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SYNOPSIS

The characteristics of mean velocity profiles, velocity fluctuations and
interfacial fluctuations in two-layered flows have been investigated using two
components of velocity and interfacial displacements measured simultaneously.
Experimental results are expressed consistently in non-dimensional forms composed
of the interfacial physical quantities. Interfacial fluctuations consist of a
long periods (L.P. wave) and short periods (S.P. wave), and induce a pair of
vortical flows of the cat's eye pattern corresponding to the L.P. and S.P. waves.
Based on the vertical profiles of the intensities of fluctuating velocities, it is
made clear that the velocity fluctuations close to the interface are induced main-
ly by wave motion and vortical organized motion. The mean velocity profiles in the
lower layer are analized by introducing an effective viscosity. The coefficient
of interfacial friction is predictable as a function of the Iwasaki number.

INTRODUCTION

It is important in hydraulic engineering to estimate the shear stress acting
on an interface of two-layered density currents and the velocity of entrainment.
They depend closely on the characteristics of turbulent shear flows and inter-
facial fluctuations. Many experimental investigations (1, &4, 14, 16, 19) on the
behavior of the interfacial fluctuations have been carried out in upper-layer
flows. 1It.has been widely recognized that they have two kinds of predominant
waves. One wave propagates faster in the down-stream direction than fluid parti-
cles at the interface, and has a wave profile with a steep crest and a flat trough.
The other has a flat crest and a steep trough and its phase velocity is slower
than the interfacial fluid velocity. The former has a higher frequency than the
latter. One (16, 18) of the authors has called them 'short period wave' and 'long
period wave'., Andow, Hanawa and Toba (1) has called them 'positive wave' and
'negative wave', and observed vortical flows of the cat's eye pattern induced
above the positive wave and below the negative wave by means of flow visualization.
Recently, Nishida and Yoshida (15) have shown that two kinds of unstable waves
form based on the stability analysis of shear flow with a hyperbolic velocity
distribution. )

As to the characteristics of flow and turbulence in upper-layer flow, Tsubaki,
Komatsu and Shimoda (18) have made a series of experiments in connection with
interfacial waves. Hino, Nguyen and Nakamura (5) have studied the microstructure
of flow field visualized with hydrogen-bubbles. Hino and Nguyen (6) have obtained
a vertical distribution of mean velocity using the Monin-Obukhov similarity analy-
sis for a diabatic atmospheric boundary layer, and have estimated theoretically
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the interfacial friction coefficient.

On the other hand, only a few experimental studies on lower-layer flow have
been made; e.g. Lofquist's study (13) on mean flow and recent studies by Kato et
al. (9,10) on turbulence and entrainment. Introducing an effective viscosity
instead of the kinematic viscosity, Csanady (2) examined in detail the character-
istics of velocity profile non-dimensionalized by the interfacial shear velocity.

Although a lot of information on the upper-layer flow has been obtained as
mentioned above, scarce are experimental investigations carried out for the
purpose of estimating characteristic quantities related to mean velocity profiles
and fluctuations of velocity and interface on the basis of local, leading param-—
eters.

Hydraulic Conditions
Effective buoyancy €9
Kinematic viscosity v
Water depth of upper layer hy
Flow discharge [a2}

Interfacial Shear Velocity U,

[ k=%
Interfacial Characteristic Coefficient of
Quantities Interfacial
Velocity gradient dU/dyly=o¢ Resistance
Density gradient df/dyly-q fi

[ Ri ]

[Mean Velocity Distribution U(y) b
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Fig. 1 Main process of characteristic quantities forming
in two-layered flow field.

Fig. 1 shows main process of the characteristic quantities forming in two-
layer flow. The process, in which complicate interactions between the quantities
are not considered, is explained as follows. First, the interfacial shear velocity
U, is determined uniquely after the hydraulic conditions are given, and the inter-
facial Keulegan parameter K (= U3/egv) is introduced as an important non-dimensional
parameter. Second, the veloc1ty and density gradients at the interface are deter-
mined by the hydraulic conditions and U,. As another non-dimensional parameter,
the interfacial Richardson number Ri is derlved. Third, a vertical profile of the
mean velocity close to the interface is established on the basis of the gradients,
and velocity and interfacial fluctuations are generated in equilibrium with the
flow field. Fourth and last, the entrainment velocity which is dominated directly
by the fluctuations is determined. The coefficient fi of interfacial friction is
obtained from the mean velocity profile and U,.

