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FLEXURAL PERTURBATIONS OF FREE JETS OF MAXWELL AND DOI —EDWARDS LIQUIDS

A. L. Yarin UDC 532.522+532.135

Flexural perturbations of high-velocity free jets of drop liquids moving in air

are reinforced by the fact that the air pressure on the concave sections of the
jet surface is greater than on.the convex sections. The linear and nonlinear
stages of development of flexural perturbations were studied in [1-5] for viscous
Newtonian fluids. The effect of elastic stresses in the fluid on the growth of
flexural perturbations of jets was first examined in [6], where it was assumed in
an analysis of the growth of small disturbances that surface tension was constant
along the jet, i.e., the investigators actually studied a tensed string. The stud-
ies [7, 8] examined the linear stage of growth of flexural perturbations of jets of
Maxwell liquids. Our goal here is to analyze the dynamics of long-wave flexural
perturbations of jets of viscoelastic fluids in both the linear and nonlinear
stages of development. The rheological behavior of the fluid is described by two
models — the phenomenological (Maxwell) model and the physical-molecular (Doi-—
Edwards) model. It is shown that the disturbances are oscillatory in character in
the nonlinear stage of development. Meanwhile, the results of calculations per-
formed with the Maxwell (M) and Doi—Edwards (DE) rheological models in the given
problem agree with each other quantitatively as well as qualitatively.

1. We will examine a free jet of a drop liquid moving at the velocity U, in air. In
the undisturbed state, the axis of the jet is straight, while its cross section is a circle
of radius a,. The densities of the liquid and air will be denoted by p and p;, while the
surface tension of the liquid will be denoted by ao. The liquid is assumed to be viscoelas-
tic. As usual, the relationship between the deviator of the stress tensor ¢' and the kine-
matic and geometric parameters is determined by the rheological equation of state. From
among rheological equations of state for concentrated systems in the literature, we will
choose the two with the clearest physical meaning. The first, the Maxwell rheological equa-
tion, determines the deviator of the stress tensor in the form [9]

t
0’(i)=e—”§5drexp(—-t—:.§—1) [B: () —gls (1.1)
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where u is the viscosity at zero shear velocity; 6 is the relaxation time (1/6 is the elastic
modulus); B (t) is the Green tensor, accounting for deformation from the configuration at the
moment T to the configuration at the moment t; g is the metric tensor.

The physical meaning of Eq. (1.1) is clear: it describes the effects of the exponentially
decaying memory of the liquid, lowering the elastic stresses in the liquid. Equation (1.1)
was written for the simplest case of one relaxation time.

The second rheological equation of state, describing the behavior of concentrated solu-
tions and melts of polymers, was obtained by Doi and Edwards.[10] within the framework of
molecular physics. It accounts for the presence of topological restrictions — neighboring
macromolecules which actually surround a given macromolecular in the form of a tube and leave
it only with the possibility of diffusion. The DE equation has the form [10, 11]

t—t (F@ul(Fe O8] ) _2ag (1.2
o (— a)hﬂ{'lw»mz . 3},u T o0 (1.2)

Here, summation is carried out over odd j; w, is a unit vector randomly oriented in space
(fd%um, denotes averaging over all possible directions of m,); F (t) is the tensor of the
gradient of strain from the configuration at the moment t to the configuration at the moment
t. The elastic modulus of the liquid G, and the spectrum of relaxation time 6j are calcu-
lated by means of molecular parameters [10]. All of the molecular characteristics in the DE
model have now been determined experimentally for several systems, while the predictions of
the model for standard rheological flows agree satisfactorily with the experimental data
[11-13]. Equation (1.2) was obtained for the characteristic times t, 2 8,; and strain rates
~87'; if t, € 8, or if the strain rates are much greater than 67!, then Eq. (1.2) is invalid,
and it is necessary to consider the consequences of ''rapid" relaxation processes [14]. The
values of characteristic time at which Eq. (1.2) is valid lie approximately within the range
ty > 0.01-0.1 sec for solutions of polybutadiene and polystyrene with concentrations of about
10-30%.

