ﬁl‘ Journal of Engineering Mathematic38: 91-100, 2000.
i~ © 2000KIluwer Academic Publishers. Printed in the Netherlands.

Withdrawal from a fluid of finite depth through a line sink,
including surface-tension effects

G. C. HOCKING and L. K. FORBES

IMathematics and Statistics, DSE, Murdoch University, Murdoch, 6150, Australia;
e-mail: hocking@prodigal.murdoch.edu.au

2Department of Mathematics, University of Queensland, St. Lucia, 4072, Australia

Received 23 June 1998; accepted in revised form 23 June 1999

Abstract. The steady withdrawal of an inviscid fluid of finite depth into a line sink is considered for the case

in which surface tension is acting on the free surface. The problem is solved numerically by use of a boundary-
integral-equation method. It is shown that the flow depends on the Froude anﬁbefm(gHg)*l/z, and the
nondimensional sink depth = Hg/Hpg, wherem is the sink strengthg the acceleration of gravityp is the

total depth upstreant{y is the height of the sink, and on the surface tensforSolutions are obtained in which

the free surface has a stagnation point above the sink, and it is found that these exist for almost all Froude numbers
less than unity. A train of steady waves is found on the free surface for very small values of the surface tension,
while for larger values of surface tension the waves disappear, leaving a waveless free surface. It the sink is a
long way off the bottom, the solutions break down at a Froude number which appears to be bounded by a region
containing solutions with a cusp in the surface. For certain values of the parameters, two solutions can be obtained.
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1. Preliminary discussion

There are a number of problems involving withdrawal of water from lakes or reservoirs, either
from single layers or from one of several layers of different density which impinge on such
questions as water quality and reservoir management [1]. It has long been known that when
water is withdrawn from a basin containing several layers of different density, the water flows
from the layer adjacent to the outlet until some critical flow rate is exceeded, after which
water flows from both (or several) layers (se@.[2—7]). Experiments and semi-analytical
and numerical solutions of this problem have given different values for this critical withdrawal
flow rate, often with quite a large variation in values for the same geometric configuration.
This is true in the case of both two-dimensional withdrawal (slot or line sink), and in the case
of three-dimensional withdrawal (pipe or line sink). The reason for these discrepancies is still
unclear, despite a great deal of work.

The flow under consideration can be characterized by the Froude number

m
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Herem is the strength of the line sink.¢. the flux in the far field),¢ is gravity, H is the
distance between the bottom of the fluid and the stagnation level of the free surface in the

Fsp =
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Figure 1. The two main free-surface shapes for flow into a line sink from a layer of finite depth.

absence of surface tension. The average upstream depth is givén ByH (1 — y), so that
the usual depth-based free-stream Froude number is

Fsp

Fp=——"s.
A

The Froude numbeF; determines whether or not there can be waves on the free surface. The
linear theory of water waves shows thatFif < 1, then waves can occur on the free surface

of a running stream, while i’ > 1, waves are not possible. Flows wiflz < land i > 1

are called subcritical and supercritical, respectively, for this reason. This distinction is based
on linear theory. The terms subcritical and supercritical are also commonly used in nonlinear
theory, although nonlinear waves are possible, not onlyfok 1, but also for 1< Fz < 1.3

(the value 13 corresponds to the highest solitary wave).

Solutions of the steady flow with a cusp on the interface or free surface [2,8-12] (see
‘Cusp solution’ in Figure 1) have long been thought to correspond to the critical drawdown
value; if the flow rate was increased, the water above the interface would begin to flow out.
Tuck and Vanden-Broeck [11] obtained numerically such a ‘cusp solution’ for a line sink
in water of infinite depthi(e. H — o0). They found a unique solution, & = 12622,
whereF?z = mz/ng is a Froude number based on the sink depth, Hocking [13] recently
provided strong evidence that this solution is the critical value for this case of ‘infinite’ depth.
As the flow rate was decreased, the solutions obtained approached the single-layer solutions
of Tuck and Vanden-Broeck [11]. In addition to these papers Hocking [8] computed solutions,
similar to those of Tuck and Vanden-Broeck [11], but in which there was a boundary beneath
the sink sloping away without bound. These solutions again occurred at a unique Froude
number for each angle. The result, when the angle of the wall’igi@@nward, matches an
exact solution first obtained by Sautreaux [10], and subsequently by Craya [2].