The main purposes of this paper are (i) to estimate the characteristic quan-
tities universally and consistently by using either K or Ri as an interfacial
parameter through experiments on upper-layer flow, (ii) to understand the inter-—
action between the velocity and interfacial fluctuations, and (iii) to present a
simulation model on the interfacial friction coefficient. Experimental results
will be discussed along with the process shown in Fig. 1.
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EXPERIMENTAL METHODS

Experiments were carried out by using a flume illustrated in Fig. 2. The
flume was 6.0 m long, 0.3 m deep and 0.26 m wide, and had a horizontal bottom and
transparent, acrylic side walls. Fresh water was used as a working fluid of upper
layer and salt water as that of lower layer. The fluids were supplied into the
flume from constant head tanks. Especially, the salt water was oozed uniformly
along the flume through a porous pipe equipped on the bottom. A rigid guiding
plate with 1 m length was attached horizontally at the upstream end of the flume
and at 0.15 m elevation from the bottom in order to avoid undesirable strong mixing
between the fluids. On the other hand, the following devices were considered at
the downstream end. The fresh water was overflowed to keep a water level constant.
In order to avoid the reflection of interfacial waves and the development of a
layer with intermediate density, the fluid in the neighborhood of an interface was
drained at the downstream end through an outlet so that the flow field in the test
section was not disturbed.

from headtank |
test section. 4.0m

l ] fresh water

®]. ".a. PRI NS e ST Cer '.'.' .1
@ Rectifiers

® Guiding plate
@ Outlet

Fig. 2 Experimental flume,

Two-layered density currents were set up by letting a constant volume of the
fresh water flow on the salt water stored previously in the flume. The discharge
of the salt water was controlled so that the position of the interface was coin-
cided with that of the guiding plate at the upstream end and the mean depth h: and
density p, of the lower layer were kept constant, Tap water was also supplied in
a fresh water tank to avoid the increase of density p, of the upper layer. The
mean flow field was made steady by such adjustments.

Two components of fluid velocity, salinity concentration of the fluids and
interfacial displacements were measured simultaneously by using a V-shaped hot-film
velocity probe, a four-pole electric conductivity probe and two resistance-type
wave gauges, respectively. The velocity probe was attached to the lower end of a
point gauge movable along a vertical line. The conductivity probe was fixed to the
velocity probe at a horizontal interval of 0.5 cm to measure at the almost same
position. The wave gauges were placed at a 1.0 cm interval to obtain phase veloci-
ties of the interfacial fluctuations. The phase velocities were calculated by
using phase lags between interfacial displacements measured at the two points: the
phase lags were estimated from co- and quadrature-spectra of the displacements.

The three sensors, i.e. the wave gauge in the upstream side and the probes of ve-
locity and conductivity, were set in a plane perpendicular to the flow direction.
Signals obtained at each measuring point were recorded for four minutes on a data
recorder. The signals were digitized; the sampling time and the number of the sam-
pling were 1/18.75 sec and 4096, respectively. The density of the fluids were
calculated from the salinity concentration. :

A procedure of measurement was as follows. After the flow field became steady,
the mean level of the interface was measured at 0.25 m intervals in the downstream
direction from the edge of the guiding plate, and the slope of the interface from
the horizontal was obtained. The interface was defined as a position where the
mean density was ( p, + p,)/2, and its mean level was determined by monitoring time
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series of the salinity concentration Table 1 Ranges of hydraulic
close to the irterface in a pen-recorder. conditions and overall
The probes and gauges were set at the parameters.

middle of a region where the slope was

uniform, i.e. about 2.75 m downstream of Symbol Range

the edge of the guiding plate.

Vertical profiles of the fluid velocity € x10° 3.0 ~ 22.7

and density were obtained by moving the
point gauge while the wave gauges remained
at the interface. hi (cm) 5.90 ~ 10.00
Twenty-three runs were tested out by
varying the non-dimensional density effect

D x10° (cns)| 0.883 ~ 1.28

Um (cm/s) 1.05 ~ 7.38

e defined by (p, ~p,)/p,, the kinematic Fr = Um//€ght | 0.152 ~ 0.651
i i t ki fluids, th
viscosity v of the working fluids, e Re = Ummi/D 640 ~ 2940

depth h, of the upper layer and the veloc-
ity Um averaged over a cross section of the w
upper layer. The ranges of the hydraulic
conditions and overall non-dimensional
parameters are summarized in Table 1, where Fr =Um//egh, = internal Froude number;
Re = Umh,/v =Reynolds number; and ¥ =Um/egv = Iwasaki number (6).

]

Un/€gD 14.8 ~ 2090

MEAN FLOW PROPERTIES
Definition of Profiles of Mean Velocity and Density

A schematic diagram of vertical profiles of the mean velocity U(y) and density
p(y) in an upper-layer flow is shown in Fig. 3. The coordinate axis x is taken
downstream, and y vertically upward from the mean level of the interface. 1In the
figure, the mean flow field is subdivided into five regions on the basis of the
flow properties and notations of characteristic quantities are described. The
depth of the upper layer is represented by h, and that of the lower layer by h,.
The distances h} and h} denote those from the interface to the position where u(y)
begins to become a uniform velocity U, and to the first position of U(y) =0, re-
spectively. The distances A, and 4, will be determined later on the basis of non-
dimensional vertical profiles of the mean velocity and the intensities of fluctuat-
ing velocities. The mean velocity at the interface is indicated by Ui. Length
scales én and 8, are defined as the equations

