Time-dependent jetting on the surface of thin moving liquid layer.
Part 1. Theoretical analysis
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ABSTRACT

Unsteady two-dimensional problem of a thin liquid layer with prescribed time-dependent influx into
the layer, position of the influx section , and the thickness of the liquid at this section is studied by
methods of asymptotic analysis. The ratio of the rate of the liquid thickness variation at the influx
section to the influx velocity plays a role of a small parameter of the problem . The influx parameters
are such that the flow in the thin layer is inertia dominated, with gravity, surface tension and liquid
viscosity being approximately negligible. Such flows were studied with respect to several applications,
some of which are listed in the Introduction. One of the applications concerns with splashing during
droplet impact onto a rigid substrate and related kinematic discontinuity propagating along the
spray sheet, which is produced by the spreading droplet. This type of splashing was studied by
Yarin and Weiss (1995) within a quasi-one-dimensional approach averaging the flow velocity over
the layer thickness. We also start with the one-dimensional thin-layer approximation assuming the
influx flow is accelerated. Such influx conditions lead to unbounded growth of the thickness of the
liquid layer at a certain location and at a certain time instant within the one-dimensional approach.
The present study recovers for the first time the structure of the flow close to this singularity using
methods of asymptotic analysis. To this aim, the second-order outer solution, which is valid outside
the region of the unbounded flow, is derived. The second-order outer solution is used to find proper
stretched inner variables and the equations governing the inner flow at the leading order. It is shown
that the inner free-surface flow in the stretched variables is two-dimensional, potential, non-linear
and independent of any parameters of the original problem.

I. INTRODUCTION

The original motivation to study thin liquid layer flows with time-dependent influxes come
from the configuration depicted in Fig. 1. In this two-dimensional problem, an elastic plate impacts
obliquely onto a thin liquid layer. In the Cartesian coordinate system Oxy, the line y = 0 corresponds
to the rigid bottom, and the line y = h corresponds to the initial undisturbed position of the liquid
free surface. An elastic plate initially touches the liquid free surface at a single point, which is
taken as x = 0, y = h. Then the plate moves to the right and penetrates the liquid layer. The initial
velocities of the plate, initial inclination angle of the plate and the elastic characteristics of the plate
are given. The coupled problem of the plate deflection and the flow under the plate was studied in
the leading order by Khabakhpasheva and Korobkin (2020a). See also a review of existing results



and approaches for the problem of oblique impact by rigid and elastic bodies on shallow water in
that paper. A thin layer approximation was used, which is valid for long plates impacting the liquid
layer at small angle and with a horizontal speed being much greater than vertical speed of the plate.
In this approximation, the flow under the plate does not depend on the flow in the wake behind the
plate. In the present study, we are concerned with the flow in the wake behind the plate. This flow
is investigated using the computed characteristics of the flow at the trailing edge of the plate or at
the section, where the free surface separates from the lower surface of the plate, after the coupled
problem for the region below the moving plate has been solved. It will be shown below that the flow
in the wake can also be described within the thin layer approximation, as the flow under the plate.
However, if the influx into the wake is accelerated, then this approximation predicts unbounded
thickness of the liquid layer at some locations behind the plate. The present study is focused on
such influx conditions and fine details of the flow at these special locations.
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FIG. 1. Sketch of the flow in the wake behind a gliding elastic plate.

Flows in the wakes behind bodies impacting onto a liquid with high horizontal speeds are of
practical interest because of possible water aeration in the wakes. Air entrainment during impacts of
droplets onto a thin liquid layer, which is important for performance of some heat exchangers, was
studied experimentally by Cherdantsev et al. (2017) and Hann et al. (2018). It was observed that
the rate of the air entrainment during oblique droplet impacts is high and cannot be explained by
the air-cushion effect, see Hicks and Purvis (2010, 2011). Possible mechanisms of the air entrainment
by oblique droplet impact were modeled by Khabakhpasheva and Korobkin (2020a), who studied
oblique impact of an elastic plate onto a thin liquid layer. The plate deflections were comparable
with the thickness of the liquid layer. It was shown that air bubbles can be trapped in the liquid
layer because of the plate leading edge rotation towards the liquid and elastic deflection of the
plate, the jet formed at the leading edge of the wetted part of the plate, and the jets, which may
be formed on the surface of the wake behind the plate, see Fig. 1. Experiments by Cherdantsev et
al. (2017) showed that air bubbles are mainly entrained in the wake created behind an impacting
droplet. Two-dimensional steady flows generated by bodies gliding along a free surface were studied
by Semenov and Wu (2013) including the gravity effects. See also relevant studies and results by
Yoon and Semenov (2011) and Faltinsen and Semenov (2008). Martinez-Legazpi et al. (2015) studied
three-dimensional wake behind a high-speed vessel experimentally, numerically and theoretically, in
order to explain high level of water aeration in such wakes.

We shall investigate evolution of the wake for the configuration depicted in Fig. 1. Khabakhpasheva
and Korobkin (2020a) obtained that the speed of the flow at the entrance to the wake, x = L(t),
which is the trailing edge of the plate in Fig. 1, is zero initially, then becomes negative with increasing
magnitude which exceeds the horizontal speed of the plate, see Fig. 3(d) in that paper, where the
dimensionless speed of the flow at the inlet to the wake is shown by blue line. This implies that the



liquid is injected into the wake from under the plate during the early stage of the oblique impact by
the elastic plate. Later the flow speed at the entrance to the wake becomes positive. The flow into the
wake is accelerated at the first stage and then decelerated. Within the thin layer inertia-dominated
approximation, such time variation of the injection speed leads to a gradient catastrophe, which is
an infinite gradient of the flow in the wake developed from a smooth input. Unbounded gradient of
the flow results in unbounded increase of the thickness of the liquid layer, which can be interpreted
as jetting from the surface of the liquid layer or splashing.

This mechanism of splashing was studied by Pegg et al. (2018) in the axisymmetric problem
of droplet impact onto an elastic plate of small radius, see Fig. 2(a), and by Khabakhpasheva
and Korobkin (2020b) in the problem of droplet impact onto a vibrating plate, see Fig. 2(b). The
elastic plate starts to vibrate after it is completely wetted and the impact pressures are not very
high in the problem studied by Pegg et al. (2018). These vibrations lead to oscillations of the
wetted area expansion and oscillations of the flow speed into the spray sheet. Parameters of the
problem were obtained such that the plate oscillations result in unbounded increase of the thickness
of the spray sheet, see Fig. 2(a), which was interpreted as splashing. The same mechanism of
splashing was discovered in the axisymmetric problem of droplet impact onto vibrating rigid plate,
see Khabakhpasheva and Korobkin (2016, 2020b). Variations of the amplitude and frequency of
the plate vibration allow us to control splashing making the splashing close to the periphery of the
wetted part of the plate, which may lead to entrapping the air in front of the advancing free surface
of the droplet, see Fig. 2(b). It was shown that only forced vibration of the plate causes splashing.
The gravity, surface tension and the liquid viscosity were neglected in both problems. Places and
times of splashing were calculated. However, it was not clear how the jetting from the surface of
the spray sheet develops, what are the jet thickness and its speed. Deeper analysis of the local flow
near the place of the splashing was required. This type of splashing can be also detected in free
liquid jets with oscillations of the flow speed at the entrance to the jet, see Fig. 2(c). The effect of
these kinematic waves, which are caused by pulsation of the entry jet speed, on jet break down was
studied by Meier et al. (1992). Note that Fig. 2(a-g) show only sketches of the processes but not
their dynamics.

