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Abstract

Using a flow visualization technique and an LDA system, the growth mechanism of
interfacial wave packets is investigated at a small scale river mouth. Visual observation
shows that the growth of the packet is closely connected with the intermittent instability of
internal shear flow, and the intermittent results from the production of a localized high shear
induced by a concentrated large-scale vortex intermittently occurring in the principal flow.
These qualitative results are supported by the linear stability theory for a viscid two-layer
flow.

1. Introduction

In the late period of the last century, the stability problem in statically stable two layer
flow was treated by Helmholtz? and Kelvin? theoretically. Their results were investigated
by Thorpe® through the experiments of exchange flows. His experiments which used the
flow visualization technique show that the instability found theoretically by Helmholtz and
Kelvin causes the generation of the spiral vortices of which the centers coincide with the
interface. However, since the K-H flow model has an infinite velocity gradient at the
interface, he could not confirm the K-H criterion on the actual inviscid flow instability.
Instead, he found an agreement between his own experimental and theoretical results on
wave growth rate for real velocity profiles. At present, however, we extend the definition
of the K~H instability to the Thorpe’s spiral vortices, and often call them the K-H instability
or the K-H instability wave at a nonlinear stage.

Keulegan® examined experimentally the condition of an interfacial wave breaking when
fresh water flows over the arrested saline water in a one dimensional horizontal channel.
Without taking into consideration the flow instability, he introduced the dimensionless
parameter called the Keulegan number for classifying the interfacial phenomena. However
the interfacial wave he observed was different from the K-H instability in that it had an
antisymmetric breaking structure in which the breaking of the wave crest occurs only in the
principal flow layer. As a result of his experiments, it was predicted that there is another
growth mechanism of the interfacial wave in addition to the K-H instability.

The existence of mechanisms different from the Thorpe type K-H instability had
already been proved by Holmboe® before Thorpe’s experimental work. He investigated the
flow instability of inviscid two layer flows which had symmetric velocity and density profiles.

# Department of Engineering Science, Faculty of Engineering, Hokkaido University, Sapporo, Japan



128 Shizuo YOSHIDA 2

The instability wave through this mechanism is considered to be the resultant wave after the
composing of two waves of which the phase velocities are equal in magnitude but opposite
in direction. Therefore, the Keulegan type wave breaking observed in the principal flow
layer could not be predicted from his results. Hazel continued this work and went on to
investigate the relation between the dimensionless parameter, the Richardson number, and
their instability mechanisms. His numerical analysis was also hased on the theory for the
inviscid flow of symmetric velocity and density profiles. Therefore, it was impossible to
obtain the criterion of the wave generation dependent on the Reynolds number and to explain
the antisymmetric wave breaking only in the principal flow layer.

Yoshida™ carried out a series of experimental and theoretical investigations of the two
layer flow with an antisymmetric velocity and density profile. He found the interfacial
waves different from the Keulegan wave in an experiment of the selective withdrawal from
a two-layered fluids system. The breaking structure of this wave and the Keulegan wave
are symmetric with regard to the interface. The result suggests that the symmetric
Holmboe waves are isolated in an antisymmetric flow. His work was further extended to
the wave growth mechanism, and it was clarified that these waves are the interfacial
deformations due to the spiral vortices growing just above and beneath the interface. The
growing mechanism of the vortices has been investigated by subsequent authors experi-
mentally® as well as numerically.!V

In this paper, we show that the interfacial waves are generally observed as a wave
packet, and then clarify the reason for it experimentally as well as theoretically. As a large
scale vortex occurring in the principal flow layer plays an important part in explaining the
phenomenon, our investigection is extended to the fine structure of the principal flow.

2. Experimental aparatus and Procedures

An experiment was carried out using an hydraulic model of a two-layer flow system at
a rives mouth. In practice the saline-fresh water system was formed in the transparent
rectangular channel of which one side opened
into a wide reservoir as in Fig. 1. The test

section was made of transparent plate glass )

to facilitate visualization. Uranin (CyHio ooy ,

Na,0,) was mostly used as a dye material. —-1l[[! h\N ‘l : E E

The dye method worked better in the flow T

system having a nonhomogeneous electrical J

conductivity than in the hydrogen bubble T

technique. Using a black light together with L, | ToTREAM SR o

Uranin, visual observation was made quite w00 g
I N ; 1

successfully. ( \ e R
] INT [

!

