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1. Introduction

Shear flows involving multiple immiscible viscous fluid regions are of considerable technological,
geophysical and physiological interest - see for example Papageorgiou [1], Bertagni & Camporeale
[2], Grotberg [3] and references therein. Couette flow, namely the viscous flow in a channel one of
whose walls moves in its plane at constant speed, is one of the simplest paradigm exact solutions
of the Navier-Stokes equations. It is known that Couette flow is linearly stable at all Reynolds
numbers and for both two- and three-dimensional disturbances, in the sense that the allied Orr-
Sommerfeld problem does not yield any non-decaying solutions - see Schmid & Henningson [4].
When two immiscible fluids are present, however, it was shown by Yih [5] that a long wave
interfacial instability is possible for the right viscosity and layer thickness ratios; the instability
disappears in the absence of inertia. Following Yih’s pioneering findings, the linear stability of
two-fluid Couette flow was investigated by Hooper & Boyd [6] who considered two viscous
unbounded shear flows and showed that the absence of walls precludes a long wave instability
but allows short waves to grow in the absence of surface tension (not that the growth rates
tend to zero as the wavenumber tends to infinity). The same authors extended the results when
one bounding wall is present [7], and show that long wave instabilities are then possible. The
physical mechanisms of the instability were identified by Hinch [8] and Charru & Hinch [9],
and their genesis from a local velocity discrepancy of the base-flow at the perturbed interface
due to viscosity stratification was established. A fairly comprehensive introduction to the theory
and applications of multi-fluid flows can be found in the textbooks of Joseph & Renardy [10,11].
More recent linear stability studies include a Newtonian phase sheared by a viscoelastic phase,
Sahu et al. [12], as well as a nonlinear stability for viscoelastic phases when one layer is thin,
Ray et al. [13]. A recent review that details the instabilities and applications of sheared two-layer
flows has appeared recently, Govindarajan & Sahu [14], while some new interesting aspects have
been reported recently, for example a new linear mode present when there is a large viscosity
contrast between the fluids, see Mohammadi & Smits [15] and Salu [16] for channel and core-
annular pipe flows respectively. It is pointed out that such viscosity disparities are relevant to
prescient drag reduction technologies that involve superhydrophobic or liquid infused surfaces.
The adverse role of surfactants in such flows has been investigated in recent years, e.g. Landel et
al. [17] and references therein. The present study includes surfactant effects in a nonlinear study
of the underlying phenomena described above.

The present work is concerned with the nonlinear dynamics of two-layer Couette flows in
the physically relevant limit when one of the layers is thin relative to the channel thickness. The
configuration involving a thin more viscous layer (termed the thin-layer effect) has been shown
to support instabilities and hence is a natural limit to study nonlinearly (see [5], [10]). Briefly,
taking the lower layer to be thin and to support waves with wavelengths scaling with the channel
height, reduces the thin layer to a lubrication layer. An asymptotic analysis was carried out in
this case - see Kalogirou & Papageorgiou [18], Kalogirou et al. [19], Kalogirou [20], Kalogirou et
al. [21] - and for weakly nonlinear interfacial amplitudes a class of integro-differential partial
differential equations were derived. The nonlocal terms arise due to matching the dynamics
in the thin layer with the main part of the channel flow where the balance of terms produces
linear Navier-Stokes dynamics. The studies [19], [21] restricted attention to two-dimensional
perturbations (the interface is a function of the streamwise coordinate alone), but carried out
comparisons between the model evolution equations and direct numerical simulations as well
as experiments at moderate Reynolds numbers, with very encouraging agreement. Kalogirou &
Papageorgiou [18] included insoluble surfactant effects in order to model physical phenomena
encountered in industrial and physiological applications (the ideas are based on the earlier work
of Kas-Danouche et al. [22] that studied surfactant effects in pressure-driven core-annular flows).
Kalogirou & Papageorgiou [18] showed that if surfactants are present then the flow can be
destabilized by the Marangoni forces that arise due to surface tension variations.
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The purpose of the present work is to report some rigorous results of the coupled system of
equations described next. (Rigorous results for single PDEs involving nonlocal terms arising in
electrified falling film flows can be found in Tseluiko & Papageorgiou [23].) Global well-posedness
is of physical relevance in order to determine if the approximations made in deriving the model
equations remain valid or not for all times. We first prove local well-posedness and smoothing
results for the general case with no restriction on «, the coupling constant between diffusion
of surfactant concentration and thin-film motion. We then prove global existence using global
energy bounds for the particular case when a = 0, i.e. when surfactant effects on the motion of the
thin-film can be ignored. We are unaware of any such results for this or similar non-local thin-film
model, even in one space dimension.

