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Abstract

This paper deals, in the first part, with the existence of harmonic waves in polynomial third
grade fluids. The main results, based on some older remarks of the author (see Tigoiu [5]), con-
cern the existence / non-existence the propagation of discontinuities, like spherical and cylindrical
acceleration waves, all important cases (referring to the signum of the constitutive coefficient a; ).
It was proved that, like in the case of linear viscous fluids, acceleration waves (spherical and cylin-
drical) do not propagate for a; > 0. It is proved also that, these discontinuities can propagate if
the subclass of third grade fluids with «; < 0 is considered.
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1 Introduction

In this paper we analyze some problems related to wave propagation in non-newtonian third grade
fluids.

It is important to remind that, on a part we expect that harmonic waves will propagate, while ac-
celeration waves do not (like in linear viscous fluids, see Truesdell and Toupin [4] and Dragos [2], for
instance). Older results of Tigoiu [5] give some ideas concerning the subject. On an other part, due
to the presence of higher order time derivatives in flow equations for a third grade fluid, we expect
that, acceleration waves can propagate with finite velocities, at least for some subclasses.

We employ the known constitutive law for third grade fluids (see Fosdick and Rajagopal [7], or Tigoiu

[5], [6])-

T(x,t) = —pl+ pA1 +a1As + asA?) + B A3+ (1)
+62(A1A2 + A2A1) + ﬁ3(tTA%)A1,

in the sense given in [5]. Consequently, the constitutive moduli must obey the following restrictions
(obtained as direct consequences from Clausius-Duhem’s inequality)

B1 <0, 81 +2(B2+pP3) >0, p>0, a1 + g =0. (2)

"University of Bucharest, Faculty of Mathematics and Informatics, Str. Academiei 14, 010014 Bucharest, ROMANIA
E-mail: E-mail: tigoiu@math.math.unibuc.ro



VicTor TIGOIU Waves in Third Grade Fluids

We remark also, concerning third grade fluids, that employing the simplified constitutive equation
obtained in [7], Fosdick and Straugham have proved in [8] that catastrophic instabilities can occur in
flows of such fluids. Recently, Tigoiu [6] proved that for the constitutive equation given in (1) with
constitutive restrictions (2), the rest state is asymptotically stable, for any signum of the constitutive
modulus a7, at least for weakly perturbed flows.

In the present paper we employ the constitutive equations (1) and we write flow equations in the case
of weakly perturbed flows (as it was written in [6], for instance), that is

ov 0 0?

— — pdivA1 — a3 =—divA; — f1=—=divA dp = pb

5~ HdivA1L— a1 divA, ﬁ18t2 ivA1 + gradp = pb, (3)
divv = 0.

On these basis we analyze below the existence or the non-existence of various types of waves and its
propagation.

2 Harmonic waves

A first question when we study wave propagation in continuum materials is to see if harmonic (smooth)
waves propagate in such a body. For this, we suppose the whole space filled with our fluid and we are
interested to see if harmonic plane waves, with known frequency w € R4 can propagate.

We consider that the propagation has place in the absence of external forces and than, the linearized
flow equations can be easily obtained from (3)

ov; 0%v; 0 0% 0% 9% Op
Pam —H —o o — Biag; =
ot 89:j8xj ot 3$j8£1?j 0 tal‘jaxj 8:1:,

0,
(4)

8’Uj

81‘j
We follow the classic way (see [1], [2]) to obtain the dissipation relation, that is the relation between
the complex wave number k = k, + ik; and the frequency w

k=fw) (5)

We suppose that waves propagate in the direction of unitary vector n and are described by

=0, 4,j=13.

ve = Veexp(i(kn-x —wt)), p=py+ pexp(i(kn-x — wt)). (6)

A straight and simple calculus proves that

o o0 0 0

. 2 . 2
(aa @, gj, 8—%2) — (—zw, —w”, zk:nj, —k ) (7)

Finally the system (4) has the form

(u — W — ﬂ1w2)k2 — 1w | Ve + iknep = 0,

ikneve =0, e=1,3.
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The condition to have effective waves (non-null wave amplitudes) is given by
2
(1 — ioqw — Brw?)k? —ipw| k? = 0. (9)

A simple overview on the relation (9) put into evidence two distinct cases
A. k = 0. In this case two situation are to be put into evidence:
Al. w =0, that is, the fluid is in a rest state;
or
A2. v, = 0,57 = 1,3 and consequently we cannot propagate waves quad in our fluid, but
p =Pp + P exp(—iwt) (that is, the constant phase velocity is unbounded).

B. ((,u —iow — fw?)k? — ipw) =0 and k # 0. In this case, from (8) we have p = p, and

v -n = 0. Consequently there are transverse waves to the n direction propagating in our fluid. More,
the dissipation relation (5) becomes

k> {(u — Brw? — ialw)} =ipw. (10)

This relation leads to a propagation velocity of the constant phase of transverse waves given by

2 [alw + \/a%aﬂ + (u— ﬁle)Q] [a%aﬁ + (1 — frw?)?|w (11)
p(p — Brw?)

