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Graphical abstract Abstract

The Chanson's equation for distribution of air bubbles in vertical direction in the
developing zone at self-air entrainment condition is used when the air bubbles
concenfration at the flow surface is 90%. Otherwise, if this condition is not
satisfying, then the equations of Straub and Anderson can be used. The results of
these two equations are not similar with experimental results. Therefore, these two
equations need to be medified accordingly. These modification equations can
also be used to predict the air bubbles distributions in vertical direction. Hence.,
the main objective of this study is to modify these eguation r vertical air
concenfration distribution in the developing zone and wvali them with
experimental results. The steep channel in the form of flume with 10 m long, 0.2 m
wide and 0.4 m high with slopes varies beiweﬂ?ﬂ“ and 25° were used in this
experimental work. The discharge water was 9 I/s, 12 Ifs and 21 |fs with Froude

T T (dimensioniess number)

numbers between 6.9 fo 8.0. Thomseon weir [V Notch) was used fo calibrate
oo w o wm the discharge flow of water. A set of video cameras was used to record the
Concenbalon los bubes %) tion pictures of the air bubbles. The air bubble was analyzed using Ulead

Video Studio 11 software program equipped with Imagej ﬁwom. The results of
this study indicates that the modifications of equations of Straub and Anderson
were the equation air concentration distribution (C] in the undgillying zone value
was 0.647 m at 20° slope of channel bed, the eguafion air concentration
distribution (C) in the underlying zone the value was 0.542 m at 25° siope and the
equation in the mixing zone remained the same. The original Chanson equation
was modified mainly in terms of the hyperbolic tangent (tanh) equation which
originally had a power of 2 while the modification was 0.8; and the Cewas 0.9 sin
a, whereas at the modified Chanson's equation, Ce was converted info Ce= 0.6

sin a.
Keywords: Air bubble distribution equation, eloping zone, self-air enfrainment
© 2020 Penerbit UTM Press. All rights reserved
1.0 INTRODUCTION downstream crest profile, the sloping face, and the
energy dissipator at the toe. Upstream of the crest, the
The hydraulic conditions in 1HE) spillway involve four flow is subcrfical: the flow changes its state from
main part consisting of the upstream crest profie, subcritical fo supercritical after the crest because the
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crest is followed by a steep sloping face [1]. The
supercritical flow occurs in the chute spilway.
According to past researchers, the self-air entrainment
regime in the spillway involved three regions which are
no air enfrainment, developing and fully developed
regions [2-3]. The air entrainment area in no aqir
entrainment and developing regions can cause
erosion and cavitation. This conjecture is supported
that erosion can occur in areas where pressure is low
and in areas where air bubbles have not touch the
channel bed or in developing areas [4].

From previous studies on dir enfrainment in steep
open channels which had been conducted by two
researchers [5-6] did not include the mod@ihtion
equations by Straub and Anderson. Therefore, the aim
of this present study is to determine the distribution of
air bubbles concentrations under conditions of self-air
entrainment by modifying the Straub and Anderson
equations. The distribution of air bubbles is considered
in mixing and underlying zones of the developing
area. The values of bed slopes of the channels used
ore and 24°. In addition, the flow discharges used
are 1.2 fi/s, 1.7 fi/s, and 2.2 fi/s. Subseguently, the air
bubble concentration data which were obtained
from experimental work are compared with the air
bubble distibution curve proposed by previous
researchers [7].

Upﬂo date, most of the equation which is normally
used to predict the distribution of air bubbles in the no
air enfrainment and developing zones were
developed by Chanson [8] and Straub [7]. The Straub
equation can be used if the assumed concentration
of air bubbles on the surface of the flow reached 90%
or more, Furthermore, the Straub equation also canbe
used fo predict the distribution of air bubbles even
though the assumed concentration of air bubbles on
the surface of the water flow did not reach 90%. If the
surface conditions of the flow had reached 90%, then
both equations of Chanson and Straub can be used
together.