2. Mathematical model

A schematic of the problem is given in figure 1. For a full derivation see [18] - here we provide
a brief description for completeness. In the schematic the upper plate velocity U, say, is used to
non-dimensionalise fluid velocities, and the separation distance D between the two plates is used
to non-dimensionalise lengths. The fluids in regions 1 and 2 have viscosities j1, u2, each with
density p. Time is scaled by D/U, and pressure by pU?. At the interface y = S(z, 2, t) insoluble
surfactants are present - the clean value of the surface tension is denoted by o¢. In the asymptotic
analysis that follows the lower layer is assumed to be thin and of mean thickness h*.

Non-dimensionalising as described above yields the Navier-Stokes equations in each region
t=1,2 (a standard « = (z, y, z) Cartesian coordinate system is used):

8ui i

ot +u; - Vu; =—Vp; + i Au;, (2.1)
V-u; =0, (2.2)
where u; = (u;, v;, w;), and the Reynolds numbers are
Rgzp—Ud::R, Rlzp—Ud:mR, (2.3)
2 11
where the viscosity ratio has been introduced
m=H2. 2.4)

M1

The boundary conditions are those of no slip at the walls (indicated in figure 1) and interfacial
conditions at y = S(z, z,¢) - in what follows it is useful to denote the position vector of the
interface by X = (z, S(z, 2,t), z). The latter are: (i) a kinematic condition, (ii) continuity of
velocities across the interface, (iii) continuity of tangential stresses across the interface, (iv)
continuity of normal stresses, and (v) a conservation of surfactant equation:

88—): =u-n, (2.5)
1

[u]2 =0, (2.6)
[n-T-t],=—t; Veo, £=1,2, 2.7)
[n-T-n],=or, 2.8)

or 9x 1
S5~ o Vel Ve (Ius) — 5 V2T + I kun =0. (2.9)

S

E)xi
in dimensional terms), n is the unit normal to the interface pointing into region 2, t,,¢{=

In (2.5)-(2.8), T denotes the hydrodynamic stress tensor (recall that T;; = —pd;; + p (g—;‘; Ou; )

1,2 are the contravariant base vectors of the tangent plane whose normal is n, and & is the

2 _ 2
(14+5,)8:2=2% 55 8-+ (145,)S0e e symbol Vs denotes the

mean curvature of the interface k = (11523 52)372
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Figure 1. Schematic of the dimensionless problem. The upper wall moves with unit speed and the lower wall is stationary.
The interface y = S(z, z, t) must be determined.

gradient operator at the interface and it can be expressed in terms of the covariant tangent base
vectors using elementary differential geometry [24,25]. Note that there is no ambiguity regarding
the interfacial velocity to be used due to the continuity condition (2.6). The velocity u; at the
interface is written in terms of its contravariant form as u; = us + up . = u(l)tl + u(2)t2 +unmn,
and these quantities appear in the surfactant concentration equation (2.9). The surfactant diffusion
at the interface is measured by the surface Peclet number Pes=UD/Ds where D; is the
surfactant diffusivity at the interface.

The interfacial conditions (2.5)-(2.9) are in general nonlinear and depend on the amplitude of
the interfacial waves. Conditions (2.7) contain Marangoni effects that induce tangential forces at
the interface due to surfactant concentration gradients, while the normal stress condition (2.8)
includes normal stresses from the fluid tensor as well as the jump in pressure due to surface
tension. The surface tension o is a decreasing function of the local surfactant concentration I'*
- see [26]. We have used the dimensional linear equation of state o* = oo — RTI*, where R
and T are the universal gas constant and absolute temperature of the system. In dimensionless
terms this becomes o =1 — BI", where 3 = RT T /g with I'so being the maximum packing
concentration of the surfactant on the interface. Note that due to the weakly nonlinear analysis
that ensues, the linear isotherm used here would follow even if we utilized a nonlinear one.
The following physical picture emerges: as flow sweeps surfactant along the interface it causes
a higher I'* concentration downstream. The surface tension there is lower and hence a tangential
Marangoni force is set up (proportional to —Vso(I"*)). Asymptotic analysis for small € < 1
enables considerable analytical progress.

