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VARIATIONAL PRINCIPLES IN
DYNAMIC THERMOVISCOELASTICITY ¥

SUBRATA MUKHERJEE]

Department of Applied Mechanics, Stanford University, Stanford, California 94305

Abstract—Dual variational principles for steady state wave propagation in three dimensional thermovisco-
elastic media are presented. The first one, for the equations of motion, involves only the complex displacement
function. The second principle is for the energy equation. These principles are specialized to the case of one
dimension. A one-dimensional example, that of wave propagation in a thermoviscoelastic rod insulated on its
lateral surface and driven by a sinusoidal stress at one end, is solved using the Rayleigh-Ritz method. The dis-
placement and temperature functions are expressed as series of polynomials. Successive approximations for the
solution are compared with a solution obtained by a method of finite differences, and an estimate of the degree
of accuracy as a function of the number of terms taken in the series is obtained. It is found that the approximate
solution converges rapidly to the correct one.

INTRODUCTION

SEVERAL authors have developed and used variational principles to obtain solutions -to
problems in quasi-static and dynamic viscoelasticity, with and without thermomechanical
coupling. Gurtin {1] and Leitman [2] have developed variational principles for visco-
elastic media without thermomechanical coupling. They have used the convolution form
of the constitutive equations and have developed variational principles for several types of
boundary value probiems. Their work appears to be primarily of mathematical interest.
Schapery [3, 4] also gives convolution variational principles with and without thermo-
mechanical coupling respectively. Valanis [5] has developed a principle applicable to
viscoelastic materials with constant Poisson’s ratio, without thermomechanical coupling.

Schapery [8, 9] has studied vibration of viscoelastic media with thermomechanical
coupling. In [9] he has used a complex modulus form of the constitutive equations and
has developed a variational principle analogous to Reissner’s complementary principle
using complex kinetic and potential “‘energy”’ functions. His principle involves both stress
and displacement functions which must a priori satisfy the equations of motion. He has
considered examples with bodies that are either massiess or with concentrated mass, and
in his last example of a “solid cylinder with distributed mass” he only gives a first ap-
proximation to the solution, using only one term of a series expansion. While his method
appears promising, the question of convergence to the exact solution, or, in other words,
how many terms in the series are necessary to get a sufficiently close approximation to
the exact solution, remains open:
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This paper is concerned with the application of variational principles to problems of
steady state wave propagation in viscoelastic media with thermomechanical coupling. A
complex modulus description of the constitutive equations is used. The material is assumed
to be thermorheologically simple [7] and the energy equation, as suggested by Schapery
[9], uses the cycle averaged temperature distribution with the cycle averaged value of the
Rayleigh dissipation function acting as the heat source. The displacement variational
principle suggested here involves only the complex displacement function and an ad-
missible set of displacement functions need only satisfy any prescribed displacement
boundary conditions that might exist. This principle can be considered to be an extension
of that developed by Kohn, Krumhansl and Lee [6] for elastic media. It uses complex
instead of real “energy’’ functions. The temperature variational principle is the one
suggested by Biot [10] and Schapery [9].

An alternative form of these principles is suggested. This proves more useful for certain
applications. These principles are set up for general three-dimensional problems and are
later specialized to the case of one dimension.

As an example, the problem of steady state longitudinal waves in a viscoelastic rod
with thermal coupling subjected to a sinusoidal stress applied at one end, is solved using
a variational approach. Huang and Lee [11] solved this problem including time as an
independent variable. This resuited in partial differential equations which were solved
numerically using a method of finite differences. This is useful if the time histories of the
stress and temperature have to be determined. For many engineering design applications,
however, the steady state values of stress and temperature are of primary interest, since
due to dissipation of mechanical energy the temperature increases until a steady state is
reached, if in fact the situation is stable. Such a steady state yields the most severe tem-
perature conditions which are the major concern in design. In such cases it is simpler and
far more efficient to obtain the steady state values directly instead of following the complete
time history of the process till a steady state is reached. In this example, the steady state
values of stress and temperature have been directly obtained by using a Rayleigh-Ritz
procedure on the alternative form of the variational principles. Functions for displace-
ment (complex) and temperature are assumed as polynomial series (for convenience) with .
“n” and “m” terms respectively, with unknown coefficients. Simultaneous extremization
of two functionals is carried out by solving the resultant nonlinear algebraic equations in
a computer. The number of terms “n” and “m’ can be set in the program. Calculations
for a Lockheed solid propellant [8, 11] are carried out for various values for “n” and
“m’’ and the question of rapidity of convergence to the solution given in [11] is discussed.