2. As is known [15], jets of viscoelastic fluids may be characterized by longitudinal
surface tension (in general, relaxing). To account for the possible existence of longitudinal
surface tension in a jet undergoing bending, we will assume in the general case that in the
previous history of the jet (—oo Lt <t (t >0)), flexural perturbations developed in the pres-
ence of tension of the jet along its axis at —oo {1 0. Thus, at t > 0, the jet will be
bent with longitudinal tension. The tensor of the strain gradient

F.(t) =F: (t)-F1(2). : (2.1)

Henceforth, the asterisk denotes tensors which describe bending deformation, while the zZero
denotes deformation by axial tension.

o0

o ()= X oj(t)=6

Todd™1 foag=1 ™

At t >0
F3(t) = F$(0), 1<<0; Fi(t)=g, 1>0. (2.2)
The Green tensor is represented as follows with allowance for (2.1)
B. (1) = Fe (t) - F(8) = F (1) -BL(1) - F¥" (1), (2.3)

By using (2.2), we obtain the following from (2.3) at t > 0

B, (1) = Fz(1)-B: (0)-F7" (¢), ©<<0;

(2.4)
t(t)_Fr(t) Ft (t)“': r(t), ©>0.

Inserting (2.4) into (1.1), we have the following at t > O

t

T8O T —gl+ s | arexn (— 55 B0 —al.  @.5)

0

0
u'(t)=e—”2 5 drexp(—

Let us isolate the part A (t) in the bending tensor of the strain gradient at t > O,
T < 0. This part of the tensor is due to the increase in flexural perturbations. Accord-
ingly, we find

Fi() =g + Ac(0), B0 — 8= Ac() + AT() + A< (9)-AT(2). (2.6)
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Thus, by means of the first equation of (2. 6) we obtain

jo avexp(— ) [FL0)-BO-F¥' (0 — ] fdrexp(——){[B2<0> ] + Ac(0)-[B:0) —g] +

+ [BE(0) — g]- AT () + Ac(t)-[BY(0) — g]-AT (1) + Ac () + AT (D) + Ac(8)-AT(D)). (2.7)

As a result, with allowance for (2.7) and the second equation of (2.6), we change the expres-
sion for the stresses (2.5) to the form

o () =L | daresp (— 57 B2 — gl + A (- [B20) — o] +

+ [B3(0) — g]- AT (1) + A (1) [BL(0) — g]- AT () + Sdrexp( ) B — 4, (2.8)

where the first integral describes the contribution of axial tension of the jet to the de-
viator stresses in the jet. Since the bending strains at the long-wave limit are sufficiently
small to permit us to ignore the tensor components A (t) compared to unity, we obtain from
(2.8)

o (t)— ’°(t)+0 =-£2 j! drexp(—t;T) [B(0) — g] +§Hfz j dTeXP‘(— ;T)[B:(t)—g]- (2.9)

Thus, in accordance with (2.9), the deviator stresses at t > 0 can be represented as the sum
of the preliminary relaxing stress ¢'%(t) and the purely bending component described by the
integral term:

o’ (t) = 6"0(t) +—§;j dvexp (— ;T)[Bz(t)—g]f |

. (2.10)
0'%(t) = exp (—1t/6)a’°(0).
A similar examination for the DE liquid (1.2) leads to the expression
2 ([p* *
- t—y (@uy [Fr@-u][Frou] 4
o'(t)=o (t)+G 2d=1 j’d'cexp( Ch )j‘T“i e — 24,
‘ (2.11)
2 0 0 . oo
, t—1y (du, [FT(O)-uO][FT(O)-uo]_ g| 0 .
6 (t) =G, 2 j dte\:p( 7 ) 5?[ |Fg(.0)-u0|2 , 5 _,- Ezlo, (0y exp (— 2/6;)e
. odd
As usual, the stress tensor in the viscoelastic fluid is represented in the form ¢ = — pg +

o', where p is pressure.

3. As in [1, 3], we will study the dynamics of the growth of long-wave disturbances
on the basis of the energy balance. If we ignore friction against the air and drag, we can
approximately represent a planar flexural perturbation of the jet axis in the form

H = A(t) sin (ys/a,), (3.1)

as long as the amplitude A(t) is not too large. Here, we adopted the notation: x is the di-
mensionless wave number(7 —-Zﬂadh, I; is the wavelength of the perturbation); s is a coordi-
nate reckoned along the axis of the undisturbed jet. The s axis is "frozen" in the moving
undisturbed jet.

