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SYNOPSIS

This study deals with the behavior of three-dimensional negative buoyant surface jets released on a sloping
bottom. Flow visualization and exhaustive thermometry were carried out to investigate the streamwise
variations of the flow and spreading characteristics. The jet gradually separates into surface and bottom flows,
being inserted an intermediate layer between them, after passing the jet-like region. In succession, the surface
flow momentarily plunges, re-rises and re-attaches on the water surface, and then, exhibits great lateral spreading.
Finally, it completely plunges down and re-coalesces in the intermediate and bottom layers. This behavior is
peculiar in the three-dimensional case and plays an essential role in the flow and spreading.

INTRODUCTION

Negative buoyant surface jets discharged on a sloping bottom are important in hydraulics and are
associated with various environmental problems. This phenomenon is often observed in lakes, reservoirs and
seas, such as inflow of river water with a lot of suspended sand grains into reservoirs, and cool water release
from power plants to coastal seas. Therefore, many studies concerning this phenomenon have been done for the
two-dimensional and quasi-three-dimensional cases (Turner (14), Fukuoka, Fukushima and Nakamura (6),
Akiyama and Stefan (1), Johnson et al. (10), Stefan and Johnson (12), Fukushima (7), Ishikawa, Nagao and
Nagashima (9), Arita and Tsukahara (4), Lee and Yu (11)).

Although the full three-dimensional case in which flow spreading appears also in the lateral direction is
common in actual fields, only a few researchers have treated this case (Hauenstein and Dracos (8), Tsihrintzis
and Alavian (13), Fleemor and Schladow (5)). The authors also experimentally studied the full
three-dimensional case and attempted to clarify its flow mechanism (Arita et al. (3), Arita, Nakai and Umemoto
(2)). They pointed out the existence of a peculiar flow mechanism being based on their detailed laboratory
experiments. In this paper, the authors summarize their experimental results including additional data and
discuss the details of the flow mechanism.
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OUTLINE OF THE PHENOMENON

Fig.1 shows an outline of the full three-dimensional flow and a definition sketch. A full
three-dimensional negative buoyant surface jet with an initial densimetric Froude number F, discharges on a
sloping bottom of a slope S and plunges into a bottom layer at a distance L, from an outlet. After that, the flow
runs down along a sloping bottom as a three-dimensional buoyant inclined jet. Herein, F,= U/(A o0/ 04
gH,}*? ; U,= initial velocity of the jet ; A p,=p,- 0, = initial density difference ; p,= initial density of the
jet; o= density of ambient water ; H,= initial flow depth ; and g = gravitational acceleration (see Fig.1). In
the following, ‘the full three-dimensional negative buoyant surface jet released on a sloping bottom’ will simply

be called ‘the jet’.
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Fig.1 An outline of the flow and a definition sketch,

EXPERIMENT

A water tank of 6.0(m) long, 2.5(m) wide and 0.6(m) deep was used in this experiment. A channel of
5.0(cm) wide for jet release was connected to the water tank, and an acrylic plate for a sloping bottom was set in
the water tank. A multi-port pipe for water draining was installed in the downstream side of the water tank to
keep a constant water depth. )

In the experiment, cool water jets of 5.0(cm) (=b,) wide and 4.0(cm) (=H,) deep were released from the
channel into slightly warm water in the water tank. The flow patterns in longitudinal-sections and
cross-sections were visualized, using a slit beam, by fluorescent dye with Al flakes and were photographed by
means of a video camera. In addition, exhaustive thermometry was carried out, using many thermistor-type
thermometers, to obtain time-averaged temperature distributions in the both sections.

The experimental conditions were as follows. The flow rate Q and the temperature difference at an outlet

AT, were changed in the ranges of 0.15~0.30(#/s) and of 4.0~6.0(°C) respectively, and the bottom slope S was
set to 1/5, 1/10 and 1/40. Consequently, the values of the initial densimetric Froude number F, were in the
range of 2<F,<13. ‘

EXPERIMENTAL RESULTS

In this paper, the focus of discussion is only on one case : F, = 6.2~6.5 and S =1/5, because various data



189

were obtained in this case (this case will be called ‘the typical case’), and comparisons with other cases are
carried out.. In the following, experimental results without designation belong to the typical case.