Region 1 has dimensionless thickness e =h*/D <« 1, and region 2 has O(1) thickness as
shown in the figure. The interfacial waves have order one streamwise and spanwise lengths,
ie. (z,z) =0O(1), and since ¢ < 1 we have a multiscale problem that is amenable to asymptotic
analysis. The salient aspects include a lubrication theory in region 1 that allows for analytical
solution of the flow field variables, coupled with a weakly nonlinear deflection of the interface
whose size is selected to be large enough to retain nonlinear dynamics of the interface, and
small enough to induce linear dynamics in the main region 2. More specifically, with appropriate
non-dimensionalisation, the deflection (using the coordinate system of Figure 1) takes the form
y=¢ —e>H(x, z,t), and the analysis is carried out for trace amounts of surfactants. The result is
a system of coupled evolution equations for the scaled interfacial height H(z, z,t) and the scaled
surfactant concentration I'(z, z,¢) (note that in deriving the equations a Galilean frame is used
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in the weakly nonlinear analysis as well as a new slow time scale). In addition to the physical
parameters, we consider the system on rectangular spatial domains that are doubly periodic of
size L X % With appropriate spatial rescaling so that the wavelength in the z-direction is 27, the
model for the time evolution of H and I" takes the form

Hy+ HHy +vAH + Y NKH(k, )™ #1027 —qar =0, (2.10)
keZ?
Iy + (HI), —yAI =0, (2.11)
where
z§ =7°\{(0,0)}, (2.12)

A :8% + 83, and ki, 8k are wavenumbers in the x and z direction. In (2.10), >0 is the
coupling constant describing the effect of surfactant diffusion on thin-film evolution. The positive
parameter v = (7/L)? is seen to decrease as the size L of the system increases, and v > 0 is an
inverse Peclet number measuring surfactant diffusion on the interface. It remains to define the
kernel AV that arises due to the coupling of the solutions in regions 1 and 2 at the scaled interface.
Referring to [18] - see [27] also - we find

Nkl = —% (%) F"(0;k1,k2),  k1=kiv, ko= PBkov/v, (2.13)

where the function F'(y; x1, x2) is proportional to the perturbation velocity in region 2 and is
found by solving the following two-point boundary value

2 5 5 d2
(dT/Q — (k1 + N2)> F(y;k1,k2) —ik1Ry (TyQ

F(0;k1,K2) =0, F/(O;Iil,l-’iz)zl, F(1;k1,K2) =0, F'(l;m,mg):o. (2.15)

— (ki + H%)) F(y; k1, k2) =0, (2.14)

Equation (2.14) can be recognised as an Orr-Sommerfeld type equation for a Couette linear
shear base flow U = y; the parameter R = pUD/ s is the Reynolds number and we note that
an unsteady term that typically appears in the Orr-Sommerfeld equation, is absent due to the
asymptotic slow time-scale.

The properties of F”/(0, k1, x2) and therefore of the Kernel A/[k], can be deduced in detail
from earlier work [27] where the one-dimensional version of (2.14) that follows by setting ko =0,
was studied. Crucially, [27] also determined the large wavenumber asymptotics of A[k]. The
asymptotic results needed here are reproduced in Appendix A (see Proposition A.1 and the
Remark following it). These results for large x in 1-D can be translated to the present case by
noting that in what follows the inertial term in (2.15) may be re-expressed as a product:

/ Rk
kK1R=s 24k |
SR A I =
1T Ry
Rk |
expression (A 5) for F”' (0, ky/v), determines F"' (0, x1, k2), and thereby yields the asymptotic
behavior of A'[k] when x% + k3 > 1, noting that the modified Reynolds number remains O(1).
Therefore, Proposition (A.1) in the Appendix, translates to

iAk14/ k2 + B2k2
N = 1ARq 1 B 2) (( 14+ E1 )7 (2.16)

