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= Why Multiphase Flows are Important!
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’ DNS Examples

Direct Numerical
Simulations:

Fully resolved and
verfied simulation
of a validated
system of
equations that
include non-trivial
length and time
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History

CFD of Multiphase Flows—one slide history
BC: Birkhoff and boundary integral methods
for the Rayleigh-Taylor Instability

65 Harlow and colleagues at Los Alamos:
The MAC method

75" Boundary integral methods for Stokes flow
and potential flow

85" Alternative approaches (body fitted,
unstructured, etc.)

95" Beginning of DNS of multiphase flow.
Return of the “one-fluid”™ approach and
development of other techniques
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More Recent History

Simulation of 2013 ACM Gordon Bell Award
cavitation using 13
trillion grid points to
resolve the
collapse of 15,000
bubbles, using 1.6
million cores of
Sequoia, reaching
55% of its nominal
peak performance
11 PFLOP/s Simulations of Cloud Cavitation Collapse

SC "13 Proceedings of the International Conference on High Performance
Computing, Networking, Storage and Analysis, Article No. 3

Diego Rossinelli, Babak Hejazialhossein, Panagiotis Hadjidoukas. Costas Bekas.

Alessandro Cunoni, Adam Bertsch, Scott Futral, Steffen J. Schmudt, Nikolaus A. Adams
and Petros Koumoutsakos
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= Governing Equations

In many cases, incompressible isothermal problems with immiscible
flows describe the flows of interest. In this case, the equations are

Conservation of Momentum

p%‘r‘_wv"" =—Vp+f+V-u(Vu+V'u)+ |.oxnd(x—x,)da

Singular interface term
Conservation of Mass S
Vou=0 Incompressible flow -
Equation of State:

@=0: %=( Constant

Dt Dt properties

Oscillating drop: pressure

The conservation equations can be solved by relatively standard
methods. In most cases regular structured fixed grid are used

The main challenge is how to advect the marker function
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E-—.-a PRI SR Advecting the Marker Function

The conservation equations for mass, momentum and and
energy can be solved by standard techniques. The main
challenge is the advection of the marker function

{ | in fluid 1
0 Otherwise ——

@E+u-VH=0
.

Other challenges include

« computing surface tension, Updating H—in spite of its
* handling large density and apparent simplicity—is
viscosity differences, and one of the hard problems

« topology changes. in CFD!
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E—:—a PRI FRSE Advecting the Marker Function

The sharp marker function H can be approximated in several
different ways for computational purposes.

12 §+12
H(x)

-
— »

Marker Points Marker Function
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-.-- Advecting the Marker Function

Front Tracking

Fixed grid used for the . sits N Direct Numencal Simulations
2L of Gas-Uqusd Multiphase Flows

solution of the Navier-
Stokes equations

Tracked front to advect the | &5 _ :
fluid interface and find [ f':‘,_‘_ S S

surface tension S
The method has been used | HHEaiiiessE
to simulate many problems N
and extensively tested and i
validated
Ju | | » : )
p—+pV-uu=-Vp+ f+V-uVu+V'u)+ | oxndlx—x,)da
O
[)) [) Sinaular interface term
Vou=0 TP e 2o

Di Di
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Bubbles in Vertical Channels
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High Reynolds Number Bubbles

Angular pair probability distribution
. 3 s -

03 spherical: 3t Deformed:
J " N=8000, E0=0.5 | TN .
0 ov4 P2 IpUa ol 0 pua V2 Toud o
Bubble |
V
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= Bubble Induced Drag Reduction

DNS of bubbles injected
i nearthe wallinaa
turbulent channel tlow ! .
show that the ! | -
;
3
3

T=

deformability of the

" bubbles plays a major
role. Bubbles with a — _ 2
deformability comparable : tame :
{0 what Is seen
experimentally (S. L
Ceccio, taken In the LCC)
can lead (o drag
significant drag reduction.
but only for a short time.
The simulations clanfied
the turbulent modification
and showed that less

Expanment’ deformable bubbles can
d~=120. We=0.686 lead to an increase In the

2UMNULILANS. wall drag.
d*=54 We={) 2030 405 ,



IINIVERSITY OF : 3
NOTRE DAME Modeling and Computing Conr:plex Flows
= Bubble Induced Drag Reduction
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"7 Heat/Mass Transfer & Surfactants

M. Muradogiu and G
Tryggvason. Simulations of
o Soluble Surfactants in 3D
Multiphase Flow. Journal of
Computational Physics. 274

(2014), 737-757

Nu .