Fig.2 shows the visualized photographs in three cross-sections of the jet in a steady state. Herein, x
expresses the distance from an outlet. In Fig.2(a) (x/H,=1.25 : near an outlet), the spreading width is almost
uniform in the vertical direction. In Fig.2(b) (x/H,=5.0), the bottom layer widens slightly and weak constriction
emerges in the intermediate layer. In Fig.2(c) (x/H,=10.0 : near a plunging point), spreading develops in the
surface and bottom layers and intense constriction appears in the intermediate layer. The extensive spreading in
the surface layer, which was first recognized in our experiment (Arita, Nakai and Umemoto (2)), suggests rising
up of the jet against gravity force. The flow characteristics in the surface, intermediate and bottom layers are
quite different from one another, and this fact is significant and will be discussed later. Herein, white-colored
regions widely exist on the slope in Fig.2(a) and (b), it is thought that the regions are images of cool water
masses, visualized by a slit beam, remaining near the bottom of the tank after flowing down on the slope.

(a) x/Ho=1.25

(b) x/Ho=5.0

(c) xHo=10.0
Fig.2 The cross-sectional spreading visualized by dye with Al flakes (¥, = 6.5 and S = 1/5).

Fig.3 depicts the continuously visualized photographs on the stream-axis in the longitudinal- section (time
intervals of the neighboring pictures are about 0.5(s)). The surface flow momentarily plunges in Fig3.(a),
re-rises and re-attaches on the water surface in Fig.3(b) — (d), and returns to its original shape in Fig.3(e) (same
as Fig.3(a)). From a detailed observation, it was found that this consecutive motion repeats at an almost same
location with intermittence. The surface flow completely plunges into the bottom layer immediately after the
re-attachment. In addition, another picture for a different case (F, = 2.9 and § =1/3) is shown in Fig.8(a), the
re-rising and re-attachment of the surface flow can be clearly recognized from this picture.

(@) t=1.968 [5]
Fig.3 The flow behavior on the stream-axis in the longitudinal-section visualized by dye with Al flakes (¥, =
6.2 and S = 1/5).
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In the typical case and similar cases, F, is small or medium and § is large, and the re-rising and
re-attachment appear only once in the flow-down process. On the other hand, in cases with large ¥, and small S,
it can be considered that this phenomenon repeats several times in the flow-down process. The mechanism of
the consecutive motion and its effects will be discussed later.

We attempted to analyze the flow characteristics of the jet using time series data of temperature. The two
parameters adopted are as follows :

{LO-LHLE+0) -1y}
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where, R.( r) = cross-correlation factor ; @ = turbulence intensity ; 47 = T,-T ; T, = ambient water
temperature ; T = local water temperature in the jet ; 47’ = turbulent component of 47 ; f=time ; and = =lag
time. In addition, over-bars denote a time-averaging operation and subscripts 1, 2 indicate two vertically
neighboring points with a distance of 1.0(cm) ; points 1 and 2 are lower and upper points respectively. R.( z)
denotes the degree of the correlation between points 1 and 2. Large values of R,( r) mean strong correlation, and
t>0and < <0 express upward and downward flows between points 1 and 2 respectively. Sampling times of
the temperature data are about 30(s) and data intervals are about 0.1(s).

Fig.4 shows the distribution of the vertical flows on the stream-axis in the longitudinal-section. In this
figure, the numerical values express the lag time t =1, at which R.( z) exhibits maximum values, and the
arrows denote directions of the vertical flows (if R.( 7 ) <0.5, the numerical values of t ,, are deleted in this
figure. In these cases, the degree of the correlation between points 1 and 2 is thought to be small). Small
values of |z, indicate a strong upward or downward flow, and its flow velocity can be approximately expressed
by 1|z, (cm/s).
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Fig.4 The distributions of the lag time r,, the upward and downward flows on the stream-axis in the
longitudinal-section (¥, = 6.2 and S'= 1/5). The solid lines indicate an outline of the boundaries between
the neighboring fluid layers.

Let us discuss the characteristics of the vertical flows, according to Fig.4, by dividing the total flow field
into three ranges in the streamwise direction. In the range of x/H,=2.50 : near an outlet, the values of R.( 7 )
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are less than 0.5 all over the field, so the degree of the correlation between vertically neighboring points is small
and the vertical flows are negligibly weak. In the range of 3.75<x/H,=8.75, the values of | r,] areless than
0.3(s) at a lot of points except near the bottom. Upward and downward flows occur in the surface and bottom
layers respectively, and the jet separates in the vertical direction. The intermediate layer in which vertical
velocity is almost zero exists between the both flows. Furthermore, very slow downward flows are observed
near the bottom. In the range of x/H,= 10.00 ; around a plunging point, downward flows dominate all over the
bottom layer and appear also in the surface and intermediate layers. In addition, the thickness of the
intermediate layer largely increases. These findings suggest that the surface flow plunges and re-coalesces in
the intermediate and bottom layers, and that the re-coalesced jet runs down along a sloping bottom as an inclined
negative buoyant jet.