Therefore, identifying sgn k14/k? + 32k and with k and R, respectively, in the 1-D

(1 _ 4(1@#];5123)3/2 1+ E2)(1+ Ey)

; Rk}
where E1, Ey are exponentially small for large y/v(k? + 32k2) and E4 = O (m) In
particular, as in 1-D, we still have upper bounds (A 6) for —RN[k] and |SAN[k]|, though the
bounds may be different in 2-D.
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3. Global existence for the model thin film equation with
surfactants

We will study (2.10)-(2.11) in a right-moving frame of reference having speed C' and will
decompose I" into a mean component and a zero-mean perturbation, i.e. we transform I'(z, z, t) =
b+ f(ac, z,t) where b> 0. With slight abuse of notation, we drop the - in what follows. The
equations for the initial value problem become

Hy — CHy + HHy +vA°H + Y NKH(k,t)e™ P27 —qar=0, H(,00=H, (3.1)
keZ?

It — CIy +bHy + (HT), — ATl =0, I'(-,0)=T1". (3.2)

It is easy to see that the spatial averages of H and I" over the periodic rectangle [0, 27] x [0, 27 /]
given by (H) = % gﬂ fg”/ S u (z, z,t)dzdz (with a similar expression for (I")), are conserved
in t. Each of these may be taken to be zero without loss of generality, since any nonconstant
average corresponds to a shift in constants C' and b. Hence, starting with initial conditions H?,
I having zero spatial mean, this remains so for all ¢, and hence the zero Fourier modes satisfy
H(0,0,t)=0=1(0,0,t).

We prove the following two theorems.

Theorem 1. (Local existence and uniqueness) Assume that the Fourier coefficients of the initial conditions
H® and T° are in 01(Z3). Then, for T sufficiently small, there exists a unique solution to the initial
value problem (3.1), (3.2) for which the Fourier coefficients H(k1, ko, t) and T'(ky, ko, t) are in £, (Z3) for
t € [0,T). Moreover, the solution (H(-,t), I'(-,t)) is smooth for any ¢ € (0, T).

Theorem 2. (Global existence for o= 0) The solution (H, I") in Theorem 1 can be extended globally in
time for o= 0.

Remark 3.1. In the following section we prove local existence. We do so in Fourier space by formulating
an integral equation and employing the Banach Contraction theorem in an appropriate space for small T

Remark 3.2. Theorem 2 follows from global energy bounds in Section 5 (see Remarks 4.1, 4.2).

4. Local existence and uniqueness

In Fourier space, with k = (k1, k2) € 72, equation (3.1) becomes

. . ~ ik ~ o~ . ~
Hy + (fiCkl + vk + B2K3)> +/\/[k]) H+a (k% n 5%3) = f%H «H, H(0)=H
@.1)
A , 2, 22 2\\ A g A oA R 70
I+ (—zle Fy(k] + 8 kQ)) I vibkiH=—ikiH+T, D(,0)=TI". 4.2)

In the analysis towards finding an integral equation representation suitable for the nonlinear
initial value problem (4.1)-(4.2) above, we first formulate the linear initial value problem. We
represent the linear version of (4.1)-(4.2) as an inhomogeneous system with the nonlinearities on
the right hand side assumed known,

dH ~ - N N
— +a11(k) H+ aia(k) I'=71(k, t), H(,0)=H",

dr’ - - N .
= + a1 (k) H 4+ aze (k) I' =72 (k, t), Ir(,0=1",
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where
ar1 (k) =v(k? + B2k3)? — iCk1 + NK], ar2(k) = a(k? + B%k3),
as1 (k) =ikib, aga (k) = (k3 + B2k3) — iCky. (4.4)

We define A1 (k), A2(k) to be the two distinct eigenvalues of the matrix (a;;), given explicitly as
the roots of the quadratic equation

A% — (a11 4 a22)A + ar1a22 — ajpas =0,

1 1
a1 +a) + *\/(au — a22)? + 4ai2a2. 4.5)

M2 =5 >

Due to the dependence of a11,a12,a21, azz on k shown in (4.4), it follows that for large &,
A1(k) = a11 (k) + o(1) = v(k} + B%k3)? + Nk] — iCk1 + o(1), (4.6)
Aa(k) = aga (k) + o(1) = (ki + B°k3) — iCky + o(1), 47)

where the large k behaviour of MV'[k] is given by equation (2.16). Then, it follows that the solution
to the initial value problem (4.3) may be written as

