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Cusp flows due to an extended sink in two dimensions
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Abstract. The steady two-dimensioanl potential flow of a finite-depth fluid into an extended or distributed sink,

in which the free surface dips to form a cusp above the centre of the sink, is examined. The extended sink is a
region where the vertical outflow velocity is constant and uniform. Numerical solutions for the free-surface
profiles are obtained by use of a boundary-integral technique. Solutions are only found for the supercritical case
where the Froude numbers are greater than one. In the limiting case where the extended sink width tends to zero,
the problem reduces to that of a line sink beneath the free surface, and comparisons are made to existing results
for this type of flow.
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1. Introduction

Flows associated with the withdrawal of a fluid from a reservoir of some nature have been
given a fair amount of attention over the past couple of decades. Examples of such reservoirs
are dams, water reservoirs and cooling ponds (Imberger and Hamblin [1]), and the interest
may be motivated by a desire to control water quality. Most of the mathematical attention
given to these problems has been focused on the flow caused by a line sink or source be-
neath the free surface. Two types of flow are known to exist for this configuration, namely
stagnation-point flows, where the free surfaces rises to a stagnation point above the sink (see
for example Mekias and Vanden-Broeck [2]), and cusp flows, where the free surface dips to
form a vertically sloped cusp above the sink. That the cusp must be vertical is discussed in
Tuck and Vanden-Broeck [3]. We shall be concerned only with this second type of flow.

It should be noted that mathematically there is no distinction between the flow caused by a
line sink or a source, since the formulation depends only on the square of the Froude number.
which is a nondimensional measure of the far-field fluid velocity, so that there is no mechanism
for specifying the flow direction. Physically it would seem more likely that cusp solutions are
associated with a line sink rather than a source. In an experiment performed by Imberger
[4] with a line sink, stagnation point flows were found up to some critical Froude number,
at which point the surface ‘jumped’ to a cusp. This is evidence that cusp flows certainly
exist for a sink, but the fact that stagnation point flows exist for a sink, as well as a source,
complicates the issue. Tyvand [5] considered a small-time expansion for the unsteady flow
due to an impulsively started line source or sink in infinite depth, and found that there was
a rise or drop in the surface height above the source or sink, respectively. This indicates that
sources and sinks experience different time histories, but it is not clear that they could not both
evolve to the same steady state.

In three dimensions, steady cusp flows have not been observed for axisymmetric with-
drawal into a point sink. Forbes and Hocking [6] and Forbes, Hocking and Chandler [7] sought
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such solutions for the infinite and finite depth cases, respectively, using the techniques they
employed to find three-dimensional stagnation point solutions, but without success. However,
a number of publications (Zhou and Graebel [8], Miloh and Tyvand [9], and Xue and Yue
[10]) report transient free-surface dips, which are cusp-like in nature, as the free surface drops
into the sink, but again no steady cusp solutions are found. It seems likely that the finite extent
of any physical sink would become important once the free surface has dropped into the sink.
It is therefore possible that the steady cusp-like solutions with constant circulation of Forbes
anbd Hocking [11], which describe flow into a circular drain of finite radius, may exist as an
evolutionary endpoint for the transient flows.

For two-dimensional flow in an infinite depth fluid, a cusp solution for a line source was
found by Tuck and Vanden-Broeck [3] at a unique value of the Froude number. Hocking [12]
found cusp solutions for a line sink or source above a flat or sloping bottom, and this work was
continued by Vanden-Broeck and Keller [13]. For a sloping bottom only unique solutions are
found, but for a flat bottom, solutions are found for all values of the Froude numberl.
Vanden-Broeck and Keller [13] also found a unique branch of cusp solutions for sub-critical
flow, F < 1. Hocking [14] and King and Bloor [15] found solutions in the infinite Froude
number limit for a source or sink above a flat bottom.