J Pr

S. Dabin and G. Tryggvason.
Heat transfer in turbulent
bubbly flow in vertical -
channels. Chemical ~
Engineenng Science. 122 '
(2015). 106-113
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Mining DNS Data for
Closure Relations

With
Ming Ma & Jiacai Lu
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Finding Closure Terms by Data Mining

A simple description of the average flow can
be derived by integrating the vertical
momentum equation and assuming that the
density and viscosity of the gas is zero

Void fraction and phase averaged velocity

l / ! - l / ;
Yy — —]—— L < U = 3 ke
\ -l;y . Xl o fh:l;g. \ vda

Horizontal flux of bubbles Obviously:
ooy &) o p=1 [ \uda By =0 < Wy >
ot r aA.,
Averaged vertical momentum of the liquid:
P O Plus surface
‘;)—frlj <V > *('E”f < Y 2% W D= tension term

| dp l | o v )
e e A (HHH f—) s (ﬂr )
mdy M Orx chr dr \
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> Finding Closure Terms by Data Mining

Resolved Quantities
summarizing the state

“Closure” variables

needed for models average
of the average flow variables ©f the unresolved flow
A
[ : 1 ¥ = =i
i da, | d<v
F |<uVv>| a, : — d |k |&| A
| dx dx | |

We have used several data mining techniques to find
the fit, including regression and neural networks

F=f

dat d<v> . o d<v>
& —— y SHYOD=ga—— .
dx X ox ax

_I'IX)=bn+2b,h,.(x): h,{x)=s[am+2,tiau]; 5(“)=

t-l. T}

l+¢

DNS data provides
any quantity that
we care to record
or collect at any
point in the flow, or
as averages over
any time or spatial
region that we
select. “Mining” the
data allows us to
correlate any
variable with any
others and quantify
the accuracy of the
fit.

2
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Finding Closure Terms by Data Mining
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Capturing small-scale
processes using
Embedded Analytical

Descriptions

With
Bahman Aboulhasanzadeh and Siju Thomas
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= Embedded Analytical Descriptions

Capturing isolated small-scale motion in
simulations where the focus is on the
larger scales can be done in many ways, Average
such as be various grid refinement 7~ Velocity
techniques (unstructured grids, AMR for I & -
Cartesian grids, wavelets, etc.) or reduced
order models

Buoyant bubbles in an
inclined channel flow

However:
At small scales, the effect of surface
tension is strong so interface
geometries are simple

At small scales the effect of viscosity
is strong so the flow is simple

Those are exactly the situation that can be Thin film

—and have been—handled analytically -
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Mass Transfer in Gas-Liquid Systems

Capturing the mass boundary layer

n

Bubble
surface

- >
- 't'-—""'/\
-
= Mass sources
= for the grid

Boundary ldyer .
equation
thickness

{ ;‘r . )
s =—0(M,—0 f;)—-D :E

I of J- f
—=0n—+ D — dt on |
ot on aon-
IM A
) —t=—_g(2M, -6 F£.)+D(f - f.)
M._=| fdn dt

V. = ¥ / B. Aboulhasanzadeh, S. Thomas, M. Taeibi-Rahni, and G.
o s njdn Tryagvason. Chemical Engineering Science 75 (2012) 456-467

o
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Mass Transfer in Gas-Liquid Systems

vy

The mass transfer versus Re,

for a single bubble in a large

domain, along with the "
predictions ol experimental
corralations

Comparison with experimental
results from A. Tomiyama:

Eo=247

Mo =107 "™ and

W Expermment Amsymmatnc‘
o

O L omputativel |
roditum A
3D =
Exp. Comp
b=y

8. Abouhasanzanen, S. Hosoda, A. Tomwyama, G Tryggvason Chesmcal Engmesong Saance. 101 (2013, 165-174
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DNS of several flows have been developed to the
paint that they should be able to help produce new
models for “industrial” simulations. The availability |
of the data is putting new demands on the
modeling of complex multiphase flows.

DNS needs 1o be extended to handle flows with
more complex lopology and those undergoing flow
regime lransitions 1

Complex isothermal flows and flows with phase Y
change and other additional physics, such as mass ¥ Ag
lransfer, need mulliscale modeling that must be
developed further and put on a rgorous lheoretical ;
basis. Need “almost” DNS

One of the biggest obstacle for more rapid INCrEaSe 500 bubbles of different sizes
in the use of DNS is the high "entry barner” for in channe flow with Re=SIX)

new investigators. Many “things” to learn! 1024 = 768 = 512 gnd ponts
2048 processors on the Titan
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