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Internal symmetric waves of two-layer fluids
over an obstruction

H. J. Kim W. S. Bae J. W. Choi*
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Abstract

We study two-dimensional capillary-gravity waves on the interface
between two immiscible, inviscid and incompressible fluids of differ-
ent constant densities bounded by two horizontal rigid boundaries
with small obstructions with compact support. A forced modified
Korteweg—de Vries equation is derived as a model equation without
assuming that the fluid is of constant depth at far upstream. Various
new types of steady solutions have been obtained numerically.
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FIGURE 1: fluid domain.
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1 Introduction

A two-dimensional flow of immiscible, inviscid and incompressible fluids of
different constant densities, bounded by two horizontal rigid boundaries is
considered as in Figure 1. Let us assume that the object at the bottom is
moving at a constant speed along lower boundary. By deploying a Lagrangian
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moving coordinate system, the problem is reduced to a steady state, two
layer, flow past an obstruction.

Shen, Shen and Sun [1] developed an asymptotic theory for steady state,
single layer, flow of small amplitude past an obstruction and derived the
Forced Korteweg-de Vries equation (FKdv). Choi, Sun and Shen [2, 3] de-
rived a Forced Modified K-dV equation (FMKdV) and Forced Extended K-dV
equation on two-layer flows when the FKdV theory fails in two layer flows.
Choi, Lim, Ahn and Park [4] also developed an asymptotic theory and de-
rived the Forced Korteweg-de Vries equation for steady state, single layer,
flow of small amplitude past an obstruction without assuming that the fluid
is of constant depth far upstream. In this paper, we consider the same fluid
domain as in [2] and the same type of FMKAV is derived when the density
ratio is the square of depth ratio. However, we do not assume that the in-
terface between two fluids is constant far upstream. New types of symmetric
solutions of the FMKdV are found by considering periodic wave solutions for
the waves ahead of an obstruction.

2 Derivation of the forced modified KdV
equation

The flow under consideration in Figure 1 has following governing equations
and boundary conditions [2]. In the domains Q**,

w4+ wiF =0,

FAR

O P = x+ / x+
u Ux*—FU} uz*——pz*/p s
W et = g
At the interface z* = n*,
U*in;* _ w*:l: _ O,
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Pt —p T =T (1 (5 )?) 2.

At the rigid boundaries 2* = H**(z*),
wF —wFHE =0,

where (u**,w**) are velocity vectors, p** are constant densities, p** are
pressures and g is the gravitational acceleration.

Let L be the horizontal length scale and H be the vertical length scale,
assuming that, far upstream, the interface of two fluids is periodic and
H is the mean depth of the lower fluid. Assume ¢ = (H/L) < 1 and
introduce following variables: x = 2*/L, z = 2*/H, u* = w*/\/gH,
wt = e twt/\gH , pt = p*/pgH, n = ey /H, T = T*/p*~gH?,
pt = p*/p*~, hi = H**/H . Then the above equations become nondimen-
sionalized. Let p™ =p, p~ =1, hf =hT =h, and hy = h™ + €b(z) with
the conditions that h~ = —1 and b(x) has finite support. In addition, let u,
w and p possess asymptotic expansions of the form

(b(iL',Z,E) N¢0+6¢1+€2¢2+”' )
with u = ug = constant, py = —p*z and wy = 0.

From the first order approximation, in h~ <z <0 and 0 < z < h™,

uitr"i_wlizzoa (1)
uouy, = —pL/p, (2)
pr. =0; (3)
with  w] =w; atz=0, (4)
pr—pr =-n(p"—p7) atz=0, (5)
wfzo at z = h*. (6)

Equation (3) implies that pi are functions of z only. From Equations (1),
(2) and (6), it follows that

wi = (2 — h¥)piy/(uop™). (7)
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From Equations (4) and (5)

Pie = i (8)
where ¢f = p(p—1)/(h+p), ¢ =h(1 —p)/(h+ p). From Equation (2),
ui = —n(ct /uop™) + Mi(2) (9)

where A (z) are arbitrary functions of z. Note that we obtain ui, wi

and p¥ in terms of 7. In a similar way, one can find expressions for u3 (z, z)
and wi (z, 2):