Sm =Um/("g’g‘)

y=0 il
U =
dp @
Gp = (pz -0y )/I'a';;_;y:o Un 1 &
) h‘y Uty! '
@ v | ar
where (dU/dy) , (dp/dy) = Ay hi *““‘]
y=0 }7:0 Ui “TA N interfac
gradients of the mean velocity i —“W/A'é}»v | e
) . 0 X @ 0 » X
and density at the interface. Ao , bz
. . N h2 - 7 Se
Region (1) in the range - @
of hi <y<h, is called 'yni- he ®
form flow layer'. Region (2) 2

is the range of 4, <y <hj] and
is called 'turbulent shear
layer' where the buoyancy
effect seems to be negligible
and the velocity fluctuations
induced by shear flow are dom-—

inant. Region @ is the range (3) Interfacial layer,
of ~4, <y <A, and is called (4) Quasi-viscous layer,

"interfacial layer'. In this
t f1l .
region, the buoyancy effect & Return ow layer

ST T T I T

Fig. 3 Definition of characteristic quantities
related to mean velocity and density.
(1) Uniform flow layer,
(2) Turbulent shear layer,
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becomes important and the velocity fluctuations are induced by wave motion and
vortical organized motion such as flow of the cat's eye pattern. Region , in
which the effect of fluid viscosity is important though there is some influence of
the vortical motion, is the range of ~h} <y <-A, and is called 'quasi-viscous
layer'. Region (® is the range of y <-h} and is called 'return flow layer'.

Interfacial Shear Velocity and Effective Viscosity

1t was tried to evaluate the interfacial shear velocity U, using the equation

U*,= /—uv+‘vd iy_

where -p,dV = Reynolds stress. However, the accurate evaluation was difficult
since the values of -UV scattered near the interface owing to the interfacial
fluctuations. In this paper, therefore, U, is estimated from the equation

. dh h-h T, h,(h-h,)
U, = /-egh, S23(1-Fr2)—= 21 2 8 i 2=
* J/ €9 gy ( ) h 2 N Bh (0

which is derived from a non-uniform flow model of two-layered density currents;
h=total water depth; B=width of the flume; and T, =shear stress acting on a side
wall. The shear stress Ty is given by

T 2
“ _ 0.055 (-mB MnB )~1/A Um
<Y 2

if the Blasius law of resistance is adopted.

Csanady introduced an
effective viscosity v, defined
by Ui/(-%g~ =0 and showed 10
that ve/v for lower-layer
flow is expressed by 7.3 K
using Lofquist's data.
Moreover, he confirmed the
validity of the K1/2 —depend-
ence of ve/v by considering
the existence of interfacial
waves. 1In Fig. 4 the values

o

@ upper-layer flow (Authdrs)
o lower-layer flow (Csanady) 8.

1/2

LI I LR

. E 0.,-%
of v, /v based on the present ',fnio MR AT | R AT I
experimental results are plot- Q01 01 1
ted against K together with K

Csanady's results. The values
of ve/v in the upper-layer .
floweis also proggrtionzl to Fig. & Kgdependence.of ?e/?” 1/2
K1/2 though they are slightly The broken %1ne.1“dlcates ve/v=7.3K
smaller than Csanady's and the solid line Eq. 2 .

results. As interfacial dis-

placements and fluctuating velocities at the interface become small with decrease
of K, ve approaches to v. Therefore, the equation

ve/v = (1 +40K)1/2 (2)

is given as an empirical formula for the upper- and lower-layer flows.
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Mean Velocity Profile for Upper Layer

Fig. 5 shows (U-Ui)/U,_ plotted against {yl/ﬁﬁ, where §_

is defined by

ve/U,

*

du
Sy = U%~/(157)y=o =
The broken line indicates the velocity distribution derived from the wall law
applicable to turbulent shear flows close to a smooth rigid wall. As will be
obvious from the figure, a linear profile

Y- Ui :_g_ (3)
holds in the range of y/§, <4 6. The upper limit of the interfacial layer is
determined empirically by A; =48, ~68,. In the turbulent shear layer, the velocity
distribution has a logarithmic profile and is expressed by

U -Ui 1 y A,
—_—— et 4
) - lnAl +6+ (4)
where k= von Kdrmdn constant (assumed to be 0.4). As U=U, in the uniform layer,
the equation

(5)

is obtained. If ve is used instead of v, the velocity distribution in the upper-
layer flow is described analogously to that of wall-bounded turbulent shear flow.
The values of 4A,/8, seem to increase slightly as ¥ increases, but hi/s, increase
distinctly. The velocity distribution in the lower layer will be discussed in the
section of INTERFACIAL FRICTION COEFFICIENT.

U-Uif

*

10

.4 11l

i 100

with ¢e=15.4

Fig. 5 Vertical distribution of mean velocities,
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INTERFACIAL FLUCTUATIONS

It has been observed that interfacial fluctuations consist of two types of
waves and found that phase velocities of the waves agree approximately with those
calculated for a uniform shear flow model (Hino et al.(5) and Andow et al.(1)).
In the following sections, universal estimations on the intensities of interfacial
displacements and the frequency spectra will be carried out. The discussion on
phase velocities and position of critical layers will be also made.