(B ) =vw () [ wosa=r (200 ) v o

where U(k, t) is given by

—(A1—A2)t
(auf)\l)f(auf)\z)e_(*l_’\2” a12(1fc ! 2))
— Aot A2 —A1 Aa—A1
e (g — (4.9)
(an—/\l)(an—/\z)(e 1 AZ)t—l) —(a11—A2)4+(a11—Ap)e” F1A2)t ’
a12(A2—A1) A2—A1

and each of a11,a22, A1, A2 are understood to depend on k. If for some k=ko € Z(Q), we have
A1 (ko) = A2(ko), then in (4.9), U(ko, t) is replaced by the well-defined limit Ay — As.
Hence we may write the solution to the initial value problem

Ol +an (W +ap(WF =L, AC0)=0°,
2 (4.10)
Ol + ag1(k)H + aga (k) = —iky Hx ', I'(-,0)=1",
as the solution to the nonlinear system of integral equations
Y=M[Y], Y= (ff ’”) ,
re,m
J .11)
ﬁO t / _Z]CTI HxH ('7t/) /
MY ()= U0 (o ) + | UCe-) J '
r —iky |H*T| (-,t))
We define
N R e
5—m1n{373731/ﬁ,376 } (4.12)
By choice of ¢ in (4.12), and expressions (4.6)-(4.7), it follows that for large |k|,
RA2 (k) > gé|k|2 , and R (A1(k) — Aa2(k)) > 0. (4.13)

We define

M = max { sup <g§|k|2 - smg(k)) . sup <g6|k|2 - §R/\1(I~c)) } , (4.14)
keZ3

keZ?

H
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which is finite because of (4.13). From the properties discussed above, we can choose Cy
independent of £ so that

sup  sup e_(M_Q‘SIklZ)t|U(k,t)| <Cypy, (4.15)
kez2 t€[0,T)

where |.| for 2 x 2 matrices or 2 x 1 vectors is interpreted in the co-norm sense. With a priori
restriction 7' < 1, Cy may be chosen independent of T. In particular, this implies that

efJV[ter\klt’U(k’ 1| < Cpe Okt (4.16)

For any choice of w € [0, §], we introduce norms ||Y|| in the space ) of vector-valued functions
Y (k, t) that are continuous in ¢ € [0, T) for each k € Zg. The norm ||Y|| as defined below is finite
forYe):

Y| = max Z sup ew‘k‘thth/}l(k,t)!, Z sup ewlk\t*Mt’?g(k,t)‘ . (4.17)
kEZo te[0,T) kEZo te[0,T)
Lemma 4.1.
f_\IO
Yol 1) =M[0](,0) =U( ) ( f()) @.19)

satisfies the following condition

Y oll < Coy max { |l I17°1, } (4.19)

Proof. From (4.12) and (4.15), it follows that for w € [0, 6] we have

sup |U(k, t)|e“!FI=ME < oy, (4.20)
t€[0,T)

and hence from definition of the norm, the result follows from (4.18) on inspection.

O
Lemma 4.2. If we define
PPN
sH«H
then with' Y = (ﬁ, f), we have
|1z < MY %, (4.22)

Furthermore for two different YW = (ﬁ(l), f(l)) and Y2 = (fI(Q), f@)) we have corresponding
ZW and z(?) satisfying

120 =z <M (V) ) Iy ® - Y@, (4.23)

Proof. We define v(k) = sup;co,7) efMH“’lk‘t‘ﬁ(k, t)| and w(k) = SUPse(0,7) eiMH“"k‘t!f(k, t)].