GOVERNING DIFFERENTIAL EQUATIONS

1. General equations in three dimensions

Let us consider the governing differential equations for stresses, displacements and
temperature in steady state oscillations of linear isotropic viscoelastic media. The thermo-
mechanical coupling is caused by the cycle averaged value of the mechanical dissipation
function acting as the heat source in the energy equation and by the fact that the complex
viscoelastic modulii are temperature dependent. As pointed out by Schapery [8, 9] the
coupling terms due to the dilatation and potential energy drop out of the energy equation
if it is integrated over a cycle.
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We assume steady state conditions where the mechanical variables are harmonic
functions of time, and the temperature, after a sufficiently long time, is independent of
time. Strictly speaking, the temperature is never truly time independent but has small
cyclic variations about a mean value as a result of the cyclic variations of the potential
energy, dilatation and dissipation (see [11]). These small fluctuations, however, will be
neglected and henceforth the temperature will mean its cycle averaged steady state value.

Let the stress and strain tensors and the displacement vector be defined as the real
parts of

aij = aij eiwr
éij = sij Ciw' (1)
. = uveiwr

i i

where i = \/(—1), w is the frequency (real) and ¢ is time. The complex quantities o, ¢;
and u; are used most of the time in further calculations and will be referred to as simply
stress, strain and displacement respectively. The familiar cartesian tensor notation is used
here. The suffixes i and j range from 1 to 3 and a repeated index implies summation over
that index.

The equations of motion are

0.+ pwtu; =0 ()

where p is the mass density (assumed constant).
The constitutive equations, using the familiar complex modulus formulation, are

0i; = A%u 0+ u*u; j+u; ) (3)

where A* and u* are complex Lamé parameters which are functions of temperature, and
d;; is the Kronecker delta.

The Lamé parameters are related to the more commonly used complex shear and
bulk compliances J* and B* by the relations

1
p* = 7;
(4).
sl 2
B* 3J*

Typically, in polymers, for temperatures above the glass transition temperature, J*
is a very strong nonlinear function of temperature while B* is a relatively weak function
of temperature.

In thermorheologically simple materials it is assumed that J* is a function of only
the reduced frequency ' which is related to the actual frequency @ through the tem-
perature dependent shift factor ay (see [9]), i.e.

o = wa(T) (5)

where ar represents the effect of temperature on viscosity.
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Combining equations (2) and (3) one can write the equations of motion in terms of
displacement alone

(A*uy )i+ W*u; ) j+(u*u; )+ po’u; = 0. (6)
The steady state energy equation for the cycle averaged temperature distribution is
given by

where T is the temperature, K is the thermal conductivity (assumed constant) and D is
the cycle averaged value of the Rayleigh dissipation function given by

w t+2n/w aé‘j
= — . ) dr
47[ J: Re(al]) Re( ati ) t

where Re denotes the real part of the complex argument. 2D is the cycle averaged value
of the mechanical dissipation.

Using equations (1), (3) and (7) and after carrying out the necessary integration, we
have

)
D= Z[lzlekklz +2#218ij|2] 8)

where
A*¥ = A, +ik,
H* = py+ipy

A, and u, are the storage Lamé parameters and 4,, u, the loss parameters,
lewd® = ek
Ieijlz = aijéij

and “—” denotes the complex conjugate.

Note that as defined D is a real function of the strain tensor and the loss parameters

Ay and u,.
Using the familiar kinematic relations

& = _ZL(ui.j+uj.i) 9)

we can write equation (7) in terms of displacement and temperature
KT; +‘622[}~z‘“k.d 2 po g iy 4wy i35 )] = 0. (10

Equations (6) and (10) are a complete set of four nonlinear partial differential equations
for the four unknowns u; (i = 1, 3) and T. Since these are written in terms of displacements,
the compatibility conditions are automatically satisfied.

