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ABSTRACT

In recent years, nanobubble technologies have drawn great attention due to their wide applica-
tions in many fields of science and technology. From previous studies, a kind of honeycomb struc-
ture for high efficiency nanobubble generation has been proposed. In this paper, the numerical
simulations of bubbly flow in the honeycomb structure were performed by using a computational
fluid dynamics—population balance model (CFD-PBM) coupled model. The numerical model was
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based on the Eulerian multiphase model and the population balance model (PBM) was used to oneycomb nanobubble

calculate the bubble size distribution. The bubble size distributions in the honeycomb structure
under different work conditions were predicted. Two different drag force models (Schiller-
Naumann model and Tomiyama model) and two different aggregation models (Luo model and
turbulent aggregation model) were investigated. Both two drag models gave similar prediction of
bubble number density distribution at the outlet. The results obtained from Luo model had better
reflection of the trend of number density distribution. The turbulence dissipation rate ¢ can be
used to evaluate the nanobubble generating ability. The water tank was not included in the CFD
model in this work. The bubbles in the water tank should be studied in the future.
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Introduction t-

Nanobubbles are nanoscopic gaseous cavities in aqueous solu-
tions that have the ability to change the normal characteristics
of liquids. Ordinary bubbles have diameter larger than 1um
and quickly rise to the surface of a liquid and collapse.
Nanobubbles have diameter less than 100 nm, they will ran-
domly drift due to Brownian Motion and can remain in liquids
for an extended period of time.!"> Nanobubbles have been
widely used in varied fields,”**) including the improvement of

he dissolved oxygen (DO) for chemical and biochemical oxy-
gen demands, reduction of suspended solids and water quality
improvement.[6’7] Furthermore, in the medical field, combin-
ing with ultrasound, nanobubbles can be used as the contrast
agent. Nanobubble technology is also widely used in food
industry, such as seafood long term storage by using nitrogen
nanobubble water circulation to reduce the dissolved oxygen
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(DO) and slow the progressions of oxidation and spoilage.®!
So far, many studies have been done for nanobubble gener-
ation,””'% but the bubble density and the discharge amount
are insufficient for the broader applications.

Recently, a kind of honeycomb structure was designed
for high efficiency nanobubble generation.!'""'?) Aggregation
and breakage occur together and cause a wide range of bub-
ble sizes when the bubbles flow in the honeycomb structure.
Calculation of the bubble size and number density distribu-
tion and study of the processes of aggregation and breakage
in bubbly flow are very important for the evaluation and
improvement of nanobubble generating ability.

Nowadays, many researches have been done on multiphase
flow using computational fluid dynamics (CFD) simulations
for engineering purposes.’® The Euler-Lagrange approach
4151 and the Euler-Euler approach!"®'”! are widely used.
The Euler-Lagrange approach has an advantage on clear
physical description but requires high computational capacity,
and it is difficult to involve the forces on the bubble deform-
ation, breakage and aggregation.!”! For the Euler-Euler
approach, the model equations have the same form for each
phase, having obvious advantage on computational cost.!"”!

Population balance method is widely used for particulate
systems that can estimate the dynamic evolution of bubble
size distribution taking into account the aggregation and
breakage effects in bubbly flow."®'*) This approach is con-
cerned with maintaining a record of the number of bubbles
initially and tracking their evolution in space over time.

A progress in the CFD simulation of bubbly flow is the
coupling of the population balance method (PBM) into CFD
models."*?*"*?) CFD-PBM coupled model combines the
advantages of CFD to simulate the entire flow field and of
the PBM to calculate the bubble size distribution, and it also
takes into account the effects of bubble size on the inter-
phase interaction, which allows it to give good prediction of
the local gas-liquid interfacial area and the flow behavior in
diverse flow regimes.!'>*!

So far, CFD-PBM approach is widely used in the studies
of flotation column****! and bubble column.***”! These
studies provide many references on the applications of CFD-
PBM approach. However, few studies have been conducted
on the CFD simulation of bubble generator.