Yarin and Weiss (1995) studied splashing during droplet impact onto a dry and rigid substrate,
see Fig. 2(d). They argued that "the splashing threshold corresponds to the onset of a velocity
discontinuity propagating over the liquid layer on the wall. This discontinuity shows several aspects
of a shock." A simplified quasi-one-dimensional approach with averaged velocity of the flow across the
layer thickness including the surfac by e tension effects and excluding gravity and viscous effects was
used. The unsteady one-dimensional equations of the flow were solved for a given initial distribution
of the flow velocity in the liquid layer. This initial distribution was represented by a finite hump,
see Fig. 18 in their paper, with "a sharp decrease"of the velocity at the ends of the hump. This
problem is similar theoretically to the problem of droplet splashing caused by a gradient catastrophe
of the flow in the layer, where input distributions are smooth. The model developed and studied
by Yarin and Weiss (1995) "predicts the existence of a new type of kinematic discontinuity wave,
namely a discontinuity in the velocity and film-thickness distributions. This discontinuity shows
many aspects of a shock wave, but also propagates in an incompressible liquid. The discontinuity
has a sink of mass at its front, which corresponds to the emergence of a thin liquid sheet parallel to
the discontinuity front and virtually normal to the film on the wall."

Stumpf et al. (2021) studied drop impact onto a thin viscous film with focus on parameters of the
corona, see Fig. 2(e). The liquid in the viscous film and the liquid in the droplet did not mix during
the impact. This problem is similar to the problem studied by Yarin and Weiss (1995), however,
there are several new effects in the problem of droplet impact onto a viscous film. One of them is the
flow of the viscous film under the spreading droplet with the possibility that some liquid from the
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FIG. 2. Sketch of the spray sheet thickness at different time instants in the axisymmetric problem
of spherical droplet impact onto (a) a small elastic circular plate mounted into a rigid substrate,
and (b) a vibrating rigid plate. Here h(r,t) is the spray sheet thickness, r is the radial coordinate,
r = 0 at the point of the initial impact, z is the vertical coordinate, z = 0 on the vibrating plate.
(¢) Kinematic waves caused by pulsation of the jet speed. Splashing by drop impact onto dry (d)
and wet (e) substrates. (f) Flat plate impact onto a thin liquid layer. (g) Collapse of a bubble near
a rigid wall with splashes. More details about the dynamics of the processes depicted in this figure
can be found in the papers cited in the text.



viscous film enters the corona. It is expected that regimes of such impact and splashing depend on
relative velocity of the droplet spreading over the viscous film and the velocity of this viscous film,
which is caused by squeezing the viscous layer by the impacting droplet. Replacing the droplet with
a rigid plate and focusing on the flow in the thin inviscid layer outside the plate, see Fig. 2(f), one
arrives at the problem studied by Korobkin (1999). Initial speed of the outflow from under the plate
was non-zero with the thin liquid layer outside the plate being initially at rest. This discontinuity
resulted in formation of jets moving from the plate and inclined to the initial surface of the liquid
layer. The motion of the jet root and the jet thickness were calculated using the conservation laws
of mass and impulse. If the plate moves at a constant speed, the jets are inclined towards the plate
at the angle 45 degrees, which well corresponds to the angle measured in experiments with a heavy
box falling onto shallow water by Bukreev and Gusev (1996). Such inclined jets on the surface of
the liquid layer can trap air when the jets fall down due to gravity. The asymptotic model of sudden
plate impact onto shallow water by Korobkin (1999) was confirmed experimentally by Kang et al.
(2008).

Korobkin (1999) studied two-dimensional and three dimensional problems of impact by a flat
plate onto a thin liquid layer, as well as impacts by an elastic plate. However, the original motivation
of this paper came from the experiments and analysis of a bubble collapse near a rigid wall by Tong
et al. (1999). A sketch of the bubble collapse near a rigid wall is shown in Fig. 2(g). Note the splash
on the thin film between the collapsing bubble and the wall. It was argued that the pressure on the
wall under these splashes could be higher than the pressure at the centre of impact. In section 7 of
Korobkin (1999), it was shown that in the problem of rigid plate impact onto a thin liquid layer the
pressure always is maximum at the centre of the plate. However, for the plate penetrating the liquid
layer with deceleration, the pressure in the splash roots can be higher than at the plate centre.

In contrast to the problem studied by Korobkin (1999), in the present paper, we investigate the
flow of a thin liquid layer caused by a given smooth inflow of the liquid through a section, which
moves at a given speed, see Fig. 1. For example, in the problem of oblique impact by an elastic
plate onto a thin liquid layer of thickness h, we are given the xz-coordinate, = L(t), of the point
on the plate, position of which is described by equation y = y,(x,t), where the free surface of the
wake separates from the plate, the distance of this separation point, h — s(t), from the bottom
of the liquid layer, and the averaged horizontal velocity of the flow at the entrance to the wake,
u(L(t),t) = ur(t). Initially, L(0) = 0, ur(0) = 0 and s(0) = 0 at ¢ = 0. We assume that the speed
of the separation point, L'(t), and the speed of the liquid inflow into the wake, ur,(t) if ur(t) < 0,
are of order of U, and the vertical speed of the separation point, s'(¢), is of order of V', where U and
V are initial horizontal and vertical velocities of the plate with V/U = € being a small parameter of
the problem. In this paper, the speed scales U and V' and other parameters of the flow in the wake
are such that the flow is governed by the liquid inertia with gravity and surface tension playing
secondary roles, and liquid viscosity being negligible. The leading-order solution of this problem
was studied by Shishmarev et al (2020) using the method of characteristics for smooth influx data
from the paper by Khabakhpasheva and Korobkin (2020a).

Other ranges of the inflow parameters will be investigated in Part 3 of this study. In particular,
the regime with the wake flow being governed at the leading order by liquid inertia and the
surface tension, as in the study by Yarin and Weiss (1995), will be described. Edwards et al
(2008) investigated unsteady impact of two thin liquid layers at a high Froude number Fr using
the methods of asymptotic analysis. In the paper by Edwards et al (2008), the singularity of the
solution at F'r = co was resolved assuming that the gravity effects provide a major contribution to
the dynamics of the flow near the singularity.

To obtain the conditions of inertia dominated flow in the wake, we introduce dimensionless
variables, identify parameters responsible for different effects, and construct a formal second-order



asymptotic solution of the hydrodynamic problem with free surface in the wake as ¢ — 0. This
asymptotic solution is not uniformly valid for some inflow conditions at x = L(t). Such cases will
be identified and the leading order solutions localized in time and space near the singularities of
the outer solution will be obtained. These local solutions describe jetting in the wake, which may
lead potentially to entrapping air into the liquid layer behind a planning plate. Note that the flow
in the wake, which is of main concern in this paper, depends only on the smooth functions L(t),
ur(t) and s(t), and does not depend on both the details of the flow in « > L(t) and the body
motion. Therefore, the present analysis is valid also for any two-dimensional thin-layer flows with a
time-varying inflow speed and a time-varying position of the flow inlet.