For the boundary conditions we assume that the displacement vector is prescribed on
a part of the surface A4,, while the traction vector is prescribed on the remainder 4,. Also,
the temperature is prescribed on the portion of the surface 4, and the heat flux (per unit
area) is prescribed on the remaining surface Ag.
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VARIATIONAL PRINCIPLES

1. Variational principles in three dimensions

The field equations (6) and (10) for the coupled thermomechanical problem together
with the boundary conditions are equivalent to two variational principles.

The variational principle for the equations of motion and the constitutive equations
(2) and (3) can be stated as: of all displacement functions u; satisfying prescribed displace-
ments u; on A,, the displacement function satisfying the equations of motion (2), the
constitutive equations (3) and the traction boundary condition on A4, is determined by

é °
u{fV(UU—K,,)dV—-L u,-aijnjdA} =0 (11)

a

where U, and K, are analogous to the elastic strain energy density and kinetic energy
density and are given by

>

*x

, u*
) (Ug0)? +"2—(ui,j)(ui,j+ u;;)

U, =

K, = }pw’uy

é,;n; = prescribed traction on A,
n; = direction cosines of the outward unit normal to the surface 4,

é o . . .
, oeans that the variations must be taken with respect to the displacement function only.

If the kinematic equations (10} are also satisfied (i.e., we define strain functions to
satisfy equation (10)), we can write

A*
U,= —i—(skk)2+#*8i1€ij'

This variational principle is analogous to Hamilton’s principie in dynamic elasticity.

Comparing equation (11) with the variational principle given by Schapery in [9] we
see that here we can choose trial functions for the displacement which need only satisfy
the displacement boundary conditions of the problem whereas in [9] Schapery must choose
displacement and stress functions which must a priori satisfy the equations of motion. In
many cases (e.g. when displacements are prescribed over the entire boundary, i.e. 4, = 0)
this principle appears more powerful than Schapery’s, since at least the same degree of
accuracy in the solution can possibly be achieved with an equal number of terms in the
two cases, with the definite advantage of not having to satisfy, a priori, the equations of
motion. In other cases the situation is less clear and further study regarding the relative
merits of the two principles seems necessary.

The variational principle can be proved by carrying out variations with respect to the
function u; to yield

- f (A% ) i+ (U™ u, )+ (1 )+ pwu;} du; dV
v

+J‘ {)u*uk’kéij+#*(u,:_j+uj'i)‘“8”}nj éui dA = 0 (12)
Ao
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In view of the arbitrariness of du;, this expression equals zero only if the equations of
motion (2), the constitutive equations (3), and the traction boundary conditions on A,
are satisfied.

If we restrict the admissible class of displacement functions such that the boundary
conditions for both the displacements on A, and traction on 4, (through equation 3) are
satisfied, the surface integral drops out of equation (12) and we are left with a simplified
form of the principle.

Equation (12) can be considered to be an alternative form of the variational principle
(11). :
It is useful to compare the relative advantages of the two forms. Equation (11) uses
energy invariants and therefore appears more convenient in complicated coordinate
systems. However, when carrying out a Rayleigh—Ritz method of solution, use of equation
(12) can save a large amount of calculations since the variations have already been carried
out.

It must be remembered that A* and u* are temperature dependent and in order to get
the temperature field we require another variational principle from the energy equation.
This can be stated as follows: of all temperature distributions which satisfy prescribed
T on A, the temperature distribution which also satisfies the energy equation (7) and the
heat flow boundary condition on Ay is determined by

5“ (Sp=S,) dV+

FITdA} =0 (13)
T

Ay
where S is proportional to the entropy production density resulting from temperature
gradients (see [7])

ST = '%K TiT.-

and S,, is the integral of the mechanical dissipation
T
Sy=2 j DdT’

A= prescribed heat flux per unit area out of the body.
o
T
D is as given by equations (7) and (10).