The work of buoyancy [1, 3, 5], leading to an increase in the bending perturbations, is
expended on the increment in kinetic and surface energies and the work of internal forces.
The energy balance is made up for the segment of the jet 0 <Cs=<Cmnayy. The following are the
expressions for the work L of buoyancy during the time dt and the increments in kinetic AE
and surface AE; energy, which obviously are independent of the rheological behavior of the
fluid [1, 3]

L=p,UsfA'ATE - dt, AE = pfoA”A' 22 dt, AE, = wadA’ % dt, (3.2)
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where f, = mai is the cross-sectional area of the undisturbed jet; the prime denotes deriva-
tives with respect to t.

It remains for us to calculate the work of internal forces in an isolated element of the
jet during the time dt [1, 3], this work being determined by the rheological behavior of the
fluide

nao/x )
L, = { | [ j (0uDit + 0pnDnn + opDis) (1 — Ey) dS]).ds} dt. (3.3)
0 . -

B,

Here, ogg, Opps Opp are components of the stress tensor o (the subscript & correspond to the
unit vector of a tangent to the axis of the bent jet 1; n corresponds to the unit vector of

a normal m; b corresponds to the unit vector of a binormal b); Dgg, Dp,, Dpp are components
of the tensor of the velocities of the bending strains B; k is the curvature of the jet axis;
k = H,ss/(1 + HZ5)3/2; the coordinate y is reckoned from the center of the jet cross-section
D, along the normal; A = (1 + Hfs)llz.

At the long-wave limit (x < 1), according to [1, 3]

Dy =A""A; — ky® 4/®, Dan =Dy = — Dy/2, © = — Hds/(1+H), (3.4)
It is easy to see that in the jet
ouDi + OunDun + 0Dy = Dy (011 — on). (3.5)

To calculate the integral in (3.3) with.allowance for the rheology of the viscoelastic
fluid (2.10) or (2.11), it is necessary to determine the tensor F¥(t) satisfying the differ-
ential equation ‘

dF (t)
at

() (3.6)

with the initial condition Fi(1) = g

As was shown in [1, 5], if we ignore the friction of air against the surface of a free
jet of a viscoelastic drop liquid in the case of long-wave perturbations, the stresses Ond
and opp in the jet are negligible compared to the axial stress o 0,; = Oeay), 6,1 = Oeoyy),
€ ~ ay/l; K 1. The smallness of the stresses opy and opy indicates that the liquid section of
the jet remains planar during its bending. The equality Opn = Opp in the jet is a conse-
quence of the boundary conditions for the stresses on the jet surface, this equality indi-
cating that the deformation of the liquid section in mainly isotropic. Thus, an imaginary
liquid disk cut from a jet of circular cross-section subjected to bending rotates and
stretches along the axis of the jet but retains its circular cross-section. This pattern
does not change with an increase in the amplitude of the perturbations as long as the motion
is long-wave in character and no local sections of large curvature develop on the jet. Such
sections develop only for very large perturbation amplitudes [1]. All this suggests that
the increase ‘in both infinitely small and in finite, long-wave flexural perturbations of jets
of high-viscosity liquids moving in air correspond to uniaxial tension of the jets in the
coordinate system connected with the jet axis. As a result, the tensors FT(t) Ve, and D
are diagonal in the basis m, b, 1. Accordingly, we can represent the tensor ¥} 2(t) (as vw
and D) in the form FEU)—-Isz%*(nn~+-bbﬁnn and, by virtue of the diagonality, assume that
Vv = D. Consequently, by 1ntegrat1ng (3.6) with allowance for (3.1) and (3.4), we find the
components of the tensor F#(t

=1ty 5 U (s, O—Hs, W) + 3 {2t} [k ”ﬁ*‘

2 2
+ ¥ ["’2’1 o0 _ P69 ] + (£ sine (2) 204D A 4]+ o),
9 .