The second-order terms in the solution in the wake as ¢ — 0 provide small contributions to the
leading order solution everywhere in the wake except a small region, where the gradient catastrophe
occurs. The second-order solution is needed to find the dimensions of the region, where the second-
order terms of the solution are of the same order as the leading order terms and more detailed
analysis of the flow is required, as well as the inner coordinates in this region. It will be shown that
the inner coordinates are related to the original variables x, y and t by complicated relations, which
would be difficult to obtain using only physical reasoning. The flow in the wake at the leading order
as € — 0 is one-dimensional, unsteady and nonlinear. The flow in the inner region at the leading
order in stretched variables is two-dimensional, potential, non-linear and unsteady with unknown in
advance free surface, but independent of any parameters of the original problem. The forcing comes
to this universal problem through matching conditions in the far field. Therefore, we will derive and
present this universal problem without any parameters in it, which governs jetting from the surface
of a thin liquid layer for smooth inflow conditions.

The general formulation of the problem will be presented and discussed in section II. The range
of the parameters of the problem, where the flow in the wake is inertia dominated at the leading
order as € — 0, will be obtained. The asymptotic analysis of the problem with the small parameter
€ will be performed in section III. The leading order solution and the first order corrections to it
as ¢ — 0 will be derived. This second order outer solution will be analysed in terms of its validity
when v/, () is negative, which implies that the inflow into the wake is accelerated. The conditions
of the gradient catastrophe will be obtained. The time and place, when and where this catastrophe
with unbounded growth of the wake surface elevation occurs, will be determined and the behaviour
of the outer second-order solution near the catastrophe conditions will be analysed in section IV.
The model governing the local flow at the leading order and describing the jetting from the wake
surface will be derived and studied in section V. The conclusions are drawn in section VI together
with short introductions of Part 2 and 3 of this study.

II. FORMULATION OF THE PROBLEM

In general, a two-dimensional flow of incompressible liquid in the wake, © < L(t), 0 < y < n(z,t),
is governed by the Navier-Stokes equations,
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where the equation y = n(z,t) describes the elevation of the liquid free surfaces, u(x,y,t) and
v(z,y,t) are the horizontal and vertical components of the flow velocity correspondingly, p is the
liquid density, v is the kinematic viscosity of the liquid, and p(x,y,t) is the hydrodynamic pressure.
The total pressure is equal to p(x,y,t) plus the hydrostatic pressure pg(h — y), where g is the



gravitational acceleration and h is the equilibrium thickness of the liquid. The flow vorticity,
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In (1) and (3), D/Dt = 0/0t+ud/0x +vd/dy is the material derivative, and V? = 92 /92 + % /0y?
is the Laplacian.
Equations (1) and (3) are to be solved subject to the kinematic,
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boundary conditions on the liquid free surface, y = n(x,t), x < L(t). Here P(x,y,t) is the stress
tensor,
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7 and T are the normal and tangent unit vectors to the free surface,

i=(-n1)/R, 7= (Ln)/R, R=+/1+n; (7)

a(z,t) is the curvature of the free surface, & = 7,,/R3, and 7 is the coefficient of surface tension.
The dynamic conditions (5) imply that there are no both normal and tangential stresses on the free
surface of the liquid.
On the bottom,
u=v=0 (y=0, z < L(t)). (8)

At the entrance to the wake, © = L(t), the following conditions are imposed

h—s(t)
n(L(t),t) = h—s(t), w(L(t),y,t) =0, /0 w(L(t),y, t)dy = ur()(h—s(t)),  (9)

where 0 < y < h— s(t). The functions uz(t), s(t) and L(t) are prescribed in the present study. Note
that imposing the vorticity at the entrance to the wake as zero is an approximation, which follows
from minor role of the liquid viscosity under the plate, see Khabakhpasheva and Korobkin (2020a).
Note that the flux into the wake is prescribed in (9) but not the velocity distribution at the entrance
to the wake. Conditions (9) are correct within the second order thin layer approximation employed
in the present study. Higher order approximations and other ranges of the flow parameters would
require more refined inflow conditions including, in particular, the vertical component of the flow
velocity at the entrance to the wake. The initial conditions for the problem (1)-(8) are

u(z,y,0) =0, wv(z,y,0)=0, p(x,y,0)=0, n(z,0)=h, w(zy0) =0 (x<D0). (10)

The flow in the wake decays as x — —oc.
The formulated problem is investigated in dimensionless variables. The thickness of the liquid
layer h is taken as the scale of the vertical coordinate y and the free-surface elevation 7. The scale



U of the influx speed ur(t) is taken as the scale of the horizontal velocity of the flow in the liquid
layer. The scale V' of the time variation of the wake thickness at the inlet, s'(¢), is taken as the scale
of the vertical velocity of the flow in the liquid layer. The ratio ¢ = V/U is a dimensionless small
parameter of the problem. The scale of the horizontal coordinate z is selected as he™! to keep the
continuity equation non-trivial in the dimensionless variables when ¢ — 0. Dimensionless variables
are denoted with tilde and are introduced by the following relations,

U:Uﬂ(f,g,t), U:V’E(jvgvt)a ;p:hg_lfi” y = hy, n:hﬁ(jvt)a t= %a (11)

ur(t) = Uar(t), L(t)=he 'L(t), s(t)=hi{t), w= %&;(5:,3],5), p=pV?p(Z,7,1).

The material derivative in the dimensionless variables and the dimensionless vorticity read
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Equations (1) and (3) in the dimensionless variables have the forms
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where Re = hV /v is the Reynolds number and 0 < § < 7(%,1), # < L(f). The boundary conditions
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where Fr = V/\/gh is the Froude number, We = phU? /7 is the Weber number, R, = 1/1 + (¢97j/9%)?,

and R_ = /1 — (e8i)/8%)?, see Appendix A for more details. The boundary conditions (8) on the
bottom, at the entrance to the wake (9) and the initial conditions (10) keep their forms in the
dimensionless variables with adding tilde for all variables and replacing h by 1.