The relation (11) clearly proves that the absolute value of the velocity c is an increasing function of
the frequency and the dependence is of the order O(w?®/2).

==

o
Il
Fle

3 Propagation of singularity surfaces. Acceleration waves.

It is well known that flow equations for a linear viscous fluid have a parabolic character and conse-
quently singular (discontinuity) surfaces propagate with an infinite velocity (which is not a correct
response from a physical point of view). Due to the presence in the constitutive law (1) of the second
time derivative, we hoped that some discontinuities can propagate in such a fluid. The analysis be-
low (considering the cases of spherical and cylindrical acceleration waves) will prove that these waves
have the speed of propagation exponentially increasing in time, which is a similar result with the one
obtained for the linear viscous fluid.

The present result is based on the restriction due to the employment of Clausius - Duhem’s inequality
(/1 <0). In our case a similar result is obtained if we employ Miiler’s modified Clausius - Duhem
inequality.

3.1 Spherical waves

In this chapter we suppose that we have a weak perturbation of the rest state and consequently we
will consider the linearized form for the constitutive law as well as for flow equations (see (3)). We
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analysis if through a fluid described by (31) can propagate third order acceleration waves. We suppose
that we have a regular surface S(x, t) = 0 such as across this one, the velocity field as well as its
first and second order derivatives are continuous functions and third and forth order derivatives of
the velocity field have discontinuities. The domain 2 occupied by the fluid is divided by the surface S
into two region denoted with: Q7 and Q~. We employ classical notations for the jump of a function
f across a surface S:

[f(x,0)] = frx,t) + f7x,1). (12)

We employ also the known geometric and kinematic compatibility relations for the jumps of first and
second order derivatives (see [3] and [4]) in order to right down

of
{8mi] = Ani
. (13
L’?miaxﬁl = Anin +niwj) *Ala + njzy “Alo = 25 “2j) bag A
and respectively
%} = —uA
[ o2f A
_8t8xi} = (~ud) + i o (ud)ly (14)
(2f1 . . 6A bu
ITl —2d— 2022 — 42
_aﬁ} b Yoy T e
where we have employed the following notation (in this chapter 4, j = 1,3 and «, 3 =1,2)
of A - of  of .
A= |=—n,; A= ——n'nt —Ifl=|—= _nt 15
[axz”]’ {63318:&””}’ 5i/] L% +“axz”} (15)

In the above formulas z?,z; are components of the vector x in the local basis e;, or in its reciprocal
basis e, ”(-)|” is the covariant derivative, (a®’ ) represents the surface metric, ( bys ) is the second
fundamental form and u is the propagation velocity, given by

u= —nZ (16)

The equation of the surface S is given (in spherical coordinates) by

x(t) = R(t)[cost cospii + sinb sing iz + singis. (17)

4
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Space metric, surface metric and the second fundamental form are simply computed as
gij = 6ij[0i1 + 0i2R%(t)cos’ ¢ + 0;3 R,

1 1

afB _
0™ = OapOar gy o3+ 92 gy )

(18)

bap = (5a5(—5a1R(t)0032¢> — da2R(1)).

In formulas (18) the summation index convention has been not employed. We remind that the position

vector of a point is given by x(t) = R(t)e; =

= R(t)e! and its derivatives are z;|° = aaﬁﬁ(gijxj). These formulas and (17) lead to: z9; =
Yy

R(t)cos2¢, T3)2 = RZ(t)a Ty = T2 = T3 = To2 = 0.

To give a complete explanation for kinematic jump relations (14), we remark that the velocity is

a vector field and consequently scalar amplitudes A and A must be replaced with some vectorial

amplitudes. This last ones are constructed as follows: we introduce, for simplicity, the vector field

0*v
f(x,t) = ——— 19
(,t) Ot OxI 19)
and then we define the vector amplitudes A, A by
of . - [ S
A= [axln] = [(gradf)n], A= {&Ei&rjnn ] (20)
Having in mind that f is a continuous field and employing also the previous results we obtain simply
o k
[(gradf)n] = [f*; 1)e; = {%] er. Some straight calculi give:
1
82ft afq 8ft
[(grad*f(n))n] = [gkt(m + 28—$1I‘f11 — 8—%I‘f1)]ek. As T3, =T3, = 1/R and all other are null
we obtain finally for the representation of A
_ a2f1 a2f2 2 af2 82f3 2 8f3
A — Bl I I 12, 21
([83:18961]’ [(‘3x18x1} + R [83}1]’ [83:16961] + R {aml}) (21)

After some long but straightforward calculi we obtain for the second term from (14)3

