not obtained originally because the iteration solution
did not converge; the points were obtained in the recent
calculation because the eigenvalue subroutine developed for
Ref. 7 accounts for the convergence problems associated with a
pair of complex roots having close moduli. The original
fairing of the curves was consistent with the limited amount
of data, although it may appear somewhat arbitrary in
retrospect. It is seen that the third mode rather than the
second is the critical flutter mode for the two-bay panel.
This agrees with Dowell’s general observation that, if there
is a sufficient amount of aerodynamic damping, the critical
flutter condition for a multibay panel results from coupling
of the fundamental mode and the mode that corresponds to
the second mode of the one-bay panel [i.e., the (N 4+ 1)th
mode of an N-bay panel].

The review of the four-bay panel calculations at M = 2.00
uncovered a mistake in processing the data for a machine
language program.t In reading the AIC’s into the computer

t The new programs of Refs. 7-9 are written in the Fortran
language.
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Fig. 2 Flutter stability determination for two-bay panel
at M = 2.00.

for the flutter calculations, an incorrect storage location was
specified for the first element of one of the rows which con-
sequently rendered the results meaningless for all four values
of the reduced frequency originally considered (k¢ = 0.2,
0.3, 0.4, and 0.6). The corrected calculations for the critical
fifth mode of the four-bay panel are shown in Fig. 3. The
curves for the critical modes of Figs. 2 and 3 differ because
each bay of the four-bay panel was divided into five segments
and four control points in contrast to the ten segments and
nine control points in each bay of the two-bay panel; the
differences provide a measure of the convergence error of the
idealization with only four control points per bay. The
restriction of the four-bay analysis to 16 degrees of freedom
was necessary because of the limited capacity of the earlier
computer (IBM 704), since 36 (nine points per bay) would
have exceeded its capacity.

The stability boundaries of Figs. 1-3 are compared to
Ref. 1 in Fig. 4. The stiffness parameter A and the aero-
dynamic damping coefficient g4 of Ref. 1 may be generalized
to agree with the first-order unsteady supersonic theory and
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Fig.3 TFlutter stability determination for four-bay panel
at M = 2.00.

1 The capacity of the IBM 7090 for which Ref. 7 was written
now permits 49 degrees of freedom.
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Fig. 4 Comparison of fluttver stability boundaries for zero
structural damping.

also related to the notation of Ref. 2 through the definitions
N = (74/4)(e/Bks?) and gu = 7 (¢/Bk)(M? — 2)/B% The
abscissa ¢4 is shown in Fig. 4 rather than the total damping
coefficient gr of Ref. 1, where gr = g4 + gs and gs is the
equivalent viscous structural damping coefficient, because the
conventional structural damping can be destabilizing,
whereas viscous damping is always stabilizing. The desta-
bilizing effect of structural damping is apparent in Figs.
1-3 from the reversed slope of the critical curves for moderate
values of g. This destabilizing effect of structural damping
on panel flutter has been analyzed by Johns¥; certain
essentially different properties of viscous and structural
dampings were first pointed out by Soroka.!

The comparison in Fig. 4 shows excellent agreement be-
tween Figs. 1 and 2 and Ref. 1. The 209, discrepancy be-
tween Fig. 3 and Ref. 1 measures the convergence error in
terms of stiffness requirement of the 16 degree-of-freedom
idealization of the four-bay panel. Particularly significant
is the agreement between Fig. 1 and Ref. 1, since it indicates
that the first-order unsteady aerodynamic theory is valid for
panel flutter calculations at supersonic Mach numbers at
least as low as M = 1.56; the determination of the lower
Mach number limit of the first-order unsteady theory is one
of the subjects of the current investigation on multibay
panels in Ref. 9.
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Shock Interaction in a Hypersonic Flow

Frank R. TEPE JR.* AND WIDEN TABAKOFFT
University of Cincinnati, Cincinnats, Ohio

Nomeneclature
flow deflection angle
angle of the contact surface with respect to the free-
stream flow direction

o
([}

P = static pressure

6 = shock wave angle

M = Mach number

& = wedge body angle

a = angle of attack of wedge body

ds*/dx = slope of mass boundary layer

T = static temperature

T = wedge body temperature

" = viscosity

b = viscosity at surface of wedge

Rex = Reynolds number at point of interaction
Subscripts

0 = freestream conditions

1 = conditions in region 1 as specified by Fig. 1
2 = conditions in region 2 as specified by Fig. 1
3 = conditions in region 3 as specified by Fig. 1
4 = conditions in region 4 as specified by Fig. 1

Introduction

THE interaction of oblique shock waves of different intensi-
ties in a hypersonic flow was investigated from both the
theoretical and experimental viewpoints. The angle, with re-
spect to the freestream flow direction, of the vortex layer or
contact surface generated by this interaction phenomena is
predicted using first an assumption of inviscid flow and then
an assumption of viscous flow. Empirical solutions are also
developed to predict the angle of the contact surface with a
minimum of computation if a high degree of accuracy is not
required. The effect of varying the flow and geometric pa-
rameters on the viscous solution was also considered.
Although innumerable reports have been published on the
theory of shock waves in a supersonic flow, there appears to be
very little work accomplished in the field of interaction of
oblique shock waves of different families. A study was con-
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