Fig.5 indicates the distribution of the turbulence intensity o ~ on the stream-axis in the
longitudinal-section. In the bottom layer, the relatively small values of o are observed, which means that a
stable flow is produced along a sloping bottom. While, the values of « in the surface layer are greater than
those in the bottom layer, in particular, they tend to be extremely large around the re-attachment point (8.75=
x/H, £ 12.5), due to the consecutive motion ; in other words, the momentary plunging, re-rising and
re-attachment.

x/He 1.25 2.5 3.75 5.0 6.25 7.5 8.75 10.011.25 12.5
x(cm) 5 10 15 20 25 30 35 40 45 50
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Fig.5 The distribution of the turbulence intensity o« on the stream-axis in the longitudinal-section (F, = 6.2
and S = 1/5).

SPREADING CHARACTERISTICS

Herein, the spreading of the jet is discussed in consideration of the fact that the total flow layer can be
divided into surface, intermediate and bottom layers.

Fig.6 summarizes the spreading process of the jet. The jet behaves like a non-buoyant jet near an outlet
and its spreading is almost uniform in the vertical direction (cross-sectionD). Horizontal entrainment of
ambient water is strongly generated through the both side edges of the jet. Fig.2(a) and the range of x/H,=2.50
in Fig.4 correspond to this region which is called ‘the jet-like region’. The jet loses inertia force with running
down and its characteristic changes into a transient state. In the transient region, the jet gradually separates into
surface and bottom flows being inserted an intermediate layer between them. Spreading due to the effect of
gravity develops in the bottom layer, and furthermore, a downward flow originates from the intermediate layer to
the bottom layer. Consequently, weak constriction emerges in the intermediate layer (cross-section®). In
addition, an upward flow occurs in the surface layer simultanecously with the downward flow, and this is also a
cause of the weak constriction. Fig.2(b) and the range of 3.75 =x/H,=6.25 in Fig.4 correspond to this region.
Subsequently, the weak constriction disappears and the cross-section changes to be bell-shaped, and the surface
flow momentarily plunges at the same time (cross-section®). The point of x/H,=7.50 in Fig.4 is thought to
belong to this region.
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Fig. 6 The streamwise variation of the spreading of the jet.

Then, the jet enters ‘the buoyancy-dominating region’ through the transient region. The bottom layer
greatly expands and the surface flow re-rises and re-attaches on the water surface against gravity force. The
surface layer extensively spreads and intense constriction occurs in the intermediate layer just after the
re-attachment (cross-section @). Fig.2(c) and the range of 8.75=<x/H,<10.00 in Fig.4 correspond to this
region. After that, the surface flow reaches a plunging point and completely plunges down. On the other hand,
the bottom flow runs down along a sloping bottom with the intermediate layer. Some water masses in the
surface layer, however, go over the plunging point and remain near the water surface (cross-section®). The
water masses gradually diffuse into ambient water and disappear. The surface flow finally re-coalesces in the
intermediate and bottom layers after the complete plunging, and the re-coalesced jet runs down along a sloping
bottom as an inclined buoyant jet (cross-section®). '

The three regions mentioned above, that is, the jet-like, transient and buoyancy-dominating regions are
thought to be divided by the over-all densimetric Froude number F;defined by local quantities. The jet belongs
to the jet-like region near an outlet and enters the buoyancy-dominating region through the transient region with
a decrease in Fy in the flow-down process. Accordingly, the jet-like region is extended to a far field in cases of
large F,. The extension of the jet-like region appears also in cases of small S, because the inertial force in the
jet slowly decreases with running down due to the suppression of vertical spreading.

The experimental results to verify the accuracy of the above description are shown in Fig.7. This figure
represents the distributions of the time-averaged dimensionless temperature difference A7/ A Tpin cross-sections
in cases of F,=3.1,6.3 and 12.1. In these cases, S and x/H, are fixed to 1/10 and 5.0 respectively, and sampling
times of the temperature data are about 30(s). The cross-sectional shape of the jet is almost rectangular in
Fig.7(a) (F,= 12.1). In Fig.7(b) (F,= 6.3) and (c) (F, = 3.1), in contrast, weak and intense constriction is
generated in the intermediate layer respectively. . These results show that Fig.7(a), (b) and (c¢) correspond to
cross-sections@D,@and @in Fig.6 and belong to the jet-like, transient and buoyancy-dominating regions
respectively and verify that the transition of the jet depends on F, as mentioned above (details of the
experimental results concerning Fig.7 can be found in Arita, Nakai and Umemoto (2)).