. A . 1
uy oy [M(2) = (2= h5) Az (2)] n — 5@”

_ @ A
uopi ( 9 n + Cc3n + 2(2’) )

+ C:th C2 h:l:
Wy ugpig 2U0pi 77773:(Z - )
+ z
e3 + € +
—h™) — 2 A dz —(z—h7)A s
+{uoﬂi (= ) upp* { /hi e dz — (= ) 1(2)””

1 ct cy o2 o2
= _— 2 — 1 —1 - h+ 1 - _h_ ! I
© N { ( uop* - uop> {( )U%p“ ( )U3p*2

¢y = _Wl{ o {2/; Al(z)dz+(h+))\1(0)]

2
ugp™ +

[(2 /O (2)dz + (h‘)Al(O))} } |

€y

9 _
Upp

Here, A\o(2) are arbitrary functions of z. Derivation of the FMKdV equation

requires kinematic condition only for ui, wi, uy, wy and wi. w3 can be
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derived similarly and we omit the expression of w3 . Since eu*n, —w* = 0 at
z = en, from the zeroth order of the asymptotic expansions of ™~ and w™, we
obtain uZ = h(1—p)/(p + h) . Assuming p = h? and \;(z) = 0, the following
Forced Modified K-dV equation (FMKdAV) is obtained from the third order
expansion of the kinematic condition,

200, + An*ng + Bhpee = Cb,(z),

where

2)\:)\2(O)+/i Az(z)dz+p+Lh (% /ho/\g(z)der/Ol )\g(z)dz) ,

69(1 = p)(1 + h)? _
uo(p + h)?
uoh 3T = (u

m(——(l+ph)), and C = (ug+1).

2
Up

A:

)

We note that if A\;(2) # 0 and p # h?, FKdV is derived and the same analysis
as in [4] can be carried out.

3 Forced modified KdV equation

We consider the above FKdV this problem into two parts according to 7 >
0= (14 ph)/3 and 7 < 79, where 7 = T /up*.

3.1 T>719

Let 7 > 75. We rewrite the FMKdV equation as

News = —110° T + a2, + azby
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where

6p(1 — p)(1 + h)?

pr— O
“ huo?(T — 710)(p + h)? e
v — —2X(p+h)
2 huo(T — 70)
1
0 = (uo + )(P+h)>0‘
huo (T — 7o)

Integration of the equation in x leads to

1
Nex = —§CL1773 + as’n —+ agb(l') . (10)

When b(z) = 0, (10) has the following periodic solution if d > 0 [2],

n= g(l)/2 Cn(y(x - IL’.._), k)v (11)

where n(zo) = a, n.(zo) = B, d = %+ a1a*/6 — axa®, & = (3az +
3v/a3 + 2axd/3) /a1, & = (3ag —3+/a} + 2axd/3)/ay , v = (a1(& —£1)/6)Y/?,
kK = &/(& — &) < 1, xp is a fixed point and z; is a phase shift. If
d < 0, there is no periodic solution of (10) with b(x) = 0. By using (11) on
{z | b(xz) = 0} and by using a matching process [2]|, symmetric solutions of
Equation (10) can be constructed numerically when b(z) is symmetric. For
numerical computation, we assume that 7 has a local minimum o < 0 at
rg < —1 and b(x) = V1 — 2?2 for x € [—1,1] and 0 elsewhere. p and h are
fixed to p = 0.25 and h = 0.5, respectively, in the numerical studies below.

Depending on the location of the local minimum point zy and A and « of
the wave, the wave collides with the obstruction at a different point so that
1 has a different shape. When av = —2.0 and 7 > 7y, symmetric steady-state
solutions are obtained for A > —2.8284 as in Figure 2. Let us denote the
lower bound of A by \,. For example, \;, = —2.8284 when o« = —2.0. Then,
A > A, can be partitioned depending on the number of symmetric solutions.
We found four symmetric steady state solutions on Ay < A < —2.69 and two
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FIGURE 2: The relation graph between n(0) and A for o = —2.0, T' = 3,
p=0.25and h=0.5.
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3 Forced modified KdV equation
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F1GURE 3: Four solutions when A = —2.82 for « = =2.0, T'=3, p = 0.25

and h =0.5.
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FIGURE 4: The relation graph between 7(0) and A for different « values with
T=3,p=025and h=0.5.

solutions on —2.69 < A, respectively, when @ = —2.0. Figure 3 shows the
cases when A = —2.82.