9s® as® %o
1 [for (s, n]?
7m=1—-".“ 2[H(S t)—H(s, T)]_E{[ 0(.: t)] -

oH (s, ) ]? 0*H (s, 1) azH(s 9 |? '_1_ Z\2aine _)_c_s)[Az(t)+A2(T)_A A ' ] 0 (43).
'—[_’—és—_ ] }+ Y { = —3 > <“o) sin '(“o 5 ) ('lf) + 0 (4%)

It should be noted that in integrating (3.6), we assumed the following, with an accuracy
sufficient for subsequent calculations
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dFE () Bf o ? 8H
— = "_Wu + (nn. +_ bb) —= + ”ngg-["fn + (on + bb) fun], v = 2.

Using (3.7) to calculate the Green tensor for bending Bkﬂ;= Fi(f)-Fi*(t) and inserting it into
(2.10), we determine the difference of the components of the stress tensor deviator for the
Maxwell liquid (this difference is needed to calculate L,)

o= o= 0y + (= 3 () sin () (40) — e (01 + 3 ()" oo (%) 20) = wa( + 5 (£) g2 sint (2)
X A2 (8) — 24(8) by (1) + Y2 (O] + 5 (l) si? (25) 142 (1) — 24(1) 91.() + ¥ (]} + 0 (42), (3.8)
where
nH=6 idrexp(—‘;‘)A(m $a(t) =07 idvexp(—_’;’)fiz(r),; (3.9)

’ ! K] 3 . . . .
while @, =0;] — 0, characterizes the initial surface tension of the jet.

Inserting (3.4), (3.5), and (3.8) into (3.3) and integrating with allowance for (3.1),
we have

‘ ’ 3 G I '
3 (% \3 3 1
+ 'ls— fo'g (lo) A4 n[g (A — ) + §'(A2 — 24, + ‘Pz)]} dt,

(3.10)
I, = naj/4.

The higher-order terms with respect to perturbation amplitude and the terms through the thick-
ness of the jet (long-wave approximation, thin jet) are discarded.

Using (3.2) and (3.10) to make up the energy balance L = AE + AE; + L;, we obtain the
following equation for the amplitude of the perturbation A(t):
v 3w Y 3p AM Yy 072 o ()
. (R e 4_+______x4 +A2}_!Z__10 0710
, 25250 4 0 X o2 . pal + pa 3

g, (1) = [ 019 (0) — 0:% (0)] exp (— ¢/0),

(3.11)

The functions Y,(t) = A — ¢; and Y,(t) = A2 — y, entering into (3.11), with allowance for
(3.9), are determined by integration of the following differential equations together with
(3.11):

Yi= A —Y 8, Yy =244" —Y,/0. (3.12)

It should be noted that if we do not make simplifications leading from (2.8) to (2.9) and
we use (2.8) directly, then instead of the term W, = Ay%,(t)/(pai) in Eq. (3.11) we will have
W, = Ay*o,(t)[1 + (D(A)]/(paﬁ), @®(4) < 0(4). As it turns out, this change of terms may change the
result of calculation of the nonlinear stage of bending, when there is a stress o,(t) £ 0
caused by the initial longitudinal surface tension of the jet. However, as follows from [1,
3-5] and from the results of the calculations discussed in Part 4, nonlinear effects will be
important only over a period of time exceeding the relaxation time for the stress ¢,(t), when
W, and W, are nearly equal to zero. This justifies the transition from (2.8) to (2.9) in
the derivation of Eq. (3.11), which is nonlinear with respect to the amplitude A.

Performing similar calculations for the DE liquid, we obtain the following by means of
Eqs. (2.11), (3.1), (3.4), (3.5), and (3.7)

A" + 6 GO—X4 Yy iGﬂx4A W Aylinﬁ 4 Ayt {i_p1Ug +0‘0(t)] .