These two equations were developed actually
cannot be applied under developing areas especially
in the underlying zone [7-8]. The mainreasonis that the
area of developing air bubbles did not reach the
botftom part of the water flow. On the other hand,
Falvey [2] stated that until now no one had developed
equality equation in this area based on visual
observations during experimental work. Lay [5] had
used the equation of dir bubbles diffilbution which
had been proposed by Straub [7] fo predict the
distribution of air bubbles concentrations in the
developing regions. Lay [5] found that in developing
regions, the distribution of air bubbles cannot be
explained by Straub [7] because the concentration of
air bubbles near the bed is very small. It is because the
area of developing air bubbles had not yet reached
the bed of the water flow.

The equation of the distribution of air bubbles
concentrations proposed by Straub [7] is also shown in
the monograph [2]. According to Straub [7], the
distribution of air bubbles can be divided into the
underlying and the mixing zones. Equations in the

underlying zone involve parameters of normal depth,
concenfration of air bubbles at the depth of the
transition, and depth of the transition. The equations in
the mixing zone involve the normal distribution
function.

The experimental work which had been

conducted by Sutopo [10] found that the two
equations developed by Straub [7] and Chanson [8]
were not suitable when compared with the
experimental results. Therefore, the two eguations
must be modified accordingly based on their
conditions. The result of this study is the modification of
the equations developed by Straub [7] and Chanson
[8]. These modifications equations can be used
precisely and accurately to predict the distribution of
dir bubbles in vertical direction. This modification on
the equation can be referred by other researchers to
test its precision and accuracy of the experimental
results.
a The equation developed by Chanson can be used
to predict the distribution of cir bubbles in the body of
water on the chute spilway if the assumed
concenfration of air bubbles on the flow surface has
reached 90% or more. Whereby, the equation
developed by Straub can be used fo predict the
distribution of air bubbles even though the assumed
concenfiration of air bubbles on the surface of the flow
has not reached 90%. Equation by Straub actually
cannot be applied in the developing region,
especially in the eguation in the underlying zone. It is
because the developing air bubbles have not yet
reached the bottom of the flow. Therefore, a modified
equation about the distribution of air bubbles in the
body of water in the chute spillway is required which
has high accuracy if used to predictit.

Based on the description of the background and
problem as mentioned above, the cbjectives of this
study are to find of the equation for the districution of
modified air bubbles from equation Chanson on the
condition that the percentage of air bubkles on the
surface of the flow has reached 90%; and to find of
the modified air bubble distribution equation Straub
on the condition that the percentage of air bubbles
on the surface flow has not reached 90%.

2.0 RESEARCH METHODOLOGY

This researcifffork was conducted at the Hydraulic
Laboratory, Department of Civil and Environmental
Engineering (JTSL), Faculty of Engineering, Universitas
Gadjah Mada, Yogyakarta, Indonesia. The study was
conducted on July 1,201mnh'l August 15,2014 [10]. In
this study, a steep flume with length of 10 m, width of
02 m, h@ht of 0.4 m and slopes vary between 20°
and 25° was constructed in one of the walls of a
reservoir. The slope of bed flow of the flume which was
a=20° and a=25° was based on Chanson [8]. It is also
considers that the flume steep slope was a=20°. In this
research work, flume steep slope at a=20° and 25°
were chosen. The flow of water info the flume which
was carried out from the upper reservoir was




133 Yeri Sutopo et al. / Jurnal Teknologi (Sciences & Engineering) 82:2 (2020) 131-137

controlled byawe valve. The discharge water was
varied from 9 I/s, 12 I/s and 21 |/s with Froude number
between 6.9 to 8.0. The Thomson weir Notch} was
used fo calibrate discharge water flow. A set of video
cameras was used fo record Irnmoﬁon pictures of air
bubbles. Air bubble analysis was conducted using
Ulead Video Studio 11 software program equipped
with Imagej software [10].

The air concentration was measured at 3 cm from
the side walls of the flume to the axis of the flume
[cross-sectional). In the longitudinal direction, the air
concentration was measured at X=450 cm and X=750
cm from the inlet flume. The location of measurement
was along the “developing zone". In the vertical
direction or perpendicular fo the flow [normal depth),
the air concenfration was measured using 25
categories of depth class, depending on the normal
depth of the flow [10]. Table 1 tabulates the tools and
instruments used in this study.