This principle can be proved by taking variations with respect to T to yield

means the variations must be taken with respect to the temperature only;

—f (2‘D+KT.,i)5TdV+f (KTn;+H)6Td4 = 0. (14)
1 4 An

In view of the arbitrariness of 47, this expression is zero only if the energy equation (10)
and the heat flow boundary condition on A4 is satisfied.

If we restrict the admissible class of temperature functions such that the boundary
conditions for both the temperature on A+ and heat flow on Ay are satisfied, the surface
integral drops out of equation (14). Equation (14) is an alternative form of the variational
principle (13). Equation (13) uses thermodynamic invariants and the comments made
earlier about the two forms of the variational principle for the equations of motion apply
here too.
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The variational principles for displacement and temperature equations (11) and (13)
are entirely equivalent to the field equations (2), (3) and (10), with their associated boundary
conditions. The displacement and temperature functions can be obtained by simultaneously
making the appropriate integrals stationary with respect to displacement and temperature
respectively. The first equation (11) could be regarded as getting a stationary ‘‘cost”
function, and the second (13) as a constraint, or vice versa.

AN EXAMPLE IN ONE DIMENSION

1. The problem

The problem of steady state longitudinal waves in a viscoelastic rod with thermo-
mechanical coupling is now solved using the one dimensional versions of the variational
principles presented in the previous section. A Rayleigh—Ritz procedure is used on the
alternative forms of the variational principles. The same problem, including time de-
pendence, was solved by Huang and Lee [11] using a finite difference approach. The
results obtained here are compared with some steady state results given in [11]. The
question of how convergence to the solution given in [11] depends on the number of co-
ordinate functions used is discussed.

VIBRATOR
Insulation
X =0 x=1
=0 Re (F)=qcoswt
47 . - T=T
& c(T-1)
FiG. 1.

Let us consider a viscoelastic rod of length ! insulated on its lateral surface as shown
in Fig. 1. The left end is free while the right end is vibrated at a frequency w with a stress
amplitude o, (real), so that the prescribed stress at this end is o, cos wt. The temperature
of the vibrator is assumed constant at T, while a radiation boundary condition is assumed
atx = 0.

The boundary conditions can therefore be written as

x=0 o=0

dT

— =(T-T,)

dx ( ° (15)
: =0
x =1 ¢

T=T,

where ¢ = h/K is the ratio of the surface conductance h to the thermal conductivity K of
the viscoelastic material. Note that the problems of uniform normal or shear traction on
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the surface of a wide slab with the stated thermai boundary conditions prescribed on the
slab surface are mathematically equivalent problems. Note also that here we have mixed
thermal boundary conditions but this can be taken care of in the variational principle as
shown later.

2. The field equations and variational principles
The equations of motion (2) and the constitutive equations (3) reduce to

d{_,du 2
dx(E &) +pwu=10 {16)
. du
0'=01+10'2 =E*a_.; (17)

where E* = E, +iE, is the complex Young’s modulus which is a function of the tem-
perature through the reduced frequency (see equation 5).
The steady state energy equation becomes

2
dT op

2
axz T2 ax T

o (18)

k dx

where, as before,

duf? _ du da
dx| ~ dxdx’
Note that for the one-dimensional strain problem, E* must be replaced by A* +2u*

and E, by 4, +2u,.
The corresponding variational principle for displacement becomes (se¢ equation 11)

(e
2o 2 ldx
If the admissible class of displacement functions is restricted such that the stress

boundary conditions are already satisfied (through equation 17), the alternative form of
the variational principle takes the simplified form

Ydf_ du
Pl 7 Bied 2 =
J;{ dx(E dx) + pw u} oudx = 0. (20)

The temperature variational principle takes the form: of all temperature distributions
which satisfy T(l) = T,, the temperature distribution which also satisfies the energy
equation (18) and the radiation boundary condition at x = 0 (see equation 15) is deter-

mined from
{ 1 dT 2 TCUEZ(T') 2 i T
3“0 (EK(E;) ‘f 3 jdx 9T ) dx+h 7*TTox=O} =0. (21)

The last term in the above expression comes about since we now have a radiation
boundary condition instead of prescribed heat flux at x = 0.

