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When a water jet impinges a pool of water ar rest, air bubbles may be enfrained and
carried away below the pool free surface: this process is called plunging jet entrain-
ment. The study presents new experimental data ebtained with a vertical supported
Jel. Distributions of air concentration and mean air-water velocity, and bubble chord
length distributions measured in the developing shear laver are presented. The resulis
indicate- that the distributions of void fraction follow closely arnalytical selution of

the diffusion equation. Further, the momentum shear layer and the air bubble diffusion
layer do not coincide. Chord length data show & wide range of air bubble sizes and
overall the experimental results suggest strong interactions between the entrained
air bubbles and the momentum transfer mechanisms.

Introduction

When a falling nappe impinges a pool of water, air bubbles
are enfrained at the intersection of the jet with the receiving
waters (Fig. 1). Large numbers of air bubbles are entrained
into the nrbulent shear flow. This process is called plunging
jet entrainment. Plunging jet applications inciude plunging jet
columns, drop structures along waterways, cooling system in
power plants, plunging breakers and waterfalls.

In a first paper ( Curnmings and Chanson, 1997, the authors
reviewed the current knowledge on the plunging jet entrainment.
They showed that most rescarchers studied circular jeis of small
sizes, and few experiments described quantitatively the flow
field below the free-surface of the receiving poot. It is the pur-
pose of this paper to present new experimental results obtained
with a vertical supported plunging jet. First, the experimental
apparatus is described in details. Then experimental results of
air concentration, mean air-water velocities, and chord tength
distributions are presented, In a later part, the results are dis-
cussed and compared with other data. :

Experimental Apparatus

Pluonging Jet Apparatus. The experimental apparatus con-
sists of a fresh water planar jet issuing from a 0.269-m X 0.012-
m slot nozzle and plunging into a 0.3-m wide (Fig. 1). The
receiving channel is 1.3-m deep with glass walls (10-mm
thick). The supported-jet nozzle is made of 6-mm thick PVC
with lateral perspex windows for flow visualisation. The Jet
support fength is 0.35 m and the angle of the support with the
horizontal was 89-degrees for all experiments. The water supply
(Brisbane tap water) comes from a constant-head tank with a
constant water level of 12.9 m above the nozzle. The experiment
provides average jet velocitiés from 0.3 to 9 m/s. '

* Data have been deposited 1o the JFE Data Bank. To access the file for this
paper, see instructions on p. 738 of this issue.
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The discharge was measured with orifice meters. The error

‘on the discharge measurement was less than 1%.

Instrumentation. In the free-falling jet, clear water jet ve-
locities and turbulent velocity, fluctuations (in clear-water
flows) were measured with a Pitot tube connected to a pressure
transducer ( Validyne™ DP15, diaphragm ranges 2.2 1o 22 kPa,
accuracy 0.25 percent of full-scale). The transducer was
scanned at 500 Hz and the accuracy of the clear-water velocity
data was normally estimated as: AV/V = one percent. At very-
low velocity (e.g;, V < 0.5 m/s), measurements with the Pitot
tube oriented vertically could mount up to 15 percent.

Two conductivity probes were used to record the air-water
flow characteristics. A single-tip conductivity probe (inner elec-
trede (7 0.35 mm, outer electrode (7 1.42 mm) was used to
perform air concentration measurements only. A two-tip con-
ductivity probe was used to record simultaneously the air con-
centration and air-water velocity. The two tips were aligned in
the direction of the flow. Each tip s identical and has an internal
concentric electrode ((J = 25 um, Pt) and an external stainless
steel electrode of 200 um diameter. Both conductivity probes
are excited by an air bubble detector (Ref. A$25240). This
clectronic system was designed with a response time less than
10 ps and it was calibrated with a square wave generator. Most
measurements were recorded with a scan rate of 40 kHz per
channel. The analysis of conductivity probe data provided the
void fraction {i.c., air concentration), mean air-water interface
velocity and chord length distributions at various positions
within the developing shear layer.

The error on the air concentration (void fraction) measure-
ments was estimated as: AC/C = 2 percent for 5 < C < 95
percent, AC/C ~ 0.001/(1 — C) for C > 95 percent, and AC/
C ~ 0.001/C for C < 5 percent, The mean air-water velocities,
recorded using the double-tip conductivity probe, were ¢om-
puied with a cross-comrelation technique. The analysis of the
velocity field and chord length distributions implies no slip
between the air and water phases. The error on the mean air-
water velocity measurements was estimated as; AV/V = five
percent for 5 <X C <X 95 percent. AV/V = 10for 1 < C < 5
and 95 < C < 99 percent. With the two-tip conductivity probe,
the minimum detectable bubble chord length was about 100 um
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Fig. 1 Sketch of the vettical supported jet experiment

in & 1-m/s flow and 450 pm in a 9-nv/'s jet based upon a data
acquisition frequency of 40 kHz per channel.