Table 1 Tools and instruments used in research [10]

Waker pump O=1110

downpream ol b [

Figure 2 The layout of device and instfruments of the study

The layout of the lower part of the water tank, the

Types of Tools Specificafion

and Instruments

Flume This  flume & the maoin equip in
conducting experiments that s e ed
with volumetric tanks. This flume is 10 m long,
0 high and 0.2 m wide.

Water pump pumps that have a discharge water of
91/s: 12 /s and 21 1/s

Water tower The height of the water tower is 4 m that is
built on the laboratory floor. This water tower
i5 used to support the water tank located
above]

Water tank The vﬁ tank in the downsfream flume

which has a length of 4 m and a widthof 2 m.
This water tank i located at the bottom or
bottom of the laboratory floor

Instrument  for
measuring  the
diameter of air
bubbles

CCTV comeras, Ulead Video Studio 11
software, Imagej software, a program used
for data analysis about air bubble distribution,
and Troce program ore  software  for
determining the position of air bubbles.

Multimedia
computer

This computer is used to analyze image
capiture data by video caomeras and
cameras equipped with Ulead Video Studio
11, Imagej. and Trace prograns

Data logger

Data loggers are used to store, analyze, and
change the mechanical and elecirical
phenomenon of the sensor into the ADC
scale

Image;j

Software used to measure air bubble
dimensions onareal scale (mm), compiled in
Delphi

Tripod

Atrpodis used to place the video camera at
a specified height so it does not mowve. Tripot
used is the brand Vanguard type CT-248-6

Lights

The lamp wsed s a 500 watt capacity 4
halegen lamp

Tracing paper

In this research fracing paper s wed os a
screen so that the light spreads evenly in the
flume. In addition, combined with thin blue
paper so that the light becomes softer

upper part of the water tank, the pump, the spout,
and the hole to measure the pressure at the bed of
the flow are presented in Figure 2.

Higean of ) ar artrmnemeet
Ectge of by laywe
By of e st
(v partaly saied fom
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Figure 3 The sfeps of determining the distribution of air bubble
concentrations
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The steps to determine the distribution of air bubble
concentration C are shown in Figure 3. There are six
steps involve in this procedure as listed below:

(1) Capture the air bubble images using a Closed
Circuit Television (CCTV) camera equipped
with a Charge-Coupled Device (CCD) sensor.
Air bubbles are measured at 3 cm from the
flume sidewall in the direction of the axles of the
flume. In the longitudinal direction, air bubbles
are measured at X=650 cm and X= 750 cm.

(2) Read the air bubble images using video
capture software.

(3) Store the video images in the video capture
software files.

(4) Convert the video images into stillimages using
the Batch Convert menu.

(5) Measure the dimensions of the air bubbles with
ImageJ soffware.

(6) Imagejis used to process images of air bubbles
that were originally in units of pixels into units of
length and area of air bubbles.

(7) Cadlculate the distribution of concentrations of
air bubbles using Excel software.

The disfribution of air bubbles is measured in the
vertical or perpendicular flow (normal depth) in which
the number of depth classes is divided into 15 to 25
categories. The depth range in each class is similar,
that is 1.2 mm. Therefore, based on the number of
classes and concentrations of air bubbles in each
class, it can be aranged the distribution of air
bubbles.

The error analysis was conducted using Equation 1
[11-13]:

Ct = Cexp| 1000 - )

error =

exp

Where Ciis theoretical concentration of air bubbles.
Cexp i5 the concenfration of air bubbles
experimental results. The accuracy was calculated
using Equation 2 as follows:

Ap =100% — error 2)

3.0 RESULTS AND DISCUSSION

3.1 Air bubble Concentration Distribution Profile at
The point of 6.5 m and 7.5 m from the Inlet Flume

Based on Figure 4 and Figure 5, the distribution of
experimental air bubble concentration on the vertical
direction at 6.5 m and 7.5 m on downstream of inlet
flurme with slope of a=15° 20°, 25° and at Q=21 |I/s
(underlying zone and mixing zone) follows the
logarithm eqguation. At 7.5 m on the downstream of
the inlet flume, the conditions cnhe air concentration
follows as (1) at a=20° and Q=% I/s, 12 I/s and 21 |/s, the
air bubbles did not reach the channel bed; (2} at

a=25° and Q=% /s, 121/s, the air bubbles did not reach
the channel bed; and (c) at a=25° and Q=21 I/s, the
air bubbles had reached the channel bed although
its concentration was still 2.9%. By refering to Bhajantri
et al. [1], the air concentration distribution profile at
the point of 7.5 m on the downstream of the inlet flume
was categorized as fully aerated flow because the air
concenfration reached the bed of the channel,
which amounted to 2.9%. Therefore, the distribution
profile of air bubbles at the point of 7.5 m on the
downstream of theinlet flume was included to the fully
aerated flow zone, and assumed in the inifiation of a
fully aerated flow. The area was also prone to
phenomenon of cavitation [10].

