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STABILITY OF A FILM FLOWING DOWN ALONG AN OSCILLATING
SURFACE

V. I. Baikov, A. T. Listrov, UDC 532.516
and Z. A. Shabunina

The linear approximation for a harmonically oscillating surface is used to ob-
tain the condition of flow stability for a liquid film.

The flow of films in heat and mass transfer devices is nearly always accompanied by
wave phenomena at the gas—liquid boundary. The waves congiderably affect the transfer pro-
cesses, and, whenever possible, various adaptations are used which assist the formation of
waves or turbulence of the liquid. For example, the vibration of a straight surface can,
according to the experimental data [1], lead to an increase of the heat-transfer coefficient
by 400%, in comparison with the usual gravitational flow. It is therefore of interest to
determine the transition from the waveless regime of the flow to the laminar-wave regime,
and then to the turbulent regime, i.e., it is necessary to establish the limits of stability
of the particular flow regime in question.

Let us assume that a film of viscous incompressible liquid flows down along a sloped
surface which oscillates in its own plane with velocity Vocosw,T (Fig. 1). The problem is
described by the system of equations

avl 6pd

o0, . opq
SINY = ;] —— = PgCOS Y, — = 0. (1
dx5 Tesmy dt 0%, £ 0x,

v

In addition, we use the conditions of sticking at the wall, and the absence of tangen-
tial stress at the free surface:

duy |
Pa(0) = Py Uil g = Vo COS04T; ——le = 0. (2)
2 lx,=0

By solving the system of equations (1) and (2), we determine the unperturbed flow of
the layer in the form

! 1 h(l < i)p 1 ch(l — i) By
Uy = — ReFri(l — y)siny + — exp (iof) LT IPY L 1 ogn iy S0P

2 v e e g T ) R =58
3
p= y COSY + Pa ()

T
or

o = -;— Re Frt (I — 3 sin y + A cos (of — L). ()
Here Re = Vod/v is the vibrational Reynolds number, Fr = *gz- . vibrational Froud num-

ber; 28% = wRe;
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Fig. 1. The flow pattern.

A= ( Shzﬁercoszﬁy)‘”
sh?p -+ cos? P ’

amplitude of instantaneous velocity; and

¢ aresin 1 chPycosPyshPsinf sh By sin py ch f cos b >’
* ( A sh? B + cos? B sh2f - cos? p

phase shift of velocity pulsations in the liquid relative to the oscillations of the wall.

\

We introduce the length §= (v/w*)l/z, which characterizes the oscillating flow. There-
fore, we can have several possibilities: The quantity & can be small, large, or comparable
to the thickness d of the flowing film.

We consider the case 8« d which corresponds to B > 1 and is realized, e.g., for high
frequencies of oscillations of the wall. It follows from Eq. (4) that the velocity pulsa-
tions decay with increasing distance from the wall as A ~ exp(~B(1 — y)), and they will,
therefore, be localized in a narrow near-wall region. Across most of the thickness, uo is
parabolic. In the problem of stability of a flow with a dividing boundary, the instability
mechanism is associated with the formation of surface waves generated by the perturbation of
the free surface. It is therefore natural to assume that the near-wall velocity pulsations
cannot interact with theperturbations of the free surface, and the stability conditions will
be the same as in the absence of vibrations. We introduce

Re?siny _ gp*d®siny

Rec —_
2Fr 3u?

and obtain [2]
Re. << —Z—ctgy. (5)

We turn to the opposite case when §3>d (f«K1) , which is realized for low frequencies of
oscillation of the wall. The smaliness of frequency indicates that the velocity varies slowly
with time, and in Eq. (1) one can therefore neglect the derivative 0v;/dt. Consequently, the
flow can be assumed statiomary. It follows from Eq. (4) that in this regime the film flows
down along the solid surface and oscillates with it as a whole, i.e., it moves with velocity

uO:cosmt+~;—ReFr“i(1—yz)sinv (6)

at each moment of time. As for a stationary wall, the stability condition can be written in
the form (5).

Finally, we consider the case § v d, i.e. 8 ~ 1 or w, v v/d?®. Let us assume that at
some moment of time the principal flow (3) suffers a small two-dimensional perturbation u =
o +u'; v=v'; p=po+p'. We introduce the flow function by

u’ = ——-—a1p . U’ = — a¢
dy dx

and assume that
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V=g (y, f)exp(inx); 1 = n(f)exp (iax); (7)
p= ply, t)exp(iax).