Measurements were taken on the channel centreline. The dis-
placement of the probes in the direction normal to the jet support
and along the jet direction were controlled by two identical
scale-vemiers. The erfor in the longitudinal and perpendicular
positions of the probes is less than 0.25 mm in each direction.

Additional measurements were performed using high speed
photographs with a flash speed of 33 us (e.g., Chanson and
Cummings, 1994) and high-speed video camera images with a
shutter speed of 500 us.

Calibration and Validation of the Measurement Tech-
niques.. Several calibration tests were performed to comipare
the single-tip and double-tip conductivity probes. Identical ex-
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Fig. 2 Distributions of air concentration and mean air-water velocity the
free-falling jet—comparison between experimental data and calcula-
tions

periments were performed with both the single-tip and conduc-
tivity probes. In each case, identical air concentration data were
observed (within the accuracy of the data) suggesting that the
probe diameier has httle effect on the void fraction measure-
ment.

To validate the double-tip. probe - measurement technigue,
measurements were performed within the free-falling supported
jet (i.e., x < x;). Velocities were recorded using both the dual
tip conductivity probe and Pitot tube. The tips of each probe
were located at the same location for comparison. The data
were compared with theoretical calculations: ideal-fluid flow
calculation outside of the boundary layer and power law velocity
distribution within the developing turbulent boundary layer.
Figure 2 presents typical results. The agreement between the
two probes and the theoretical calculation are within the accu-
xacy of the measurement tcchmques

C = air concentration defined as the K=

integration constant in Goertler’s Ye,

= distance {m) normal to the bot-

volume of air per unit volume of
air and water; it is also called void
- fraction
Coux = Maximum air concentration in the
air bubble diffusion layer

D, = turbulent diffusivity (m?/s)

D¥ = dimensionless turbulent diffusiv-
ity: D* = D,/(V,d)) for two-di-
mensional shear flow

d = flow depth or jet thickness (m)
. measured perpendicular to the
flow direction

dy = jet thickness (m) at the impact of
a supported plunging jet with the
receiving pool of liquid

g = gravity constant: g = 9.80 m/s?
in Brisbane, Australia
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(1942} solution of the motion equa-
tion in a free shear layer

Q.= volume discharge (m’/s)

g = volume discharge per unit width
(m’/s)

u = dimensionless variable

V = velocity (m/s)

V1 = mean flow velocity (m/s) at jet im-
pact

W = channel width (m)

x = distance along the flow direction
(m)

x; = distance {(m) between the channel
intake and the impact flow condi-
tions

y = distance {m) measured normal to
the flow direction

tom where C = Cpax

¥s¢ = distance (m) normal to the fiow
direction where V = 0.5V,

vr = eddy viscosity (m?/s) or momen-
tum exchange coefficient

w = vorticity (s™1)

&) = diameter (m)

A = error

Subscript
air = air flow
w = water flow
x = component in the x-direction
y = component in the y-ditection
1 = impact flow conditions
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Further comparisons between Pitot tube and conductivity
probe data were performed during each experiment. Velocities
were recorded as close as possible of the support, and the data
were compared successfully with the ideal-fluid flow velocity
deduced from the continuity and Bernoulli equation. Typical
results are shown in Figs. 3 and 4. Additional verifications were
conducted by checking the continuity equation for water at each
cross-section (ie., g, = [7 (1 — C)Vdy).

Experimental Flow Conditions. A large number of experi-
ments were performed with jet impact velocities ranging from
0.5 to 9 m/s. The entire flow characteristics were recorded for
two jet velocities (Table 1). For most experiments, the vertical
Jet impacted the receiving pool of water at 0.09-m below the
Jet nozzle. The impact flow conditions were not fully-developed
and the ratio of the boundary layer thickness over jet thickness
8/d, was less than 0.2. ' )

During the experiments, the plunging jet was unsteady and
fluctuating while the probes were fixed and did not follow the
fluctuations of the flow (e.g., fluctuations of pool free-surface).
Asaresult, the data (e.g., Figs. 3 and 4} exhibit a greater scatter
than the probe accuracy, reflecting the unsteady fluctuating na-
ture of the investigated flow. : :
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Fig. 3 Distributions of air concentration and mean air-water velocity in
the developing flow region of vertical supported plunging jets—compari-
son between Egs. (1) and (3) and experimental. data (impact velocity
V. = 2.39 m/s}
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Full details of the experimental apparatus and instrumenta-
tion, and experimental resulis are reported in Cummings
(1996). An earlier series of experiments performed in the same
facility was reported in Chanson (1995).