3.2 The Comparison of Accuracy between [7] and [8]
in Predicting Distribution of Air Concentration at
Verfical Direction

Table 2 shows that at point of 65 m on the
downstream of the outlet flume and the discharge
flow was up to 12 I/s, then Chanson [8] was not be
used. It is because the concentration of air bubbles on
the surface of the flow was less than ?0%. At point of
7.5 m on the downsfream of the outlet flume and the
discharge flow was up to 9 Ifs, then Chanson [8] was
not used because the concentration of air bubbles on
the surface of the flow was less than 90%. The
accuracy of Straub [7] was higher than that of
Chanson [8]. However, these two equations should be
modified to accurately predict the distribution of air
concentration at vertical direction.

Table 2 Comparison of accuracy between Straub [7] and
Chanson [8] in predicting the distribution of air concentration
invertical direction

The accuracy of
empirical equation of
air concentration

Point Qanda distibution at vertical Infermation
direcfion
[7]in% [8]in%
® ?1/s and The [8] was not
E 20° 8009 - compared,
2 [F=6.9) because the
ko] ?1fsand concentrafion  of
= 25° 69.19 - air bubble ot the
5“:_'] [F=7.1) flow suface
s 121/s and wos<90%
£ 20° 69.88 -
g (F=7.4)
= 1215 and
% 25° 74105 -
_8 [F=7.5]
@ 21 1fs and The [7] was more
= 20° 7503 26.55 accurate
5 (F=7.8)
£ 21 Ifs and The [7] was more
E 25% 74.52 28.53 accurate
[F=7.9)
? /s and The [8] was not
2 g + 20° 7599 - compared,
| because the
a E ¢ concentration of
£ 3 i 9”;;;‘,”" a1 41 i air bubble at the
~a ¢ - ’ flow surface
(F=7.3) wos<P0%




2

135 Yeri Sutopo et al. / Jurnal Teknologi (Sciences & Engineering) 82:2 (2020) 131-137

The accuracy of
empirical equation of
air concentration
distribution at vertical
direcfion

[lin% ___ [gin%

Point Qand a Information

The accuracy of

12 Ifs and :
20° 77.95 78.13 ggéh[glqigpgns 171
i similar
The accuracy of
* lgsﬁsnd 75.58 B7.08 both equations [7]
(F=7.7 ' : and [8] were
7 similar
The accuracy of
21 Ifsand (
both equations [7]
Fg?: 2048 2863 and [8] were
il similar
21 Ifsand
[F=8.0]

Source: The results of data analysis in 2017

where:
F : The Froude number

3.3 The Modification of Equations as Recommended
by Researchers

The modification equations which recommended to
the researchers based on the experimental work are
as suggested herein.

1) For angle a = 20° the Equation 3 is
recommended for value (C) as follows;

C=C(,[ < ] (3)

-z

where 0.647 in m;

2) For slope a =25° the Equation 4 s
recommended for value (C) as follow:

c:ct,[ : J - @)

where 0.542 was m. The greater value of the slope
angle in the channel bed leads to the smaller power
value of m in Equation (7) modification, especially in
the underlying zone.

Meanwhile, the Equation 5 in the mixing zone
remained the same as follows

C ) g

Al this time, the air concentration was at z/2 VB
equal to 0%. Then, the parameter Cp (air
conceniration at the inner edge of the turbulent free
zone) was used, buf if z /2# 0% (typically the air
concentration reached the channel bed) then the
parameter Ci (the air concentration at g /2 was

used). At the channel bed slope of 20° Equation é as

stated below
0,647
oo C{ 2 J (6)

Z,

and at the channel bed slope of 25°, Equation 7 can
be applied
o s (7)
=
The original equation by Chanson [8] defined by
Equation 8 as follows

(s (8)
€ =1-tanh? x'—&
20

It was modified to Equation 9 as fbllows

[z 9
x-_éJ )

2D

C=1-tanh"™

The k' and pparameters were included Ce
parameter. Ce is average air bubble concentration in
vertical direction. At the original [8], the Ce= 0.9 sin a,
whereas at the modified [8], Ce was converted into
Ce=0.6sina.