We have the first component of the vector Z satisfying

MT SN PPN
e—JVIt+w\k|t|’Z‘1(k,t)| < eT Z (e—Mt+w\k—J|t|H(k —j t)|> (e—Mt+w\J\t}H(j7 t)])
JEZY

< %[v col(k), (4.24)
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while the second component of Z satisfies
efMt+w\k|t’22(k7t)| < eMT Z (efMter\kfﬂt‘ﬁ(k —j t)\) (6—Mt+w\j\t}f(j’ t)])
JELY
<[vxw](k). (425)
Therefore, taking sup over ¢ € (0,T) of the left hand side, and then taking the [ 1 horm we obtain

the desired result by noting that ||Y|| = max {||v||;1, ||w||;1 }. In the second case, we repeat the
same argument by first noting that

g0« g _ 5@, 5@ _ ([}(1) + ﬁ(Z)) % (ﬁ[(l) _ ﬁ(2)) ’ (4.26)

while
gO 7O _ 5@, p@ _ g, (f(l) _ f(2)) + 7@, (ﬁ[(l) _ ﬁ(2)) ] (4.27)
O

Definition 4.1. We define the linear operator J acting on a two component vector function Z(k,t) by

t
J 2] (k,t):J ik1 Uk, t — t')Z(k, t")dt'. (4.28)
0
Lemma 4.3.
1T (2] | <70~ Cy 2. (429)
Proof. We define
(k)= sup e MM 2k 1) (4.30)
tel0,T)

then

t t ’ ’ ! ~
e—]V]t+w|k|tJ k|| Ut — ) Z(k, )|’ SCUJ |k1|€_5|k‘2(t—t ) o= Mt +wlklt \Z(k, )| dt’
) 0 0 (4.31)
< ([ e Omtar) oo <5 AT 2 CuCm).
0

By taking the sup over ¢ € [0, T) followed by the I' norm in & gives the desired result. O

Proposition 4.1. There exists a unique solution of the integral equation (4.11) in a ball By|y ) C Y for
T small enough to satisfy

457242 MT Oy Iy || < 1. (4.32)
Proof. We note that
M[Y] =Y, +7 (2], (439)
where Z is defined in accordance to (4.21). Using Lemmas 4.2 and 4.3,if Y € By||y,, then
IMY] | < [Yoll +4v8~ 2T 20ue™ T Yo | < 2] Yo, (4.34)

and
M [y ] =M [y P < 435727 20 eM T | YD - Y. (4.35)

Therefore, M: By y, || — Bz|y,|| contractively, and the Proposition follows from the Banach
contraction theorem. O

Remark 4.1. Though we have proved the solution to (4.11) to be unique in the ball Byy ) C Y, this is
the only solution to (4.11) in Y since continuity in t implies that if we were to choose T small enough, then
it must be in the ball Boy | containing Yo, uniqueness implies that this is the solution guaranteed by
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Proposition 4.1. Furthermore, since the integrand on the right hand side of (4.11) is continuous in time for
each k, it follows that the integral and therefore M [Y] is a C" function in time, implying from (4.11) that
the fixed point Y is C1 in t. On differentiation of (4.11), it follows that Y in Proposition 4.1 satisfies the
initial value problem (4.10) for t € [0, T').

Remark 4.2. By choosing w = % > 0, it is clear that the solution instantly smooths out in x — z space,
since in the Fourier space, for any T > 0, supy,cz2 \k[9e= 2 IKIT ||| exists for any j > 0. This implies that
if we restart the problem at t =T', we can assume an infinitely regular initial condition. Because the system
(4.1)-(4.2) is autonomous in time, this is equivalent to starting with smooth initial conditions at t = 0.
This also implies that on inverse Fourier Transform the pair (H (z, z,t), I'(z, z,t)) is a classical solution

of 3.1)-3.2).

5. Global existence

If we were to choose w = 0 in Proposition 4.1, then it is clear that since ||Y (-, T") Hll(Zg) < 00, we
can continue the same argument for the initial value problem (4.1)-(4.2) and formulate an integral
equation for ¢ € [T, T’] for some T’ and thereby prove existence. Define Ty =sup T so that the
solution exists for ¢ € (0, Tp). If Ty < oo, it would follow that

lim f[-,t 2y = 00 or lim f~,t 2y = 00,
s IH (01, (z2) t_>TE|| ¢ty (z2)

as otherwise we can continue the solution beyond Tp. In what follows we rule out this possibility,
at least for the case o = 0, by showing that

S° (kF + 87K3)? | H (1, ko, 1) < Mo(T) <o,  and
keZ?