As before, if the temperature is chosen such that both the temperature and radiation
boundary conditions (at x = | and at x = 0) are already satisfied, the temperature can

2 pw2u2

2

] dx+o‘0u(l)} = 0. (19)

2

du
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be determined from

['[kT  omje
o\ dx? " 2 jdx!

Equations (20) and (22) are used in further calculations in this section. The object is
to find the spatial distribution of temperature, displacement and then stress.

2
) 6Tdx = 0. 22)

3. The properties of the material
A Lockheed solid propellant is an example of a thermorheologically simple material,

in which, over a wide reduced frequency range, we can express the tensile compliance
D* = 1/E* by the following empirical formulae (see [8, 11])
D* =D,~-iD,
D, = c,o/T-T)y (23)
D, = c,oH(T-T,y

where ¢,, ¢,, B, y, T, are constants.

4. Method of solution
The Rayleigh—Ritz procedure [13] is now used to obtain approximate solutions for
the temperature and displacement (and then stress) functions from the variational
equations (20) and (22).
The following dimensionless quantities are used
X _T-T
T TTrer

¥ = cl (24)

Equations (20) and (22) are nonlinear and it is not possible to choose an orthogonal
set of coordinate functions for the displacement and temperature. For convenience, it is
assumed that the displacement and temperature distributions can be approximated by a
linear combination of polynomials with coefficients to be determined. These functions are
chosen such that they satisfy the boundary conditions (equation 15) for all choices of
these unknown coefficients. Also, the number of terms in the series are parameters which
can be set in the resulting algebraic equations for the coefficients. This enables comparison
of successive approximations with the solution in [11] and thus an estimate of the degree
of accuracy as a function of the number of terms taken is obtained.

The nondimensional temperature is written as
m
g) = 1+(1 ~q){bo+elln>q+q2 2 b1 —q)"'z} (25)
i=2
where e, = »+1, mis a parameter and by, b,, b, ... b,, are m real constants that are to be
determined (m < 2 implies Y 7% , = 0).

It is easily seen that the thermal boundary conditions from equation (15) are satisfied
in terms of the nondimensional variables defined in equation (24).

The complex strain is written as

d d )
e= oot =g =0 3 all-g) (26)
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where
g = a§+ia{, = D*Iqsxao = (Cl—icz)wﬂ(To“Tl)yUo

n is a parameter and a,, 4,, a;...a, are n complex constants that are to be determined.

As before, it is obvious that with this choice of strain, the stress boundary conditions
from equation (15) are satisfied.

Writing a, = af +iaf (k = 1, n) this choice of function leads to (2n+ m) real unknowns
which must be determined from an equal number of algebraic equations.

These nonlinear algebraic equations are now determined from the variational
equations (20) and (22). Substituting the displacement and temperature expressions into
equation (20) carrying out the necessary integrations and equating the coefficients of
daf (j=1,ntozerogivesforj=123,...,n

2 - )
(j+1)(j+2)(j+3)+kgo adlf (j, k)= f(, k+1)]
n R R J
_kzoviglgé:['—:i'qo_)(lk+j_21k+j+l+1k+j+2) =0 (27)

and equating the coefficients of daj (j = 1, n) to zero gives for j =123...n

n ) ] n alaR __aRal
> aldlfU. =5+ )= 5 BB o+l =0 (29
k=0 k=
where I, (p an integer) is a nonlinear function of e,, by, b,, b3, ..., b, defined as
! (1-g)dq

I, = :
P do {1+(1—q)(bo+ebog+q*> Y™ , b(l—qF 2}
f(J, k) is a function of integers

0 kik +j+4)+(k+2)(j +3)
PO = GG+ k+ Dk+2)(k+j+ )k +j+)

d is a nondimensional parameter

pw??
()

d =

and
laol? = (ag)* + (ag)*.

Note that equation (20) requires the displacement u in addition to the strain. Integration
of equation (26) leads to an extra constant, say c,, but also an extra equation obtained by
equating the coefficient of dc, to zero. This extra constant ¢, has been eliminated from
equations (27) and (28) given above.