There are at least two logical extensions of the above problem. One is to consider the
withdrawal from a two-layer fluid as in Hocking [16] for example. Therein Hocking provides
a quite thorough review of the literature. Subsequently, Hocking [17] describes the persistence
of cusp-like solutions for supercritical flow in infinte depth, in which both the upper and lower
fluid are being withdrawn by the sink. In this case, the interface enters the line sink itself, and
therefore nonvertical cusp solutions can be sustained. Indeed, vertical cusp solutions represent
the limit at which point the upper layer ceases to flow, and the problem reduces to one of a
single layer.

Another possible extension is to consider a sink region of finite width. Hocking [18] and
later Hocking and Vanden-Broeck [19] consider the flow of a finite-depth fluid into a vertical
slot, which is quite similar to the subject of the present paper, although here, the withdrawal
occurs through a horizontal mat on the bottom. As mentioned above in the discussion of
the three-dimensional problem, it would seem likely that the finite extent of a physical sink
becomes important for flows in which the free surface approaches the sink.

We consider the two-dimensional flow into an extended or distributed sink of a finite-depth
fluid. The extended sink is a region along the bottom where the vertical outflow velocity is
specified, and we only consider the case where it is fixed to have a uniformWalleng the
length of the sink. In practice such a flow could be produced in a large rectangular tank with
some kind of mesh across a slot on the bottom of the tank connected to a pump to generate
the uniform outflow velocity.

Since this flow is symmetric about the centre of the extended sink and we neglect viscosity,
the resultant flow would be the same as if there were a vertical wall placed at the centre of the
sink. The cusp point would then be where the free surface smoothly attaches to the vertical
wall. We exploit this fact in the following mathematical formulation by explicitly considering
the wall to be present. This is found to lead to more accurate numerical solutions than if
the wall were not explicitly included, as the presence of the wall helps enforce the smooth
attachment, or the vertical free surface slope at the cusp point.

We formulate the problem as a boundary-integral equation, using Cauchy’s integral for-
mula, and this is then solved numerically by a damped Newton iterative scheme.
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Figure 1. A sketch in dimensionless coordinates showing the flow of fluid from right to left into an extended sink
in a corner.

2. Formulation of the problem

We model the free-surface flow from right to left of a fluid into an extended sink in a corner, as
shown in Figure 1, assuming a two-dimensional geometry. The origin @kthe coordinate
system is chosen to coincide with the bottom left corner of the flow region. The extended
sink is the region along the bottom between the origin and the @giatross which fluid is
withdrawn with a constant and uniform vertical velocity

All lengths have been nondimensionalised with respect to the undistributed far-stream
depth H, and all velocities have been nondimensionalised by the velocity s¢alé. The
far-stream depth is therefore 1, the width of extended sink becdimasd the far-stream
velocity becomes” = U/\/gH, which is the Froude number, whetgis the dimensional
far-stream velocity towards the sink. The constant outflow veloEitthrough the extended
sink is, by conservation of masg, = F/L. Lastly, the height of the free surface above the
sink, where it smoothly attaches to the vertical walt at 0 forming a cusp, is denoted by.

By assuming the flow is irrotational and the fluid is incompressible and inviscid, our task
is to solve Laplace’s equation in the fluid region for the velocity potertiadubject to the
appropriate boundary conditions. If we denote the horizontal and vertical fluid velocity com-
ponents by andv, respectively, then the boundary condition along the flat bottos 0
is,

0 x> L
v= 1)

-V 0<x<L
and on the vertical walt = 0 we have

u=0 0<y<y.. (2)

Let y = n(x) be the location of the free surface; then the boundary conditions -er
are Bernoulli’s equation,

L4 0%) 4y = 1P 1 @
and the kinematic condition,

d
ugr =v. ()
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Instead of attempting to solve Laplace’s equation directly, we shall formulate the problem
as a boundary integral along the free surface. To this end, we introduce the complex variable
z = x + iy and the complex potentigi(z) = ¢ + i, wherey is the streamfunction.