Fig.1 Schematic drawing of test channel and
accessories.
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The velocity fluctuations were measured at
four vertical points with a multichannel LDA
shown in Fig. 2 so that a time evolution of velo-
city profile could be obtained. Whether the in-
ternal shear became high or not was judged from
the data obtained by this method.

The interfacial wave heights were measured

with an electrode probe. In order to obtain the
output signals linear to the wave heights, we
obtained an appropriate calibration curve. How-
ever, since we could obtain the essentjal data
from the direct output signals, the procedure of

the calibration was omitted.

Fig.2 Optical system for muitichannel LDA.
3. Experimental results

There are three typical types of interfacial waves which grow at the interface of a
miscible stratified flow system. These waves can be found independently in a model of a
two-layer flow system at a river mouth. The illustration in Fig. 3 shows the flow model and
the above three interfacial waves in schematic design. Figs. 4, 5, and 6 show the shapes of
these waves and a streak line just above or beneath the interface. The pictures were taken
by using a Uranin solution and a slit light beam. The streak lines near the interface indicate
that each wave make a packet shape and is accompanied by a spiral vortex which has its own
growing level to the interface. The spiral vortex which has a center just on the interface
corresponds to Thorpe’s spiral wave ; the author calls this vortex SVC. As the other two
vortices appear in the shear layer just above and beneath the interface respectively, the
author calls the former SVA (Fig. 5) and the latter SVB (Fig. 6). Each of these vortices has
an individual phase velocity. Therefore, the phase velocities of the interfacial waves are
equivalent to those of the vortices respectively. These waves appear in a restricted area as
shown in Fig. 3 ; SVA, SVB, and SVC are observed at the interface of the lower layer front,
the estuary near the mouth and the outlet offing, respectively. The Keulegan wave probably
corresponds to SV A judging by the shape. If this fact is true, the wave breaking investigated

RIVER MOUTH

VA,SVB
FRESH WATER ———» SVA SVA,

svC
P

THORPE TYPE

KEULEGAN TYPE WAVE CYCLOIDAL WAVE WAVE

Fig.3 Side view of the flow system and the interfacial phenomena.
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Fig.4 Thorpe type wave or SVC.

Fig.6 Cycloidal wave and SVB. Fig.7 Breaking stage of Keulegan type waves.

by Keulegan is based on an exceeding growth of SVA. In this case, the wave crest is
entrained in the vortex core of SVA as shown in Fig. 7. This breaking stage is much like
that of the Keulegan wave. It is also important to note the crest at this stage. The crest
of the waves in the photograph are inclined in the opposite direction to the propagating
direction of SVA. According to the water wave theory, the wave crest should incline toward
in to the propagating direction of the wave at its nonlinear stage. This means that it is
impossible to explain the phenomenon without considering the interaction between SVA and
the interfacial wave.

As stated above the interfacial waves in a two-layer flow system usually have the shape
of a wave packet. Through the visual observation, the qualitative growth mechanism of the
wave packet is clarified as follows. The laminar longitudinal vortices which have axes in
the direction of the mean flow generate as the flow velocity increases. Fig. 8 shows the cross
sectional streak lines of this vortices. The longitudinal vortices force the appearance of the
long-high speed zone and the long-low speed zone in the principal flow layer parallel with
their axes. The interfacial waves generate first at the interface beneath the high speed zone
(Fig. 9), and after that, their time evolution is also observed in the same zone. The longitudi-
nal vortices each begin to meander with the increase of the mean velocity. Finally, the
longitudinal vortex changes to the large scale vortex having a horizontal axis at almost right
angles to the principal flow direction. The latter vortex is probably generated through the
Rayleigh instability. Since the large scale vortex accelerates only the shear flow beneath it,
a local high shear zone moving with the vortex is created near the interface. Thus, the
preparation of the generation for the instability wave packet, i. e. SVA packet, has been
completed. Although the generation of SVB packet is related in the case of lower layer, the
qualitative mechanism resembles the SVA case. In order to conclude that the wave packets
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Fig.9 Interfacial wave packets restricted with in
narrow interfaces beneath the high speed
flows induced by longitudinal vortices.

mmy/ sec u at dist. 38.0mm

®)

Ny at dist. 23.0mm

u at dist. 15.5mm

Fig.8 Vertical and cross sectional flow pattern 1% Po PiP2 P3

of longitudinal vortex. (a) clockwise spiral i.d.~‘» ""”‘M‘Wl'l . st
pattern. (b) Counter clockwise spiral pat- . Lwe
tern. T ) 3 4 5

Fig.10 Oscillograms of horizontal velocities
measured by multichannel LDA and dis-
placement of interface.

grow owing to the shear instability, we further confirmed it quantitatively.

