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The objective of this work is to develop numerical methods for Direct
Numerical Simulation (DNS) of bubbly flows with interfacial transport
phenomena (variable surface tension, phase change, heat and mass transfer).
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Introduction

Introduction

- Bubbly flows with heat and mass transfer are important in natural processes and industrial applications:

Hot wall
Th

. 3 ! |
Source: http://www.iim.unam.mx/zenit/research.htm!
Unit-operations in Chemical . : T Codwal
Engineering: Bubble columns, A Th llary flow:
Chemical and Biochemical nermocaptiiary flow:
Bubble reactors Microgravity, microdevices.

Assumptions considered in this work:

- Incompressible flows of two-phases (or two-fluid) with a clearly differentiated interface.
- Newtonian fluids.

- No coalescence of the fluid particles (bubbles, droplets).
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Mathematical formulation and numerical methods
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Boundary conditions at the interface
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Boundary conditions at the interface
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Mathematical formulation and numerical methods

S T ) : _
R S ‘f)—lrlrrv—f—v.pvv = —Vp+V-u (Vv + :vv}f )
" “ ¢ e
i “ - +fl"1'h'n—vn'+n n-Vo)or
: Fluid 2 ' rg Vo +n(n-V)g)
i BC CrataPatt) Y Vov=0 Vro
H Vv = w2 :
:- G1=Sa)-n=on-ro?) { | Op 5.7y~ Ly.avr
. L oo G,
N (MVT) = A2VTy)-n=0 ".
. K 8= B Hy + B2(1 — Hy) B By omsd
.. F|u|d 1 (CpphpPplt,) "'. .
---------------- a(T) =00+ ”H —Ta)
Q=9UQ,

1 - . .
Balcazar et al., (2014). A finite-volume/level-set method for simulating two-phase flows on unstructured
grids, Int. J. Multiphase Flow 64, 55-72. https://doi.org/10.1016/j.ijmultiphaseflow.2014.04.008

Balcdzar et al., (2016). A level-set model for thermocapillary motion of deformable fluid particles, Int. J.

Heat Fluid Flow 62, Part B, 324-343. http://dx.doi.org/10.1016/j.ijheatfluidfIow.2016.09.016


https://doi.org/10.1016/j.ijmultiphaseflow.2014.04.008
http://dx.doi.org/10.1016/j.ijheatfluidflow.2016.09.015

Two-ph nd energy equations

Interface capturing: Unstructured CLS method
Interface Capturing: Coupled volume-of-fluid/le\
Interfac pturi Aultiple r r CLS method

Interface Capturing: Unstructured level-set method [1]

Mathematical formulation and numerical methods

et method

Standard level-set method

Conservative level-set method
[Osher (1988), Sussman (1994)]
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Interface Capturing: Unstructured level-set method [1]

Advection equation

ﬁ +v - Vo=0 (no phase change)
it Eq. 5
lT v =10

ad Advection equation
— +V-gv=0 in conservative form,
at Eq. 6

o

3. T Vol —¢)n—og =V Vo
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Fig. 1: Advection  Fig. 2: Advection Eq. 6 Reinitialization equation, Eq. 7

Eq.6 + Re-Initialization Eq. 7
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Mathematical formulation and numerical methods

Coupled volume-of-fluid/level-set method [4]: 1. Interface advection with geometrical VOF-PLIC
2. Surface tension by level-set method

1. Interface advection and geometrical reconstruction: VOF-PLIC method [3].
Indicator function,
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) = is
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Indicator function in discretized form,

Plane sections to represent
the interface
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Advection equation, 1 by || i) ||
ﬂ +v-Vf=0 PLIC based on Young's reconstruction
ot !

3Jofre, L., Lehmkuhl, O., Castro, J., Oliva, A., (2014). A 3-D Volume-of-Fluid advection method based on
cell-vertex velocities, Computers & Fluids 94, 14-29.