However, for two-dimensional withdrawal, when the fluid is of finite depth, there is arange

of flow rates over which the cusp solutions exist for identical geometry, and even the smallest
of these flow rates is much larger than the critical drawdown values observed experimentally,
e.g.[3, 5]. In addition, there are two branches of solution with a cusp, only one of which exists
for values of Fy < 1. This subcritical branch, obtained by Vanden-Broeck and Keller [12],
provides a unique solution for a given geometry providgd< 1, but only occurs when the
line sink is a long distance above the bottara, greater tharms 60% of the total fluid height.
This branch has the solution of Tuck and Vanden-Broeck [11] as a limiting case as the fluid
depth increases and is therefore a likely candidate for the critical flow. Vanden-Broeck [14]
and Hocking and Vanden-Broeck [15] examined this branch carefully and found that solutions
with waves can be obtained over a narrow range either side of the waveless solutions.

‘Stagnation point’ solutions (see Figure 1), in which the free surface rises up to a stagnation
point above the sink, were first obtained by Peregrine [16] and Hocking and Forbes [17].
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Forbes and Hocking [18] found stagnation-point solutions that include the effects of surface
tension. They were able to demonstrate some non-uniqueness in the solution domain. Further
stagnation-point solutions, but in fluid of finite depth, were obtained by Mekias and Vanden-
Broeck [19, 20] and Vanden-Broeck [21]. These solutions were found to contain waves on
the surface right up td&’s = 1 in most cases. They also obtained stagnation-point solutions
without waves forFy > 1 up to a limiting value. Hocking and Forbes [22] also found solutions

in the rangeFp < 1, but were unable to obtain waves, and found their solutions limited at
aroundFp = 0-24.

The uncertainty surrounding the details of these withdrawal flows makes it necessary to
examine them in greater detail in order to obtain a clearer understanding of their behaviour,
with the ultimate goal of understanding the process of critical drawdown. In this paper we will
concentrate on the subcriticat’s < 1) solutions which contain a stagnation point on the free
surface and which are influenced by the effects of surface tension. The regions in parameter
space in which such solutions exist will be mapped and related to the other known solutions.
The results provide an interesting insight into the nature of these withdrawal problems. No
attempt will be made to look at the full unsteady problem, which has been considered recently
by other researchers [23, 24].

In Section 2 of this paper we will formulate the problem as a nonlinear, singular integral
equation. In Section 3 we briefly examine the behaviour near to the stagnation point and
Section 4 describes the method of numerical solution. The results are described and discussed
in Sections 5 and 6.

2. Problem formulation

The steady, irrotational motion of an inviscid, incompressible fluid due to a submerged sink
is to be examined. The flow is assumed to be two-dimensional and gravity is acting vertically
downwards (see Figure 1), Surface tension is assumed to be acting on the free surface, We
concentrate in this paper on subcritical flows for which waves can be present on the free
surface, and for which the free surface is horizontal directly above the Hink.defined to
be the height of the stagnation level of the free surface, Hpd= H (1 — y) is the depth
upstream in the fluid. If waves are present, this is taken to be the average depth. The average
velocity U in the far field is then defined by = m/H. We choose Cartesian coordinates so
that the bottom is af = —H, and the sink isat = 0,y = —H + Hys. The stagnation point
isatx = 0, y = 0 provided the surface tension is zero, but if the surface tension is not zero,
the level of the free surface at the stagnation point may drop belen0. In the formulation
given here we will use the symmetry of the flow about 0, and solve for only the left-hand
half of the flow.

Letz = x +iy be the physical plane (see Figure 2(a)). The mathematical problem is to find
a complex potentiab = ¢ (x, y) +ivy (x, y),which is analytic in the flow domain and satisfies
the conditions of no flow across the solid boundaries. Without loss of generality, we choose
¥ = 0 on the free surface arid= 0 at the stagnation point above the sink. The surface of the
water must also be at constant pressure, a condition provided by Bernoulli’s equation, which,
if we nondimensionalise with respect to the velodity= m/H and the deptlH, takes the
form

i
77+%F2 2 Bn

spd — (l+ n,2)3/2 =0, (1)
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Figure 2. Mapped planes used in the problem formulation; (a) the physiqddne, (b) the complex velocity
potentialw-plane, and (c) the upper-halfplane.

wherey = n(x) is the equation for the elevation of the free surfagés the fluid velocity,
andFsp is the Froude number defined above. The final term on the left side represents surface
tension, where8 = T/(pg H?) is a nondimensional surface-tension parametebgifg the
dimensional value of the surface tension). Note that the upstream depth of the {llid js)

and the upstream velocity i@ — y), so that the dimensionless flux is one. The relative
height of the sink to the upstream depthiis= Hg/Hg = Hg/(H(1— y)).

