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Abstract

The results of calculated dissolution times for mr2 air
bubble under rising pressure in hydraulic engimegri
applications are presented. The numerical model was
created with Matlab and compared and validated with
literature results. The effect of surfactants amtbulence is
discussed by applying various approaches for tlegv@iod
number. Dissolution times for different initial aaturation
concentrations in the water versus the rising piresalong

the conduit are presented.

Introduction

Air-water mixtures are comprehensively discussed in
chemical engineering processes as well as in hijdrau
engineering (e.g. (Vischer & Hager, 1998), (Ahmed &
Ervine, 1984), (Ervine, 1998), (Liebermann, 1957),
(Falvey, 1980)). By contrast with the situationcimemical
engineering, conduit flow in hydraulic engineering
characterized by mean velocities in the range -01Q m/s,
large discharges of > 100 m?3/s, diameters > 5 nvedkas
changing pressures of > 100 bar along the condiilte.
initial air saturation is normally unknown, espdgigor
water drawn from a reservoir bottom. In most casés
hydraulic engineering applications air-entrainmeint
hydraulic systems should be avoided due to negaffeets

on the mechanical components as well as the hydraul
structures. Free air in pressurized systems alasesa
detrimental vibrations at the hydraulic machinery o
mechanical installations due to dynamic pressure
fluctuations. Many studies thus deal with de-aeratin
pressurized systems using costly valves or speiéal
aeration designs. The entrainment of air in a hylidra
system cannot be totally avoided in e.g. collecBgatems
of tributaries within pressurized conduits. In thesases
better knowledge of the behavior regarding theadiig®n

of air-bubbles in water enables adequate reactjomdans

of well-concerted design changes.

Basic Considerations

The dissolution time of an air-bubble depends @nitiitial
bubble diameter, the velocity at the gas-liquiciface, the

water dissolving properties (temperature, contatiina
saturation (namely the &N, concentration)) and pressure
conditions. A common bubble diameter range betw&én
and 7 mm is noted in technical applications for air
entrainment processes ( (Chanson, 1996), (Marsezan,
Montanes, & Lasheras, 1999), (Arch, 2008), (Resch &
Leutheusser, 1974), (Estrada, 2007)) In turbuldatv f
regimes bubbles tend to break up and hence ardesrdak

to shear force effects. The findings of (Clift, Cea &
Weber, 1978), (Levich, 1962), (Spelt & Biesheuvd&97),
(Salih, 1982) and (Laakkonen, Alopaeus, & Aittamaa,
2002) show mean air-bubble diameters in turbulkent bf
between only 1.3 and 3.3 mm. Whether these bubhilés
be transported along the pressurized systemseagainst
the main flow in an inclined conduit depends on the
inclination of the conduit and the liquid discharg
general assessment of the movement of air in closed
conduits was presented by (Falvey, 1980) (Figure 1)
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Figure 1: Bubble motion in closed conduits (FalvES80)

DIMENSIONLESS FLOWRATE

Mass transfer is mainly linked to the liquid vekycat the
gas-liquid interface .,y at the bubble boundary layer
(Figure 2). An exact determination for this is angdicated
process. In calm water the rise velocity of a sniglibble
due to buoyancy forces depending on the bubble silte
be the determining factor. Turbulence acts on titgbke in
conduit flow and together with flow velocities gteathan
the rise velocity keeps the bubble moving in thénnflaw
direction. The rise velocity of a single bubblet@mms of
flow field, contamination or the fluid propertieas been



widely discussed in (Kulkarni & Joshi, 2005). Acding to
(Hinze, 1975) the minimum turbulence-velocity pontiof
turbulent pipeline flow is about 3% of the meanoedtly. In
the present case of air entrainment in inclinedriwiic
conduits it is assumed that larger bubbldg>(2.5 mm)
will remain in the entrainment zone and tend tapsdrom
the turbulent flow field, so that relatively smddubbles
only will be transported along the conduit due to
turbulence.