The aim of this work is to obtain a better understanding
of the bubble aggregation and breakage in the new type
nanobubble generator and provide valuable references to the
design and improvement of nanobubble generator. In this
work, the CFD-PBM coupled model along with the RNG k-
¢ turbulence model is used to simulate the bubble aggrega-
tion and breakage and predict the bubble number density
distribution for the case of gas-liquid bubbly flow in the
honeycomb structure. The nanobubble generating ability is
evaluated in terms of the turbulence dissipation rate e.

Model descriptions
Euler-Euler two-fluid model

For the bubbly flow in the honeycomb structure, the water
is regarded as a continuous primary phase and the gas is
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regarded as a dlspersed secondary phase. The continuity
equation for the Oq phase is,

57 (%aPq) + V- (agp4iq) =0 (1]

where o, p, and iiy are the volume fraction, density and
velocity of the g™ phase respectively. The momentum bal-
ance for the ¢ phase is

ig) =

0 . -
5 (%gpqtq) + V- (ogp4tiq

—04Vp+V T4 + op,8 + Firagq + Fuipg + Fvig (2]

where 7, p and ¢ are stress-strain tensor pressure and grav-
ity acceleratlon respectively of the q phase. degq, Fl,ﬂq
and F VMg are drag force, lift force and virtual mass force
acting on the g™ phase.['”)
Now we assume the phase g is the primary phase and the
phase p is the secondary phase, the drag force is written as
- 1 . L .
Faragq = gCDAipq’”P — g (i — tly) (3]
where A; is the interfacial area, Cp, is the drag coefficient, and

deg p- Cp can be calculated in terms of Reynolds

Firag
rag.q— 1 28]

number Re according to the Schiller-Naumann mode

0.687
Cp— {24(1 +0.15Re™%¥) /Re Re<1000 (4]

0.44 Re>1000

Another concerned drag model in this study is
Tomiyama drag model.””) The Tomiyama model is well
suited to gas-liquid flows in which the bubbles can have a
range of shapes. The expression of Cp, is given by

24 72 8 Eo
Cp = in( =— (1 +0.15Re*%7) =) =
D max(mm(Re( + € ), " 3Fo+4

Re
(5]

— pp)l?
g

EO:g(pq

[6]
where ¢ is the surface tension, and L is the bubble diameter.
The virtual mass force is caused by the relative acceleration
of two phases and the lift force relates to the velocity gradient
in the flow field of primary phase.!"”’ They are described as

dyii, dyi
OSO(qu< 1 —pup> (7]

ﬁ],ﬂq = Clpqap (ﬁq — ﬁp) X (V X ﬁq) [8]
where G is the lift force coefficient, dg/dt is the phase
matenal time derivative, and F VM.q= —F VM.ps leﬂq =

Flifip. The Tomiyama lift force model®>*"! is concerned in
thls work. The expression of Cj, lightly modified by Frank

et al,l®?! is given by
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min [0.288tunh(0.121Rep), f(Ed)| Eo <4

Gr= (&) 4<Bo’ <10 1]
—0.2 10<Eo’

Wheke ~027 0<Eo

f(Eo') = 0.00105E0”® — 0.0159E0"* — 0.0204E0’ + 0.474
(10]

Re, is Reynolds number of bubble, Eo’ is E6tvés number.
They are given by,

thg—1i,|L
Re, = M [11]
Hq
pq — Pp)L;
Eo' :M [12]
Ly, = L(1 + 0.163E0"7%7)"/? [13]
—p\L2
Eo :m [14]
g

where pi, is the shear viscosity of phase g, L, is the long axis
of the deformable bubble, ¢ is the surface tension, and L is
the bubble diameter.