4

Balcazar et al., (2016). A coupled volume-of-fluid/level-set method for simulation of two-phase flows on
unstructured meshes, Computers & Fluids 124, 12-29.
http://dx.doi.org/10.1016/j.compfluid.2015.10.005
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1) { !

2.2. Detect a flagged region

2. Distance function reconstruction [4] —®= Surface tension is computed using level-set method (signed distance function)
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Interface capturing: multiple marker CLS method [2, 5]

Interface advection and reinitialization [2,5]:
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Numerical methods: Discretization [1, 2]

- Finite-volume method for space discretization [1,2].
- Collocated grid arrangement.

General transport equation, Eq. 1
Convection
1,

Compression
— ——
Accumulation Diffusion

0y 7( \—;(.‘-.u--‘.-_..\v‘-_‘.,m—[
Jap

de

. SpdV
at

Jvp

Source

- Gradient at cell P:
(Ve)p = (M'M)"'MY |
‘\

Least-squares method, Eq. 2 |

Central-Difference Scheme. |

- Diffusion terms:

- Convection terms: Novel unstuctured flux limiters
schemes [1,2].

- Pressure-velocity coupling: Fractional step !
method (Chorin, 1967). !

- TVD Runge Kutta method for CLS equations. :

1 - . -
Balcazar et al., (2014). A finite-volume/level-set method for simulating two-phase flows on unstructured

grids, Int.

Balcdzar et al., (2016). A level-set model for thermocapillary motion of deformable fluid particles,

J. Multiphase Flow 64, 55-72. https://doi.org/10.1016/j.ijmultiphaseflow.2014.04.008

Int. J.

Heat Fluid Flow 62, Part B, 324-343. http://dx.doi.org/10.1016/j.ijheatfluidfIow.2016.09.016
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Numerical methods: Spatial discretization [2, 5]

- Finite-volume method on collocated grids for space discretization [1,2].

General transport equation, Eq. 1
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Numerical method: Spatial discretization [1, 2]

General transport equation, Eq. 1
Convection

Novel and accurate flux-limiter
schemes on unstructured meshes [1,2].
Node-stencil:

Downwind node

Far upwind node

f

s USL(0,) (G (nr) — G (dhex)) 1 I - SUPERBEE (Momentum Eq.)
.\:' FENEE)N o WA, I - SUPERBEE (Energy Eq.)

~ = - | - SUPERBEE (Advection Eq.)

|

= upwind term + flux limiter term - CD (Reinit. Eq.)
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Balcdzar et al., (2016). A level-set model for thermocapillary motion of deformable fluid particles, Int. J.
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Numerical methods: Global algorithm [1,2, 6]

Global algorithm for two-phase flows with variable surface tension [1,2,6]:

1. Initialize v, T, x, n;, physical properties. 6. Solve energy equation and update o=0(T) [1,2,6]
— 7. Solve momentum equation [1,2,6]

3. Interface advection for ¢,..., ¢, ¢,,,, ¢, [1,2,6]
4. CLS re-initialization for G 0 0 by [1,2,6]
5
6.

2.

C" 4+ D" 4+ (p— g+ ...

(e (T o (g amy — Vpar (T ) 4+ mgdmy - Vi bar (T | Vi ||

. Calculate the global level-set function, ¢ (x,.t) [1,2,6] (%) ean « Vaplan =0
. Update physical properties, interface normals and
curvature:
- K‘(XP,t), ni(xp,t), )
= - = - 1 At A At
P01 = p(0,), 1K) = (), Mx) = 20), v= ¥ 5wt ) - Loy
FFy iy i

o(Xprl) = €,(9)- ael
8. Repeat steps 2-7 until to achieve the desired time.
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grids, Int. J. Multiphase Flow 64, 55-72. https://doi.org/10.1016/j.ijmultiphaseflow.2014.04.008
2
Balcdzar et al., (2016). A level-set model for thermocapillary motion of deformable fluid particles, Int. J.
Heat Fluid Flow 62, Part B, 324-343. http://dx.doi.org/10.1016/j.ijheatfluidflow.2016.09.015
Balcazar et al., (2017). DNS of the wall effect on the motion of bubble swarms, Procedia Computer
Science 108, 2008-2017. https://doi.org/10.1016/j.procs.2017.05.076
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Gravity-driven bubbly flows (Isothermal)
Falling droplets
Thermocapillary