Since the only term involving the velocity is squared, the equations are independent of the
direction of the flow and therefore solutions are equally valid for a flow into (sink) or out
(source) of the slot. However, we will discuss the flow as if it were into a sink.

To derive an integral equation for this problem we follow a procedure similar to that used
in Hocking [9]. The transformation

e =¢ )

maps the infinite strip betweefi = —1 andy» = 0 in thew-plane to the upper-half of the
¢-plane as shown in Figure 2(b). The point= 0 corresponds to the location of the sink, so
that the free surfac€ lies along the reaf-axis where; > 1. The line betweeg = 0 and
¢ = 1 corresponds to the vertical wall above the sink, or to the line of symmetry of the flow if
both sides are being considered.

The points between = 0 and ¢= ¢ correspond to the vertical wall beneath the sir,
the line of symmetry of the flow, angd < ¢ to the bottom of the channel, which goes away
horizontally tox = —oo. The flow domain is the upper hajfplane (see Figure 2(c)). The
case in which;z = 0 corresponds to the case of a line source or sink on the bottom of the
channel.

We define a new functio® (¢) = §(¢) + it(¢), related to the complex conjugate of the
velocity field by

w,(Z(é')) =u—iv= (ﬁ) e—iQ(C), (3)

where the prime denotes differentiation with respect,tandu andv are the horizontal and
vertical components of fluid velocity.

The magnitude of the velocity at any point is then givenby(z)| = €% /(1 — y), and
the angle any streamline makes with the horizontal(i. Since the total flux is one, and
the upstream fluid depth approachés- y), t — 0 as|¢| — oo, i.e. the upstream velocity
approaches /A1 — y).
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On the solid boundaries of the flow domain, the flow must follow the walls, so we choose
3(¢) to be the angle of the wall to the horizontal, that is

0 if —o0o<¢ <p,
/2 if ¢g <¢ <0,
—1/2 if 0 <¢ <1,
unknown if 1< ¢ < oo.

8(0) = (4)

Note thats is unknown on 1< ¢ < oo because this is the free surface.

Following the procedure presented in [9], we can apply Cauchy’s integral formétp
on a path consisting of the reataxis, a semi-circle of radiug| — oo in the upper-half
plane, and a circle of vanishing radius about the poirSubstituting the known values 6f
and taking the imaginary part, we obtain

R () _1][@ 5(20)
r(C)—ZIn[—gz ] e

The equation for constant pressure on the free surface, which we can obtain by combining
Equations (1), (2) and (3)ond ¢ < xis

dgo. (5)

(6)

(l B ]/) /;- e—‘L’(Co) Sin8(§0) 1 -2 ezr(g) ﬂné‘ eT(f) ds
1 1p &b,
n() + - ) % dso+ 35 SP(l—y)2+ 1, a 0

Using (5) and (6) on the free surface, we get a singular nonlinear integral equatiyg ¥an
1 < ¢ < o00. Usings andz, we can integrate (3) to obtain the location of points on the free
surface. These may be written as

_ ¢ a—7(%0)
x(¢) = _a y)/ © 0053 (¢0) deo, (7a)
b 1 o
and
1— ¢ @) ging
1) = () - TV / ¢ TS0y, (7b)
b 1 o

Note that, if there is no surface tensigh = 0), thenn(1) = 0, but if 8 # 0, then Equation
(1) gives that

Bn" (L

= @ P v

n(d)

3. Behaviour near the stagnation point

An interesting aside is that fdfs» = 0, Equation (1) provides an exact solution, for any value
of B, of the formn(s) = —BY2singye~#* whered, is the angle of the free surface at the
stagnation point, angis the arclength along the free surface. In this situation, with zero flow
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velocity, these solutions represent a meniscus at the attachment point, and they can have any
angle,fy. This leads us to question whether this is possible if the flow rate is not zero. Tuck
and Vanden Broeck [11] showed thatdf= 0O the free surface must be perpendicular to the
wall at the attachment point.