S7 (kT + B7K3)? | Tk, ko, t)]° < Mo(T) < o0,
keZ2

for t€(0,7) for any finite 7, which by Lemma A.l1 in Appendix A, rules out
Ty ||H(':t)||l1(zg) = o0 and hmt—>T0‘ |, t)”ll(Zg) = 00, and therefore global existence in
time of the initial value problem (3.1)-(3.2) follows.

lim

(a) Energy Bounds

Given real valued functions u, v, we define the inner product

27 (2w/B
(u,v) = 4% J J v(z, 2)u(z, z)dzdz, (5.1)
™ Jo 0

with corresponding Lo norm ||ul|z, = (u, u)/?. The norm has Fourier representation

lll2 = Jack)|. (5.2)

keZ?

In this section ||.|| will denote the L norm. Taking the inner product of (3.1) with H gives

d1 ~
S5l HIP + VI AH|® == 37 RNTK] [H(k,0)|” + o (AH, T). (53)
keZ?
Using the fact
M = sup {—RNK]}, (5.4)

keZ?
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along with the Cauchy-Schwartz inequality a(AH,I") <ca|AH| ||| < 2V|\F|\2 2||AH||2,

yields the inequality

2
2 2 &3 2
& SUHIP + S AH)? < MIHI® + ). 55)

Next, taking the inner product of (3.2) with I" produces

& ST+ A9 =b (H, 12) + (I ) 56)

which on use of the Cauchy-Schwartz inequality as above implies

HffHoo

2
iz < 7HHH2 [Pall (5.7)

dt2

(b) The case of « =0

Applying Gronwall’s inequality to equation (5.5) (noting that o = 0 and that we can disregard the
term 5 ||AH |2 in the calculation), we obtain

IH ()2 < [|HO)2e*M =: Co(0). (58)
Integrating (5.5) between 0 and ¢ and using (5.8) again, yields the bound
t t
VJ |AH(-,7)|2dr <|[H°|? + 2M||H|? J M7 dr = Co(t). (5.9)
0 0
From the relation (5.7) and using Lemma A.1 we have

2 2
¢ 22 b 2
I < SR + ), (5.10)

We obtain

2 2t 2
b C
. < ||I° 2 2 o -
TGl < 1100 exp{QWJ‘HAFI( ol dT]+—QVJngﬁﬁexp{zyva(Tﬂ<h' Ci(t)
(5.11)
Applying the A operator to equation (3.1), and taking the inner product with AH we have

22 2 2 1222\2 202
& SNAH? o A%H | = (4%H, HE, ) - 3 #VH (2 +#36%) 10 G12)
On integration by parts and use of Lemma A.2 we have

8¢3 v
(821, HHL )| < dcoll AHIPI| AH:|| < deol| AP A% H < 22 | A |* + 2|1 A%H],

hence (5.12) provides the expression

8¢2
SylanP + LiatmP < (S pan P+ ar) .13

This implies that

16¢3
14

AHC IR < A1 P exp 2010+ 52 o(0)] = a0 (514)

Next we take the Laplacian of the evolution equation (3.2) for I', and its inner product with AI',

to obtain

dt 5 LA, 817 + AIAV T2 = (ALu, A(TH)) + b(AH, A0, T), (5.15)

which on use of Lemma A.2 and the bound || ATz || < ||AVI'|| yields
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dal

8c?
G3IATC oI < 2D AHP|Ar| + I Al (516)

b2

%y

Therefore, it follows from (5.14) and Gronwall’s inequality that

1

AT DI < Cs(0), (.17)

where C3(t) is finite for finite ¢. From the above computation it follows that the Fourier coefficients
I, H have finite /' (Z3) norms globally in time, ruling out finite time blow up.