The formulated boundary value problem (8)-(10), (13)-(16) is investigated using methods of
asymptotic analysis assuming that ¢ < 1, e2Re > 1, e2We > 1 and ¢Fr > 1. For example,
Khabakhpasheva and Korobkin (2020a) performed calculations for an aluminium plate of length
10 cm and thickness 2 mm impacting on the water layer with depth 2 cm. The edges of the plate
were free of stresses and shear forces. The rigid and elastic motions of the plate were calculated
as part of the solution. The initial inclination angle of the plate was 3°, 6° and 10°. The vertical
initial speed of the plate was 5 m/s in all calculations. The initial horizontal velocity of the plate
was 5, 15 and 25 m/s. The calculated vertical velocity of the plate near its trailing edge reduces
shortly after the impact to zero, see Fig. 3(b) in Khabakhpasheva and Korobkin (2020a). Then the
trailing edge of the plate starts exiting from the liquid layer. For those calculations, V' = 5 m/s,
U=25m/s, h=0.02m, y=7253-10"3 N/m, v = 107 m?/s, g = 9.81 m/s?, and p = 1000



kg/m3, which give e = 0.2, Fr = 11.3, We = 1.7- 10, and Re = 10°. Therefore, our assumptions
that the gravity, surface tension and the liquid viscosity can be neglected at the leading order in
the main part of the wake are approximately valid for these conditions of the flow in the wake. Note
that € in the calculations mentioned above is not very small. However, we can think about other
impact conditions, for which the assumption ¢ < 1 is well justified. For example, in the experiments
with droplet impacts onto a thin liquid layer by Cherdantsev et all.(2017), the horizontal speed of
the droplets was estimated as 30 m/s and their vertical speed at the impact with the liquid layer as
1 m/s, which gives ¢ = 1/30. Other regimes of the thin layer flows will be studied in Part 3. Note
that we arrive at the model studied by Yarin and Weiss (1995) if We = O(1).

The assumptions € < 1, e2Re > 1, e2We > 1 and e Fr > 1 imply that viscosity, surface tension
and gravity give contributions to the terms in the formulated problem which are higher than O(g?).
Neglecting terms of order higher than O(g?), we conclude that the flow vorticity is zero, and the flow
in the wake is non-linear and potential with unknown in advance shape of the free surface within
this approximation. The condition (15) describes the vorticity generation in the viscous boundary
layer on the free surface. This condition can be approximately dropped together with the condition
of no-slip on the bottom because they affect the flow only near the boundary of the wake but not
in the main part of it.

We arrive at the wake problem for potential flow of inviscid liquid without gravity and surface
tension. Dropping tilde and all terms of order higher than €2, we obtain the following equations,

Du_ ,0p Dv_ 9p 9Ju_ Ov_ . Odu_ ,0v
D = € or’ Di oy &C—i-ay—o, a9 =¢ o’ (0 <y <n(x,t), z<L(t), (17)
on  on B B
v=0 (y=0, =z<L(t)), (19)

1—s(
n(L(t), 1) =1 = s(t), /O u(L(t),y, t)dy = ur(t)(1 - s(t)), (20)

u(z,y,0) =v(z,y,0) = p(x,y,0) =0, n(z,0) = 1. (21)

In the problem (17) - (21), ur(t), s(t) and L(t) are given functions of time.
The solution of the problem (17) - (21) as € — 0 is sought in the form

u(®,y,t) = uo(x,t) + e*ur (2, y,) + O(e*),
(@, y,t) = vo(x, y, t) + 01 (2, y, 1) + O(e"), (22)
(@, y,t) = polz,y, 1) + pi(x,y,) + O(e"),
n(x,t) =no(z,t) + e2ni(x,t) + O(eh).
Substituting the asymptotic expansions (22) in equations (17)-(21), we obtain in the leading order,
uor + uouor =0, voy = —ugy (z < L(1)), wo(L(t),t) = ur(t), wvo(x,0,t) =0, (23)
Not + Nozto + Mooz =0 (z < L(t)), mno(L(t),t) =1—s(t), (24)
poy = —2yui,(z,t), po(z,no(x,t),t) = 0. (25)
Equations (17) -(21) in the second order provide

1—s(t)
Ul + UgULz + UIUOy + VoULY = —D0zs / uy(L(t),y,t)dy = 0, (26)
0
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Uiy = —Ulz, 01(z,0,t) =0, (27)
me + (Uom)x = —TozU1 (x7 770(35, t)v t) +u (x’ 770(‘%’ t)’ t)v m (L(t)a t) =0. (28)
—P1y = V1t + UoV1z + U1V0z + VoU1y + Vivey,  P1(x,no(x,t),t) = —poy(z,m0,t)m (2, 1), (29)

uly = V0z, (30)

where < L(t) and 0 < y < no(z,t). In equations (23)-(30) and below , lower indexes z, y and ¢
correspond to partial derivatives with respect to x, y and t. For example, ug; = dug/0t, no,. = Ono/0x
and poy = Jdpo/0y. We shall determine the leading order approximations of the unknown functions
solving (23)-(25), investigate conditions of applicability of this solution, and determine the second
order terms of the solution solving (26)-(30).

IIT. LEADING-ORDER FLOW IN THE WAKE

Equation (23) implies that a liquid particle entering the wake at time 7 through section x = L(7)
moves at constant velocity ur (7). By time ¢, ¢ > 7, this particle travels the distance = = L(7) +
ur(7)(t — 7). This gives the solution of (23) in parametric form,

r=ux(1,t) = L(t) +ur(r)(t —71) (t>71), (31)

uo(z,t) = uo(2(7,t),t) = ur(r). (32)

The leading order horizontal velocity ug(z,t) in the wake is always bounded for bounded inflow
velocity ur(t). However, the leading order vertical velocity, vo(x,y,t) = —yuos(z,t), in the wake

can be unbounded. By differentiating (32) with respect to 7, we find

uy (1)
(7, t)

woz (2, t) = (33)

where the derivative z(7,t) is obtained from (31),
z(1,t) = L'(1) —ur (1) + up(7)(t — 7).

A prime stands for the derivative with respect to 7. Here v/ (7) is the acceleration of the flow at z =
L(7), ur(7) is positive for the flow from left to right, see Fig. 1. The function ug(7) = L'(1) —ur (1)
is the velocity of the flow into the wake with respect to the moving entrance, x = L(7). The relative
velocity ug(7) is positive if the liquid enters the wake through = = L(7). We assume in the present
study that ug(t) is positive for ¢ > 0. Then

2o (z,t) = ug(r) + up (1)t — 7), (34)

where t — 7 > 0 and ug(7) > 0. The derivative (34) can be zero and, therefore, the derivative gy
in (33) and the vertical velocity vo(z,t) = —yuoz(z,t) are unbounded at t = 7 — up(r)/u) (1) if
w7 (1) < 0. We assume that this inequality is satisfied at some interval of time.

For given functions L(t) and ur(t), we define t = t.(7) = 7 — ur(7)/u} (7) and denote the
minimum positive value of this function as t.. The value of 7, at which this minimum is achieved,
is denoted by 7. We have t, = t.(7.). The value z(7,t,) is denoted by z,. We conclude that the
vertical velocity in the wake becomes unbounded for the first time at ¢ = ¢, at the distance x, from
the origin. This is possible only if the flow into the wake is accelerated. Note that the leading order
pressure (25) is also unbounded at z = x, and t = t..

10



The thickness of the liquid layer is governed by equation (24). We obtain, see Shishmarev Conf
series (2020),

no(z,t) =

(35)

where Q(7) = [1 — s(7)]ur(7) is the flux of the flow into the wake. Substituting (33) and (35) in
(25), we obtain the leading-order pressure in the wake,

poleot) = (“EO) (DY 2) (0 <y < t). < L), (36)

Tr Tr

Note that the leading-order pressure grows as O(x;4(7,t)) when 7 — 7, t — t, and, as a result,
xr(1,t) = 0.