In the variables defined above, we can differentiate Equation (6) with respgogitong

A-y)erPsins©) | F et @)

T (1-y)?
7 ($)
PTE ) + 680 + e 8 @)1 = . ©)
d-y)
Multiplying by € ¢ /(1 — y) gives
_ , e
sind(¢) + nFSPg(l——y)?’t ()
2
+6¢ (17_T—V> O Q) +¢8"(6) +¢7'(©)8'(§)] =0. (10)

Noting that if¢ — 1, and if the angle at the stagnation poingjswe have
T(§) = (¢ = HYEsIT
and

%—F(Ss/?‘[
C-1°

so that in the limitag — 17,

() —

7 Fép
(1—-y)3

Br?
(1-y)?

This equation only has finite solutionsd§ > 0, and, ifés > 0, then all terms are zero, so
that we must have sty = 0. Thus, it seems that, even with surface tension in the equations,
the free surface must be perpendicular at the attachment point. Note that thg gase is

a singular limit in this formulation, because we can no longer use the mapping (3) in the same
way. That is why we do not recover the exact solution given above whgnr= 0.

sinds + (3 +8s/m)(¢ — 1) (L/2+38s/m)

+ [(8'(D) + 8" (D) — DIF/™ 4§/ (1)(5 + 8s/m)(¢ — VP!~ 0. (11)

4. Numerical solution

No closed-form solution is known for the full nonlinear system of equations given by (5) and
(6) (except for the casf = oo, B = 0, seee.q.[12], andF = 0 as described above), but it
can be solved quite well by means of collocation.

The numerical scheme is very similar to that of [15], and so we only briefly describe
it here. The behaviour of is like €, so we choose to make the transformation= ¢e*.
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Points were chosen at equally spaced values afup toa;, a truncation at sufficiently large

¢ = €. The integral equation consisting of (5) and (6) was evaluated at the mesh ¢ggints
for j =2,3,..., N, giving N — 1 equations for the unknown valugs j =2,3,..., N and

the free-stream depth upstreamThe value o, is known to be zero, since the free surface

is assumed to be horizontal at the stagnation point. Thus, weMavéd. equations for thev
unknowns. We can ensure that the distance from the bottom to the stagnation point is correct
by using a variation on Equation 7(b),

_ 1 oa—7(%0) gj
_A-y) (e @singy) o

1-n1) =
nd) - s %

(12)

This is now a closed system &f equations forN unknowns and, given an initial guess, we

can solve this using a Newton—Raphson iteration scheme. However, in this formulation the
sink depth comes out of the solution as an output. This turns out to be important later, but on
some occasions it is desirable for us to be able to specify the sink depth, and we may do this
by including an extra equation similar to (12), but for the sink hight only, and makirtpe

extra unknown.

Care must be taken in evaluating the Cauchy Principal Value integral in Equation (5),
as described in [15]. A trapezoidal-rule integration scheme was found to be sufficient for all
calculations, and a step size of around = 0-05 was required for us to get solutions accurate
to two-to-three figure accuracy using around 400 points on the surface.

Given a reasonable starting guess doand y, this scheme converged rapidly, usually
taking only 4 or 5 iterations. The initial gue8¢;) = 0, y = 0 was good enough for most
situations, especially small values Bfp. Once a solution was obtained for a particular case,
it was used as a starting guess for other cases, for example for increasing values of the Fronde
number. We tested the method by comparing the solutions with those obtained by Mekias and
Vanden-Broeck [20] and Vanden-Broeck [21] with zero surface tension.

5. Results

Solutions were computed for a range of values of Froude number, surface tension and sink
height. Generally, the solutions were found to depend on all three parameters. In cases where
surface tension was small, the solutions included waves on the free surfdGevess in-
creased, very similar to those of Mekias and Vanden-Broeck [20]. However, as the surface
tension was increased, the waves decreased in amplitude and eventually disappeared com-
pletely, leaving a waveless free surface for larger values of surface tension. Figure 3 shows
two typical solutions with the same values Bf and A (sink height) for different values of
surface tension. The effect mentioned is clear in this case.