Laborde-Boutet et al.,'**! investigated the available choices
for RANS-based turbulence models following nine different
options, i.e., three formulations of the k-& model (Standard,
RNG, Realizable) combined with three different modalities
to  account  for  gas-phase effects (Dispersed,
Dispersed + Bubble Induced Turbulence, Per-Phase). RNG
k-¢ model can obtain a better estimation of breakage rates
during the execution of bubble-population balance.**) RNG
k-¢ models"**** were recommended for the execution of
bubble population balance models. The k and ¢ for continu-
ous phase are computed by the follows,

0 S
% (%gpgkq) +V -+ (0gpgtighq) =

He,
V- <ocq (,uq + O%:) qu> + 23Grg — %gPgq [15]

And

0 -
a(aqpqsq) + V- (agpqiigeq) =

U g
V- (ocq (,uq + #) V8q> + oy k—q (ClgGk_,q—ngpqsq) [16]
e q

In these equations, gy and o, are the turbulent Prandtl num-
bers for k and ¢, respectively, and 0,=0,=0.7194. C;, and
C,; are constants, and C;;=1.42, C,;=1.68. Gy, is the pro-
duction of turbulent kinetic energy, this term is defined as
2
Gk.,q = chu—qsz
&q

(17]

where S is the modulus of the mean rate-of-strain tensor.

For the dispersed phase, time and length scales that char-
acterize the motion are used to evaluate dispersion coeffi-
cients, correlation functions, and the turbulent kinetic
energy. The influence of the dispersed phase on the turbu-
lence of the liquid phase is taken into account with Sato’s
additional term.**! In the high-Reynolds number limit, the
turbulent viscosity y,, is computed as

Htq = Pq¥q (18]
2

kq — —
Va = CHF_ + CuptpL ity — |
q

(19]

where C,=0.0845, L is the bubble diameter and C,,=0.6.
The kinematic viscosity v, for the dispersed secondary phase
is defined as v,=v,.

Discrete population balance model

The discrete population balance method can compute the
bubble size distribution directly by discretizing the bubble
population with a relatively small number of size intervals.
The size distribution that is coupled with CFD can
be computed.

Assuming that the bubbles are spherical, the volume frac-
tion of gas phase is given by

a,(%, ) = J

0

+00 P

n(%, @, t) gL3alL [20]
where L is the bubble diameter and n(¥, ®,t) is the number
density function. The “external coordinates” (¥) denote the
spatial position of the bubble and “internal coordinates” (®)
denote the bubble volume. The transport equation for
n(%,®,t) is given as!'**"

0 -
En (n(V,t)] + V - [iin(V,t)] = Bag(V, 1)

By (V, 1) = Dgg(V, 1) — Dy (V1) [21]

Aggregation kernel
Bubble aggregation is caused by bubble collisions. These col-
lisions may be caused by various mechanisms, such as the
turbulence of the liquid and Brownian motion. Brownian
motion is not considered in this work because the gas vol-
ume fraction is very low, less than 1%.

The birth rate of bubbles of volume V due to aggregation
is given by!*®!

1 14
By = EL Qu(V =V V')n(V -V t)n(V',1)dV'  [22]

where bubbles of volume V-V’ aggregate with bubbles of
volume V’ to form bubbles of volume V.

The death rate of bubbles of volume V due to aggrega-
tion is given by"*®



Dy = J Qu(V, V)n(V, )n(V', t)dV'’ [23]
0
where Q,, is called aggregation kernel (m’/s).
The aggregation kernel is defined by Luo model®**" as
the bubble formation rate due to binary collision between
bubbles of volumes V; and V;.

Qag (Vi, Vi) = 0ag(Vi, Vj)Pag (Vi Vi) [24]
where ,, is the collision frequency,
b s
wag(Via V]) = Z (Ll + L]) ninju,-j [25]

where #;; is the characteristic velocity of two colliding bub-

bles with diameter L; and L; and number densities n; and n;.
iy = 143637 + 1) [26]

where ¢ is the turbulence dissipation.
The probability of aggregation caused by the collision,
P, is given as

{0.75(1 +L2/L2)(1+ Lf/LJ?)T

(pp/ g +0.5)/(1 + Li/L;)’

Wel/z

Py =expy —

[27]

where ¢; is a constant of order unity, Ly/L; is the bubble size
ratio and p,/p, is the density ratio of bubble and liquid. We
is the Weber number as following,

_ PqLi(ﬁij)z
o

We [28]
where ¢ is the interface tension.

