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» The 'unhappy' molecules cause tension at the
interface

* Tries to minimize the surface area

» Becomes significant as size gets smaller

Surface Force Area 1
~ ~——>c as R—-0

Volume Force Volume R

* Responsible for a wide range of natural phenomena
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Flow systems
composed of

immiscible -
phases and ol
fluids, separated 3_;?’:
by a sharp -
interface moving Phase 0

and deforming
with flow.

Phase 2
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Multiphase Flows: Particle-Resolved Simulations

Common Features: < >

« Several phases flow together

ambient fluid

* Phases are separated by a moving and 00 lo s Ay
deforming interface

* The physics is well described by the
continuum theories

* Properties change discontinuously across
the interface

* Fluids may be Newtonian or Non-Newtonian ~— ——

 Fluids are assumed to be incompressible Mean Free Path

» Full flow equations are solved numerically | (Peen, 1998)

iInside and outside the drop

Liquids ~ 0.3 nm
Gases ~ 100 nm




Flow equations: One-Field Formulation

u

ot V- (puu) = -Vp + V- u(Vu+ Viu) + ghp + f (e(Drn + Vo ()5 (x — x7)dA
A

V-u=90
Body force due to
surface tension

Define an indicator function:

/= 1 inside
0 outside
Set the material properties everywhere:
p=1Ip;+ (1 —1p,
p=1Iu;+ (11— Dy,




Front-Tracking Method

{Stationary Eulerian Grid

- Flow equations are
solved on the Eulerian

Lagrangian

Gria | 9rid
Front—+— . .
N 7‘[ - The Lagrangian grid

ul .
;/ used to track the interface

. ~—— Marker and is dynamically

: ! Ll P 3 t .
- Fluid 1T -J'—Fmrr oin restructured, i.e., small

Elemlent elements are deleted and

large elements are spilit.

Unverdi & Tryggvason, JCP, (1992)

Thickness of interface ~ Mean free path (1) Tryggvason et al. JCF, (2001)



Extending to 3D
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* Only the coordinates are stored for the

points
Tryggvason et al. JCP, (2001)
* The elements have pointers to the

points and the adjacent elements



Buoyancy-Driven Rising Drops in a Constricted Channel
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Ambient fluid
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(@) (b)

Computational setup and
grid. (Olgac et al. 2006)

Of 1o] o

Hemmat & Borhan (1996) reported critical non-dimensional drop size
as 0.85 which compares well with our value of 0.87
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(Left)The drop shapes, the velocity field and pressure contours in the vicinity of

0.92 drop. (Right) Comparison with the experimental data.

the DEGG12, «




Phase Change

M. Irfan and M. Muradoglu, “A Front Tracking Method for Direct Numerical Simulation of Evaporation
Process in A Multiphase System”, Journal of Computational Physics, 337:132-153(2017)

M. Irfan and M. Muradoglu, “A front-tracking method for particle-resolved simulation of evaporation and
combustion of a fuel droplet", Computers&Fluids, 174:283-299 (2018)




Spray Combustion

Pattern Formation

http://www.rocketlab.t.u-
tokyo.ac.jp/member/inoue/chih
ilab_eng.html

Coffee Ring Effect, Deegan et al., Nature (1997)



Continuity Equation

Y ! (1 1)] 16 ( )dA
"U=—\——— xX—X
hlg Pg Pi ACI !

Momentum Equation

dpu i o)
% + V- (puu) = —Vp + V- u(Vu + V') + gAp + j oknd(x — xp)dA -
A

Energy Equation

dpc, T T
P 49 (peyuT) = V- kVT — |1 = (cpy — cp) 2% j §8(x - x;)dA

Species Mass Fraction

dpY,
ot

+ V- (puY,) =V-pDVY, + S,(Y,T), a=1.2,..,n

@
® ®
e o ®
[ ] ® ° [ ]
° e Lo
o ©o0% ®°
®

M. Irfan and M. Muradoglu, JCP, (2017)




Continuity Equation

Vo=t (1 1) [ a8~ x,)aa
U=———— X—X
hlg Pg Pi1)Ja ! /

Momentum Equation

u

ot V- (puu) = —Vp + V- u(Vu + Viu) + gAp + J (e(Dxn + Vy0(I))6(x — x5 )dA
A

Energy Equation

dpc,T Lsat
PCyp +V. (pcpuT) =V -kVT — [1 — (Cpg — Cpl) Sat] j q5(x — xf)dA
ot fug 1 s