IV. SECOND-ORDER TERMS OF THE SOLUTION IN THE WAKE

For a function f(z,y,t) of z, y and ¢, it is convenient to introduce a new function f(r,y,t) =
f(x(r,t),y,t), where z(7,t) is given by (31). Derivatives of f(xz,y,t) and f(7,y,t) are related by

of 1 of of of of of of

i e R UG mit e W (37)
By using (25), (30) and (33)-(36), equation (26), can be written as
ouy u ay(T) u Q p
W + upz U1 = -3 L:I:?_ +4 L 76_ —y° .fl?ﬁL, (38)

where t > 7, as(7) = [u},(Q?) — 2u]Q?%/3, and u(r) = v (v — u}) — v} ug. The right-hand side
in (38) depends on time ¢ only through the derivative z,(7,t). Note that

UILxTT =p(T) + u%xT(T, t). (39)

To find the general solution to the differential equation (38), we notice that

o up(r) 1 (A—=n)uy(r)
[&+mhﬂhﬂwf_ﬁ“hﬂ’ )
which gives 9
uy (7,y,t) = a4(47) Sl +y7h + am) (41)

5 3
x2 2z2 Tr

The last term in (41) is the general solution of the homogeneous equation (38), see (40). The function
C1(7) is determined using the condition at z = L(t), see (26), C1(7) = (5uQ? — 6asur)/(6u}).
Equations (27), (37) and (41) provide the second-order vertical velocity of the flow in the wake,

- 5Q2 2 1 U// 1
O 2 w———QQ @] 55 = [ = das2F) = +
L T L~ T
Cip 1 [ Ciu] AT 1 pu’fy 1
-t )+ (g o - Bl 2
u), Voo Ja2 ty 2u) a2 6" 2u) 1 ad (42)

11



Using (37) one can present equation (28) for the second-order free-surface elevation as

o7
% + tog T = —no2U1 (7,70, ) + V1(7, M0, 1), (43)
where On 1 N

_er ( - "LL>7 44
see (35) and (37). Substituting (41), (42) and (44) in the right-hand side of (43) one finds by algebra

_ _ 5Q3u2 1 5 uf1 1

0zt (7,10, 8) + 01 (7,0, £) = =2~ + 2Q2|Qu’ + Q) — 10Qu-E | =+

uy 3 6 updaxl

! 1 2uQC; 1 ! 1 < Du(7)
@™ — (Quy] L+ 295 L oo™ _(goy] L =32 B
wQyf = Qo] g + S+ 20010 - @O ng,;(m) (45)

The differential equation (43) with the right-hand side (45) is solved using (40) in the same way as
the equation (38) has been solved. The resulting formula reads

8

771(7', t) _ Z Dn(T) + CQ(T) (46)

u (1) (n — )z Y1, t) . (7,t)’

where the coefficients D,,(7) are introduced in (45), and Cy(7) is to be determined using the condition
(7, 7) =0, see (28).

The second-order terms of the flow velocity components (41), (42) and the free-surface elevation
(46) are finite everywhere in the wake except of the position x = z, and time ¢ = ¢, where and
when the derivative z,(7,t) is zero. The second-order terms are singular at * = z, and t = t,
and their orders of singularity are higher than those of the corresponding leading order terms. For
example, the leading order elevation of the free surface, 7y(7,t) = Q(7)/x(7, 1), see (35), increases
as O(z;!) when z, — 0, but the second-order elevation 7, (7, ) increases as O(x- 7). Therefore, the
obtained second-order solutions in the wake are not valid near x = x, and t = t,, where an inner
solution should be derived, in order to obtain the uniformly valid asymptotic solution of the original
problem as ¢ — 0. To formulate the inner problem, we need to determine the scales of the inner
variables and unknown functions in terms of €. We assume that the scales of the inner variables are
the same as the scales of the original outer variables where © — x, and ¢ — t,, which guarantee
that the leading order terms and the second-order terms in the asymptotic expansions (22) are of
the same order as € — 0. Note that the second order hydrodynamic pressure p;(x,y,t) also can be
obtained analytically solving the problem (29). However, the function p;(x,y,t) will be not required
to formulate the inner problem describing local flow near the singularity of the outer solution.

V. SINGULARITY OF THE OUTER SOLUTION

The leading-order solution obtained in section III becomes unbounded if ug(7) > 0 and v} (1) <
0 for some values of the parameter 7. For such values of 7, the vertical flow velocity, vg(7,y,t) =
—yuy (1) /2, (7,t), the free-surface elevation (35) and the hydrodynamic pressure (36) are singular
at t = to(7), where z,(7,t.(7)) = 0. This singularity occurs for the first time then, when t.(7) is
minimum. If ¢.(7) is minimum at 7, then ¢.(7.) = 0, /(7) > 0 and z,(7«, t«) = 0.

12



Differentiating equality x,(7,t.(7)) = 0 with respect to 7, setting 7 = 7., and using that
t(r) = 0, we find z, (7, ti) = 0. Differentiating x,(7,t.(7)) = 0 second time with respect
to 7, setting 7 = 7y, and using inequalities (7, ts) = ) (7%) < 0 and t.(7) > 0, we obtain
ZTrrr (T, tx) > 0. Note that 9"x/0t™ = 0 for n > 2. Using the obtained values of the derivatives at
T = 7, and t = t,, one can approximate the function z(,t) and the derivative z,(7,t) near 7 = 7,
and t = t, by their Taylor series,

1
(1) = 2o Fup(t = t) Huf (b = £)(7 = 7) + Jup(F = ) (T = 7)*+

1

+527r (T =)+ Ol = ml) + O(Ir = ml*(t = 1),

1
B (7,8) = UL (=) + 507 (TPt (T =) (=) + O =)+ O = 2 (—t.), (47)

where the superscript * means that the corresponding function is calculated at ¢t = t, and 7 = 7.
For example x¥ . = x;7-(7Tx,ts). Note that ¢ < ¢, in this section.

Applying the method of dominant balance to equations (47) where ¢ — ¢, and 7 — 7, we find
that it is convenient to introduce local variables 7, ¢, & and § by

T=1.+07, t=t,+0 z==x,4+ul(t—1t,)+0%, y=o0 27, (48)

where ¢ is small, 0 < 1, 7 = O(1), t = O(1) and t < 0. The new small parameter ¢ can be
dependent of the small parameter € of the original formulation, see section II. Then the asymptotic
formulae (47) provide

~ ~ * 7 1 * * 7 1 *
rT=T I:ULTt + 6377'7'7'7_2:| + 0(0)7 mT(T7 t) = 02 |:ULTt + 21.7'77'7_2:| + 0(03)' (49)

Here ui_ < 0, ¢ < 0 and 2*_. > 0. Therefore, the expressions in the square brackets in (49) are
positive. This implies, in particular, that the part of the wake on the right from the singularity
T = x4 corresponds to T > T, and the part on the left from singularity corresponds to 7 < 7. In
order to minimise the number of parameters in the local description of the flow near the singularity,

the stretched variables denoted by hats are introduced by
7= (-0)247, t=Ct 7=C*Bi, y=Dy, (50)

where the coefficients A and B in (50) are given by A = (6|u} |/z%..)"/2, B = Alu}_| and the

~

coefficients C' and D will be selected later. Introducing X = Z(—t)~%/2, one can write the first
equation in (49) as
X =7(1+7%), (51)

in the leading order. Correspondingly, the second equation in (49) reads
o (1,t) = o (=D)L, (1 +37%) + O(a) (52)

in the new stretched variables (50). Note that equation (51) does not depend on any parameters of
the problem, thanks to the selected values of the coefficients A and B.