Another aggregation model concerned in this study is called
turbulent aggregation model.®*®! In turbulent flow, eddies
appear due to the turbulence. The largest eddies transfer
energy to the smallest eddies, and the energy is dissipated
through viscous interactions. The size of the smallest eddies is
the Kolmogorov microscale, nn = (1/3/8)1/ “ where v is the kine-
matic viscosity and ¢ is the turbulent energy dissipation rate.

When bubbles are smaller than the Kolmogorov micro-
scale, bubble collisions are mainly due to the local shear
within the eddy. In the work by Saffman and Turner,*® the
aggregation rate is given as,

8m. (Li+ L; 3
Qg (Liy L) = QT\/EV%

where ¢y is the capture efficiency coefficient of turbulent
collision, and 7 is the shear rate: ) = &% /v.

When bubbles are larger than the Kolmogorov micro-
scale, they are dragged by velocity fluctuations in the flow
field, the aggregation rate in this case is given by
Abrahamson’s model,”*”!

[29]

L+ L)?*
Quy(l 1) = or2?2ya T (v?+up) 130

where U? is the mean squared velocity for bubble i.
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Higashitani et al.'*” proposed the empirical capture effi-
ciency coefficient of turbulent collision:

5 0.242
cp = 0.732 <—> . Ny >5

Ny (31]

where Ny is the ratio between the viscous force and the Van
der Waals force,

6mu(Li+ Lj)*A
N 8H

where H is the Hamaker constant, and 4 is the rate of
deformation,
i= 4 \os
157
Luo breakage kernel

The birth rate of bubbles of volume V due to breakage is
given by[19,36]

T [32]

(33]

b= [ VBV 0 o

4

where g(V’) is the breakage frequency, that is the fraction of
bubbles of volume V' breaking per unit time. S(V|V’) is the
daughter size distribution, which denotes the probability
density function of bubbles breaking from volume V' to V,
cp is the number of daughter bubbles from per original bub-
ble, and ¢,=2 for binary breakage.!'**"

The death rate due to breakage for bubbles of volume V'
is given by!'>?°

Dy, = g(V)n(V,1) [35]

[37]

The Luo breakage model”’' includes both the breakage
frequency and the probability density function of breaking
bubbles. The breakage kernel Q, is given as

Q. (V, V') = g(V)B(V|V') [m~3s71] (36]

where V is the volume of daughter bubble and V' is the vol-
ume of original bubble.

The general form of €, is the integral over the eddy size
I. Assuming that the eddy with size [ hits the bubble with
diameter L, the eddy size I can be normalized as &=1I/L,
then €, is expressed as, 119:3¢]

N\ 1/3 1 \2
Q, (V, V') = 0.923(1 — o) (L_‘Z) J %exp (“pe 1) dg
¢

Emin
(37]
where b is modeled as
2P 4 (1= 1o
2.047p,e2/3L5/3

b=12 [38]
where the breakage volume fraction f;,, is expressed as
fov=V/V'. The breakage kernel is symmetric about f,,=0.5
for binary breakage.
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Numerical method for PBM
The population balance equation can be written in terms of
volume fraction of bubble size i,!'>>°!

(P,
M +V- (ppl_iifxi) = Py Vi(Bag,i

_Dai Bri_Dri
5 gi T Bori = Dor,i)

(39]

where p, is the density of the secondary phase and o; is the
volume fraction of the bubble size i defined as

OC,':N,'V,' iZO,l,...,N—l [40]

where V; is the volume of bubble size i, and N; is given by

Vi
Nit = J n(V, t)dv [41]
Vi

In this work, the breakage formulation for the discrete
method is given by Hagesather'*") and an assumption is that
the smallest bubble class does not break further.