Intensities and Spectra of Interfacial Displacements

Figs.6(a) and (b) show time series of interfacial displacements n for differ-
ent values of Ri. It is found that waves with the period of about 1.5 sec are
superposed on ones with the period of about 8 sec. Hereafter, we refer to the
short period waves and the long period waves as 'S.P. wave' and 'L.P. wave',
respectively. The S.P. wave has a steep crest and a flat trough, and conversely
the L.P. wave a flat crest and a steep trough as shown in the figures.

The r.m.s. values n' of the displacements normalized by U2 /eg are plotted
against Ri in Fig. 7. The values of egn‘/Ui decrease with increase of Ri and are
described empirically by the following equation.

egn'/UZ = 19 Ri™!/3 (6)

Frequency spectra En(f) obtained from the time series of interfacial displace-
ments have usually two peaks of the

7 (cm) power density. One in the lower fre-

quency side is due to the L.P. wave

and the other due to the S.P. wave

(18). We try to normalize En(f) and

frequency f on the basis of n' and the

frequency fsp of the most predominant

S.P. wave, because the power peak of

30
time(sec) Eq(f)fsp
e

Fig. 6 Time series of interfacial 1 o
displacements. 0F
Ri n'(cm) U, (cm/s) eg(cm/§)
(a) 4.93 0.137  0.556 22.3
(b) 1.15 0.216 0.336 10.6

10
5 i " i " " L
1 Ri 5 10 i 10° 10'
i
f/tsp
Fig. 7 Ri-dependence of egn’/U;. Fig. 8 WNon-dimensional spectrum

profiles of interfacial
fluctuations,
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the S.P. wave is often more distinct than that of the L.P. wave. Profiles of
En(f)fsp/n'? are shown for different values of Ri in Fig. 8. It is found that they
are expressed by a universal profile. The ratio of the frequency fLp of the L.P.
wave to fgp is about 0.198 according to the results shown in Fig. 8 and obtained in
other runs. Considering the -13/3 power-law proposed by Tsubaki et al.(18), the
spectra in the equilibrium range are expressed by

En(f) = 2.0q'2 £ 540/3¢-13/3 (7)

In Fig. 9, f5pU,/egand f5p/N are plotted against Ri, where N=. e g/ 8p = Brunt
Vdisdld frequency at the interface. The resulting values are

fspUp/eg= 0.0231 5  £4/N = 0.166 (8)

A remark should be made on the relationship between the interfacial parameters
K and Ri. The parameter Ri is rewritten as follows.

. - ~g(dp/dy)
o P2 8 § ly:O

(9)
- _cgl8p _ egvved _ k-1 ve 84
(U,/6,0% UI v “sp v 8p
By considering that wvwe and §p
depend on eg, v, U, and g, we
obtain the folloéing equations CXD4 o
from the dimensional analysis. @
y f:EgU* — 02, epo
®
up o Ugs, & @
\Je/\)=f1 (-ﬁ,—é\;“i‘) 03
g ° ) o jéﬂ
e CXD] n OO (122 PJ
=, (=, 28 o0 R
1 egv v oo O [} [} .
wald i i 1!..4.].01
UJ‘-X‘ :
s0/8, = f, (wi%f.x_,._aé.a_) 1 5 10
* v Ri

]

fs(Ri’—\:\:.e-)

Fig. 9 Ri-dependences of fspU*/eg
and fsp/N°

The non-dimensional quantities ve/v
depends on only one parameter K and
that is consistent with the discus-—
sion made about Fig.4. It is found

from Eq.9 and the above results 1.0
that Ri and K are connected with S N
each other, i.e. * L

Ri = f(K)

Therefore, estimating the depend-

ences of the interfacial quantities

on Ri is equivalent to that on K.

A relationship between §,/6, and Ri

is shown in Fig. 10. The dependence 0]

of 8§,/8, on Ril/2 is recognized in
the present experiments. As ve/v =
K1/2

in the range of large values

of K, Ri is proportinal to Knl Fig. 10 Ri-dependence of 5*/6p.
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Phase Velocities, Wave Lengths and Position of Critical Layers

A dispersion relation of interfacial waves in two-layered flows with a linear
velocity profile has been obtained by Hamada and Kato (3). 1f the frequency f
is used instead of the wavenumber in the relation, phase velocities C, and C_ are
given by