Species Mass Fraction

dpY,
ot

+V-(puYy) =V-pDVY, +S,(Y,T), a=12,..,n;

M. Irfan and M. Muradoglu, JCP, (2017)



Continuity Equation:

Energy Equation:

dpcT
Jt

+V-(chu)=V-kVT—[1-

gas

q8(x — x7)dA ™

) ‘-

aT

lzn_h[kg

‘g

(Tg B Tsat) —k; (Tsat '_Tl)l
T,=T(x*, y")
Tl = T(x', y_)

I=0

L)

Indicator function

1 indroplet phase,
0 1in bulk phase.

I(X,t):{
$=94,1+¢,(1-1)
V2 I=V-(VI)

Vi =[is(3-%, Jaa
A




Species Gradient Driven Phase Change

Species mass flux at interface

dpYq
ot

+V-(puYy) =V-pDVY, + S,(Y,T), a=12,..,n;

pgDVY - n|rl Vapor concentration at interface
. » y g — F
7 ’ 1 -yl ' r, _ pvcleMvap
(patm pvap)]v[ + pvavaap

|

r, hlg vap(l_l)
Pvap = Patm€XP R TT.  TB

x 107

Clausius-Clapeyron Relation

.

n
liquid gas
I=1 I1=0

o

(o))

N

N




— Validation

Lines: Numerical Results [— Stefan No. = 0.025
Symbols: Analytical — Stefan No. = 0.05

——Stefan No. = 0.1

gas

Analytical Solution:

dd? _ 8pgDa In(1+ B)
dt pr In(dins/d)

t =0

(d/d )?

t =914

20 25 30

009 —-—Stratlegy 3.3.1 ,' 64 x 64 | = Mass reduction = 20%
- - Strategy 3.3.2, 64 x 64 : e Mass reduction = 40%
004_+Strategy 3.3.1,128 x 128 :
' - - -Strategy 3.3.2, 128 x 128 ! 107}
—=—Strategy 3.3.1, 192 x 192 !
003_—Strategy 3.83.2,192 x 192 Close to onIy 1st
@ lope = 1.25 .
g : Sope order accuracy in
£
w w |
space!
0.02f 10_2 I
slope = 1.3
0.01} c — AMI +AMvap
—’_ mass Ml
o = : ’ 107 . -
0 10 20 30 40 50 1072 10~

Decrease in droplet mass (%) Ax/d
[0}



— Grid Convergence

0.04

0.03f

0.01f

= Mass reduction = 15% ) - =64 X 256
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Decrease in droplet mass (%)

10.08

10.06

10.04

0.02

Eo=10, Mo=10x10"*, St=0.1, Sc =1.0,
y=5, =20, Grid:128 x 512

It is also only 1t order

for this case!

Percentage change in droplet area

The droplet evaporates faster

when it is more deformed

—Eo0=25,Mo=25 x 10
~~Eo=5 Mo=5x 10*
........ Eo =10, Mo =10 x 107
== Eo =20, Mo =20 x 10™

25



Moving Droplet Evaporation: No Reaction

Eo=10,M =10"%Sc =1,y =5,{ = 20,Grid: 192x1536

Time progresses Time progresses

Single Droplet Two-Interacting Droplets



Chemical Reaction

Consider a single-step chemical mechanism for simplicity (generalization is straightforward)

F+ a0, - bPr

Reference: Turns S. An introduction to
combustion: concepts and applications.
d[o)liz:] = —ko(T)[X] [XO ] New York: McGraw-Hill; 2000.