Nanobubble generating device and
experimental details

From previous studies, a kind of honeycomb structure
for high efficiency nanobubble generation was proposed.
Figure 1 shows the bubble generating device equipped with
parallel honeycomb structure units. The device is placed in
the water in a tank and the water and nitrogen gas are
pumped into the bubble generator together as is shown in
Figure 1la. There are 15 honeycomb structure units
placed in parallel inside the bubble generator as is shown in
Figure 1b. Figure 2a shows the composition of the honey-
comb structure unit. One honeycomb unit has four plates,
two honeycomb plates (@®) and two cover plates (D®),
covered each other, so that the complex crisscross flow
channels are formed in the honeycomb unit. The flow path
in this honeycomb structure is shown in Figure 2b. High
turbulence will occur when the gas-liquid mixture flows
through the honeycomb unit. The aggregation and breakage
happen in the turbulent flow and cause a wide range bubble
size distribution. Figure 2c is the picture of honeycomb
plates (@®) and Figure 2d shows the combined honeycomb

Tank

=€ = ——— - —
! :
v 1hy) ) ,f\
] [ } ‘_'B"_ > I
| i
: Pump(\u) j\]
I =7
| -P\Pv':uer—:l-;’%.~ I/, !
A =1+ Y Bubble generator |
l Nitrogen gas

/

- emn wm e wn o == -

(a) Experimental device

Figure 1. Nitrogen nanobubble generating device.

plates. Moreover, the length of the side of the hexagon is
3.5mm and the thickness of the wall between two hexagons
is 0.5 mm.

Nanobubbles flow out of the generator and then stay in
the tank. The nanobubble number density in the tank is
measured from the sample taken from the tank. The nano-
particle analyzer, Nano Sight LM10-HS,"****! is used to
measure the nanobubble density of the sample. Figure 3
shows the principle of Nano Sight LM10-HS. Irradiating a
laser beam in the horizontal direction in the sample liquid,
the side-scattered light from the nanobubbles are visualized
by the objective lens, the movement trajectory of each bub-
ble is displayed on the computer. Tracking Brownian
motion of all bubbles recognized on the screen and using
the Stokes-Einstein equation, the bubble size is obtained
from the moving velocity of the bubble.

The details of the experimental device are shown in
Table 1. The main purpose of this device is to generate
nitrogen nanobubbles and use the nitrogen nanobubbles to
reduce the dissolved oxygen (DO). The experimental results
of different flow rates are shown in Table 2. Here, the gas-
liquid mixture flow rate is controlled by the pump power
and the gas flow rate is a constant 5L/min in the experi-
ment. From Table 2 it can be seen that the DO decreases
and the bubble number density increases over the time. Not
all of the particles are nitrogen nanobubbles because it is
hard to distinguish what type of the particle might be.
However, we can believe that most of the increased particles
are nitrogen bubbles generated by the device, and these bub-
bles make the DO lower. Moreover, the device can generate
more bubbles with higher flow rate. The bubble size and
number density distribution will be analyzed in the
next chapter.

Numerical details

In this work, all computations were performed using the
commercial CFD software ANSYS FLUENT 16.2. Because of
the symmetry, only a part of one honeycomb structure unit
will be modeled to simplify the CFD analysis, as is shown in
Figure 4. According to the device in the experiment, the

Parallel
15 units "

rrrrr

(b) Parallel honeycomb units
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Figure 2. Honeycomb structure.
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The sample solution

Laser light
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Chrome plated
Figure 3. Schematic of Nano Sight LM10-HS.

length of the side of the hexagon is 3.5mm and the thick-
ness of the wall between two hexagons is 0.5 mm. Pressure-
outlet boundary condition is applied. Along the walls, no-
slip boundary conditions are adopted. The symmetry bound-
ary conditions are applied on the two sides of the model.
The inlet velocities are 0.456m/s and 0.358m/s according to
the flow rates 700L/min and 550L/min. The gas flow rate is
a constant 5L/min, therefore the gas volume fractions at the
inlet are 0.00714 and 0.00909 when the flow rates are 700L/
min and 550L/min. An assumption is that the gas phase has
the same velocity as the liquid phase at the inlet because the
gas volume fraction is small and the bubble size is small.
The number of bubble bins is specified 10, Table 3 presents
the diameters of bubble bins tracked in this simulation.
Nano Sight LM10-HS can detect the bobbles with the

&y
) R0 0 02 02
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Table 1. Details of the experimental device.