¢
+ 1 ed 1 ed 1 ed
A R w2 )i/Swai C2+ 57 For )’ (10)

c
+ 1 1 &g 1 g |2
Um 2[(1+4wam)iﬁ1’”4nfUm)~‘2] an

in which it is assumed that the waves are deep water waves. Eq.10 is obtained from
the uniform shear flow model which is a model of two-layered flows with fluid
velocity Ui at the interface and a constant velocity gradient, and Eq.11 from a K-H
wave model with a uniform velocity Um in an upper layer and with a still lower
layer. The assumption of the deep water wave seems tO be valid since the upper-
and lower-layers have been deeper than a half length of the predominant waves
according to visual observa-
tions. Phase velocities calcu-
lated from the phase lag be-
tween interfacial displacements -
measured at the two points are Cef R S.Pwave

shown in Fig.11, where the up b “ S sqﬁ Pm 0 Pg o
e

1

solid line indicates Eq.10 and K.Hwave A0 0.0 a8
the broken line is obtained by 10%- (U/Um=0.5) fy R
estimating Ui/Um=0.5 in Eq.11. A8

The velocities of the S.P. wave - LA
- Ri

are faster than Ui and those of

the L.P. wave are slower. The - o 1i5

; ° A 152
experimental results agree well L o 278
with ones for the uniform shear > .o o 598
model rather than the K-H wave ‘64,f_ i o K o

. -2 - 0
model 10 10 fUL/Eq 10

A wave length \gp of the

most predominant S.P.wave is
expressed by Csp/fsp 3 Csp= Fig. 11 Phase velocities of component waves

phase velocity of the wave. of interfacial fluctuations. Solid symbols

As f5p/N = 0.166 and N _Jg@ﬂrg" indicates phase velocities of the most
) - P

. predominant L.P. and S.P. waves.
we obtain

ASP _ CSP Um
Sm - Um fsp Snm ‘
1 Csp Um/ﬁm
0.166 U
m /eg/ép
Csp
= 6.02 ri~1/2 (12)
Um
As fLp/fsp = 0.198, ALp is given by
Alp Clp
= 30.4 ri™1/2 (13)
Sm Um

-1/2
Thus, it is found that the wavelengths are proportinal to Ri / The wavelengths

derived from the measured phase velocities and frequencies are plotted against Ri

~-1/2

in Fig.12. The wavelengths show the Ri -dependence approximately, and that is
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consistent with the results indicated by Eqs. 11 and 12.

Fig.13 shows the position of critical layers at which the mean fluid velocity
coincides with the phase velocity. The phase velocities of the most predominant
S.P. and L.P. waves are used as representative phase velocities. The values of
y/8y of the critical layers are almost constant and are described by

v/spg = 1.03 + 0.48 for S.P. wave
y/sm = - 0.27 % 0.12 for L.P. wave
| Ase
10: ° i': ot .
1P
A :\é’... o y |% ;
5’“5: OO"\O\QO ® 5'"1 %5 2o
O

1 ottt ! beddo b | -1 . . 1 |

1 T 010 1 5 10

Fig. 12 Relationship between Fig. 13 Position of critical layers.
wavelengths and Ri.

VELOCITY FLUCTUATIONS

Velocity fluctuations measured by using the velocity probe are due to turbu-
lent shear flow, interfacial wave motion and vortical organized motion of the
cat's eye pattern forming in both sides of the interface. The interfacial layer 1is
regarded as a turbulent layer because of the irregularity of the wave motion and
the organized motion. In the following sections, empirical formulae on intensities
and length scales of the velocity fluctuations will be obtained, and the relation-
ship between fluctuating velocities and interfacial displacements will be discussed.

Intensities and Length Scales of Velocity Fluctuations

Figs. 14(a) and (b) show vertical profiles of u' /U, and v'/U,, where u', v' =
r.s.m. values of fluctuating velocities in the x- and y-dlrectlons. ‘The profiles of
u /UK have maximum values near the interface when 1 <Ri $2, and the maximum values
are seen in both sides of the interface when Ri > 2. The profiles of v'/U, do not
have distinct peaks in the lower layer. The maximum intensities and the intensi-
ties at the interface decrease with increase of Ri. As y/&y increases in the
upper layer, the intensities decrease and converge to constant values in the uni-
form layer. 1In the lower layer, they decrease rapidly with decrease of y/s, and
vanish ay y/gp = - 1.0. Thus, Ri plays an important role for the fluctuatlng

velocities.
Figs.15(a) - (d) show the dependences of the maximum, interfacial and uniform

intensities on Ri. The maximum values in the upper layer, i.e. (u'/U,)UPPE" and
-1/3
(v'/u, );gier , are shown in Fig.15(a). They are proportional to Ri / . The
-2/3

interfacial intensities (u'/U*)y—O and (\J'/U*)y:O are proportional to Ri as
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Fig. 14 Vertical profiles of intensities of fluctuating velocities,

shown in Fig.15(b). Fig.15(c) shows that the maximum values (u'/U*)%‘gﬂer in the

lower layer
It is found

that of the
layer which

15(d).

have the approximately same Ri-dependence as those in the upper layer.