MECHANISM OF RE-RISING AND RE-ATTACHMENT

Let us discuss the mechanism of the re-rising and re-attachment of the surface flow. Herein, we consider
the moment when the surface flow plunges slightly, as shown in Fig.9 (corresponding to cross-section@ in
Fig.6), and propose two hypotheses on this mechanism being based on the above experimental results.

One of the hypotheses is as follows (see Fig.8). At the moment, the surface flow downward entrains the
ambient water just onit. Since the ambient water region between the water surface and the upper edge of the jet
is very narrow, entrainment velocity will be large and pressure will drop in this region. Then, the surface flow
can re-rise and re-attach on the water surface due to so-called the Coanda effect.
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Fig.7 The variation of the cross-sectional shape of the jet with F, (S = 1/10 and x/H, = 5.0).

(a) Re-rising and re-attachment of the surface flow (Fo=2.9, $=1/5)
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(b) Explanation of the Coanda effect
Fig.8 The visualized flow pattern on the stream-axis in the longitudinal-section and its sketch.

The other hypothesis is associated with eddy-induced velocity. It is suggested, by the two special
features : the separation of the total flow layer and the weak constriction in the intermediate layer (see Fig.2(b)
and Fig.4), that two pairs of longitudinal eddies are formed both in the surface and bottom layers (see Fig.9). In
the bottom layer, a density current with a Karman head, which is composed of intruding and reverse flows, is
generated in the spanwise direction, and a downward flow is also produced on the stream-axis as previously
mentioned. They form a pair of eddies in the bottom layer. In addition, another pair of eddies will be driven in
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the surface layer as compensation for those in the bottom layer. These two pairs of eddies play an important
role in the flow and spreading of the jet.

Longitudinal eddies

Fig.9 A sketch of the flow pattern in the cross-section at momentary plunging (the transient region).

Herein, the effects of the longitudinal eddies are discussed at the moment shown in Fig.8. The size of the
paired eddies in the surface layer will be small by the momentary plunging, and their vorticity increases and the
distance between the eddies decreases. Then, the upward flow on the stream-axis strengthens due to an increase
in the eddy-induced velocity, which can trigger off the re-rising and re-attachment of the surface flow. In the
bottom layer, on the other hand, the downward flow on the stream-axis is accelerated by an addition of the
eddy-induced flow to the effect of gravity.

The mechanism of the re-rising and re-attachment of the surface flow can be summarized as follows. The
surface flow re-rises and re-attaches on the water surface, after the momentary plunging, due to the Coanda
effect as well as an increase in the eddy-induced velocity. The strong upward flow due to the both effects
makes not only the re-rising of the surface flow but also the great lateral spreading in the surface layer after the
re-attachment.

CONCLUSION

In this study, the flow and spreading mechanism of full three-dimensional negative buoyant surface jets
released on a sloping bottom was experimentally investigated. The conclusion obtained is as follows.

In the transient region, the jet gradually separates into surface and bottom flows being inserted an
intermediate layer between them, and weak constriction appears in the intermediate layer. After that, the
surface flow momentarily plunges, re-rises and re-attaches on the water surface before complete plunging. The
consecutive motion, which is peculiar in the three-dimensional case, is caused by the Coanda effect and by an
increase in the eddy-induced velocity. However, the degree of these effects to the phenomenon is unknown, and
we must determine it in our future studies.
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APPENDIX ~ NOTATION

The following symbols are used in this paper :

b, = width of a channel for jet release ;
Fa = gver-all densimetric Froude number defined by local quantities ;

F,=Uf(A ps/ o gH}” = initial densimetric Froude number ;

g = gravitational acceleration ;

H, = initial depth of the jet ;

L, = distance between an outlet and a plunging point ;

(o] = flow rate of the jet at an outlet ;

R{r) = cross-correlation factor with respect to water temperature ;

N = slope of a bottom ;

t = time ;

T = Jocal water temperature in the jet ;

7.7z = water temperatures at vertically neighboring points with a distance of 1,0(cm) in
the jet ;

Ts = ambient water temperature ;

U, . = initial velocity of the jet ;

x = distance from an outlet ;

@ = turbulence intensity with respect to water temperature ;
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AT =T,-T = Jocal temperature difference ;

AT = turblilem component of 47';

47, = initial temperature difference ;

Apo=po-0a = initial density difference ;

Oa = density of ambient water ;

Lo k = initial density of the jet ;

r ) = lag time ;

Tom = Jag time at which R,( r) exhibits maximum values ; and
" (over-bar) = time-averaging operation.
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