Fig. 10 shows the velocities measured at three vertical points in the principal flow layer.
The measuring position by LDA was set at a distance of 360 mm from the front edge of the
lower layer at a site downstream and the measuring volumes of LDA were located at a
distance of 15.5, 23, 38, and 50 mm from the flume bed. However, the data at 50 mm are
omitted because they overlap with the top data in Fig. 10. The Doppler signals measured at
these points were recorded on tape with the signals of the interface displacements which were
measured at a distance of 290 mm from the measuring position of LDA in the downstream
direction. The determined relation between a velocity fluctuation in the principal flow and
a generation of SVA was found through observation of the phenomena reproduced on a VTR.
It can be seen in Fig. 10 that the wave packet is generated about 10 seconds after the shear
above the interface reaches the highest value ; the approach of the data at 23 mm and that
of 38 mm shows the acceleration of the shear layer above the interface. The time difference
is reasonable if we take into consideration the following ; the distancebetween the measuring
position of the velocity and that of the interface displacement and the mean velocity of
principal flow. In Fig. 11, the time series of the transfigurement of the velocity profile from

1 2 18
0 1 2 3cmys 0 1 2 3amss 0 1 2 3cmys 0 1 2 3emys 01 2 3cmys 0 cm/s

Fig.11 Time series of the instantaneous velocity profile.
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the time at point P, to the time at point P; is
followed every 9 sec. The transfigurement of the

time line due to the large scale vortex is shown in
Fig. 12. The right end and the left end of the
pattern in Fig. 12 correspond in time to the points P,
and P, in Fig. 10. The increase of the shear just above the interface due to the vortex can
The stability of the shear layer can be examined by

Fig.12 Transfigurement of the time lines.

be seen in Fig. 12 as well as Fig. 11.
using these data and the linear stability theory.
4. Procedure of numerical analysis based on the stability theory

We approximate the actual velocity distribution to a o

*

hyperbolic tangent profile as shown in Fig. 13, i. e. U

U*=Vtanh Y*// (1)
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where [, V, y*, and U* are the characteristic length, the &
characteristic velocity, the vertical coordinate and the hori-

zontal velocity. The asterisk means the dimensional variable. ;
The amplitude, ¢, of nondimensional stream function for small !

perturbations in the two-layer flow satisfies the Orr-Som- :L/
merfeld equations

” 2 ” _ 1 v 2 g 4
(U—C)(¢1—a ¢1)_U ¢1— iaRe (¢[1 —2a ¢1+a ¢1) (2) =
(U=C)(¢5 —a’¢s) —U" o= 1R (@5 —2a® s +a* ¢2)(3) Fig.13 Model of velocity pro-
ki file and definition of
with the boundary condition the characteristic
values.
hr=d1=0 (y=+) (4)
p2=¢:=0 (y=—00) (5)
b =0 (y=0) (6)
v U _
g e e R U 7
o U e [ U, _
Ve 7{ U=y ¢ }¢1_¢2 { U=c) ¢ }4252 (y=0) (8)

iydpl'+ra{Re(U—C)—3ia}pi—yaR. U $r=i¢s +a{Re(U—C)—3ia}pr—aR. U’ ¢

R:R.
-0 %

where the primes denote the differential coefficient, U the horizontal velocity, ¢ the phase

(y=0) (9)

velocity, g the acceleraion of gravity, y the vertical coordinate, « the wave number, R,=[V/
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v, Ri=(1—y)gl/V, y=pi/p, v the kinematic viscosity of the lower layer or upper layer, p
the density and subscripts 1 and 2 indicate fresh water and saline water. The eigenvalue
equation for our flow system is then

|d(a, C, Re, R:)|=0 {10

By using the numerical solutions of the O-S equation and equation (10), we can obtain «, R.,
and R, values of growthable disturbances.