We next construct an analytic function(z) such that

x(z)=z—§—3—i=u—iv—(u—iv)~ (5)

The functiong(z) is the complex potential obtained for flow into a corner with a ‘rigid lid’,
that being the case where the free surface n(x) has been replaced by the solid boundary
y = 1. The horizontal and vertical velocity components of this rigid-lid solutionaaadv,
respectively. It can be shown (see Appendix) that the closed form solutior fdg ds

dg 2V 4 L
P arctanb(coth <7> tanh(7>> . (6)

Reflecting the flow about the-axis, we observe that(z) has the desirable properties of being
analytic everywhere in the combined flow/image flow region, and tending to zerdessls
to infinity. Cauchy’s Integral Formula is now used to give

d
?gr xé(é_) % o @

whereg is a point on the curvE and we take to lie onI" also. We defin& to be the positively
oriented contour made up of the free surface, the vertical wall along-thés fromy = 0
toy = y., the reflection of the wall about = 0, the image free surface and a vertical line at
x = oo connecting the free surface and its image. The poiging on the real boundary is
bypassed by a semicircle of vanishingly small radius.

We parametrise the free surface by the arclengthnd denote the poirit on the free
surface to be(r) = x(¢) + iy(¢). The vertical wall is parametrised hy and the poing on
the wall is given by O+ iy(t) = iy.t.

In terms of the arclength parameter the kinematic condition (4) becomes

Y'(t) =0 )
and Bernoulli's equation (3) is
161+ y() =3F?+ 1 9)
In addition, the arclength condition must also be satisfied, and this is
X2 +y 1) =1 (10)
Taking the imaginary part of Equation (7) yields the following two forms of the integral

eqguation, depending on whether the paities on the free surface or the vertical wall. or
on the free surface, we denote its positionzigy) and after applying the kinematic condition
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(8) the integral equation becomes
oM [y@) — y(s)] —V@)[x@) — x(s)] dr
[x (1) — x(s)]% + [y(t) — y(5)]?
/°° D) [y@) + y(s)] = W(@)[x(#) — x(s)] dr
0 [x(t) — x()]? + [y(®) + y(5)]?

/l Ve X (D) [yeT — y(s)] q /l Ve Y () [yeT + y(s)] _
T + T =
0 X(8)2+ [yt — y()]? 0o X(8)2+ [yt + y(s)]?

For convenience of display we have defined the intermediate variables

—1[¢'($)x'(s) — pu(s)] +][0

(11)

O(t) =[¢'(t) — n)x' @) —v(t)y' ()],
V() = [v()x'(t) — n@)y )], (12)
Y () = [v(r) — v(1)].

Forz on the wall, we denote its position by.o, and then the integral equation reduces to

/°° D@)[y() — yol —Y()x(?) " /°° D) [y() +yol —V(t)x(t)
0 x(1)2+[y@) — y.ol? 0 x(1)2 + [y(@) + y.ol?

L or(n) by
=0. 1
+]{) [t—a]dt+/() [t+a]dr 0 (13)

Our task is now to find the functions?), x(z), y'(¢), x'(¢), ¢'(¢), Y () that satisfy Equations
(9-13).

3. Numerical method

In this section we use a numerical procedure similar to that employed by Forbes [20]. First,
however, we introduce the transformation

t=¢"—1 (14)

Discretisation of the flow variables on the free surface onto a meSheeknly spaceg points
results in a clustering of points in the arclength variabkbout the cusp poirt (0), y(0)) =
(0, y.). The vertical wall is divided up onto a meshMf evenly spaced points. The notation
yi, for example, shall be used to represent the value of the fungtievaluated at theth
meshpointe;. Similarly Y; = Y(r;). These two different meshes coincide at the cusp point
p1=0, 1y =1

The vector ofN + M — 3 unknowns is

[)’é7 DR y;\]’ TZ’ RN TM,]_],

sincey; = 1 andY; = 0 are known in advance and,, can be calculated. Given an initial
guess at the vector of unknowns, we can evaluateom the arclength condition (10). Then,
we use trapezoidal integration to calculateintegrating back from the far-stream height of
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Figure 2. Three free surface profiles for the limiting  Figure 3. Three free surface profiles for a sink width
caseL — 0. The Froude numbers afe = 1, F = of L = 0.5 and Froude numbers afe = 1, F =
1.5, F =2 andF = oc. 15 F =2 andF = oo.