The partition of Ay < A with respect to the number of symmetric solutions
in Figure 2 changes as the amplitude of the initial wave |a| varies. As in
Figure 4, as |a| decreases, |1(0)| correspondingly decreases and the range
of A for symmetric solutions also decreases.

The following lower bound A, of A can be derived,

Ap = —a?/(2v/h(1 = p)/(p + 1)) .

Thus periodic solutions ahead of the bump satisfying zero mean depth are
obtained for A\, < A. Since we consider symmetric solutions that are periodic
ahead of the bump, A\, < A\;. When « is small, the discrepancy, A\; — A,
is negligible. But, as « increases, the discrepancy increases. For example,
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for a = =2.0, \, = —2.828427124 and A\, = —2.8284 but for a = —0.1,
Ap = —0.00707107 and A\; = 7.11. We anticipate that no symmetric solutions
exist for A, < X < .

3.2 T <mT19

When 7 < 79, the Equation (10) is considered with a; < 0 and az < 0.
Due to different signs of the coefficients, the range of A for periodic solutions
ahead of the bump is

Oé2

V(L =p)/(p+h)

Since A\, < 0, we need to consider only subcritical case, A < 0. We obtained
two types of solutions ahead of the bump. Let & = (ay + /a3 — 2a1d)/ay ,
& = (ag—+/a3 — 2a1d)/a; and d is the same as d in (11). When & > & > 0,

n(z) = & su(y(x — ), k),

where v = (a1&,/2)"? and k? = £;/& < 1. This solution n(z) tends to 0 as
fl—>0+. When§0>0>§1,

A<, =—

n(x) = & en(y(x — x4, k),

where v = (a1(& — €1)/2)Y? and k? = & /(& — &) < 1. This solution n(z)
tends to (2as/a;)/?sech(ay >z — ¢), where ¢ is a phase shift determined by
initial values, as & — 07.

Figure 5 shows the relation between 1(0) and A from symmetric solutions
when a = —0.1 and T'= 1072 (7 = 0.002 < 7). There exist two separated
regions for symmetric solutions, —2.3903 < A\ < —2.1484 and \ < —3.4227.
Periodic solutions ahead of the bump become asymmetric for —3.4227 <
A < —2.3903. When 7 > 73, the amplitude of symmetric solutions does
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FIGURE 5: Relation graph between 1(0) and A for a = —0.1, T = 1073,

p=0.25and h=0.5.
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FIGURE 6: Two solutions when A\ = —2.35fora = —0.1, 7 = 1072, p = 0.25
and h = 0.5.
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FIGURE 7: The graphs of n(0) in A for different o values when 7' = 1073,
p=0.25and h=0.5.
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not vary much from the initial perturbation |a| regardless of A (Figure 2).
On the other hand, when 7 < 7, the symmetric waves have large variations
over obstructions (Figure 5). Figure 6 represents typical symmetric solutions
when A = —2.35.

Figure 7 shows the graphs of 7(0) in A for different o when 7 < 75. When
a = —0.17, the region of A for symmetric solutions is connected. However,
when |a| is decreased to a = —0.14, these regions becomes disconnected.
As « converges to 0, these disconnected regions of A\ shrink to points, A =
—2.26,—4.46, —9.13, This result is consistent with the symmetric solutions
with crests in [2].

Let As be the numerical upper bound of A for symmetric solutions. Simi-
larly to 7 > 79, it is claimed that solutions of FMKdV will not be symmetric
for Ay > A > A;. Two types of asymmetric solutions seem to exist. One
will be an asymmetric but bounded solution, whereas the other will be an
unbounded asymmetric solution.
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