5n° pal oy i# ' 5nf pay paj pat pad ’

J dd=1
° (3.13)

Yy = A — Yy, Yoj = 244" — Y00,
where

t
Yy=A4—0" S dt exp (—— t;t) A(z),

832



t
Yo = A2 — oj! f dvexp (— t E.t) A (1),
J i (3.14)

6 ()= 3 ol (0) =02 (0)] exp (—1/8)).
Jodd™t -

4. First we will examine small perturbations, when the terms in (3.11) and (3.13) which
are nonlinear with respect to A [the third terms O(A®)] can be ignored. In this case, A =
Ajexp (yt) (y is the increment and A, is the amplitude of the bending perturbation at t = 0).
Also,

Y, = y04/(1 + 18), Y, = 2y0A4%/(1 + 2v8), (4.1)

and we obtain the following characteristic equation from (3.11) and (3.12) for a Maxwell
liquid

3 pyt a 0,05 .0

LICRpU 2 SN QRS § SN b S N P (4.2)
VT et Tk (pag oaz " pal

Here, it is assumed that initial surface tension is either absent from the jet (o, = 0) or

is "frozen" and that o, = const # 0.

Equation (4.2) generalizes the characteristic equation for a viscous Newtonian fluid
[1, 3] with 8 = 0 to the case of a viscoelastic Maxwell liquid. It predicts (at o, = 0) ac-
celeration of the growth of small bending perturbations of a jet of a Maxwell liquid compared
to a comparable jet of a Newtonian fluid (p, u, a,, o, U, = idem) due to a decrease in ef-
fective viscosity pe = u/(1 + y8). Initial surface tension o, > 0 is a stabilizing factor
which retards the growth of the perturbations (the value y > 0 decreases) or in general pre-
vents the development of flexural perturbations at (o, + o/ay) > p,UZ, when Re{y} < 0. The
result obtained in (6], in which a jet was represented as a tensed string, is transformed
at the long-wave limit to Eq. (4.2), with p = a = 0.

The solution of the problem of the bending of a jet of a Maxwell liquid in a flow of air
depends on eight parameters having three independent dimensions: u, p, ag, a, pis Uy, 6, Og.
Thus, in accordance with the m-theorem of dimensional theory, the solution is determined by
five similarity criteria:

P . 2 . pU2
I, =2 I, =—2*~ =10

pi 2 pa2pU2’ 3 p/ez

. e (4.3)
H4=____0_’H == ¢ .

Figure 1 shows the functions y(X) calculated by means of Eq. (4.2) with the following
values of the parameters: for all curves II; = 1073, 1, = 0; for 1 and 2 I, = 0.156-10%, 1, =
0.94-1073%; 3 and 4 I, = 0.4-10%, Ty = 2.4:107%; 2 and 4 Ny, = 0; 1 and 3 M, = 0.64, 0I; = 0.25.
Lines 1 and 3 correspond to two jets of a Maxwell liquid differing in velocity, the velocity
being greater in the first case. Lines 2 and 4 correspond to the results of 1 and 3 for a
Newtonian fluid. There is a marked difference between the results in our Fig. 1 and the re-~
sults in Fig. 4 of [8] (which correspond to the same parameter values). TFor example, the in-
crement of yp,y for curve 1 is roughly 307 greater in our calculation than in [8]. This evi-
dently makes it possible to evaluate the error introduced by the simplifications of the char-
acteristic equation in [8]. As a result of these simplifications, the value of y was reduced
to the second order of magnitude. Line 2 in Fig. 2 shows the dimensionless function y(x) de-
termined by characteristic equation (4.2) for a Maxwell liquid with II; = 1073, 1, = 0.4-10%,
I3 = 0.25, I, = I = 0, while line 1 shows the result for a corresponding jet of Newtonian
fluid (M., O,, @N,, Os = idem, My = 0). The increment is referred to the below quantity T~ *.

The characteristic equation for small flexural perturbations of a jet of a DE liquid,
when A = A, exp (yt),

Yip= 984001 + 18)), Ye; = 298,4%/(1 + 298)), (4.4)
is obtained from (3.13), with o, = const, in the form
4 d . :
2, 6 Gt . 5 2( a _ 08U, o
S0y e 2 2o ). 4.5
VT 5 a V,-%:l arwy e Mol T e o) (4-3)
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With allowance for the second equation of (1.2), as before the similarity criteria will be
I,-T; from (4.3). To these criteria we add a criterion which determines the ratio of the
spectral relaxation times I, = 6x/6,. Curve 3 in Fig. 2 shows the relation y = y(x) cal-
culated as the solution of characteristic equation (4.5) for the same values of the criteria
II;-I; as for curve 2 and five relaxation modes (j =1, 3, 5, 7, 9). A change in the number
of modes in the calculation has a very slight effect on the result. In fact, the relation

y = y(x) predicted by characteristic equation (4.5) for a jet of DE liquid coincides with the
result obtained in the solution of Eq. (4.2) for a jet of Maxwell liquid with the same val-
ues of I;-I5.