y = 1 and x integrating forward fromx = 0. The values obtained for, are then used in
Bernoulli's equation (9) to calculate the valuesgof Lastly Yy = ¢1y; — vy

The integral equation (11) is evaluated at Me- 1 half-mesh point$p;1/2,i =1... N —
1}, and the integral equation (13) is evaluated atMe- 2 half-mesh point§o; 1/, j =
2...M — 1}. Values for the flow variables at these half-mesh points are determined by linear
interpolation from the values at the whole-mesh points. The singularities in the Cauchy prin-
cipal value integrals can now be ignored since they occur symmetrically between mesh points.
Trapezoidal rule integration is used for both integrals.

This gives us a system @f + M — 3 equations for th&v + M — 3 unknowns and this
system is solved by a damped Newton’s method.

Typically 600 points are used on the free surface, truncating at 2.5, giving Ap =
0-0041667. In terms of arclength, this corresponds to truncating=at1-2, with a minimum
At =~ Ap and a maximumAr ~ 0-051 at the truncation point. In the case of solutions for
F = 1 the sameAp is used but the truncation point is extended oupte- 3, ~ 191,
due to the slow convergence of such solutions in the far field to the undisturbed fluid depth
(see Figures 2 and 3). On the wall 80 points were typically used, giving a mesh spacing
At = 0-0125 there. The value ohy = y.A1 on the wall varies ag. varies. But, since
y. < 0-37 (see Section 4y < 0-0046.

Decreasing these step sizes was not found to affect the solutions significantly and compar-
isons with limiting solutions computed elsewhere were found to be in good agreement (see
Section 4), indicating well converged solutions.

4. Discussion of results

In the limit thatL — O, the extended sink reduces to the familiar line sink and we shall
consider flow in this regime first. As has been found previously (Hocking [12], Vanden-Broeck
and Keller [13]), cusp solutions for flow into a line sink exist only for Froude numbers 1,
except for a unique branch of cusp solutions for sinks off the bottom occurring at Froude
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Table 1. A table of the cusp heightg. versus Froude numbe#s for the four
cases that the sink width = 0, L = 0-2, L = 0.5, andL = 0-7. The last entry
(markedoo™) denotes the exact solution of King and Bloor [15].

F L=0 L=02 L=05 L=07
1.0 0247 0201 0017 —

1.2 0275 0234 0047 —

1.5 0-302 0266 0090 0004
2.0 0327 0294 0133 0020
30 0347 0317 0169 0047
50 0-358 0330 0190 0067
00 0-364 0337 0201 0081
oo™ 0-363

numbers less than one (Vanden-Broeck and Keller [13]). Since our sink always lies on the
bottom, this branch of solutions is not recovered.

An exact analytic solution exists in the limit as the Froude number tends to infinity, as found
by King and Bloor [15]. We compute a solution fér — oo by analytically determining the
limiting forms of Equations (9, 11, 13) and then solving them, using the numerical method
outlined above. A comparison between our solution and the exact solution shows that they
are almost identical, and indeed show no graphical difference on the scale of the far-stream
height, unity. Our solutions unfortunately exhibit their greatest error right at the cusp point,
but a comparison between the computed cusp height 0-364 with the exact cusp height
yvi=1-2/m ~ 0-36338 still shows very good agreement.

Provided that the truncation poipty is suitably large, so thaty ~ 1l(py ~ 1.8 for
F = o0, giving xy ~ 5), y. is independent of the actual value @f, instead varying only
with the mesh sizea p. Halving the mesh size on the free surface and the vertical wall results
in a slightly improved estimate for the cusp height, but it still rounds364. However due to
the matrix system that must be solved repeatedly in the numerical method, halving the mesh
size is much more computationally intensive.