Rate of fuel consumption is given by

ke(T) = Aexp(—E,/RT)

F = Fuel; 0, = Oxidizer; X = Mass fraction; k; = Global rate coefficient; n, m = Reaction order;
A = Pre — exponential factor; E4 = Activation energy; R = Universal gas constant

Example: A general Diesel fuel (e.g., n-heptane)

CxH, + a(0, + 3.76N,) — xC0O, + (y/2)H,0 + 3.76aN,

a=x+y/4

ODE Solver: Chemkin-II (Kee R., Rupley F., Miller J.. Chemkin-II: A fortran chemical kinetics
package for the analysis of gas-phase chemical kinetics. 1989. )



CHEMKIN

Chemical Mechanism Thermodynamic Data
(chem.inp) (therm.dat)

CHEMKIN Interpreter
(ckinterp.exe)

A

Text-format output file

(chem.out)
\ 4
CHEMKIN link file
(chem.bin)
dpcT : 0pYy .
- —Z_Qaha(T) | o = Sa(.1), a=12,..,n;
a CHEMKIN library
(libck.a)
L _ y Updated temp. and
CHEMKIN application driver, CHEMKIN application species fields sent to
e.g., (CONP/CONV/..., e.g., (CONP) + VODE multiphase phase
Initial Conditions, etc)

change solver
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A single-step n-heptane-air chemistry:
C,H, + 110, - 7C0, + 8H,0

Tq = 371.6K,T, = 500K

Domain: 5d;x10d,

Ambient Air: 79% N, & 21%0,

Ignition: By temperature heat source



n-Heptane Droplet Combustion: Stationary Case

1600

1400

1200 1200 F
1000

800

02 600
0.16 400

lu

) |

2
t/do 0.00375 0.0084 0.0343 0.1875

Temperature (K) OH mass fraction %107

5
4

T,, =371.6K, T, =500K, p=10atm
Domain :(5d,,10d_ ) whered , =0.4mm
Ambient Air: 79% N, & 21% O, (by vol.)

Ignition : By temporary heat source

0

Reduced Chemistry : 25 Species & 26 Reactions (Maroteaux and Neol)



Moving and Burning Droplet

Temperature

OH

(a) Ty = 400 K

%107

1.6

1.4

i 1.2

10.8

10.6

0.4
0.2

0

(b) T, = 600 K

11600

11400

11200

11000

8 800
600

400

x107°
9

(c) Ty = 800 K
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11200
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(d) T, = 1000 K

Y

Species mass fraction,

o
N

a
e
@

o
o

o
»

Y,
v
R 9 | 42000
-7 - -Yx
- 2
—Y,
2, | 11500
—Y,
HO
—-T
11000

on

"o

[ 1}
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Hybrid Front-Tracking/Immersed-Boundary Method

» Motivation:
- Distributing source term results in only 15t order accuracy in space

- Extreme grid resolution is required to resolve thin mass boundary
layer especially at high Peclet numbers

- Thus, a second order method is highly desirable
» Approach:

- Combine the front-tracking method with a sharp-interface immersed
boundary (IBM) method of Mittal et al. (2008)

- Also use this methodology to treat mass/heat transfer from solid
particles immersed in fluid

F. Salimnezhad, H. Turkeri, |. Gokalp and M. Muradoglu, “A hybrid immersed-boundary/front-tracking
method for interface-resolved simulation of droplet evaporation", Computers & Fluids, 291 (2025)




Sharp-Interface Immersed-Boundary Method

Intdrface Following Mittal et al. (2008)
O O O O O C )
ost|ce 2 .
sl [a ﬁ - The cells cut by the interface are

o—o—o%( Q"9 @ @ : e
7 identified
00— 1‘ ) . . .
% - The mass-fraction field is represented
T T Tt by a bi-linear (tri-linear in 3D) function
C ® ® ® ®
) Y (r,z) =ajrz+ ayr + ayz + ay.
° A ° o ® ® ® ® .
o - Avandermonde system is formed and
¢—%—9 o e—e—o solved to determine values in the
® Ghostpoint <€ Boundaryintercept A  Image point ghost Ce”S SUCh that the boundary
conditions are satisfied
The dispersed phase [VI{A} ={Y}
could be fluid or solid ) ] 1 .
or both! nzyon 2 |1 a h
| ez o oz 1|, _J @ |, I n
L I R A P R B e
rypzy ry Zy 1 a, Y4