6. Conclusion

The effect of surfactants in interfacial flows is a problem of wide technological interest due to the
generation of Marangoni stresses that can produce beneficial or detrimental results in different
processes. For example, surfactants retard pinching in liquid jets resulting in larger drops; they
stabilise foams used in manufacturing applications as well as fire prevention; they can induce
interfacial drag in bubble motion used in distillation processes hence reducing efficiency; they
can completely remove any drag reduction benefits found in superhydrophobic surfaces used in a
variety of applications including thermal management in microelectronics and energy harvesting
technologies. Hence, the fundamental interplay between fluid mechanics, moving interfaces and
surfactant distributions on them, are at the centre of all such processes and their quantitative
understanding, both rigorous and computational, is of great value. Rigorous results provide
certainty for the local and global existence of solutions and hence underpin numerical analysis
and computations. Global well-posedness and absence of finite time singularities shows that the
physical assumptions leading to the model do not break down. The present work undertakes a
mathematical study of the nonlinear dynamics of a fundamental surfactant-laden shear flow in a
channel at arbitrary Reynolds numbers and in a three-dimensional setting. It is worth noting that
in the simpler situation of a clean two-dimensional flow (no surfactants and a one-dimensional
interface), it has been shown in Kalogirou et al. [19] that the predictions of models analogous to
the ones studied here, are in very good agreement with both direct numerical simulations as well
as the experiments of Barthelet et al. [28].

We studied mathematically the nonlocal thin film evolution PDEs (3.1), (3.2), and have
reported two main results. First, the local existence and smoothing of solutions of the equations
when there is a full coupling between the interfacial motion and the surfactant dynamics - this
case has a# 0 in (3.1). Second, we proved global existence of solutions for the case o =0 using
energy estimates. Such proofs are novel, as far as we know, for classes of multidimensional
nonlocal thin film PDEs and indeed for their one-dimensional analogues. As mentioned earlier,
our energy estimates do not apply for a # 0 and new methods are needed - this is left for future
work.

Numerical solutions of the system (3.1), (3.2) by Kalogirou & Papageorgiou [18] indicate that
the solutions remain smooth (at least for the parameters studied there) and further analysis and
computations are warranted. Specific directions include the construction of three-dimensional
travelling waves (two-dimensional interfaces) and their mathematical justification via quasi-
solution techniques, for example, as well as their stability and bifurcation structure.
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A. Appendix.
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(a) Results for N'[k] and F" (0, k+/v') in one dimension

Proposition A.1. (Papageorgiou & Tanveer) [27] Assume k is large enough to satisfy the restriction in
(A1) below

n:kﬁzmax{\/gR,m«}. (A1)
Then,
o iAR? 1+ By
A Ty (im0 ) "

R2
PE]

where Ey, Eo have exponentially small bounds for large k= k+/v, and Ey = O (
small in k. Specifically, if we make the choice k. = 10, then in the regime (A 1)

) is algebraically

‘El’ <105x 1077, |Be|<1.14x 107, |E4| <0.0171. (A3)
On the other hand with choice kr = 6, in the regime (A 1),

|| <224x 107" |Bo[<161x 107, |Ba| <0.051. (A4)

Remark A.1. Since N'Tk] = — ;%F” (0, k\/v), it follows that

¢ 2_\;2) (e mre) )

We also note that the results imply in particular the bounds

—RN[K|<Cx,  |SN[K|<Crlk?, (A6)

for constants Cy ad Cy independent of k.

(b) Some inequalities

The results that follow are routine and are included here only to make the paper self-contained.

Lemma A.1. We have
[ Hlloo < [1H]ly, zz < ol AH], (A7)

where

1/2
1
CO—( = uwm) ' (9

(k1,k2)€Z2

Proof. We have

IHlloo < 1Hllpzzy= D |[Hkaks

(k:l JCz)EZg

1/2 1/2 (A9)
2 1

(k1,k2)€Z2

S( Z (k%+ﬁ2k%)2‘ﬁkl,k2
(

ko1, ko) €72
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Lemma A.2. If H, G each have representation

H(z,2)= Y Hp, ™07 0 Gla,2)= Y G, gy o027 (A 10)
keZ? keZd
then,
[AHG)| < 4eol| AH| | AG]. (A11)

Proof. Using k2 < 2(k1 — j1)? + 257 and k3 < 2(ka — j2)? + 272, we have

-~

IAHG) =10k + 67K3) 3 G jllzzy <21 S (= 31)> + 52 (ka — j2)?) G i

JjEZ? JjEZ3
+2| Y (3t +8%33) Gyl <2 Y |Gy|IaH ] +2 Y |, ]l1AG]
JELF JELT JELE
(A12)
But the computation in (A 9) shows that ||GH11(Z§) < ¢p||AG|| and H.H”ll(zg) < cp||AH||, hence
the result follows. O
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