In Figure 2 we graph three free surface profilesfoe 0. Shown are the profiles obtained
for the limiting Froude numberg = 1 andF = oo and for the intermediate valugs= 1.5,
andF = 2. A list of cusp heights versus Froude number is given in Table 1.

We now turn our attention back to the problem of the extended sink, whege0. As
for the L = 0 case, solutions are only found to exist for supercritical flBwzz 1. Three
free-surface profiles are shown in Figure 3 for= 0.5andF = 1, F = 1.5, F = 2 and
F = oo. In all three cases, the cusp height, where the free surface attaches smoothly to the
wall, can seem to be much lower than the= 0 case in Figure 2. This can also be seen in an
examination of Table 1, which lists cusp height versus Froude numbér$o0 andL = 0.5,
as well asL = 0-2 andL = 0-7. Furthermore, most of the variation in these profiles can be
seen to occur betweeh = 1 and F= 2 for both theL = 0 and L= 0.5 cases. This fact has
been observed previously by Wen and Ingham [21] and Hocking [18].

For a given Froude number, as we increase the sink widtte cusp height. decreases
until it finally drops to touch the sink at = 0 whereL = L. This is, however, exactly the
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Figure 4. A plot of cusp heighty. vs sink width L Figure 5. (a) A sketch of the physicalplane and (b)

for the Froude number8 = 1, F = 1.5, F = 2, and the z-plane mapped to the upper halplane.
F = oo. The markers indicate the actual computed

values. The cross &0, 0-3639 represents the value

for the exact solution.

limiting configuration found in Koerber and Forbes [22], for which the critical sink width for
vertical entry is given by

F
VFZ12

ForF =1, L°"(1) ~ 0-57735 and in the limit a§ — oo, L™ (c0) = 1.

In Figure 4, four plots ofy. versusL are shown, foF = 1, F = 1.5, F = 2, andF = oo.
The computed cusp height &t = L doesn’t quite reach zero in any of these plots. This
is not surprising since the formulation explicitly builds in the presence of the vertical wall. A
comparison between the solutions presented here, and those calculated in Koerber and Forbes
[22] for the limiting cases that = L™, show excellent agreement.

If L is increased beyond®™, no cusp solutions are found. Instead, we except the solutions
of Koerber and Forbes [22] to be obtained in these parameter regions, in which the free
surface is drawn down directly into the sink. Physically the process of increasingplves
decreasing/ in proportion, a3/ = F/L. So if the uniform outflow profile were being created
by some kind of mesh or mat over an outflow pump, then a constant outflow volume would
have to be maintained.

Alternatively, let us imagine a flow into a sink of fixed width with some large Froude
number and corresponding outflow velocity. As we decreasa mimimum Fy,i, will be
reached at which the cusp height has decreased to zero and after which no solutions of this
type can be found, as described above. From Equation (15) weHave= 1 up untilL =
L°(1) ~ 0-577 and therF,i, — oo asL — 1. This s very similar to the behaviour shown in
Hocking [18] for flow into (from) a vertical slot, where a plot of the minimum Froude number
for which solutions exist against the slot width shafyg, = 1 up to a slot width of about-8
and thenFy,i, — oo as the slot width tends to one.

LCfit(F) — (15)
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5. Summary and conclusions

Solutions have been obtained for all extended sink widths 1, unity being the case when
the sink width is the same as the far-stream depthZFgr0-577 solutions exist for all values

of the Froude numbeF > 1. For sink widths greater than this critical value, solutions only
exist down to a minimum Froude number greater than one, this minimum tending to infinity
asL approaches unity. This behaviour is very similar to that found by Hocking [18] for flow
into a vertical slot. No subcritical solutions were found.

For sink widths greater than unity, steady solutions of the type obtained by Koerber and
Forbes [22] are expected to occur. In these solutions, the free surface is drawn right down into
the sink. This conclusion is supported by the fact that our solutions in the present paper fail at
precisely the values of the drain width (or Froude number) at which the Koerber and Forbes
[22] solutions commence.