It should be noted that by virtue of (4.5), the initial surface tension ¢, > 0, as for
the jet of Maxwell liquid, slows the development of small flexural perturbations. At (o, +
afag) > p,U3, the jet is completely stabilized.

Let us proceed to analysis of the growth of fairly large flexural perturbations, when
the terms in Egs. (3.11) and (3.13) (third terms) which are nonlinear with respect to the
amplitude A are important. 1In the case of a Maxwell liquid, it is necessary to numerically
integrate system (3.11) and (3.12) with the initial conditions

t= 0_,_ Av= on A = on*v Yl = V*OAO/“ + }’*9):

_ (4.6)

Y, = 27045/ (14 2749).
In (4.6), the value of the increment y, corresponds to the maximum yp,y determined by char-
acteristic equation (4.2). Thus, in calculating the nonlinear evolution of flexural pertur-
bations, we assume x = xy. Here, the value of the dimensionless wave number ¥y corresponds
tO Ymax:! Y% = Ymax = Y(Xx). Conditions (4.6) correspond to initially small perturbations, so
that the initial conditions for functions Y, and Y, are determined by means of (4.1).

Curve 1 in Fig. 3 shows the results of calculations for a jet of a Maxwell liquid with
m, = 10"%, 0, = 0.4-10%, M, = 0.25, I, = I = 0, while curve 2 shows the result for a cor-
responding jet of Newtonian fluid (II; = 0). In this and subsequent figures, the amplitude -
of the flexural perturbation of the jet of viscoelastic fluid Hpyy = A is referred to the
wavelength of the perturbation l, = 2nay/y4, while the time is referred to T = (ppad)®/(p,Us—
aﬂ%)”3; Y ==ln.Uﬂnu/h*). For the Newtonian fluid, the amplitude of the perturbation Hp..

2
8 pe 1/6
is referred to the wavelength of the perturbation ls = 2nay/ys = 23‘%/[@' T;X (pUs — a/ao)] 11, 4, 51,

Y = In (Hmax/l¥). Tn accordance with the data in Figs. 1 and 2, L4 > lLix. The difference in Y
in Fig. 3 for the viscoelastic and Newtonian fluids with a fixed value of t is evidently due
not to the difference in the scales of I, and 1,4 but to the different rates of development
of small perturbations. In the calculations, we assumed that A,/Ls = 5:107% AL, =5.10"4

It follows from Fig. 3 that in the case of the viscoelastic Maxwell fluid — in contrast
of the monotonic (slowed by stresses associated with a nonlinear effect — the elongation of
the jet axis) increase in flexural perturbations of the jet of Newtonian fluid — a new non-
linear effect is seen — oscillations of the amplitudes of the perturbations. These oscilla-
tions, which result in a decrease in the amplitude of the disturbances over certain time
intervals, are the result of the competition of inertial and elastic forces. The jet ele-
ement undergoing bending jumps past its "equilibrium' position due to inertia, and the axis
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of the jet is additionally elongated (due to the finiteness of the perturbations, the length
of the jet axis is constant during ‘the linear stage), which produces an additional elastic
force along the element that tends to contract it. Thus, the inverse process begins: short-
ening of the element, a reduction in the amplitude of the flexural perturbation, a new jump
past the "equilibrium" position due to inertia, etc. Viscous dissipation gradually absorbs
the energy of these oscillations.

It is this very mechanism that is evidently also responsible for oscillations of the
surface of a straight jet of a Maxwell liquid during capillary decay, discovered in calcula-
tions in {16], and the oscillations in the solutions of other nonsteady problems of the dy-
namics of viscoelastic fluids when allowance is made for their inertia.