that the Ri-dependences of (ul/U*>y—O and (v‘/U*)y_O are stronger than
maximum intensities. The intensities (u'/U.) piforn 1P the uniform
is in the range of y2h' = 2.1 8; are almost constant as shown in Fig.
The ratio of (W'/U) niform tO (V'/Uynifors 1S about 1.8 . Fig.16
. u
" wpper {A)
(—*)m, 3 Us¥-0 3
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Fig. 15 Ri-~dependences of intensities of fluctuating velocities.
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shows the positions y/68, of the maximum intensities against Ri. They are given by

upper 0.17 * 0.07 (Ri<3.5)

— t
§n uomax 0.46 + 0.24 (Ri»3.5)
(14)

(PR = 0.13 £ 0.09
n

(3 lower

= -0.32 * 0.19
Sm u'max

where e.g. (y/8,)URREY indicates

the non-dimensional position of the '\upper Afupper “Jlower
. . o () & (U)m L ([\j‘
maximum value of u' in the upper 1 max ax {max
o]

layer. Considering that the posi- _y_ °
tion (y/sm)lower agrees well with Om o SR o I
‘ &8
[ ] ® g0 b &

u'max
the position of the critical layers Oﬂ.
[ ]
@

in the lower layer, we find that =
the velocity fluctuations in the i @
lower layer are induced by the _1 X ) L
organized vortical motion of the 1 5 10
cat's eye pattern. Ri

We discuss about the fluctua- ‘
ting velocities induced by the wave Fig. 16 Ri-dependences of positions of
motion. When a wave of which the the maximum intensities.
profile is described by

n =a cos k (x-Ct)

exists at an interface, the equation of horizontal fluid velocity induced by the
wave motion becomes

; 4y
uj = (-1)Ykal C-»Ui)e( 1) ky cos k (x-Ct)

by using the uniform shear model; g = wave

amplitude and the subscripts j=1 and 2 denote
upper and lower layers, respectively. At IOO
y=0, the r.m.s. value u is given by

u! :ﬁﬂa(CSP*Ui ) Asp U;

where C=Csp and k= 2n/asp are used. More~

over, considering that the frequency distri- .
bution of interfacial wave heights obeys a

Rayleigh distribution (12), we obtain ¢ =

1.25 n'. Therefore, the above equation [d:.
becomes -
UN'=5‘55H'(CSp”Ui)/)\Sp S - 1 PR YO YO T B 0
I4
10 u, 10
The relationship between u§ calculated on
the basis of the measured values of n', Ui, Fig. 17 Relationship between
Csp and xsp and the measured values of u‘y=0 u'y-o and u',.

is shown in Fig.17. It is found that u'y=0 =

ul and the velocity fluctuations near the



interface is generated mainly by the wave motion
The scatter of the data may be due to the use of

only the quantities related to the most predomi=
nant S.P. wave.

Integral length scales Lx of the velocity
fluctuations are estimated by the equation,

Lx = U(y) T = UCy) B4(0)/ &u'?

where T::EU(O)/éu'z = integral time scale of the
velocity fluctuation u ; and E (f) = frequency
spectrum of u. As shown in Fig.18, the vertical
distribution of Lx is given by

h ;
Lx _ 14 (- 1etec ol 2.1)
Sn &n “8&p ™ 8p
L (15)
X - 3.1 ( 2.1¢—)
Sn Sp

Spectra of Velocity Fluctuations

Figs.19(a) and (b) show frequency spectra E
velocities measured at y=0.68 cm and 3.32cm, an
interface Ey(f) and Ey(f) have peaks of the powe
to those of the S.P. and L.P.

waves. The inertial subrange E(£)

; -5/3
proportional to f is not
seen owing to the influence of
the S.P. wave, but the -13/3
power-law of £, which is pro-
posed by Tsubaki and Komatsu
(17), holds in the viscous sub-
range. In E (f) at y= 3.32cm,
the inertial subrange forms
without disturbed by the S.P.
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Fig. 18 Vertical distribution
of integral length
scales,

4(£) and E, (f) of the fluctuating
d En(f). It is found that near the
r density at the frequencies equal

E(f) ¢
Y=0.68¢cm

wave though the influence of
the L.P. wave remains yet.
The influence of the S.P. wave
on E,(f) seems to be stronger
than that of the L.P. wave at
y=3.32 cm.

In order to transform E,(f) into a normaliz
number spectrum F(k), Ey(f) and f are non~dimens

Fig. 19 Power

and i

Fr (k%) = U(y) Ey(£) _ Eu(g)
Z“Lxu‘2 2nutc T
k* =Lxk =27Tf¢

where k =wavenumber and the asterisk denotes a n
shows F*(k*) for the different values of y/§, .
equation

2

(1+x? )70

spectra of fluctuating velocities
nterfacial displacements.

ed form of one-dimensional wave-
ionalized as follows:

(16)

on-dimensional quantity. Fig.20
The broken line indicates the

(17)
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which has been proposed as a reasonable equation
for the productive and inertial subranges of
homogeneous, isotropic turbulence by Kirmin (8).
The spectra F*(k*) in the upper-layer flow agree
with Eq. 17 basically, though near the interface
they have peakes of the power at the wavenumber
corresponding to those of the S.P. and L.P.

waves. In the viscous subrange, a reasonable
equation
3
- 1 4 -
F (k) « v 2 ( z ) /3 K 13/3
X

has been proposed (17), and it is normalized
as follows.