We shall determine the behaviour of the solution (25) close to x = z, and ¢t = ¢, as the
small parameter o tends to zero. This limit is equivalent to t — t., 7 — 7%, where x,(7,t) — 0. The
functions ui (z,y,t), vi(x,y,t) and m (z,t) are given by (41), (42), (45) and (46). They are presented
by the sums of terms proportional to negative integer powers of x,(7,t) with coefficients dependent
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on 7 and y. The asymptotic behaviours of these functions as t — ¢, and 7 — 7, are provided by
terms with highest powers of x7"(7,t). One should be careful with this asymptotic analysis because
some coefficients of the highest powers could be zero as 7 — 7. Note that some coefficients in (41),
(42), (45) and (46) contain p(7) as a factor, where u(7) — 0 as 7 — 7.

Indeed, equation (39), which defines the function p(7), yields

w(r) = Uy (7w (7, 1) — uf (7)), (7,1).

The asymptotic formula for x,(7,t) as 7 — 7. and ¢t — t, is given by (47). The corresponding
formula for z,,(7,t) is obtained by differentiating the asymptotic formula for x,(7,t) with respect
to 7,

xTT(T7t) = x:‘T’T(T - 7_*) + u*LTT(t - t*) + ..

Note that equations (48) provide that x.(7,t) = O(c?) and x,.(7,t) = O(0) as o — 0. Therefore,
(1) = U (1)@ rrr (T, ) (7 = 1) + O(|7 = 7]?),

and then

u(7) |}, |23,,0% + O(0?) 1 1 7
= —T ~——/6lut |z _(—t) 2—= 53
o(rt)  oX(—Dul [(1+372) +0(03) oV e (=) T (53)

as 7 — 7y and ¢t — t..

Note that the vertical coordinate y is from zero on the bottom of the liquid layer to n(z,t) on
the liquid free surface, where n(x,t) is of the order of ny(z,t)) as € — 0 and 7,(7,t) = Q(7)/x-(7, 1),
see (35). Using (52), we find

Q" 1
g, (1 +372) ()0
as 0 — 0. Equation (54) explains the scale of the vertical coordinate in (48) near the point of the
singularity. Correspondingly, the leading-order vertical velocity, vo(x,y,t) = —yuoz(z,t), behaves
as

Mo(7,t) ~ (54)

~

Y

(01 57) )

Vo ($, Y, t) ~
where o — 0 and #, 7, § are of order O(1). The asymptotic formula (55) for the leading order vertical
velocity of the flow in the wake and the formula (42) written for o — 0 provide the second-order
vertical velocity, see (22), in the local stretched variables,

D 0
v t) ~ — 1 56
’U(Tay? ) 0_40 (_t)(1+3?2> { + ( )
& a1 6 21— N y> 1-157° <Dcyuzfy>2}
ol0 6|uzT\5C5 (—%\)5 (14 372)6 (—tA)3 (14 372)4 Q*
It is convenient to select the constants D and C such that
Q7 o DClujl
’u*LT|BC5 ) Q* )
which gives
*2 % * *3 *
C= (Q xTTT/6)1/5/|uLT‘7 D= (GQ /xTTT)l/E)' (57)
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The formula (56) indicates that the second-order term of the vertical velocity is of the same order
as the leading order term near the singularity point if the small parameter o, which describes the
dimension of the local region around this point, is related to the small parameter of the problem &
by the relation o = ¢!/°. The asymptotic formula (56) with such C, D and o reads

Use 7 { 6 27721 . 72 1—15?2}
ot (D) U (o A sp T (R (s

o(1,y,t) ~ (58)
where Uy, = D/C. Tt can be shown that D/C = v/Clu}_|A.

The local asymptotics of the vertical velocity (58) is written in the moving coordinate system, see
(48), with the size of the inner region in the z-direction being of the order of £3/5 in the dimensionless
variables. The time scale of the development of jetting is of the order of £2/5 .

In the moving coordinate system (48), the leading order term of the horizontal velocity (32) is
approximated as

uo(,t) = ur(r) = uj, + uj, (1 = 7) + O(I7 = %) = uj, — o(VClu|A)V 17 + O(c?) =

ui — oUseV =17 + O(0?). (59)

The asymptotic formula (59) for the leading order horizontal velocity of the flow in the wake and
the formula (41) written for ¢ — 0 provide the second-order horizontal velocity, see (22), in the
local stretched variables,

= 6 372
w(z,y,t) ~uj —oUgeV—1Tq1 — —= + — }, 60
(2,9,1) ~ g { (—15(1 + 3725 (—0)3(1 + 372)3 (60)

where relation o = /% and the formulae (57) were used. The vertical velocity (58) is an even
function of 7 and the horizontal velocity (60) is an odd function of 7. This implies that locally and
in the leading order the flow near the singular point is symmetric with respect to 7 = 0.

The leading order shape of the free surface near the singular point is given by (54). The
asymptotic formula for the second-order contribution to the free-surface elevation (46) in the local
stretched variables as ¢ — 0 provides the outer second-order elevation as

1 D 2772 — 1
o0~ S e L T o

This formula predicts that the second-order elevation is an even function of Z, which tends to +oo
as t — 0~, where |7| > (27)7% and to —oo, where |7| < (27)7%.

The performed asymptotic analysis and the obtained asymptotic formulae (58), (60) and (61)
show that the leading order terms and and the second order terms of the vertical and horizontal
velocities, as well as of the free-surface elevation, are of the same order near the singular point if
o= 0(51/ %). This means that the size of the inner region close to the singular point in z-direction
is 0(53/ %). Inner variables should be introduced in the inner region. Then the asymptotic analysis
should be performed in the inner region leading to the inner solution describing jet formation on
the surface of the wake. The inner solution should be matched with the so-called inner limit of the
outer solution , which is represented by equations (58), (60) and (61). It is reasonable to select the
variables Z, 7, t, which were defined in this section, as the inner variables.