In addition mass transfer through the bubble iatf
depends also on the properties of the surroundmgdl
Surface-active contaminants in liquids accumuldteha
bubble surface blocking the interface for diffusi@tudies
by (Takemura & Yabe, 1999), (Takemura & Akira, 1398
(Vasconcelos, Orvalho, & Alves, 2002), (Cuenot,
Magnaudet, & Spennato, 1997) or (Ponoth & McLaughli
2000)) indicate that a bubble in “untreated” watarst be
considered as bubble with a rigid interface resgltin a
lower mass transfer compared with diffusion at abibeo
interface, a fact already valid for tap-water caoiodis.

Beside the gas-liquid interface velocity and thetewa
properties, the initial air saturation concentnatim the
water has a significant effect on the mass transfiess and
thus the dissolution time. Predicting the saturatio
concentration in lakes and reservoirs
Depending on the seasonal conditions, water-daftityde
and ambient temperature various saturation COref#omns

are found (e.g. (Aho, 1978) and (Ramsey, 1960)). In

general the saturation concentration varies betw&dn
90%.

Numerical Model
Theoretical Background

Mass flow rateV [mol/s] is calculated acc. to equation (1)
whereky & kg [m/s] are the coefficients of mass transfer in
the liquid phase and the gas-phase respectinelye

bubble surface [M2] € air -C air o) the difference in
concentrationR the ideal gas constant [J/mol K]the
temperature [K] andphir .. - P*air o) the difference in partial
pressures (see descriptive Figure 2).
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Figure 2: sketch of mass transfer mechanism @eft)ain
parameters of the numerical simulation (right)

is complex.
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According to equation (1) mass transfer can beutaied
either related to the gas phase based on the dtifferin
concentrations or - for the process of gas disswuin
liquids - to the liquid phase based on the diffeeerin
partial pressures - indeX|™ represents the fluid andy
the gaseous phase. Both calculations were donénvifib
numerical simulation for verification reasons. Thguid
acts as continuous phase which surrounds and #ossd
the rigid bubble (disperse phase).

Mass transfers coefficients are calculated accgrdim
equation (2).

1 and k - 1

1, RT 1, H (2)

B, B,H. B, RIB,

Where f;, and p, are the mass transfer resistances
calculated acc. to equation (3) amty is Henry's law
coefficient.
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Br for the continuous (fluid) angs, for the disperse

(gaseous) phase are depended on the Sherwood number

Sh[-], the diffusion coefficientD; [m?/s] and the bubble
diameterdg. After Treybal ( (Pfliigl & Rentz, 20018h, for
stationary diffusion in a sphere under rigid coiodis can
be expressed with equation (4).

sr;:%nz

In the same way aSh, alsoDy the diffusion coefficient in
the fluid phase is in general independent of théviant
pressure but highly dependent on the temperatulecan
be found in chemical engineering tables. By conttgshe
diffusion coefficient for the gaseous phase de@®as
significantly with rising pressure. Based on thadfhgs of
Fuller / Schettler / Giddings ( (Pfliigl & Rentz,®0) Dy is
calculated according to equation (5) wherés the actual
ambient pressure [PaylG;, the molar mass of the gag (
& liquid (,) phase [kmol/kg] and the atomic volume of
diffusion.

(4)
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The liquid-side mass transfer coefficient is expegsin
dimensionless form with the Sherwood numBéy, andis
one of the most important parameters for mass feans



processes. In many publications an empirical @batiip is
found for the determination &h, in the form:

Sh =C[Re'[BC* (6)

(@)

Re, :ﬁ and Sc, =2
whereC is a constant (usually between 0.2 and 1R4),is
the Reynolds [-] an&g is the Schmidt number [-] of the
fluid phase (equation (7)), power factwiin the order of %2,
vy is the kinematic viscosity of the fluid phase [sh?And
Virans the velocity at the gas liquid interface [m/s].