5. Discussion

Nishida and Yoshida obtained the neutral curves for several R, values through the
numerical integration following the Runge-Kutta-Gill procedure. One of their essential
results is described in Fig. 14 which shows the distribution of the amplitude and the stream
lines near the interface, which was not found in the Hazel’s numerical investigation. This
result indicates that the displacement of the stream lines has a maximum amplitude at the
critical level just above or beneath the interface. Thus, the possibility of SVA and SVB
growths is also confirmed by the linear a b
instability theory. However, we investi-

gated the qualitative agreement between 1oh
the results of the experiment and the the- ' .
ory in order to conclude the SVA and SVB ¢ & ] :
problem. Fig. 15 shows the initial stage s

wave numbers and the phase velocities of

SVA obtained through experimental and

0 =z 2% 3

the theoretical analysis. Since the initial
Fig.14 (a) distributions of wave displacement
stage wave number should be the most amplitude | 7| (= —¢//(U—C))— the

unstable, the agreement between the ob- amplitude for positive C (real part of C).

served and numerical values in Fig. 15 is stream lines of unstable flow only for

evident. The author has not yet finished positive C, case. i : interface.
Re=100 a =0.83 R =124 o =1,13
2.0 1.0 2.0 € 1.0
7 | LT S
R, 1.0 4 ¢, 0.5 = R, 1.0 - AN c,0.5
» | J3 / =
/ 4 ,/ 4
0 1.0 2.0 3.0 0 0.5 1.0 1.5 0 1.0 2.0 3.0 0 0.5 1.0 1.5
o Ri @ Ri
Re= 141 a= 1,31 R =225 a =1.39
2.0 1.0 2.0 it 1.0
1.0 A ¢, 0.5 R 1.0 LT 0.5
Ry ) T o // i 7 Q Cr |41
7
7 /7 L1
1] L 0 0 L] 0
1.0 2.0 3.0 0.5 1.0 1.5 1.0 2.0 3.0 0.5 1.0 1.5
a Ry « Ry
Fig.15 Experimental « and C, values at the initial stage of SVA growth.——: theoretical result

of neutral curve or C,.------ : the most unstable wave number. © : experimental value
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Fig.16 Time series of R,——: theoretical result. Fig.17 Velocity distribution and its model profile
------ : experimental result. near the lower layer front.
acr oCi oc
ol Joo acr ag {00
03 ocr 0.05 0.05

L 10 ) 0
JF ) 0} 2.0 30 ¢,
1.2 /05 1.0 "
-0.05 -03f 4-0.05
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Fig.18 Growth rate of SVA at initial stage. «C,:  Fig.19 Growth rate of SVB at initial stage. aC,:
phase velocity. «C; : growth rate. d : phase velocity. «C; : growth rate. d :
lower layer depth divided by /. lower layer depth divided by /.

examining the SVB property. However, we can at least conclude that SVA generates
through the internal shear instability.

The shear instability of the two-layer flow during the large scale vortex transit can be
examined in the same way. If the shear instability can be ascertained only in the time
interval during which the interfacial wave packet generates, the purpose of this research will
be achieved. The broken line in Fig. 16 shows the time series of R; obtained by using the
velocity profiles for the time between P, and P with in Fig. 10. In the figure, the solid line
is the critical R; which is calculated using the tanh profiles fitting in well with the actual
velocity near the interface. The result shows that the experimental data corresponding to
P, P, intervals in Fig. 10 are lower than the numerical values. These results are sufficient
to conclude that the interfacial wave packet is due to SVA growth, and the latter generates
through the shear instability.

Lastly, we indicate that SVB does not occur at the interface near the lower layer front.
A velocity distribution near the front is described in Fig. 17 with a model profile. The model
profile is a tanh curve having an inflection point coinciding with the density interface.
Therefore, the model profile is essentially antisymmetric. For this profile, numerical
growth rates are given by the solid lines in Figs. 18 and 19. From these figures, we can see
the critical depth for SVA and SVB growth. The result shows that the small depth of the
lower layer forces the lower layer flow tends to stabilize ; as a result, SVA occurs individua-
lly at the interface near the front.
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6. Conclusions

The growing process of the interfacial wave packet is summarized in the following four
stages :
1) Occurrence of longitudinal vortices in internal shear layer.
2) The large scale vortex growth, out of the longitudinal vortices.
3) Generation of the coherent vortices, SVA and SVB, beneath the large scale vortex.
4) The growth of the interfacial wave packet due to the coherent vortices.

In this process, the growth mechanism of SVA packet at the interface near the lower
layer front is clarified with the numerical analysis based on the linear stability theory.
Individual occurrence of SVA near the front is caused by the stabilization of the flow in the
small depth lower layers.
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