Item Specification

Pump Submersible pump(80TM23.7)
Output [kW] 3.7, (60Hz)

Tank [mm] 1580 x 1100 x 600

Water and amount [kg] Tap water, 1000

Gas Nitrogen

Flow rate [L/min] 5.0

diameter only from 0 to 1000nm, 7 of 10 bins are set in
this diameter range, this is to focus on the small bubbles
and easily compare with the experimental results.

The tank is not included in the model. An extension, as
is shown in Figure 4, is added to the real outlet of honey-
comb structure, the pressure outlet is defined at the end of
the extension. The results at the real outlet are used in this
work in order to avoid the possible influences and errors
caused by the pressure-outlet boundary condition, such as
the reversed flow. In this work, there is no gas in the
domain at the beginning and bin 8 (1280nm) is chosen as
the initial size at the inlet. The initial size is estimated
according to the inlet geometrical dimension and gas vol-
ume fraction because the real bubble size distribution at the
inlet is unknown. Furthermore, bin 7 and bin 9 are tested
respectively as the initial sizes and similar size distribution
can be obtained at the outlet. In this work, hexahedral grids
with different sizes (number of elements: 843129 and
1388161) are constructed to ensure independence of
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Table 2. Experimental results of DO.

Flow rate 700 L/min

Flow rate 550 L/min

Time (minutes) DO [mg/L] Bubble (or particle) number density [x108/mL] DO [mg/L] Bubble (or particle) number density [x108/mL]
0 10.4 037 10.14 0.41
10 44 0.82 7.79 0.43
20 25 1.12 6.7 0.88
30 1.7 1.72 55 0.94
14000000
Outlet — Inlet bubble density
g 12000000 i ----- E ——700L/min
Symmetry A : .
E 10000000 ! i --=--550L/min
N’
¢| )
Real outlet 2 8000000
Z
3 6000000
o St 22020808 (5]
Symmetry $.=3§§§ -E
Inlet e 8 4000000
¢ g
2 2000000
0:-::!: I PR T T ST R T NN SR S S T |
0 1000 2000 3000 4000 5000

Figure 4. Simplified honeycomb unit model and the grids of honeycomb cells.

Table 3. Diameter of each bubble bin.

Bubble bin number 1 2 3 4 5 6 7 8 9 10
Mean bubble diameter (nm) 10 20 40 80 160 320 640 1280 2560 5120

obtained results on mesh density. The computation starts
with the first-order discretization scheme and then switches
to the second-order scheme after several iterations. The per-
centage of change of the solution in both cases is small and
there are no significant differences in the results. The overall
pressure drops are 0.15MPa and 0.09 MPa when the flow
rates are 700L/min and 550L/min, coinciding with the
experimental data. Therefore, the mesh consisting 843129
numerical meshes is chosen for further simulations.

In the next discussion, in a simplified way we refer to the
Schiller-Naumann drag model as model SN, Tomiyama drag
model as model T, Luo aggregation model as model Luo,
and turbulent aggregation model as model Turb. Figure 5
shows the initial bubble number density distribution of dif-
ferent flow rates at the inlet. Due to the fixed gas flow rate
5L/min, the gas volume fraction is smaller when the mixture
flow rate is high, the bubble number density when flow rate
is 700L/min is smaller than that when flow rate is 550L/min.
Figure 6 shows the simulated bubble number density at the
outlet with different drag models and Figure 7 shows the
number density distribution of the bubbles with diameter
less than 350 nm. Luo model is used in Figures 6 and 7. It is

Bubble diameter [nm]