General boundary conditions

In the numerical simulation it is supposed thatarbubble

is moved along an inclined conduit witly,g,; due to
turbulence effects and thus is exposed to thegigiessure

in a similar manner to a water particle moving witie
flow. Furthermore it is assumed that the mass triaared

air compared to the mass of the surrounding weader i
relatively small and thus the overall saturation
concentration in the water body does not changmglthe
dissolution process. Isothermal conditions were ligdp
because of the slowness of thermo-dynamic processes
Based on the findings stated above the initiales@ntative
bubble diameter was setdg = 2 mm. The bubble diameter
will decrease while moving along the conduit duettie
effect of gas dissolution in the water and thengsambient
pressure. Depending on the bubble size it is asduthed
the interface velocityy,s Will either be in the order of the
rise velocity of a single bubble (bigger bubble &g flow
velocity) or subjected to the turbulence of theirenflow
regime in the pipeline (smaller bubble and highlemf
velocity). Hence depending on the bubble diamégethe
interface velocityyans Was either set to the rise velocity of
a single bubble and calculated according to. (Ryou;i
2004) or - if the turbulence velocity in the cortdaigreater
than the rise velocity — to 3% ®fqnquit

Since water in reservoirs or tributaries must lgarded as
“untreated” the dissolution process in the presaise was
mainly based on the rigid bubble interface thedrpe
present numerical simulation applies for conceiunat up

to 90%, because a single, overall valid saturation
concentration of water used in hydraulic infrastives
does not exist. . Air entrainment processes in daylilr
structures usually occur under atmospheric pressure
conditions and thus the initial pressuypg,: was set to
1.05-16 Pa. The temperatures were set to alpine conditions
and henceDy was set to 1280°m?/s] (T = 278 K) in the
present simulation.

Against the background of hydro power applicatidhe
dissolution timeT* [s] of a single air bubble was calculated
for conduit velocitiesVeonguit from 1 - 10 m/s, conduit

angles@ from 10 - 90° and initial saturation concentration
c[%] from O to 90 % (percentage in relation to 100%
saturation afT =278 K). A time step o#4t = 0.04 s was
chosen. Based on a sensitive analysi§*oby varying At
results ofT* with 4t = 0.04 only differ in the order of T0
which was found acceptable. Material charactesstere
taken from (Atkins, 2001) and (Perry & Green, 2008)

Validation of the numerical model

As stated above the definition dBh, is of crucial
importance for the diffusion process. Therefore esalv
approaches were tested within the present numerical
simulation (equation (8) to (12)). This was donathieve

a better understanding and to describe the prooéss
dissolution in a pressurized conduit accuratelyiresjathe
background of water contamination, interface veigci
turbulence effects and influences due to changieggure.

In the first step the results of the numerical modere
compared with an experimental investigation by
(Vasconcelos, Orvalho, & Alves, 2002). The authors
studied the dissolution process of gas bubblesiftérent
initial diameters in the context of the effects blgbsurface
contamination has on dissolution behavior in coiated
(run #75) as well as in “clear” water (run #22) eTtbubbles
were kept in place by means of a downward watewv flo

an experimental setup. Hence the mean velocithieagas-
liquid interface was equal to the rise velocitytioé single
air bubble which was injected into the flow. As yihe
initial diameter was mentioned by the authors thaity
Vyans had to be calculated. This was done by applyirg th
approach according to (Rodrigue, 2004), which iveny
good agreement with rise velocities of single aibliles
measured in tap water.

After Krischer & Kast:

Sh, = 0864[Re””[S¢* and
(0037[Re*[S¢)

® 1+ 2433Re S -1) (8)
ShI—KK _V Shamz + Shurb2
After Rowe:
Sh, ... = 079[Re2[Sc” )
After (Ponoth & McLaughlin, 2000):
Sh,_pene = 0725[Re, 2[5¢* with

Ar Ar96 ’ .