VI. EQUATIONS DESCRIBING THE INNER SOLUTION
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The asymptotic behaviour of the outer solution near the singular point, which was derived in
Section 5, suggests that the inner variables and unknown functions are convenient to be introduced
as

r =z, +ul(t —t.) + 0> DZ, y =0 2Dy, t =t, +o’Ct, u=u} +oUs0(Z,7,t,0),

v =0 ,0(Z,7,t,0), n =0 DRi(Z,t,0), p=08U2p(Z,7,t,0), (62)

where o = /5, and the constants D, C' and U, are defined in section V. Substituting (62) in the
original equations of flow (17) and the boundary condition (18) and (19), we obtain

Di op Dv  op ou 0o on oo PPN
=7 =7~ =t==0 =-—==0 0<y< 1) < ’ 63
ok BT ST o0 E- T -0 0<<i@ D <o) (63
on o . PSP ~ ~ ~ ~
a1 u—?\:v, p=0 (y=nz,t), |Z]<o0), =0 (=0, [7] < o0), (64)
ot ot
where % = (%—i— 178%\ + @(% is the material derivative written in the inner variables Z, § and ¢. The

equations (63) imply that the inner flow is two-dimensional, non-linear, unsteady and irrotational.
The hydrodynamic problem (63) and (64) with unknown in advance free surface y = 7(Z, t) is to be
solved subject to the following conditions as |Z| — oo and t — —o0:

2E.5.D 6 3y°
u(z,y,t) ~ =V — 7'{1— — SR }, (65)

(=)°(1+372)°  (=1)*(1 4 372)°

30,7 y 6 27771 7 1—15?2}
U(Z, 1) ~ o (1 e+ I [ 66
o (=t)(1+372) { (—£)5 (1 +372)6 © (—%)3 (1 + 372)4 (66)
5(7.7 1 2772 — 1
0~ e {H ST 5 } (67)
(—t)(1+372) (—1)3(1 4 372)6
Lo 1P+ 372
T T ey 68
p( Yy ) t4(1—|—37'2)4 ( )
where 7 is the solution of the equation
T _ . ~2
m—r(l—i—r ) (69)

see (56), (60), (61) and (62). Note that there are no parameters in the equations of motion (63),
the boundary conditions (64) and the far-field conditions (65) — (68). Therefore, the inner problem
written in the stretched variables is universal. Application of this problem to a particular situation
requires only corresponding stretching of the independent variables and the unknown functions. The
problem (63) — (69) will be investigated numerically in Part 2 of this study.

Below we drop hats and denote the right-hand sides in (65)-(68) by uco(z,y,t), voo(x,y,t),
Moo (,t) and peo(z,y,t) correspondingly. One can show by direct calculations that ue(x,y,t) and
Voo (2, y, t) satisfy the continuity equation in (63) exactly. The equation of zero vorticity is satisfied
only approximately as ¢t — —oo,

Ose  OUso 12y 8172 — 8

— — - 3 1 _ 2
oy Ox (—t)%”(1 3027 6(1 1 3r2)2 + 57y’ (1 — 67 )}, (70)
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where the right-hand side is small compared with each term on the left-hand side of this equation.
For example, Qus,/dy = —67‘y(—t)_g(l + 372)3. Higher-order terms in the conditions (65)-(68)
can be obtained using the approach by Iafrati and Korobkin (2004), section IIB, Korobkin and
Tafrati (2005), Section 5, and Korobkin, Khabakhpasheva Rodriguez-Rodriguez, J. (2017). Such
asymptotic formulae are used to reduce the computational domains of non-linear potential flows
with free surfaces.

The equations (63), boundary (64) and far-field (65)-(68) conditions predict that the flow is
symmetric with respect to x = 0. Therefore, only the region > 0 can be considered with the
condition u(0,y,t) = 0 on the line of symmetry. The inner problem (63)-(68) can be formulated
for a velocity potential ®(z,y,t) as it is depicted in Fig. 3. The free-surface shape 7.o(x,t), the
horizontal velocity of the flow uso(x,0,t) and the pressure poo(x,0,t) on the bottom of the liquid
layer, y = 0, predicted by the far-field conditions (67), (65) and (68), are shown in Fig. 4(a-c) at
different time instants and only for z > 0. It is seen how the vertical jet starts to build up. Note
that uee(,y, 1) ~ —/3 and ne (x,t) ~ [(=t) +pz?/?] "' as t — —o0,  — +oo. Fig. 4 demonstrates
that the elevation of the free surface in the inner region increases and becomes more localized in
time. The pressure at the bottom of the liquid layer in the inner region sharply increases as well
and also localizes in the let root. On the other hand, the horizontal speed of the flow in the jet root,
see Fig.4(c), increases at a certain distance from the jet root and remains zero at the jet centre.

Tllle dimensional scale of both the horizontal and vertical velocity components in the inner region
is Ues D/C, where D and C are defined by (57). It is obtained by combining (11) and (62). The
corresponding dimengional scales 02f the free-surface elevation and the hydrodynamic pressure in the
inner region are he” 5D and pU?c5(D/C)2.

Y

e -+ (I)r-']:z — (I)y
p=0ony=nmn(x1t)
¢,=07

$~ D (. y_t)
asr — oo, t <0

Vi =0

=g, Sk’ or{ — —o0, T < 00
1 e
p=—-0; — 3|V(I>‘2
2 T—
®, =0 xr

FIG. 3. Formulation of the inner problem (63)-(68) in terms of the velocity potential ®(z,y,1).
Asymptotic behaviours of this potential and the free-surface shape as t — —oo are described by
& (x,y,t), which is obtained from (65) and (66), and 7 (z, ).

VII. CONCLUSION

The two-dimensional unsteady flow in a thin wake behind a plate obliquely impacting on a liquid
layer was investigated by asymptotic methods. A small parameter of the problem ¢ is the ratio of the
vertical and horizontal velocities of the flow at the entrance to the wake. Inertia dominated regime
of the flow in the wake was studied. It was shown that gravity, surface tension and viscosity of the
liquid can be neglected if the inflow velocity is relatively high. In the conditions of calculations done
by Khabakhpasheva and Korobkin (2020a) for oblique impact by an elastic plate onto a thin liquid
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FIG. 4. The shape of the free surface 1 (z,t) (a), the pressure poo(x,0,t) (b) and the horizontal
velocity uso(x,0,t) (¢) along the bottom, y = 0, at different time instants t = 8 (black line), t = 5
(blue line), t = 3 (green line), t = 2 (red line) in dimensionless variables.
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layer, the Weber and Reynolds numbers were of order 10° and the Froude number was of order of
10. Other regimes of the flows in a thin wake will be investigate in Part 3 of this work.

It was shown that acceleration of the flow into the wave leads to a gradient catastrophe, the
time and place of which is predicted by the leading order solution. The thin layer approximation
predicts unbounded growth of the wake thickness at the place of the catastrophe. The second-order
outer solution of the original problem was obtained and its asymptotic behaviour when and where
the catastrophe is approached was analysed. This analysis helped us to find the scales of the inner
variables in terms of the small parameter € and formulate the inner problem at the leading order.
Appropriate moving coordinates were introduced for the inner problem. It was shown that the inner
flow is two-dimensional, unsteady and potential. It is symmetric with respect to the origin of the
inner coordinate system. The conditions of matching between the outer and inner solutions were
obtained. These conditions provide the far-field conditions for the inner problem. The formulated
inner problem will be solved numerically in Part 2 of this study. Preliminary results showed that
the free-surface elevation and the hydrodynamic pressure increase at the centre of the inner flow
and are getting localised near the jet root with time.