Experimental Resuits and Discassion

Air Concentration Distributions. Figures 3 and 4 present
some experimental results for two jet impact velocities and at
several locations below the impingement point. Both air concen-
tration and velocity profiles are plotted as functions of the dis-
tance normal to the jet support.

For a two-dimensional supporied jet, the air concentration
data followed closely an analytical solution of the diffusion
equation {Cummings and Chanson, 1997):

2
G-1)
1 d,

sir 1
C Qar exp | — =
Qw 471.D#x_x1 ) 4D X — X
dl dl
2
G+1)
il
+ —-—— 1
exp D' (1a)
dl.

where C is the air concentration defined as the volume of air per
unit volume of air and water, x is the longitudinal jet direction, x,
is the impact point location, y is the normal direction, d; is the
impact jet thickness of supported jet, ., is the volume air flow
rate and D" is a dimensionless diffusivity (D* = D,/(V,d,) for
vertical supported jet). Equation (1a) was compared success-
fully with experimental data (e.g., Figs. 3 and 4).

In the developing air-water flow region (ie, C (y = 0) =
0), Eq. (1a) can be simplified as: )

A
1 )
C=Q;_“f exp __*_;,_
Qw 4WD# x—xn ] 4D X —x
d; ' dl

developing air-water flow region (1b)

Mean Air-Water Velocity Distributions. Downstream of
the intersection of the free-falling jet with the Teceiving pool
of water, a free-shear layer develops (Fig. 1). For monophase
Hows, Goertler (1942) solved the equation of motion for a plane
shear layer assumming a constant eddy viscosity vy across the
shear layer: ‘

1 ‘
vr= 4_K2. {(xr —x)V; (2)

where X is a constant. The solution in the first approximation
yields (Rajaratnam, 1976, Schlichting, 1979):

v_1 K(y = yw)
v 2(1+erf( X=X ))

where v, is the location where V = V,/2 and erf is the error
function: .

(3

2 "3
erf u)='—f exp(—u?)du 4
( 7). p(—u”) 4)
Equation (3) is an analytical solution of the motion equa-
tion developed for two-dimensional monophase flow. In air-
water flows, the presence of air bubbles within the shear
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Fig. 4 Distributions of air concentration and mean air-water velocity in
the developing flow region of vertical supported plunging jets —compari-
son between Egs. (1) and (3) and experimental data {impact velocity
V, = 614 m/s)., .

layer is expected to affect the shear fiow which in turn affects
the diffusion of air bubbles. In Figs. 3 and 4 the mean veloci-
ties of the air-water mixture (experimental data) are com-
pared with Eq. (3). Figures 3 and 4 indicate that the air-
water velocity profiles have the same shape as in monophase
flows.

In the air-water shear layer of vertical supported jets, the
authors estimated K = 10.6 and 6.3 for V; = 2.39 and 6.14 m/
$, respectively. In comparison, for monophase shear flows,
Rajaratnam (1976) and Schiichting (1979) deduced K = 11
and 13.5. As the rate of expansion of the shear layer is
proportional to 1/K, the new results suggest that the air
bubbles cause an increase in the expansion rate for the 6.14-
m/s jet. '

Remarks. In Figs. 3 and 4, the velocity conductivity probe
data are compared with Pitot tube measurements in the low air
content region close to the support.

Note also that, during the experiments, the plunging ]et was
unsteady and the free-surface level fluctuating while the probes
were fixed to the channel. Hence, the experimental results (e.g.,
Figs. 3 and 4) exhibit more scatter than the accuracy of the
probes.
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Cherd Length Distributions. At each position {x, y} be-
low the entrainment point, the chord length!® distributions were
also computed. A dual tip conductivity probe, used to measure
air bubble size characteristics, detects only the bubble chord
lengths. If the bubbles are small (i.e. less than 0.1 mm), the
bubble diameter probability distribution can be deduced from
the bubble chord probability distribution by assuming that alf
the bubbles are spherical or ellipsoidal (e.g., Herringe and -
Davis, 1976, Clark and Turton, 1988). In the present bubbly
free-shear-layer flow, video pictures and still camera photo-
graphs showed the entrainment of large bubbles with a large
variety of shapes (Cummings, 1996). For these reasons only

. the bubble chord data are presented here.