Ren = 18" @ oororar 7o | OO (10)
Ar = dB @ ?HZO

U

with Ar as Archimedes number [4§,the constant of gravity
[m/s?] andu the dynamic viscosity of the liquid [Ns/m2].



The results of the numerical model in combinatiathw
different approaches f@h, can be seen in Figure 3 -
temperature and saturation concentrations wer® shé
conditions stated in Figure 3. Starting from atiahbubble
diameter ofdg = 8 mm experiment #22u was carried out
with so-called “untreated” water, which is compdeato
tap water. Applying the approach proposed by (Nguye
1998) for calculating the rise velocity in a contaated
liquid, Shy.rowe Showed the most significant agreement.
Equations (8) and (9) were taken from (Pfliigl & Ren
2001).

After (Takemura & Yabe, 1999):

2 (2
sh . ==<m1-20—— 1 Ido5+pe?
o #EE 3 @+ oogcRey)%}Eﬁ ' ) (11)

3
with Pezﬂ (= Pecletnumbe)

fl

After (Zhang, J.B., & J.A., 2001):

SN2 = % EEl—Ff’:;jj rpe® (12)

Although the transition point to the stagnant cagime is
not reproduced accurately, run #75, which was done
“clean” water (comparable to de-ionised water),|dde
satisfactorily represented by the approach accgridin
equation (11).
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Figure 3: Results of numerical simulation vs. dftam
experimental investigations by (Vasconcelos, Omvalk
Alves, 2002); run #75 refers to “clean” water & #iP2u to
“untreated” water

Studies concerning the dissolution of gas bubbledeu
turbulent pipeline flow conditions were performed b

Based on the energy dissipation by turbulence pi¢meass
(Avdeev, 1988) - (taken from (Lezhnin, Eskin, Lenke,
& Vinogradov, 2003)) - derived the following prorinig
relationship for the Sherwood number:

ShlfAvdeev: 0228|j::_7B DRet be [5(95 (13)

where Re.e is the Reynolds number of the conduit flow
with L as the conduit diameter [m] (equation (14)).
V,

— __Conduit D_
Reu. == 5 — (14)

This approach is based on experimental data foibleub
liquid mass transfer and also vapor-liquid heatgfer. In
Figure 4 and Figure 5 the approaches accordinguat®n
(8) and (13) are compared. In the figures the tesiar
dissolution timer* are shown plotted againstfor different
conduit diametersL. The variable x combines mean
velocity Veonguit With conduit angle® and represents the
pressure changdp per time unitt in [bar/s] and is defined
according to equation (15).

_ BP _ Veosu sme[ba/]

At 1C.197: (15)
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Figure 4: Comparison between equation (8) and exjuat
(13) at constant conduit angle 6f=15° andc=20 % -
different conduit diameteis applied
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(Lezhnin, Eskin, Leonenko, & Vinogradov, 2003) and Figure 5: Comparison between calculated dissolutiioe

(Kress & Keyes, 1973). Pipe diameters and flowsate

T* according to equation (8) and equation (13) atstzont

chemical engineering processes are relatively small conduit angle of©@=75° and c= 80 % - different conduit

compared to applications in hydro-power or watgupy

engineering. Some of the outcomes may thus seebe to
valid only for small scale chemical engineeringqasses.

diameterd. applied
Applying equation (13) lower dissolutions tim&% are
found for higher velocitiegc,nqyit COMpared to the approach



of Krischer & Kast. In contrast to a fixed turbutenlevel doubled when acting under “untreated” conditionss A
of 3% in the numerical model, the minimal turbulenevel stated above, the “untreated” approach according to
will increase to more than 3 % with increasing agnhd equation (8) is more likely to meet conditions ipdio-
velocity Veonauit in sSmall scale applications with the effect of  power systems as well as in the domain of wateplyup