In almost all cases solutions were obtained up to a limiting depth-based Froude number
Fg. Table 1 shows the limiting value dfy for different sink heights fos = 0-1, typical
of the behaviour at all values ¢f. Figure 4 shows the limiting values of Froude number
for different sink heights at different values of the surface tension. In most cases this limit
was close to one, but it is clear that, whenthe sink height, is close to one, the limiting
value for all values of surface tension (including zero) drops dramatically to sit very close
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Table 1. Maximum computed Froude number

0
for varying sink depths witi$ = 0.1.
(R Fpmay  h=hs/hp
—0-005 0849 0056 o
—0-050 0849 0174
—0500 0849 0473
—4.000 0617 0609 o
—30-00 0246 0727
—6000 0075 0839 025 - - - -
Figure 3. Free-surface profiles for two cases with very
similar Froude numberg;p = 0-728,0-722, and sink
height,A = 0-2, but different values of surface tension
B = 0,02. Surface tension has caused the level of the
stagnation point to drop, and completely damped out
the waves.
0
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Figure 4. Limiting Froude numberd;p for different Figure 5. Free-surface shape near the limiting form

values of surface tensigh = 0-05,0-1, 0-2 and sink for sink heighth = 0-778, surface tensiog = 0.05
heighti. The dashed line is the waveless solutions of and Froude numbefp = 0-2064.
Vanden-Broeck and Keller [29].

to the curve depicting the cusp solutions of Vanden-Broeck and Keller [12]. Those solutions
which do contain waves appear to steepen very quickly close to the limiting value. As one
expects with nonlinear waves, the troughs get broader and the crests get narrower. The peaks
appear to sharpen, but one can only speculate that they form°acb®@er as they reach

a breaking-wave height. Those which approach the horizontal limits (the curve of Vanden-
Broeck and Keller [12]) depicted in Figure 4 do not appear to behave in this way. There is thus

a fundamental difference between the two kinds of solution. This highlights the importance of
the cusp solutions of Vanden-Broeck and Keller [12] when considering the critical drawdown
condition. The region in Figure 4 bounded approximatelyAay= 1 and this curve would

seem to be the only region in which stagnation point solutions of any kind can exist.
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Figure 6. Two solutions for identical Froude number, Figure 7. Plot of sink heigha against the mapping

Fp = 0-560, sink heightp = 0-654 and surface ten-  parameter p for three different values g8 = 0-05,

sion, 8 = 0-05, demonstrating the non-uniqueness. 0-1, 02 showing how the non-uniqueness shown in
Figure 6 arises. The Froude numberFig = 0-560
for all cases.

Figure 5 shows a solution obtained for a sink height.o& 0.778, surface tension of
B = 0-05 and Froude number @&z = 0-2064, in which the shape of the free surface appears
to be like a cusp solution, but is prevented from being so by surface tension (causing horizontal
attachment above the sink). The implications of this will be discussed later, but there is one
other aspect of the solutions which is worthy of consideration.

The mapping parameter;, which corresponds to the point on the bottom beneath the
sink, plays a significant role in determining the height of the sink. Increasing the magnitude
of ¢z generally moves the sink further off the bottom. However, it was found that increasing
the magnitude sometimes resulted in the sink height increasing to some maximum, and then
turning back and decreasing again while Froude number and surface tension remained con-
stant. This means that there is a non-uniqueness in the solutmnbat for the same Froude
number, surface tension and sink height there is more than one solution. Figure 6 shows a plot
of the two free surface shapes obtained for one such case, in Whieh0-56, A = 0.654 and
B = 0-05.

Figure 7 shows a plot of how this non-uniqueness arises, with the paratpeptotted
against sink height for three different values of surface tensigh~= 0.05, 01, 02. In all
cases the Froude numberfig = 0-56. This non-unigueness was noted before in the work
of Forbes and Hocking [18], and so should not be regarded as surprising, but does confirm its
existence when surface tension is present.