In the limit that the sink width tends to zero, the solutions for a line sink found by previous
authors (Hocking [12], Vanden-Broeck and Keller [13], King and Bloor [15]) are recovered,
and a table of cusp height versus Froude number is provided for reference. Furthermore, the
solutions computed here have been compared directly against those of King and Bloor [15]
and Koerber and Forbes [22], for the appropriate limiting configurations, and have been shown
to be very accurate.

The technique employed in this paper to find solutions for a uniform outflow velocity
profile across the extended sink could be used to find solutions for any vertical outflow velocity
profile V (x). Previous experience in the drawn-down case however (Koerber and Forbes [22]),
indicates that such solutions would be qualitatively similar to the ones presented here.

It remains unclear what happens in the subcritical case, with Froude numbers less than one.
It may be that stagnation point solutions occur, or that only time dependent solutions exist.

Appendix: The rigid-lid solution

Here we solve for the complex potentiglz) that represents the solution for the flow into an
extended sink in a corner with a rigid lid. More specifically, we derive an expression for the
complex velocity

dg =pu—iv, (A1)

dz
whereu is the horizontal velocity component andhe vertical component for this flow.

In the physicak-plane, the flow region is bounded by the flat bottors O for x > L and
the extended sink in the corner forQx < L, by the vertical wallak = 0for0< y < 1
and by the rigid lidy = 1. Since there is no flow through the walls, and the vertical outflow
velocity for the extended sink isV, the boundary conditions are then

v=0 on y=1, (A2)
n=0 on x=0 (O<y<)D, (A3)
v=0 on y=0, x>1L, (A4)

v=-V on y=0 0<x<L. (A5)



358 A. J. Koerber and L. K. Forbes
By making use of the conformal mapping
¢ =coshrz) (AG)

we map the flow region in the-plane into the upper-haif-plane, as shown in Figure 5, where
¢ =& +inandr = cosir L). The entire boundary in the physical plane is now mapped to
the linen = 0 in theZ-plane.

Flow in thez-plane is then generated by a distribution of line sinks placed along the interval
& € [1, A] as follows;

A
s =— [ = logc ~ o) do. »7)
1
This distribution automatically satisfies the first three of the boundary conditions (A2—-A4),
since there will be no vertical component of velocity along the lne- 0 outside of the
interval [1, A]. We now seek to calculate the sink strength@) so that the final boundary
condition (A5) is satisfied.

We have
dg _ dgdt
dz  d¢ dz

and therefore obtain

A 2 _
w8 T :}/ mo)yeE—-1 (A8)
dé‘ 2 1 g—O’

Now using the extended sink boundary condition (A5) together with Equation (A8) we have

{ 1 /A m(o)/C2 — 1 da}
1

—V=Img%{=
{—o

n—0

After evaluating the imaginary part we make use of the substitution
§—o=nb

and then take the limit to yield the following expression for the sink strengths;

= A9
me) = —=— (A9)

Substituting (A9) back in Equation (A8) gives the following integral form fordt,

dg vV (*Je2—-1 1 4
= ———— 0.

dz T 1 Vo2 -1 —o0

The integration in Equation (A10) can carried out in closed form, giving

dg 2V [¢+1 [A—1
i arctanh( -1 A+l>' (All)

(A10)
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Finally, substituting in forz andA from Equation (A6), we obtain the solution

dg 2V b 4 L
T arctanb(coth <7> tanh(7>> . (A12)

We take the real and imaginary parts of the above Equation (A12) to get

1% (a + 1)% + b?
“__Elog((a—1)2+b2>’ (AL3)
V= v <arctan< b ) + arctan( b >> , (A14)
T a+1 l1—a

¢ sinh(z x)
a = ,
cosh(mx) — coqry)

_ —csin(y)
~ coshrx) — cogmy)’

L
= hf — ).
c tan(2>
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