Here n is the geometry of the perturbed surface. By linearizing, in the usual fashion, the
equations of motion and the continuity equation, and eliminating the pressure p, we obtain,
by using dynamic and kinematic boundary conditions, the description of the perturbed flow of
the liquid layer:

A 2 a 62
A +a4tp:Re[ ( : —a2¢)+
oyt dy? Ot dy?
2 2,
~{—iocuo( i —ach\)—ioccp au:}; (8)
\ 0y , ay?
d &)
— i (0, 1) = ianuy(0, #)+ 7?;;
@ = 0, o¢ =0 for y=1;
9y
d%u, 0% Loz2p =0 for ye=0;
dy? Oy
(10)
o9 o
— i3 Ren = ie Re Frin cosy — 20 —a(;—a—{—_fa:—s—m
2
—a? de — Re i — i Reuy 99 for y=0.
dy oty

Equation (8) is the analogue of the Orr—Sommerfeld equation for the nonstationary case.
According to [3], we seek the solution of the system (8)-(10) in the form

@ (y, B =F(y, Hexp () n(t)=N(Bexp(ut), 1)
where f(y, t) and N(t) are periodic functions of time, and { is a complex number.

First of all, we consider long-wavelength perturbations a < 1 since the short-wavelength
perturbations are quenched by the surface tension. We represent all quantities in the form
of series in terms of

f=l+afi+afod ... s N=N,+aN, +a®N,+ ...,
po=0+af+othy+ ...

We now consider the consecutive approximations in terms of a. In the first approximation, we
obtain

o _ n. Pl @ . dN,

= Pe 8, Re P e BV = 0
g N o @ e
=0 Ao 0 for y=1;
dy
1 &, P — B, 9o =0 for y=10
Re  dy® Jtoy dy
Z 1073 p (— it}
P —NyReFr~tcosy -+ iﬁZNo( exp(zco.) el 10,> ):O
oy? ch(l+i)B ch{l — 0§

for  y=0.
Using the periodicity conditions for the functions Ny and f, gives
o = 0; Ny = const = 1;

[

fo= -—;-Re Froisin y (I — y)? -+ Real 1exp(imt} X
1 ch{l + 9By | th(l+ 9P sh(l -+ i) 1.}
e T - gpyiy .
X[ ch2 (1 + 1) b hU L 0B ch(1+ip ]
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In the second approximation,

B, + AN,

ar

L fuy (0, &) = — ify (0, 1)

Since B, is a number and N,(t) is a periodic function, we have

_L[ exp(inf)  exp(—inf)
20 | ch2(l +0)p ch*(1—0)p ]

and for £, we have the equation and boundary condition

B, = —iReFrtsiny; Ny(f)=—

2 2 92
_ai’il_,_Re_Qifi =iR€<Ho Flo ——,foau"\j‘—ﬁlRe ff ; (12)
dgt 0t3y* oy? ar ) e
fi=0; _a_f_l_:()for y=1;
q
92f, &, N, —0 for y=0;
oy? Jy?
3 2 "
iReFrtcosy + Oh i Re uy O
oy? 0y
0%, of,
— Re —B,Re L2 =0 for y=0. 13
otdy Py dy (13)

The solution of equation (12) will be sought in the form
1= W, (y) exp (2iwt) + ¥y (y) exp (— 2iot) + V5 (y).

We now turn to the following expansion in terms of « (the terms which are coefficients of
@®): To determine 8, from the equation
(14)

di\z] = — By — BNy — (10, ) + Nty 0, 1))
[4

under the condition that B, is a number and N, is a periodic function, we only need to find
the dependence Y¥5(y): )

ejkz/é y

Wa(y) = viy® + Vo + vy + ¥ T IR 6 \1/ s

i { Fehd+9)py  ch(dl—0)Py ]
4B2 (ch 2P + cos2B) | ch(l —i)p ch(l+0)p |

+ j l(sh 2By -+ i in 28g) th(1 + i) —

1602 (ch 2B + cos 2f)

(sh2By —isin2py)th (1 — 0B} k= — siny;
1] 9 Fr
(b2
V1= — ‘Re cosy — 'li Re; v, = ik?Re;
o}
e = 3iRe(ch 2f sin 2§ + sh 2f cos 2f) 3 #2Re - iRe cos 7:
) B (ch2p 4- cos 2B 2 2Fr
3iRe 1 . .
= —sh 28 sin 2 — ch 2f sin 2B —
N | e

— sh 2f cos 2[5} — ; iReFr-tcosy + 0.7ik%Re.