higher mass transfer rates. At the lower exid- 0 to 0.2),

. . 200 T, dissolutiontime T* of a 2mm air-bubble in an im&d, pressurized
where Veonguit 1S relatively small L m/s), mass transfer L7 || condult initalpressure = 1.05*10°Pa,
rates are much lower according to (Avdeev, 198@nth {g saturation concentration ¢ = 0%
. . i ,a. —o— @ =15 &c=0% —6— (@ =30 & c=0%
when applying equation (8). Although equation (8)  -~1501 — @ =48 &c=0% o 9 =75 8c=0%
. = e ©=15- e @=30-
represents laminar as well as turbulent boundayerla © 195 | O 718 ace Takavabe © =30 -ace Tak&vabe
. . e r -~A- @ =45 -acc. Tak.&Yabe --®- (9 =75 -acc. Tak.&Yabe
conditions the turbulence of the conduit flow sedmsct E oo
. c T
less on the interface boundary compared to the dnmy 8 ;
. . .. = I
forces for the tube diameters applied. (LezhninkifEs o ®
Leonenko, & Vinogradov, 2003) stated that thera iack a
of experimental data and due to the scattered teesul ¥
obtained more physical investigations are neededc r Shacc. Takemura & Yabe -> “clean” water
. . 0 t t f |
the fact that equat_lon (8) prg(_juces more consaf_lglatl 0.0 0.2 04 06 0.8 10
results for T* for higher velocities and low velocities Pressure Changex [bar/s]

(Veonauit < 1.5 m/s) are rarely found in pressurized systems Figure 7: Dissolution tim@* for several conduit angles

it was decided to apply equation (8) in the nun@ric  ,gainst pressure changdor ¢ = 0%- comparison of results

model. for “clean” and “untreated” waterds = 2mm
. . a0C 1y - 4 .
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(Figure 6). As turbulence plays a more importaré rat a2 200
higher velocities compared to the rise velocityao$ingle 2 100 -
bubblevys at the gas-liquid interface increases. Regarding o ‘ ‘ ‘
a 2 mm air-bubblé* is in the range of 50 to 700 seconds 0.0 0.2 0.4 0.6 0.8 1.0
applying saturation concentrations from 0 to 80%yFe 7 Pressure Changex[bar/s]

to Figure 9). The results for I (vertical arrangement of Figure 9: Dissolution tim@™* for several conduit angles
the conduit (pressure shaft)) only differ in thelar of 0.5 plotted againsk for ¢ = 40% & 80% -dg = 2mm

to 2 seconds from the results for;d-* Therefore the graphs
for ©= 75° can be used for applications wigh= 90°. As
can be seen in Figure 7 the pureness of water bast@n
effect on the dissolution process. On average Tatikast

Figure 10 shows the normalized resultsTodffor clean and
untreated conditions. A first rough assessment taf t
dissolution time in pure systems might be made by



applying the relationship from Figure 10 based atues
for T* from Figure 7 to Figure 9.

1.0
0.9 - T*cleanwater: 0-44'T*umreatedwaler
08 R2=0.9946 =

07 ¢
0.6
0.5
0.4
0.3
0.2 -
01
0.0 =

T* oy | T* kx max. [-]

T* kk | T* gk max. [-]
Figure 10: Comparison of clean (TY) and untreat&d)(
results ofT* according to equation (11) and (8)

Conclusion & Outlook

Based on a regression analy3is against« follows in
general the relationship:

T, =C,Ih(x)+C, (16)

The coefficientsC; and C, are dependent on the conduit
angle @, the initial concentration ¢ and the bubble diamet
ds. For a first assessment of the dissolution tifrfethe
graphs presented can be used. In the next stepseral
relationship for calculating* will be elaborated by solving
equation (9) for differen®and saturation concentratioos
Based on prototype measurements for the distribudfals

in air-entrainment processes according to (MayiGhAr&
Winkler, 2006) concentration profiles along the doib
will be elaborated.
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