-1 [
(13/3 (u'lx y2

v

Fr(k¥*) « k (18)
Therefore, the scattering of F*(k*) in the
viscous subrange may depend on the Reynolds
number of turbulent eddies.

L.p. wave
1wk S.pwave
Fr(k*)
107tk
1072
1074}
-1 o T
10 w0, 10
Fig. 20 Normalized wavenumber

spectra of fluctuating
velocities.

INTERFACIAL FRICTION COEFFICIENT

The coefficient fj of interfacial friction is defined by

£ =2 (U, /Un)?

As shown in Fig. 21, numerous experimental results have indicated that f; depends

on ¥ though they are scattered.

v 1/2

fi = 0.2

has been supported as the best to fit the experimental results.

An empirical formula proposed by Kaneko (7),

(19)

The present

1072

-:.. Eq. 25
- & A
fi [ ; >
§ = © Shiigai,Tamai - &
R ® Nakamura,Abe Experiment
® Kaneko Ay
_'3 0 Kaneko 7
IO - A Nakamura, Abe . E L343 s
- A Nakamura,Abe Field no4 .
: 4 Otsubo,Fukushima o ‘AA - ‘E‘
- @ Authors ;=0.2 93‘1/2 & \A\
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Fig. 21

Relationship between f; and Y.



experimental results are also plotted in the figure
and the data fit approximately to Eq. 19.

We try to estimate f; by analyzing the veloci-
ty profile in the lower layer on the basis of the
above-mentioned experimental results and satisfying
the continuity of the mean velocity at the inter-
face. First, velocity profiles in the interfacial
layer (O02y2 -4, ) of the lower layer and the
quasi-viscous layer ( -aA,2y2Z-h," ) will be dis-
cussed. The intensities u' increase with decrease
of y in the lower layer, and diminish rapidly with
decrease of y after it has a maximum value (see
Fig. 14 ). Here, 5, is defined as the distance
from the interface to the position at which u'
takes a maximum value in the lower layer.
Considering these results, we assume a vertical
distribution of an effective viscosity ye' in the
lower layer, i.e. v¢' takes ye, yv, and y at y=0,
-4, and —hz' , respectively, increases linearly
in the range of 02y2~4A, , and decreases para-
bolically in the range of - aA,>y>h} , where y=
a constant value determined empirically. The dis-
tribution of y,' is shown schematically in Fig.22.
It is expressed by
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Fig. 22 Distribution of v,
interfacial layer,
quasi-viscous layer,
return flow layer.

\)é = v, [ 1 - ¢'Bm ("Y - 1) 6)‘; ] for OZYZ—AZ
: YVe =V ( 2 '
ve = v o+ — + o) for ’Azzyz"hz
(===~ a) "
on

using g = Az/s* R :hz'/ﬁm and O = Un/ U* = Gm/S*

The distribution of shear stress 1 is assumed generally to be a linear

profile as given by

T ' dU 2 y
= =U, (1 +
o ve' g3y . L )

(20)

By integrating Eq. 20 and using U=U; at y=0 and U=0 at y=~h, as boundary

conditions, the equations

-8/ ¢p<y/8, <03

U; - U 8 y 2
: B B (e i1yl
U, aly-1) ¢, n(y-1) 8 ¢
b y
1 1--—=1 - 1) =
n [ s (Y )5m}

-0 £y/8p £-8/0p

(21)

2
Uj=U  U; = U, v ¢, Ca=-8/¢, )
= 2 4 X
U, U, v Za(y—:—e -1)
[ —
In
(ye _1) @t¥/6n (2 4
v o~ B/op

are derived, where U-p, = mean velocity at y==4,.

]
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The following equation for U; is obtained from the continuous condition of fluid
velocity at y/§, =-g/¢, -
U:

1

Use

2
ve ¢n (a=8/0y) In (y2e)
v Ve v
20‘(\"“\)“‘1)

8 L RO T I S
+¢m(Y"1jx[ u+{8+a(v—1)}lnY]' (22)

If a condition of U=Uy at y=hi' is applied to Eq.4 ,

U U. U, A
1 i * 21 hit U, A
— = + 4 2.51n ( ¢y — / —=2L) (23)
¢n U, U, ve " sn Ve

is obtained.