Next, substituting the displacement and temperature expressions into equation (22)
and equating the coefficient of db,, to zero gives

Brevedo S pigi—28+gie)+V 3 [aRal +alal)

3 k=2 k=0
x{(1+eM;yer—Q+3e) iy +(1+3e ) iis—ediisra}] =0 (29)
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and equating the coefficients of 6b; (j = 2, m) to zero gives for j = 2,3,4...m

——re i, k—1)~2h(j, k i k
FESITS bylh(j, k— 1)~ 2h(j, k)+ h(j, k+ 1)]

4e,b, -
=2

+V z (afaik+a"a{){li+j+k— 1= k61 s
k=0

"'4Ii+j+h+2+Ii+j+k+3} =0 (30)

where g, and h(j, k) are given by

_ (k+1+e)k=1)
8 = (k+1)

2k(k—1)
(k+)k+j—1)(k+j=2)

h(j, k) =

V is the nondimensional parameter

V — —lzcz(To"“ Ti)_v_ lwl_ﬂ
2K(c? +c?)

and I, has been defined before in equation (28).
Equations (27), (28), (29) and (30) constitute a set of (2n+m) nonlinear algebraic
equations for the (2n+m) unknowns aff (k = 1,n), al (k = 1,n), b, and b, (k = 2, m).
The stresses are determined from the strains and temperature from

6,=Ee,—E,,

(31
6, = E,e,+E¢,
and the stress at any time
Re(é(x, 1)) = Re(g €*") = ¢, cos wt—a, sin wt. (32)
These equations follow immediately from equation (17).
Nondimensional stresses s, and s, are defined as
5, = Aoy, s, = Ao,
andatx =/
So = Agy
where
/= [2Kwp(T,~Ty)] "% (33)

5. Results and conclusions

Numerical calculations have been carried out for the following data for a Lockheed
solid propellant [11] whose mechanical and thermal properties are qualitatively typical



1312 SUBRATA MUKHERJEE

of many viscoelastic solids

¢, = 461 x107 ! (psi)~ ! (sec)? (°F)"7

¢y = 1.62x 107! (psi)~ ! (sec)’ (°F) 7
B=-0214  y=321
x = 1.0 T, = 65°F

T, = —125°F I=3in.

12p = 1.023 x 10™* psi-sec?

2Kp(Ty—T,) = 8.08 x 10~ * psiZ-sec
@ = 10* rad/sec. s, = 0.5 (0, = 1.42 psi).

The nonlinear algebraic equations (27-30) were solved numerically in an IBM 360/67
computer for different values of n and m. The subroutine used is given in [16]. The method
is a compromise between the Newton-Raphson algorithm and the method of steepest
descent. The average execution time per run was of the order of thirty seconds. Con-
vergence was rapid and no jump instabilities of the type described by Schapery in [9] were
found.

Figures 2-4 show the resulting 7, s, and s, distributions for different values of nand m
and also the solution from [11] obtained by the method of finite differences. The solution
for n = 1,m = 0 is crude but we see that the convergence to the true solution is very rapid.
Figures 5-7 show the approximate solutions for n = 4, m = 3. Even with these relatively
small number of terms, the stress solutions are practically identical to those given in [11],

116 4 e

from [m R————
av3 ms3 -eeen

eg it -
L2 1 o
110 B o
.08
T(9)

1.06 4

1.04 7

1.02

0o o Oof 02 03 04 Oé‘-"i 06 07 08 09 1.0

FiG. 2.

+In [11] % should read 1-0 instead of O-1.
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034 Nz | mad —-—-~-
0.2 4
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S(9)
0 : . — — — . .
X O 02 03 04 05 06/ Or ,08 0S8 1.0
.\\\ q 4//, S
= 0.4 W\ ,’f’ /s’
\\\ ~\ A .
W\ 7 I
- Q21 \ N - K4 L’
. . Ve /‘
\‘ ‘\_\_—. Z o
-0.34 N _/7
~ -
FiG. 3

while the temperature solution is well within engineering accuracy. The algorithm for
solving the nonlinear algebraic equations converges very quickly and more accurate
solutions can be obtained, if desired, by taking larger values of n and m.