Figure 5. Initial bubble number density distribution at the inlet.

found that both SN model and T model give similar predic-
tion of bubble number density distribution at the outlet.
When Luo aggregation model is used, the number of bub-
bles with diameter larger than 1000 nm becomes higher sig-
nificantly at the outlet, which means the majority of the
bubbles at inlet aggregate into the larger bubbles after flow-
ing through the honeycomb structure. In Figure 7, more
small bubbles are generated when flow rate is 700L/min.
Figure 8 shows the comparison of Luo aggregation model
and turbulent aggregation model, SN drag model is used in
this case. The details of bubbles with diameter less than
350 nm are shown in the right side in Figure 8. When tur-
bulence aggregation model is used, the number of bubbles
with diameter about 1000 nm is large at the outlet. For the
small bubbles, the bubbles with diameter about 10 nm have
the largest number.

The large bubbles in the tank quickly rise to the surface
of water and collapse, only the tiny bubbles remain in the
water tank and are detected by Nano Sight LM10-HS.
Figure 9 shows the bubble number density distribution in
the tank. The simulation result is obtained by

Ntank N;Z’Zd " Qiotal - 1

pbm tank
Vwater

(42]

where Ng;‘;ﬂ” is the number density at the outlet as is shown
in Figures 7 and 8, Qo is the flow rate (700L/min and
550L/min), ¢ is the experiment time (30 minute) and V%
is the volume of water in the tank (1m?). Nf)?f:rlf denotes the
number density of the bubbles generated from the device,
the original bubbles (or other particles) in the water tank
when t=0minute are not included. The 30-minute experi-
mental result includes the original bubbles (or

other particles).
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Figure 8. Simulated bubble number density distribution at the outlet with different aggregation models.

In Figure 9, the bubble number density distributions in
the tank from two different aggregation models are com-
pared with experimental data. A large difference can be
found between the results obtained from turbulent aggrega-
tion model and the experimental data, and the results
obtained from Luo model have much better reflection of the
trend of number density distribution. In the range of 0 nm
to 350 nm, only six bin sizes are calculated because of the
limit of computer power, the more accurate solution may be
obtained by calculating more bubble bins using more

computing resource. In the experiment, the number of bub-
bles with diameter of 70 nm is the largest when the flow rate
is 550L/min, the number of bubbles with diameter of 82 nm
is the largest when the flow rate is 700L/min. Table 4 shows
the number densities of the bubbles with diameters of
70nm and 82 nm. Simulation results are obtained by inter-
polation from the results of six bin sizes shown in Figure 9,
Luo aggregation model is used here. The original particles
should not be counted so that the effective number density
can be calculated by subtracting the 0-minute experimental
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Figure 9. Bubble number density distribution in the tank.

Table 4. Number density details of the bubbles with diameters of 70 nm
and 82nm.

Flow rate 550L/min
Bubble size 70nm

Flow rate 700L/min
Bubble size 82nm

Experimental result

0 minute 96727/mL 989257/mL
30 minutes 3056609/mL 5843111/mL
30 minutes—0 minute 2959882/mL 4853854/mL
Simulation result (SN-Luo) 2608186/mL 4999691/mL
Error 12% 2%

result from the 30-minute experimental result. It can be
found in Table 4 that the simulation result can accurately
predict what bubble size is the most predominant and the
number of bubbles with this predominant size.

Turbulent breakup of bubbles

The processes of aggregation and breakage in the bubbly
flow may be influenced by many factors, such as turbulence,
Brownian motion and mass transfer. In this work, the gas
concentration in honeycomb structure is very low, less than
1%, bubbles flow through the honeycomb structure in a
short time and have no chemical reaction with water.
Therefore, turbulence may play the leading role in the
aggregation and breakage processes. The breakage process in
turbulence should be concerned for the
ble generation.