We now obtain from Eq. (14)

. . 2Re’sin’y - Recosy (15)
B: = Re # (P) - T Fr )

15 Fr2
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Fig. 2. The variation of
the function #(B) with in-
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where
3 [

46 (ch 20 4 cos 2p)? E B

1
3

F 0=
— ch 28 sin 2B — sh 2 cos 28

The stability of flow is determined by the sign of B.: for B, <C 0 the flow is stable,
and for B, » 0 it is unstable or, in other words, the flow is stable if

SFrQ'*([ﬁ)—}——gRecsin'y~cosy<0. (16)

In the opposite case, the flow is unstable and the perturbations increase exponentially.

It is seen from Fig. 2 that F(B) differs considerably from zero only in a very narrow
region of frequencies B v 1; i.e., w* v v/d*, where the vibrations of the wall are most fa-
vorable for the loss of stability. When the vibrations are absent (Vo = 0), Eq. (16) makes
it possible to obtain the known result for the stationary layer [2]: The flow is unstable

5
for Re. <—6—ctg v-

In the situation when the angle of inclination vy = 0, i.e., the flow under the action
of gravity is absent, we obtain the conditions for the stability of a horizontal layer [3]:
Fr~=' > 3F(B). For a vertical surface, vy = 7/2, and the condition (16) takes the form

Rec<*—g—Fr5’(ﬁ)- an

Hence, it is seen that on a stationary wall the motion is always stable. Since the function
F(B) changes sign, for a vibrating surface the stable regime can exist for some values of am-
plitudes and frequencies of oscillations.

We consider the case of small-amplitude oscillations of the velocity of the wall (Fr «
1). It then follows from Egq. (16), in view of the fact that function# (B) is bounded, that,

independently of the frequency of oscillations, the condition Rec<<§; ctg v is satisfied. In

other words, the vibrations of the wall do not affect the stability of the film.

The results obtained in the present work are confirmed indirectly by the experimental
investigations [4], which studied the pattern of perturbations on the surface of a flowing
film for an oscillatory spraying density. In our case, by going over to a coordinate system

d
fixed to the wall, and introducing the volume flow rate of the liquid Q =S uedy, we obtain
0
a solution which describes the flow of the film along a stationary surface, but with a pul-
sating flow rate.



NOTATION

X., X3, and x3 are the orthogonal Cartesian coordinates; v,, v,, Vs, dimensional com-
ponents of the velocity vector; d, thickness of the film; V,, amplitude of the velocity of
wall oscillations; x = x./d, y = x,/d, z = x5/d, dimensionless Cartesian coordinates; u, =
v1/Vo, dimensionless velocity of unperturbed flow; py, dimensional pressure in the liquid;
Patm,» 8as pressure at the free surface; py = parm/0oVs, dimensionless pressure of gas at the
free surface; p, density; v, kinematic viscosity; T, time; t = 1Ve/d, dimensionless time;
w,, frequency of oscillations of the wall; w = w*d/Vo, dimensionless frequency; and 4, ¥,
p, components of the velocity vector and pressure in the perturbed flow.
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NUMERICAL MODELING OF AN EXPLOSION PLASMA GENERATOR,
TAKING INTO ACCOUNT RADIATIVE ENERGY TRANSPORT AND
EVAPORATION OF THE WALLS

G. S. Romanov and V. V. Urban » UDC 533.6.011.8:535.2

Using a generalized theoretical model, we study the effect of geometrical dimen-
sions and a variety of physical processes on the operation of the explosion plasma
generator.

The present work is a continuation of -the theoretical study [1l, 2] of the explosion
plasma generator developed by A, E. Voitenko (Fig. 1). The principles of operation of this
device were discussed in sufficient detail in [1-4]. This makes it possible to turn to the
formulation of the problem of numerical modeling of the explosion plasma generator.

In the course of operation of the generator, a detonation wave, by passing over the ex-
plosives, accelerates a metal plate up to the velocity 5-6 km/sec [2-4]. The phase velocity
of the point on the line of contact of the plate and segment will increase (since Ug = V/sin
®) as the plate approaches the exit aperature and, from some moment of time, it will exceed
the speed of sound co in the metal plate and in the spherical segment. Therefore, the per-
turbations from the contact line (metal deformations, the melt from the walls, etc.) will not
propagate upwards along the flow, and affect the motion of the plate and of the gas. It is
probable that this can explain the experimental facts that the plate remains flat during the
motion inside the segment (this is seen on the x-ray pulsed picture shown in [5]). Under
the action of the detonation wave, shock waves propagate and are reflected from the surface
of the plate, and cause its expansion and compression. However, the amplitude of these cs-
cillations is small (it is smaller than the proper thickness of the plate), and is much
smaller than the path length of the plate inside the segment. It is known [6] that a com~
pressible plate gains velocity discontinuously, and on incompressible plate gains velocity
in a smooth fashion. However, the difference of instantaneous velocities of motion is in
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