3.4 Accuracy of the Modified Equations of Straub [7]
and Chanson [8]

Table 3 shows the modified equation of Straub [7] in
predicting the air concentration distribution at vertical
direction was more accurate than the original. The
increase in accuracy percentage was 3%. Therefore,
it can be synthesized that the modified of [7] was
preferred in predicting the air concentration
distribution at vertical direction in the developing zone
at the self-air entrainment condition.

Figure 3 shows the medified Edilbtion of [7] at the
point of 6.5 m on the downstream from the inlet flume
in predicting the concentration of air concentration
distribution the vertical direction (C) was more
accurate than the modified of [8]. The average
accuracy of the modified of [7] equation was 78.68%,
while the modified of [8] is 49.34%. Therefore, it can be
synthesized that the modified equation of [7] was
preferred to predict the distibution air concentration
(C) at the vertical direction at the point of 6.5 m of the
downstream inlet flume.

Table 3 The comparison of accuracy between [7] with the [7]
modified in predicting the distribution of vertical air bubbles
concentration

The accuracy of
empiricadl equation of air

conceniration
Point Qanda detrTbl:;zlﬂoL:eﬂTcal Informafion
The
[7]in% modified of
[7lin %
? Ifsand
o = g 20° [F=4.9) B80.09 B277 5 o
S£ES5 9lsand og
< g % 25° (F=7.1) 6919 7998 % E g
EE¢ 12l/sond 080
55 200 (F74) 69.88 75.75 E é g
8= 121fs and 2405 7991 £=
25° (F=7.5) : :
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The accuracy of
empirical equation of air

concentration
distribution of vertical
Point Qand a direction Information
The
[7] in%% modified of
[7]in %
21 1/s and
20° [F=7.8) 75.03 77.15
21 /s and
25° [F=7.9) 74.52 76.54
?1fsand
£ 20° [F=7.2) 75.99 7649 .
2 ?1fsand S
,‘:ﬂ g 25° (F=7.3) 81,41 B2.23 :g
& 121/s and gy
_8 5 20° (F=7.6) 77.95 7840 _g g
= 121/s and 2o
i =
E g 25° (F=77) 75.58 7642 .8 g
g 211/s and EE
5]
E 20° (F=79) 50.48 5285 g
I 21 1/s and =
25° (F=8.0) 70.31 7208
Source: The results of dota analysis in 2017
n IRITURAPTT T DLl e
. - s
‘..',‘ V.
g 0 + bpenment_|Sdegrees Q=211 000 0
:
s 0 B Experment 20 degrees Q=211
2
HL!
2 i Biperiment 25 degress G112
80
5 . - Charwon theary (1995) modification; Ge21 1y 25
} v degree
30 === ifroub and Anderion theary (1938) modification;
G=211_25 degree
0 0 2 k| 4@ 0 # 0 & # 100
Concenlration ofair bubbles C %)

Figure 4 The accuracy of dir concentration distribution of the
modified equation of [7] and [8] af the point of 6.5 m from
the inlet flume at @ = 21 I/s, and a = 15°, 20°, 25°

The graph in Figure 4 was obtained from the results
of experiments conducted in this study which use
flume with varying base slopes of 15°, 20° and 25° at
a discharge of 21 I/s. The blue dashed line was the
modified (8) equation where the parameters used
were 21 |/s discharge and the bed slope of the flow
was 25° The red dashed line was the modified [7]
equation where the parameters used were 21 Ifs
discharge and thﬂed slope of the flow was 25° and
at the point of 6.5 m from the inlet flume.

Based on Table 4, the modified of [8] in predicting
the air concentration distribution at vertical direction
was more accurate than that of [8]. The increase in
percentage of average accuracy was 10.6%.
Therefore, it can be synthesized that the modified of
[8] was preferred in predicting the air concentration
distribution (C) in the verfical direction in the
developing zone at the self-air entrainment condition.