As mentioned earlier, if the steady state values of stress and temperature are of interest
(this is often the case in design), the method used here, which yields the steady state directly,
is superior to that used by Huang and Lee in [11] where the complete time histories of the
above mentioned quantities were determined. In some cases in {11] the authors obtained

0.5 1

04 |

0.3 4

0.2

0.1 1
S}

0=

0.2 -

tromld o

0.3 1

ne3 ma2
ns2 m:2
ns| m:=0

FiG. 4.
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1.16 4
Lig 4 .
112 4
110 1
1.08 A
T{q)
1.06

1.04 1

102

3 i

of 02 03 04 05 06 07 08 03 LO
q

[Felo] 5
FiG. 5.

the steady state solutions by numerically integrating forward in time till the variables of
interest did not change significantly. In other cases, they did not integrate up to the steady
state but stopped at some large value of time.

The results obtained are thus very satisfactory as long as s, and s, are sufficiently
smooth functions so that approximation by a series of polynomials is efficient. The nature
of the spatial distribution of stress depends upon the particular choice of frequency and

0.5-

0.4

0.3 from[l] ———

ned me3 eoens
0.21

0f 02 03 04 05 06/ 07 Q8 09 IO

—0.2.

- 0.3

FiG. 6.
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0.51
04 J
0.3 fromii] ——
021

0.14
S(a)

—'O.IT

— 021

— 0.3

Fi1G. 7.

driving stress. For a given driving frequency, larger driving stresses lead to larger tem-
peratures since more mechanical energy is dissipated as heat. This causes the material
to become softer, so that lower stress wave velocities and therefore lower wave lengths
result. If 5, and s, are rapidly oscillating functions of g, the polynomial series is no longer
efficient since a larger number of terms must be taken to get the required accuracy and the
lack of orthogonality of the polynomials gives rise to Hilbert matrices. This results in con-
vergence problems for the algorithm used to solve the algebraic equations. The variational
principles, however, should work fine for these cases, if, for example, trigonometric
functions are chosen instead.

To sum up, the variational approach seems comparable to the finite difference approach
for waves in one dimension and ought to be more efficient in two or three dimensions
where the differential equations are partial and finite difference simulation becomes much
more complicated. Solving for displacements instead of stresses has the advantage of
automatic satisfaction of compatibility conditions and Mitchell’s equations for multiply
connected regions. The choice of coordinate functions is very important and must be
made carefully.
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AGCTpaKT—J210TCA ABOHHbLIC BAPHALUMOHHKBIE NPHHUMIL AR CTAUKOHAPHOTO PAacNPOCTPAHCHHR BOAH B
TPEXpa3MEPHbIX TEPMOBAIKOYNPYrHX cpenax. Tlepsmil NpUHLHN, XacAaioutHiCR YPABHEHHH IBHKEHUA,
IAKTOYAET TOMhKO KOMIUIEKCHYIO QYHKLMIO nepeMeltenuii. BTropoi ChyKHT f18 yPABHEHHS 3HEPIHH. BTH
NPUHUMAL! MPHCIOCOGAKBAIOTCA K C/Iy4alo OJAHOpasmepHoro tena. Ha ocxope metrona Panes—Putua
PeLIAETCA ONHOPAZMEPHLIR C/YMRH DACTPOCTPaHEHHA BONHBI B TEPMOBAIKOYNPYIOM CTEPKHE, KOTOPBIH
WINUPOBAH CBOeH BOKOBOH NMOBEPXHOCTH M HAXOAMTCH TIOX BIAMAHMEM CHHYCOMOANSHOrO HAMNPAKEHHR Ha
onHom xoHue. OyHKUKHH NEPEMELUCHHA ¥ TEMNCPATYDH NPEACTARICHM B BUAC PAAOS NONHHOMOB, CpasHu-
BAIOTCR TIOCACAOBATENLHBE NPUONUKEHUA 4718 PEIICHKA, MOMYYEHHOTO BbIIUE C PELICHHEM B KOHEMHbIX
pa3sdocTax. [Tonyyaercs ouenxa cTenchu TOYHOCTH, B BHAe OYHKUMH 4HCha uwieHOB paaoB. Haxoantes,
YTO NPUOTIHAKEHHOE PELUEHHE CXOAUTCA BHICTPO K TOUIOMY.