In Fig. 5 the bubble chord probability histograms are shown.
The histogram columns represent each the probability of a bub-
ble chord length in one millimetre intervals (e.g., the probability
of a cherd length from 2.0 to 3.0 mm is represented by the
column labeled 3). The histograms describe 2all the bubble de-
tected across the shear layer width at depths (x — x,) = 10, 50,
100 and 200 mm.

First, note the broad range of bubbie chord lengths: i.c., from
less than 0.1 mm to more than 30 mm. The observations of
bubble chord length indicated consistently a broad range of
bubble sizes, extending over several orders of magnitude.

Second, Figs. 5(a) and 3(b) show clearly the existence of
large chord-length bubbles at (x — x;) = 10-mm (ie., very
close to the enirainment point). Further downstream (i.e., (x —
x1) = 100 to 200 mm}, most large chord length bubbles have
disappeared presumably by a bubble breakage process in the
turbulent shear flow. This bubble breakage is confirmed by high
speed video and photographic observations, showing that the
bubbles can be entrained in the form of elongated air packets
which break later within the free shear layer. Bubble de-
trainment is unlikely to account for the disappearance of the
larger bubbles so close to the entrainment point.

Discussion. For a two-dimensional shear layer, the vorticity
w can be deduced from the velocity profile (Eq. (3)) by neglect-

o ing the term 8V,/dx. In dimensionless terms, it yields:

w_a'l _ 1 d1 av, _ _ _I_ : 1
V; 2 Vi By 2 vr X — X
AT
Vldl dl
2
7 ()’ - }’50)
Tt d
Xexp{— LI S (5)
Y X —x
4
V[d] d]

Eguation (5) is very similar to Eq. (15). It impfies that, for
plane shear layers, the advective diffusion of vorticity is of
similar shape as that of air bubble (Eqgs. {la) and (15)). The
diffusion processes of air bubbles and vorticity are primarily
defined by their dimensionless diffusivity (i.e., D,/{V,d;) and
vl (Vid)), respectively) and -their axis of symmctry (ie.,
Y., and ys,, respectively).

Air Diffusion Layer and Momentum Shear Layer.  First it is
important to note that the momenturm shear layer (as described
by the mean air-water velocity field) does not coincide with
the air bubble diffusion layer. Further, with vertical supported
plunging jets, the new experiments showed consistently that
1—the momentum shear layer is shifted outwards (away from
the support) in comparison with monophase shear flows, and
that 2-—ys > Y where ¥ _ is the location where the air

' Length of the straight line connecting the two intersections of the air-bubble
free-surface with the tip of the prube as the bubble is transﬁxed by the probe

- sharp-edge.
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Table 1 Experimental values of turbulent diffusivity and eddy viscosity at vertical supported jets

v, dy % fu Do vr
Ref. Run m/s m m 4o Vidy Vid, Comments
ey 2} 3 @ - 3} (6 N 8 ®
Chanson (1995) Fl 2.36 0.0102 0.090 N/A 0.039 NiA Two-dimensional supported jet. W = 0.269 m.
F2 4.06 0.0118 0.090 N/A 0.018 N/A
F3 5.89 0.0122 0.090 N/A 0.037 N/A
F4 8.0 0.012 0.090 N/A 0.061 N/A
F5 9.0 0.012 0.090 N/A 0.053 N/A
Present study 2-m/fs 239 0.010 0.0875 0.057 0.03% 0.011 Two-dimensional supported jet. W = 0.269 m.
- 6-m/fs 6.14 0.0875 0.543 0.038 0.027 ) :

0.0117

Notes:
N/A: not available.

Gar = j: CVdy, where both C and V were measured locally.
W: plunging jet width, i

concentration is maximum (ie. C =
section. (Fig. 1).
For monophase flows, Rajaramam (1976) gquoted:

()’50 - d

X — X

Crax) at a given cross-

) = +0.041 monophase shear layer (6}
monophase

while the authors’ results suggest tﬁat:

(%o_“dl) = +0.226 + 0.024V;
air-water

X —Xx
-air-water shear layer (7)

where V) is in m/fs. In comparison, the symmetry line of air
bubble diffusion layer (i.e. y = ¥, ) was estimated as:

Yo —d\
(L) ~ +0.10
air-water

X — X
(Chanson, 1995, 2 < V; < 9 m/s) (8)

Depth below the free-surface fmm)

Dt < 10

Wxx = 50om

I xx] = 100-emen

.01

0.001

Bubble choed length [om}
Fig. 5(a) Impact velocity V, = 235 m/s
(B) Impact velocity Vy = 6.14 nvs -