It was shown that the performed analysis can be applied to many practical problems, where
influx into a thin liquid layer is accelerated with time. The present problem is two-dimensional. It
would be interesting but very challenging to study the corresponding three-dimensional problem,
where inflow into a thin liquid layer occurs through a time-dependent boundary with the normal and
tangential inflow velocities being prescribed as functions of time and the position along the boundary.
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APPENDIX A: BOUNDARY CONDITIONS ON THE FREE SURFACE OF THE
LIQUID LAYER IN THE DIMENSIONLESS VARIABLES

The dynamic boundary conditions on the free surface, y = n(x,t), are given by (5), where the
stress tensor P is given by (6), the normal unit vector 7 and the tangent unit vector 7 to the free
surface are given by (7), and the curvature of the free surface is & = 1,,/R3. We calculate

B} L 2w 1 1
Pii=—(p+pg(h—n))i+ %<_nxuz + 5y +ve), —5(uy + vx)ne +vy) (4.1)

and then

7 Pii = 20 (v, — e+ 3 (uy + v2)(1 - 1)) = 0. (4.2)

R? 2
In (A.2), 2ov/R? # 0, uy, = v, — w from (2) and v, = —u, from the continuity equation in (1).
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Using these equalities, the boundary condition (A.2) provides

NzUsg
w:2vx—41_ 5 (A.3)
where
_ v _Ve o on _ 877 _Ou _Ue du _U. (A.4)
=0 " h 0z or o " 9r hoor YT wRY '

dimensionless variables are denoted by tilde, see (11) for the corresponding scales. Substituting
(A.4) in (A.3) yields the second condition in (15).
Multiplying (A.1) by 7, we obtain the second condition in (5) in the form

2pv 1 1 n
—p— pglh =) + g (W — 5 (g + va) = (g + )+ 0y) =0 (A.5)
R 2 2 R
By using vy = —ug, uy = v, —w and (A.3), (A.4), we simplify the expression in the brackets in
(A.5), which is related to the liquid viscosity, as
2 2 R
Matz — (uy + 0 )0 + vy = up (0 — 1) = (20 — W)y = —ug (1 —17) — 5=

T

L 1+ n?)?  Ueou RY
R %(u n2)? +4n2) = St = e (A.6)

in the dimensionless variables (11). Condition (A.5) in the dimensionless variables with account for
(A.6) reads
pv Ue 0u Ry ~e? iz

—pV%p—pgh(1 —q) —2 2 — — £ = = 2 AT
pV =D — pgh(1 — 1) iR h R (A7)

Dividing both sides of (A.7) by pV?2, we obtain

~ ~ gh ve? 1 9% veU 0u Ra_

===(n-1 = —— — = A8
2 =1 =5 R 0F T hV? 0i R2 (48)

where ¢ = V/U, gh/V? = 1/Fr?, ve%/(phV?) = v/(phU?) = 1/We, veU/(hV?) = vV/(hV?) =
v/(hV') = 1/Re. The Froude number Fr, the Weber number We, and the Reynolds number Re are
introduced in section II. The condition (A.8) yields the condition (16).

The first condition in (15) is the kinematic boundary condition (4) written in the dimensionless
variables (11).

APPENDIX B: EQUATION (23)-(30)

Substituting asymptotic expansions (22) in equations (17) and collecting terms of the same order
in € as € — 0, we obtain

Ouo ,  Ouo Oy | 20w Ouo Dur Ouo Oui, Opo| o
8t+ o +voa +e [8t+ 'S O fu o +18 +08y+8x}_0(6)’ (B.1)
% Ovg % % ovy % ovy vy ovi  Op1]| 4
8t+ B +o8 —l—ay—l—s[at—i- 1, +uo6 —Hu(9 +08y+8y =0(e%), (B.2)
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(9UO 61;0 2 8u1 8’01 4
- o = B.
8x+8y +8[8x+8y} O(e), (B.3)
Buo 2 aul 31)(] 4
— 2| = ) B4
o 2| G- 2] —oge (B.4)

Equation (B.4) in the leading order as e — 0 provides duy/dy = 0. This equality together with the
leading order equation (B.1) gives the first equation in (23), ug + uouo, = 0. The second equation
in (23) is the leading order of (B.3), voy = —uo,. The leading order equation (B.2) provides now
the following equation for the leading order hydrodynamic pressure in the wake,

—Poy = Vot + UpVoz — VoUQz- (B.5)

The terms of order O(g?) in (B.1)-(B.4) provide the following equations for the first-order terms in
(22):
U1t + UpUly + ULUQL + VoULy = —POzs (B.6)

which is equation (26), where we used that ug, = 0,

—Ply = V1t + UgV1g + U1V0ox + VoV1y + V1V0y, (B.7)
which is equation (29),
Uly = —Ulg, (38)
which is equation (27), and
uly = V0zx, (BQ)

which is equation (30).
Taylor series for functions on the free surface, for example,

’U(ZL‘, 77(757 t)7 t) = U($v "70($7 t)? t) + 'Uy(l', 770(537 t)v t) (77(337 t) - 770(1'3 t)) +0 [(77 - 770)2]7

and the asymptotic expansions (22) are used to derive the kinematic and dynamic boundary
conditions (18) on the free surface. We obtain

v(x,n(z,t),t) = vo(z,no, ) + £ [vl(x,ng,t) + Mmooy (2, no,t)] +0(eh), (B.10)
u(z,n(z,t),t) = ug(z,t) + O(?), (B.11)
p(z,n(x,t),t) = po(z,no,t) + g2 [pl(ac, n0,t) + Mipoy (x, Mo, t)} + 0(64). (B.12)

Substituting (22), (B.10)-(B12) in the kinematic condition (18) and collecting terms of the same
order as € — 0, we find

Mot + NozUo + Nottos + €2 [t + Nizto + Mo — voym — v1] = O(e?). (B.13)
Correspondingly, the dynamic boundary condition, p = 0 on y = n(x,t), in (18) yields
po + € [pl + poym] = 0(64)a (B.14)

which gives the boundary conditions in (25) and (29). The functions in (B.13) and (B.14) are
calculated at y = no(z, t).

The boundary conditions on the bottom of the liquid layer (19) gives the boundary conditions
vo(z,0,t) = 0 in (23) and vy (x,0,t) = 0 in (27). Substituting expansions (22) in the conditions at
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x = L(t), we obtain the condition ug(L(t),t) = ur(t) in (23) because ug(z,t) is independent of y,
and the conditions in (24), (26) and (28).

The equation vgy = —ug, in (23) and the condition vy(z,0,t) = 0 give vo(x, y,t) = —yuoe(z,t).
Substituting this equation in (B.13) we obtain the equation (24) in the leading order and equation
(28) for my(x,t) in the first order as e — 0.

Finally substituting vg = —yug, in (B.5), we calculate

—Poy = —YUot — YUoUozs + YUy = —Y(Uor + Uotos)z + YUy + Yud, = 2yud,, (B.15)

where we used equation wug; + ugug, = 0 from (23). Equation (B.15) provides equation (25).
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