5t = (o] o] +alr]+ 7[50] oot

ot~ \[0a1021] (007027 TR0t | T R|8aT) (02107
(22)
170f3 u [Of3 -
— | = —| = A.
+R{ o } - R[axlb +u
1
We employ now the flow equations and the definition of the propagation velocity u = 9T and after

a long calculus we obtain the system of equation which gives the propagation condition
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(1w + 1) [gfn + B’ [8??);1} + 251“{%} =0,
(qu+ 251 + ufh) {816 ] + biu { ijg;] + 25111[%] =0, (23)
(a1u+251“2 +uﬂ1)[ fg] + fru [(;ig;] +2B1u [%} =0

ofk
Ox!
it results that a third order derivatives jumps of v are null and the problem degenerates. System
(23) has three equations and nine unknowns. Consequently for the determination of the propagation

velocity we may have one of the following two equations:

We simply remark that if [ } =0 then from (13), (14); and the remark concerning [(gradf)n]

a1u + B =0,
24
ﬁlu—l—Qﬁng%—alu:O. -
A. The first one of equations (24) leads to a propagation velocity given by
u(t) = ug exp(——t) (25)

G

and consequently as from constitutive restrictions 7 < 0, we have the following cases:

Aq: if a3 <0, (which is the case for some fluids - see [9]) the propagation velocity vanishes when the
time tends to infinity.

Ay if a3 > 0, it results that the wave velocity is an increasing and unbounded function of time,
which is a result similar to those for the linear viscous fluid, mentioned above.

B. The second of equations (24) leads to a propagation velocity given by

3cexp(—FHt)
f/c’ - 30% exp(—F-t)

where ¢, ¢’ have to be obtained from initial data.

Let us remark that in this case the propagation velocity behaves like e:cp(—%lt) when t tends to
infinity and consequently there are also two possibilities:

Bi: if a3 <0, the propagation velocity vanishes when the time tends to infinity.

Bo: if ay > 0, it results that the wave velocity is an increasing and unbounded function of time.

u(t) =

, (26)

3.2 Cylindrical waves
In this section we investigate the case of a cylindrical discontinuity surface given by

x(t) = R(t) cosfil + R(t) sinfiz + ziz = 0 (27)
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In the local basis e;, i = 1,3 and in the corresponding surface basis, the coordinates are given by
r! = R(t), 22 = 0, 23 = z and respectively by y' = 0, 4> = 2. In the same time the space and
surface metrics and the second fundamental form are obtained as in formulas (28)

gij = 0i5(8i1 + R20i2 + 6i3),  aap = 6ap(0a1 R + du2),

(28)

bag = 6a5(—(5a1R).
A simple calculus gives, for the surface gradient components: xq; = R(t),
T3 = 1, Ty = @12 = 23;; = w2 = 0. In order to obtain the right hand side of jump relations

— J0A 0

(14) we remark that T3, = '}, = 1/R and then we must compute A, 5 and o, After some

straightforward calculi we obtain a formula similar to those performed in the case of spherical waves:

d>f = f afr afrp * and th tation, in the local basis, of
[(grad®f(n))n] = [gkt(m +2 01 oz, 11)]e” and the representation, in the local basis, o
A is
_ a2f1 82f2 2 af2 82f3
= ==, | == 29
A ({83718331}’ [(%Ul(?ml} + R [8%1]’ {83:133;1}) (29)
For the second term from (14)s, we obtain
SA 02f1 82f2 82f3 _
—_— = A 30
5t ({8;1316361]’ [81‘18331}’ [63:16361} T ) (30)

Like in the case of the spherical surface, the definition of the propagation velocity leads to u(t) = R(t)
and consequently the compatibility kinematic relations for second order derivatives will be

5] = (- o] -2 [o] ~+[5]

~[ozi] - 5 [oke] - [orr] - 4[55]

-~ [grger] =[] -+ {3])

in the local basis e;, i = 1,3. Some long calculi lead to the system of equation which give the
propagation conditions, which are in strong similarity with equations (23) for spherical waves

(31)

(1w + ufr) [ fl} + Biu {aiig;l] + 2061u {%} =0
(oiu + 261% +uf) [g—ﬁ] + By’ [%} + 25111[88;{;} =0, (32)
(a1u+uﬁ1){af } + fiu { 6j£31] +251U{§;f;] =0.

7
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Consequently is not surprising that for the determination of the propagation velocity we will obtain
the same two differential equations as in the case of spherical waves (24):

alu + 61” = 07

.2 (33)
G1u + 251§ + aqu = 0.

Finally, the conclusions are similar with those discussed in cases A and B in the analysis of the
propagation of spherical waves.

4 Conclusions

In conclusion we remark that on a part, in a third grade fluid is generally possible to propagate
harmonic waves.

Considering the propagation of singular surfaces, on the other part, we remind that it was proved (see
for instance [4], or any classical book referring to the propagation of singularities in viscous fluids)
that, due to the parabolic behaviour of flow equations, these surfaces do not propagate in linear
viscous fluids. A similar result was obtained here for the subclass of third grade fluids characterized
by B1 <0, a3 > 0. The last result, in the previous section, put into evidence an other subclass of
these fluids, namely: (7 < 0, a1 < 0, for which at least spherical and cylindrical accelerations waves
can propagate with finite velocities.
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