Fig. 5(b) Impact velocity V, = 6.14 m/s

Fig. 5 Bubble chord length probability histogram for a vertical sup-
ported jet at various cross-sections befow the entrainment point

Joumnal of Fluids Engineering

Basically the present air-water flow data (Egs. (7) and (8))
imply that the symmetry lines of monophase shear layer, air
diffusion cone and air-water shear layer satisfy: {¥50 Jmonophase <
Yo < (50 har-swazer-

Turbulent Diffusivity and Eddy Viscosity. There is little in-
formation on the turbulent diffusivity. Chanson ( 1995) reported
some air bubble diffusivity values. These results are compared
with the authors’ results in Table 1. Momentum exchange coef-
ficients observed in the air-water shear layer are reported also.
In each case, the values of D, and v were determined from the
best fit of the data (Table 1). :

For the small number of results presented in Table 1, it is
worth noting that the dimensionless turbulent diffusivity and
eddy viscosity are of the same order of magnitude. Further the
urbulent diffusivity of air bubbles tends to be larger than the
momentum exchange coefficient for the two series of experi-
ments (Table 1, columns 6 and 7). :

" Overall Discussion of Plunging Jet Flows

Plunging jet entrainment takes place when the jet impact
velocity exceeds a critical velocity. This characteristic velocity
is 2 function of the jet turbulence. For small jet velocities (larger
than the critical velocity), air is entrained in the form of individ-
val air pockets and bubbies. At larger jet velocities, large air
packets are entrained and broken up subsequently in the shear
flow.

The near-fiow field is characterized by a developing shear
layer and an air diffusion layer (Fig. 1). New experimental
results with the vertical supported jet have shown that these
layers do not coincide. Below the impingement point, the air
entrainment is primarily an advection-diffusion process (Cum-
mings and Chanson, 1997). And most air is entrained in the
region of high-velocity (¥ < ys). Although the velocity distri-
bution has the same shape as for monophase flows, its quantita-
tive parameters (rr, ¥5) are affected by the air entrainment
process. '

The interactions between the air bubble diffusion and the
shear flow are significant. The presence of bubbles within the
shear layer modifies the momenturn transfer between the high-
velacity jet core and the surrounding fluid (at rest at infinity ).
And the turbulent shear flow contributes to the bubble breakage,
leading to a broad spectrum of bubble sizes in the shear layer
(Fig. 5).

JFE Data Bank Contribution

Plunging jet experiments were performed using a two-dimen-
sional vertical supported jet facility. The apparatus consists of
a glass tank with a depth of 1.8 m, a width of 0.30 m and a
length of 3.6 m.. A PVC rotatable slot nozzle supplies a planar
supported jet, 0.27 m wide and 0.012 m thick. The length of
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the plate that supported the jet was 0.35 m and its inclination
with the horizontal was 89 degrees for all experimenis. The
water supply comes from a constant head tank, which has a
constant water level of 12.9 m above the nozzle.

A summary of the experiments is presented in section 2 be-
fore the full set of data (Sections 3 and 4). The full set of
experimental data was first published in: Chanson, H., 1995,
““Air bubble Entrainment in Free-Surface Turbulent Flows. Ex-
perimental Investigations,”” Report CH 46/95, Department of
Civil Engineering, University of Queensiand, Australia, June,
368 pages (ISBN 0 86776 611 5).

Conclusion

New experiments were performed in the developing flow
region of a vertical supported plunging jet. The air-water shear
flow was investigated. The main results of the study are:

1 In two-dimensional plunging jet flows, the distributions of
air concentration follow closely analytical solutions of the diffu-
sion equation (Cuommings and Chanson, 1997). And the veloc-
ity profiles have the same shape (Eq. (3)) as monophase flows.
But the data show that the rate of spread of the shear layer is
enhanced by the entrained bubbles for the 6.1-nv/s jet experi-
ment.

2 The results show consistently that the air bubble diffusion
and momentum exchange layers do not coincide. The momen-
tum shear layer is shifted away from the jet support compared
to monophase flows, and air bubble diffusion takes place pre-
dominantly in the inner part of the shear layer: ie., Yoo < ys-
3 Chord length data show 4 broad range of entrained bubble
sizes. The measurements show alse the entrainment of some
large air pockets which are subsequenily broken into smaller
air bubbles as they are entrained within the shear fiow.

608 / Vol. 119, SEPTEMBER 1997

Overall, the developing flow region of planging jets is sub-
jected to strong interactions between the entrained air bubbles
and the momentum transfer mechanism.
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