Second, the experimental results
are considered. Averaged values and
standard deviations of 4, g and Ul/ U,
are given by

L
o;:—-l-tz- =1.13 0.2
5m
) I 0
8 =-§-=— = 5.0 10 10 K 10
Fig.23 K-dependence of h'/6§ .
Ul} = 1.08 + 0.026 & P 1o

Fig.23 shows h{' /s, plotted against K.
From the figure, the equation

hy'

m

/4 1/4

-2.8%" :2.8(‘¥¢;3) (24)

is obtained. Substituting Eqs. 22 and 24 into Eq.23 , we obtain

U1 _ve on Ca-8/¢p )2
¢ U =

82 Onm 1
n U, v 2a (y ve/v=1)

1
D R S el ey L

1n(y~\)~e—)+
v

A 1/4 , U, A,

Iny]+—%20 4 2.51n] 2.8(¥ g0 /%) ] (25)
Ve Ve
In order to determine the value of y , the relationship at y=- A, derived from the

first equation of Eq.21 is used. Considering the experimental results that
(U3-Up,)/U,> ~3.7 at y=~4,=-5.06, according to Fig.5 and the mean value of
¢, is about 15.4, we obtain y=1.33.

By using experimental constant values for Ui/ Uy , a, U A,/ ve (=4.0), gand v,

the empirical equation wgv=( 1+ 40K )1/2-_- [1+40(Cy ¢m“3)] 1/2 (see Eq.2) and ¢z
v/ 2/f; , £; can be expressed as a function of the single parameter ¥ . The calcu-
lated results are shown by a solid line in Fig. 21. Though numerous parameters
are included in this theory and are determined experimentally, the results agree
well with ones obtained in both experimental studies and field observations.
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CONCLUSIONS
The conclusions obtained in this experimental study are as follows:

1. A universal profile of .the mean velocity in upper layer is indicated Eqs.
3, 4 and 5, when the effective viscosity is used.

2. The interfacial fluctuations consist of the S.P. wave and the L.P. wave,
and a universal profile of non-dimensional spectra of the fluctuations is
obtained when spectra are normalized by using intensities of interfacial
displacements and predominant frequencies of the S.P. wave. The ratio of
the distance from the interface to critical layers to &, is almost con-
stant.

3. The vertical profiles of u'/U, have maximum values usually in both sides

; . : .-1/3
of the interface. The maximum values are proportional to Ri / and

. . .~2/3 . . . .
interfacial values to Ri / . The velocity fluctuations in the inter-

facial layer are induced by the wave motion and the vortical organized
motion of the cat's eye pattern. Non-dimensional integral length-scales
of the velocity fluctuations are given by Eq. 15.

4. A simulation model has been proposed on the basis of the experimental
results in order to estimate the coefficient of interfacial friction. The
results obtained by using the model agree well with ones measured in both
experimental studies and field observations.

It is considered that additional experiments should be carried out in a wide
range of Ri or K in order to obtain more accurate estimations.

The authors thank Dr T. Komatsu for stimulating discussions and T. Shibata,
T. Namikawa and T. Koga for technical help.
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APPENDIX - NOTATION

following symbols are used in this paper:

a = amplitude of an interfacial wave;

B = width of the experimental flume;

C = phase velocity of the interfacial wave;

CLp, Csp = phase velocities of the most predominant L.P. and S.P. waves;
(dU/dy)y:O = gradient of the mean velocity at the interface;
(cw/dy)y:O = gradient of the mean density at the interface;

Eu(f), Ey(f) = frequency spectra of the velocity fluctuations u and v;
En(f) = frequency spectrum of the interfacial fluctuations n;

f = frequency;

£ = interfacial friction coefficient;

frLp, £3p = frequencies of the most predominant L.P. and S.P. waves;

F(k), F*(k*) = wavenumber spectrum and non-dimensional wavenumber spectrum of

the velocity fluctuations;

Fr = internal Froude number;

g = acceleration of gravity;

h = water depth;

hi, ho = mean de?ths of the upper and lower layers;

h', h)' = distances from y =0 to the position of U(y) =Uj and to the

position of U(y) =0;
k, k* = wavenumber and non-dimensional wavenumber;
K ‘ = interfacial Keulegan parameter;

Lx = integral length scale of the velocity fluctuations;
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Brunt-V3isdld frequency at the interface;

Reynolds number;

interfacial Richardson number;

time;

integral time scale of the velocity fluctuations;

fluctuating velocities along x and y;

r.m.s. values of the fluctuating velocities;

r.m.s. value of the velocity induced at the interface by a wave;
mean velocity at the interface;

velocity averaged in the cross-section of an upper layer;
interfacial shear velocity;

mean velodity in the uniform flow layer;

mean velocity at a level y;

coordinates;

ratios of characteristic lengths as defined by h,'/smand A,/8,;

increasing rate of ve in the interfacial layer of a lower layer;

= Length scales as defined by

Um/(dU/dy)y=0, (p,-p,)/lde/dyly-0 and U,/(dU/dy)y=0;
thicknesses of the interfacial layer in upper and lower layers;
non-dimensional density differrence as defined by (p,~0,) /053
interfacial displacement and r.m.s. vélue of it;

von Kérmén constant;

wavelengths of the L.P. and S.P. waves;

kinematic viscosity and effective viscosity;

mean densities of the upper and lower layers;

mean density at a level y;

shear stress acting on a side wall;

Um/U, = velocity coefficient; and

Iwasaki number.