The first work on the turbulent breakup of bubbles was
due to Kolmogorov.** The size of bubbles in turbulent flow
is determined by the forces acting on the bubble. In low vis-
cosity liquids the deformation of the bubble is mainly due to
force from liquid velocity fluctuation acting over distance of

nanobub-

the order of the bubble diameter, L. The surface tension act-
ing at the gas-liquid interface causes restoring force resisting
the deformation of the bubble. The ratio of these two forces
is known as the Weber number, as is shown in Equation
(28). The Weber number can be used to predict a maximum
stable bubble diameter L,,, by assuming that a bubble will
split once a critical Weber number, We,, is reached,*”!

_ PgLm®®
- o

We, [43]
If the bubble is smaller than the turbulent macroscale
but larger than the turbulent microscale, the eddies responsible
for breakup are isotropic and lie within the inertial subrange
such that their kinetic energy is independent of viscosity and
follows the Kolmogorov energy distribution law,***”!
2/3
w=2(=

[44]
Pq

Substituting this expression into Equation (43), the max-
imum stable bubble diameter can be expressed as,!*”!

3/5
_ (Weo —1/5,-2/5
L’”‘( 2 > P ”

A commonly accepted idea is that bubbles whose We
>We, are unstable and ultimately break up in a given time.
Unfortunately, the knowledge of the critical Weber number
We, is clearly insufficient.

According to Equation (45), the maximum stable bubble
diameter L, will be small if ¢ is large. Large ¢ means a good
ability to generate small bubbles. Figure 10 shows the

(45]
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number density distribution of the bubbles with diameter
80nm (bin 4) in the honeycomb structure. Figure 11 shows
the turbulence dissipation rate distribution. The bubbles
appear in the zone of high & The honeycomb structure can
produce several high-¢ zones and the number of tiny bub-
bles keeps increasing in this repeated flow channel. In
Figures 7 and 9 it is found that more small bubbles are gen-
erated when flow rate is 700L/min, this is because & is
higher when flow rate is 700L/min as shown in Figure 11.

Conclusions and perspective

In this work, the bubble aggregation and breakage processes
in bubbly flow in honeycomb structure were studied. The
bubble aggregation and breakage in turbulence were simu-
lated by using the CFD-PBM coupled model along with the
RNG k-¢ turbulence model. The bubble number density dis-
tributions were predicted by using different drag force mod-
els and aggregation models.

Schiller-Naumann and Tomiyama drag models give simi-
lar prediction of bubble number density distribution. The
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results obtained from Luo aggregation model have better
reflection of the trend of number density distribution than
the results from turbulent aggregation model. Moreover, the
results from Luo aggregation model can accurately predict
the predominant bubble size and the number density of
bubbles with this predominant size.

More small bubbles can be generated when turbulence
dissipation rate ¢ is high, ¢ can be used to evaluate the
nanobubble generating ability.

The water tank was not included in the CFD model in
this work. In fact, bubbles may continue to aggregate and
break after flowing out of the generator. The aggregation
and breakage processes in the tank may be very different,
Brownian movement and mass transfer may play important
roles because of the increasing gas concentration and low
velocity. The results of this work can be used as the initial
conditions for the simulation of the tank in the future.
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bubble diameter, m;

long axis of the deformable bubble, m;
lift force coefficient;

turbulent kinetic energy, m?/s%;
turbulent dissipation rate, m*/s’;
turbulent Prandtl numbers for k;
turbulent Prandtl numbers for ¢;

shear viscosity of phase g, Pa-s;
kinematic viscosity of phase g, m?/s;
aggregation kernel, m*/s;

characteristic velocity of two colliding bubbles, m/s;
Weber number;

b=

o~
o
X

outlet
N b

N

pbm
Qtotal

Vtank

water

We,
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Kolmogorov microscale, m;

diameter of bubble i, m;

volume of bubble i, m%

number density of bubble i, 1/m3;

eddy size, m;

breakage kernel, 1/m’/s;

bubble number density at the outlet, 1/mL;
bubble number density in the tank, 1/mL;
flow rate, L/min;

wate volume in the tank, L;

critical Weber number;

maximum stable bubble diameter, m;
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