6. Concluding remarks

In this paper, we have used a boundary-integral-equation method to compute numerical solu-
tions to the problem of steady withdrawal from a layer of finite depth through a line sink in
which surface tension is acting on the free surface. It is shown that solutions appear to exist
over almost all of the parameter space with Froude number less than unity, except for values
close to one for some values of surface tension, and for a region which appears to be bounded
by the cusp solutions of Vanden-Broeck and Keller [12]. Figure 4 clearly shows these regions.
When this subcritical region is considered, it appears that all regions in which it is possible to
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get solutions have solutions of the stagnation-point type, except along a single limiting curve.
If the cusp solutions on this limiting curve do correspond to the critical drawdown values, then
it would not be possible to find single-layer flow solutions in the region above this curve and

below Fy = 1.
References
1. J.Imberger and P. F. Hamblin, Dynamics of lakes, reservoirs and cooling pamasRev. Fluid Mechl4
(1982) 153-187.
2. A Craya, Theoretical research on the flow of nonhomogeneous fliaddouille Blanche4 (1949) 44-55.
3. P. Gariel, Experimental research on the flow of nonhomogeneous flai¢touille Blanched (1949) 56—65.
4. D. G. Huber, Irrotational motion of two fluid strata towards a line sinEEngng. Mech. Div. ASC&b (1960)
71-86.
5. G. C. Hocking, Withdrawal from two-layer fluid through line sirk.Hydraulic Engng, ASCHE17 (1991)
800-805.
6. G. H. Jirka, Supercritical withdrawal from two-layered fluid systems — Part 1: Two-dimensional skimmer
wall. J. Hydraulic Res17 (1979) 43-51.
7. Q.-N. Zhou and W. P. Graebel, Axisymmetric draining of a cylindrical tank with a free suda€duid
Mech.221 (1990) 511-532.
8. G. C. Hocking, Cusp-like free-surface flows due to a submerged source or sink in the presence of a flat or
sloping bottom,J. Austr. Math. Soc. — Series25 (1985) 470-486.
9. G. C. Hocking, Critical withdrawal from a two-layer fluid through a line sidkEngng Math25 (1991)
1-11.
10. C. Sautreaux, Mouvement d’'un liquide parfait soumis a la pesanteur. Détermination des lignes deXourant.
Math. Pures Appl5 (1901) 125-159.
11. E. O. Tuck and J. M. Vanden-Broeck, A cusp-like free-surface flow due to a submerged source ar sink.
Austr. Math. Soc. — SeriesT5 (1984) 443-450.
12. J. M. Vanden-Broeck and J. B. Keller, Free surface flow due to a&if#uid Mech.175 (1987) 109-117.
13. G.C.Hocking, Supercritical withdrawal from a two-layer fluid through a line sinkluid Mech.297 (1995)
37-45.
14. J. M. Vanden-Broeck, Cusp flow due to a submerged source with a free surface partially covered by a lid.
Eur. J. Mech. B (Fluids}16 (1997) 249-255.
15. G.C. Hocking and J. M. Vanden-Broeck, Withdrawal of a fluid of finite depth through a line sink with a cusp
in the free surfaceComp. Fluid27 (1998) 797-806.
16. D. H. PeregrineA Line Beneath a Free Surfac®niversity of Wisconsin: Mathematics Research Center
Technical Summary Report 1248 (1972).
17. G. C. Hocking and L. K. Forbes, A note on the flow induced by a line sink beneath a free siirfacstr.
Math. Soc. — Series 8 (1991) 251-260.
18. L.K. Forbesand G. C. Hocking, Flow induced by a line sink in a quiescent fluid with surface-tension effects.
J. Austr. Math. Soc. — Series3 (1993) 377-391.
19. H. Mekias and J. M. Vanden-Broeck, Supercritical free-surface flow with a stagnation point due to a
submerged sourc@hys. Fluids Al (1989) 1694-1697.
20. H. Mekias and J. M. Vanden-Broeck, Subcritical flow with a stagnation point due to a source beneath a free
surfacePhys. Fluids A3 (1991) 2652—-2658.
21. J. M. Vanden-Broeck, Waves generated by a source below a free surface in water of finitd.depgmg
Math. 30 (1996) 603—-609.
22. G. C. Hocking and L. K. Forbes, Subcritical free-surface flow caused by a line source in a fluid of finite
depth.J. Engng. Math26 (1992) 455-466.
23. T.Miloh and P. A. Tyvand, Nonlinear transient free-surface flow and dip formation due to a poirRIsjrsk.
Fluids A5 (1993) 1368-1375.
24. T.J. Singler and J. F. Geer, A hybrid perturbation — Galerkin solution to a problem in selective withdrawal.

Phys. Fluids A6 (1993) 1156—1166.