Numerical experiments

Single buoyant bubbles (Validations)
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[ method [4] U] method method [4]
[2,3]
g g
e
gd*Ap
™ T
: ;
! i
[1] Bhaga and Weber (1981), Bubbles in viscous liquids: shapes, wakes and velocities. Int. J. Multiphase Flow 33
grids. ional Journal of Multi Flow 64, Pages 55-72

[2] Balcézar et al. (2014). Afinite-volume/level-set method for simulating two-phase flows on
[3] Balcazar et al. (2015). Level-set simulations of buoyancy-driven motion of single and multiple bubbles. International Journal of Heat and Fluid Flow 56, Pages 91-107
[4] Balczar et al. (2016). A coupled volume-of-fluid/level-set method for simulation of two-phase flows on unstructured meshes. Computers and Fluids 124. Pages 12-29.
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Numerical experiments . . .
P Thermocapillary-driven bubbly f

Droplet collision against a fluid interface (Validations) [1]

M Pd:Ud
L —
-I—»x

D,=8d ‘ =30

Multiple marker CLS method [1]

Hexahedral mesh, 5.98e6 Cvs, h = d/30

2l Ap gd’.-\p
M= = - Eosa—15=
prat 8.82E-8 @ 6.4 Experiments reported by [2]
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d Hd I 1 e | b

X =
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[1] Balcézar et al. (2015), Int. J. Multiphase Flow 74, 125-142 T weo weos L T s
[2] Mohamed-Kassim and Longmire (2003), Phys. Fluids 15, 3263-3273 12 e— 00
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Numerical experiments ~
ven bubbly

Applications: Gravity-driven bubbly flows [6, 7]

Deformable bubbles do not touch the wall (wall effect).

Random fluctuations in Reynolds number (Re) of single bubbles.
Average Reynolds number (Re) of the swarm tends to steady state.
Predictive simulations: Re = Re(Eo,Mo,bubble fraction,N,,Conf. Ratio).

6Balca’zar et al., (2017). DNS of the wall effect on the motion of bubble swarms, Procedia Computer
Science 108, 2008-2017. https://doi.org/10.1016/j.procs.2017.05.076

7
Balcazar et al., (2018). Direct and Large-Eddy Simulation X. ERCOFTAC Series, vol 24. Springer,
Cham. https://doi.org/10.1007/978-3-319-63212-4_15
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Numerical experiments

Falling droplets (Validation) [8]

Eo=6.4, Mo=1.03x10"5 7, =0.33, 5, = 1.19, CR = 8,

(Da,Ho) = (CR-d,12d), h = d/30 (4.4MCVs), 256 CPU-cores.
cLs 1] VOFLS [4]

o
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T

—cLs[1]

80

T

T
Experiment [9]

=2
[F=T

(Sphericity)

0.8} ) 4

08
0.6 18 19 20 21 =

0.5 L
0 10 20

K ¢

lBalca'zar et al., (2014). Int. J. Multiphase Flow 64, 55-72.
4Balca’zar et al,, (2016). Computers & Fluids 124, 12-29.

8 ) . . .
Balcazar et al., (2018). DNS of Falling Droplets in a Vertical Channel.. International Journal of
Computational Methods and Experimental Measurements. Volume 6, Issue 2, pp. 398-410.

gMohamed—Kassim and Longmire (2003), Phys. Fluids 15, 3263-3273
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Gravity-driven bubbly flows (Isothermal)

N X . Falling droplets
umerical experiments 8 . 5
Thermocapillary-driven bubbly flows

Applications: Falling droplets [8].