From Figure 5, the modified equation of [7] atthe point
of 7.5 m on downstream from the inlet flume in
predicting the distribution of air concentration of (C)
at the vertical direction is more accurate than the
modified equation of [8]. The average accuracy of
the modified equation of [7] was 73.07%. Meanwhile,
the modified equation of [8] is 67.46%. Therefore, it can
be synthesized that the modified equation of [7] was
preferred to predict the distibution air concentration
(C) at the vertical direction at the point of 7.5 m of the
inlet flume downstream.

The graph in Figure 5 was obtained from the
experimental results in this study which used a flurﬂ
with a basic slope of varying 15, 20, and 25 degrees at
a discharge of 21 I/s. The blue dashed line was the
maodified equation of [8] where the parameters used
are 21 I/s discharge and the bed slope of the flow was
25 degrees. The red dashed line was the modified
equation of [7] where the parameters used were 21 /s
discharge and the bed slope of the flow was 25
degrees and at the point of 7.5 m from the inlet flume.

Table 4 Comparison of accuracy between of [8] with the
modified of [8] in predicting the distribution of air bubbles
concentration at the vertical direction

Accuracy of empirical
equation of air bubbles
concentration distribution at

Point Qanda verfical direcfion Information
The modified
[8]in% of [8] in %
21 lfsand The Modified
é . % ‘5% ; 20° (F7.8) 2855 4398 of 8]
£ 3 e S equation
a é SE& %;JTFSITC';] 28.53 5471 was more
) accurate
12 I¥Ys and  78.13 93.59 The Modified
T 20° [F=7.6) of [8]
IS equation
@ was more
= accurate
; 12 /s and  87.08 87.82 The
o 25° (F=7.7) accuracy of
2o both
2 equations
= (8] and (8]
o madification
2 were similar
g 21 s and  58.43 61.09 The Modified
£ 20° [F=7.9) of [8]
w 21 Ifs and  25.62 27.37 equation
[ 25 (F=8.0) was more
accurate

Source: The results of data analysis in 2017

Therefore, it can be synthesized that the modified

B}uch’on of [7] was prefered to predict the
distribution of dir concenfration in the vertical
direction in the developing zone at the self-
airentrainmment condition than the modified equation
of [8].
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Figure § The accuracy of air concentration distribution of the
modified equation of [7] and [8] at the point of 7.5 m from
the inlet flume at G =21 I/s, and a = 15°, 20°, 25°

4.0 CONCLUSION AND RECOMMENDATIONS

It can be concluded that the modified Straub and
Anderson  eqguations have the value of air
concentration distribution C is 0.647 m at 20° slope of
channel bed and C is 0.542 m at 25° slope in the
underlying zone. The original Chanson (1995) equation
was modified mainly in terms of the hyperbolic
tangent (tfanh) equation which originally had a power
of 2 while the modification value is 0.8. In the original
Chansons equation (1995), the equation for Ce was
0.9 sin a, whereas in the modified Chansons equation
(1995), the equation of Ce is converfmwto 0.6 sin a.
Moreover, the modified equations of Straub and
Anderson  (1958) are preferred to predict the
distribution of air concenfration at the verfical
direction in the developing zone at the self-air
enfrainment condition than the modified equoh’onﬂf
Chanson (1995). Whereas, the proposed equation by
Straub and Anderson (1958) especially in  the
underlying zone with air concentration was at zt/2 Wik
equal to 0% then the parameter CO (air
concenfration at the inner edge of the turbulent free
zone) was used, but if zi/2#0% (typically the air
concentration reached the channel bed) then the
parameter C1 (the air concentration at zt/2) was
used. Finally, the modification equation of air bubbles
distribution at self-air entrainment conditions in this
study can be used to improve the prediction of resulfs
of distribution of air bubbles at the bed of the steep
channel by using the Chanson (1995) and Straub and
Anderson (1958) equations. The significant finding of
this research is that the modified equation has a high

dccuracy of the actual air bubble distibution as
compared to the original Chanson (1995) equation
and Straub and Anderson equation (1958).
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