In calculating the growth of finite flexural perturbations of a jet of DE liquid, the
following initial conditions are established for system (3.13) with allowance for (4.4)

t= Os A= Aoz A = Ao'\’*); Y= Y*e.iAo/U + v40;),
¥y = 20,043/(1 + 2v,0)).

(4.7)

In conditions (4.7), the increment Y4, as the value X = xx in (3.13), is determined by the
most rapidly-growing small perturbation, i.e., it corresponds to Yg = ypax(Xx) in the solu-
tion of characteristic equation (4.5). The results of the calculation for a jet of DE liquid
with I, = 1073, 1, = 0.4-10%, @ = 0.25, I, = Iy = 0 and five modes in the relaxation spec-
trum nearly coincides with curve 1 in Fig. 3. Line 1 in Fig. 4 shows the coincident results
of calculations for jets of M and DE liquids (j = 1,...,9) with I, = 1073, U, = 0.156-10%,

I = 0.64, O, = II; = 0, while line 2 shows the result for a corresponding jet of Newtonian
fluid (I, = 0).

The calculations performed with the M and DE rheological models show that the oscilla-
tions which accompany the nonlinear stage of growth of flexural perturbations are reinforced
with an increase in the similarity criterion Iy while T; (i # 3) remain constant. Since the
increase in [I; is equivalent to a reduction in the elastic modulus of the liquid, an increase
in N; is accompanied by an increase in the "compliance' of the liquid and facilitation of the
inertial jump past the "equilibrium' position.

Use of the DE model, which ignores the details of "rapid" relaxation processes, is justi-
fied by the data in Figs. 3 and 4 if t, ~ 20T 2 6, and Yy ~ 87%. The latter condition is sat-
isfied in the present case.

Figure 5 shows the results for an M liquid with the same values of parameters II,-T;, Iig
as in Fig. 3 but with initial surface tension ¢,(0) = p,U3/1.1. We examined two variants:
with the initial stress "frozen" and remaining constant during bending of the jet (curve 1);
with the initial surface tension relaxing in accordance with the second equation of (3.11)
(curve 2); curve 3 shows the results for the corresponding jet of Newtonian fluid. Comparison.
of lines 1 and 2 with each other and with line 1 in Fig. 3 illustrates the stabilizing role
of longitudinal surface tension in the process of development of perturbations. Of course,
in the case of a "frozen" value of o,, the stabilizing effect of longitudinal surface tension
during perturbation growth is considerably greater.

Figure 6 shows results corresponding to a jet of DE liquid (the values of [;-Nl;, I are
the same as in Fig. 3, and we considered five relaxation modes) with 0,(0) = p,UZ/1.1. Line
1, obtained for o, = const, nearly coincides with line 1 in Fig. 5. Line 2 corresponds to
the relaxation of the initial stress in accordance with the third equation of (3.14) and of
course differs from line 2 in Fig. 5, since relaxation of the initial surface tension pro-
ceeds differently in jets of M liquids (single-mode model) and DE liquids (multiple-mode
model); line 3 shows results for the corresponding jet of Newtonian fluid.
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PHYSICAL MODELING OF TURBULENT THERMICS

Yu. A. Gostintsev, Yu. S. Matveev, UDC 536.253+532.529
V. E. Nebogatov, and A. F. Solodovnik

In order to investigate atmospheric convection processes and the development of safe
methods of exploiting and storing explodable and toxic mixtures, and a number of ecological
problems, it is necessary to study nonstationary convective flows that occur when a mass of
light gas rises in a field of gravitational forces (thermics). Large-scale turbulent flows
are of greatest interest from the practical viewpoint since the general complexity of study-
ing them is due to the restricted possibility of obtaining direct experimeéntal data. In this
connection, a study of the modeling laws for turbulent thermics acquires special value.

At a certain time, let there be a free volume V, of gas with density p, different from
the density p, of the environment, in open space. The convective current that occurs is due
to the action of the force F = g(pg — 0,)V,, the resultant of the Archimedes and gravity
forces For currents in an unstratified medium the quantity F is conserved in time: F =

g 5 @u-—-pa»dV'—-g@m-—gﬁVb,whlch is a result of the law of conservation of the excess quantity

Voo
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