Falling droplets at n, = 1.0, n, = 1.2, CR =2, (Dq, Ho) = (2d, 10d) (square
channel), h = d/40 (3.072M CVs), 128 CPU-cores.

Eo=5, M=1e-6 Eo=5, M=1e-7 Eo=5, M=1e-8

Eo=5, M=1e-5

8 ) . . .
Balcazar et al., (2018). DNS of Falling Droplets in a Vertical Channel.. International Journal of
Computational Methods and Experimental Measurements. Volume 6, Issue 2; pp. 398-410.



driven bubbl (Isothermal)
droplets
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Falling droplets at 7, = 1.0, n, = 1.2, CR = 2, (Dq, Ha) = (2d,10d) (square
channels), h = d/40 (3.072M CVs), 128 CPU-cores.
Eo=5, M=1e-5 Eo=5, M=1e-6 Eo=5, M=1e-7 Eo=5, M=1e-8

8 ) . . .
Balcazar et al., (2018). DNS of Falling Droplets in a Vertical Channel.. International Journal of
Computational Methods and Experimental Measurements. Volume 6, Issue 2; pp. 398-410.
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Thermocapillary-driven bubbly flows

Numerical experiments

Applications: Falling droplets [8].

Falling droplets at 7, = 1.0, n, = 1.2, CR = 2, (Dq, Ha) = (2d,10d) (square
channels), h = d/40 (3.072M CVs), 128 CPU-cores.
Eo=5, M=1e-5 Eo=5, M=1e-6 Eo=5, M=1e-7

8 ) . . .
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Applications: Falling droplets [8].
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Applications: Interaction of 2 falling droplets [8].

2 droplets at Fo = 2.5, Mo=10"", 5, = 1.0, , = 1.2, CR = 4,
(Daq, Ha) = (4d,10d) (square channels), h = d/40 (12.288M CVs), 512

CPU-cores.
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Numerical experiments

Thermocapillary motion of single droplets (g=0) [5]
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[6] Young, N. O., Goldstein, J. S., Block, M. J. (1959). The motion of bubbles in a vertical temperature gradient. J. Fluid Mech. 6, 350-356.
[7] S. Nas, G. Tryggvason, Thermocapillary interaction of two bubbles or drops, Int. J. Multiphase Flow 29 (2003) 1117-1135.
[5] Balcazar et al. (2016), A level-set model for thermocapillary motion of deformable fluid particles, Int. J. Heat and Fluid Flow 62, 324-343.
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Numerical experiments

Thermocapillary motion of single droplets (g=0) [5]
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[5] Balcazar et al. (2016), A level-set model for thermocapillary motion of deformable fluid particles, Int. J. Heat and
Fluid Flow 62, 324-343.
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Thermocapillary interaction of multiple droplets (g=0)
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Mesh: cartesian 240x240x480, h=d/40, 1024 CPU cores
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Ongoing work: More details in [9]

Concentration Vorticity

Mass transfer Coefficient = f(Eo, Mo, Sc, Nh, bubble fraction, ...) Poly-dispersed bubble-swarms Film boiling

9Balca’zar et al., (2018). A level-set method for interfacial heat or mass transfer in two-phase flows.
In Proceedings of 7th European Conference on Computational Fluid Dynamics (ECFD 7), Glasgow-UK.


http://www.eccm-ecfd2018.org/frontal/ProgSesion.asp?id=499

Conclusions

Conclusions.

o
12
o
o

grad(T)

36 /37



Conclusions

Mass conservative interface capturing methods have been introduced for
simulation of two-phase flows on 3D unstructured meshes, including
surface tension effects.

A multiple marker interface capturing method has been introduced for
simulation of bubble swarms.

These methods have been extensively validated and verified against
experiments, analytical and numerical results from the literature.

Current work extends the capabilities of these solvers to interfacial heat
and mass transfer, variable surface tension (e.g. Thermocapillary effects).

Future work includes extension of these capabilities to phase-change
phenomena and surfactant effects.
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