-Falling droplet under gravity

Fo=24 Eo =48 No phase change

4 g

N &

& P

<+ S 4

Qp 2 O Irfan & Muradoglu
(A ) §7 0.1+ t7 e Han & Tryggvason
C:: tj : — Present simulations
— Eo = 24
T = = — Fo-
7_.§ ) 0 30 = 60 Eg = gg
o T %0 15 30 45 60
T t*
g 1o



-Mass transfer from a solid sphere

Flow is from bottom to
upward

Left: flow velocity & streamlines
Right: mass fraction

Local Sherwood Number

20

=
(93

=
o

Solid color lines = 896 x 1792
Dashed-dotted color lines = 512 X 1024
Dashed color lines = 256 X 512

45 90 135 180
Degrees

s C'urrent Study Re = 200 == = Rodriguez et al. Re = 200
CurrentStudy Re = 100 === Bagchietal. Re = 100
CurrentStudy Re = 50 e Bagchietal. Re = 50




(d/do)?

6.5

Shs)

Z/d()
v

4.5

3.5

=1.5

0.025

0.02

0.015

0.01

0.005

1 T T T
—_—128 x 256 — 2.5dy X 5dy
—— 256 x 512 — 5dy x 10d,
= =512 x 1024 — 10dy x 20d,
o & law
075 F q :
05 . J
dd? pgDy :
= =8 (1 + By) D
dt P .
0.25 . . !
0 4 6 8 10

t*

0.75

(d/dy)?

0.5

-1.7

-3.8

T T T

— By = 0.025 — 512 x 1024
= = By =0.025 — 256 x 512
=== By = 0.025 — 128 x 256

o d’law

. (b)

-1.6 -1.4 -1.2 -1

logyo(h/do)

-1.8

Second order accurate in space!



. Wet-bulb temperature

Temperature (K)

323.00

317.66

312.32

306.98

301.65
0.0261

0.0215

0.0169

0.0122

0.0076

Q? AY AP 0P 4° Q2 AD N2 40 40
r/dy r/dy
324
320
316
312 | RH=10%
308
—t" =10.02
—_—1* =0.20
3041 £ =2.80
—_—t* =791
300 —t" =13.80 1
—t* =21.90
296 ! - . .
0 0.5 1 1.5 2 2.5
T/d()

323.00

316.66

31033

304.00

297.67
0.0189

0.0162

0.0133

0.0105

0.0076

Temperature (K)

323.00

316.42
309.84
303.27
296.70
00179
00156
0.0129
0.0103
0.0076
© S A8 O 40 © WD D A0 40
r/dy r/do
324
322¢ 1
320
RH =50 %
318
—_—t" =0.02
316 —_—t* =0.20
t* =4.08
—t"=9.18
314 .
—t" =16.84
—t" = 27.00
312 1 L 1 L
0 0.5 h 15 2 25

'I’/d() .

323

316.28

309.56

302.84

296.12
0.0179

0.0155

0.0128

0.0102

0.0076

Wet Bulb Temperature (K)

Wet Bulb Temperature (K)

325
A DBT =293.15 K- DNS
315 A € DBT =323.15 K-DNS
305 -
295 -
285 A
Lines = Psychrometric Chart
275 T T T T
0 20 40 60 80
Relative Humidity (%)
325
Lines = Psychrometric Chart
315 4
305 A
295
* A ARH =10% - DNS
&
285 A K A @ RH =50%- DNS
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Axis of symmetry

Following Rusche. (2003), moving reference frame
(MRF) is used to keep droplet fixed in computational
domain:

ou l
P 6;e +p [V : (urelurel) — Uyel (V : urel)] = —Vp +p (aMRF)
+V - u (Vurel + Vufel) + / okné (x—xr) dA,
A
where

a,rr = acceleration computed at every time step
u,,; = relative velocity

The relevant flow parameters:

Usd Us?d
Pg 0 W Pg 0, Se = Hg

Re = 5 e = = s
Mg o pgDyvg

Sh = —1, By= .
Yp—Ym(an) MU oy

Simulations are performed for

0<Re<200, 0<We<9  <By<15
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» The classical model (Spalding 1953, Sazhin 2017):

M

where Shy is usually obtained from Ranz-Marshall
correlation (Ranz 1952)

Shy = 2 + 0.552Re1/25¢1/3

» The Abramzon-Sirignano model (Abramzon &
Sirignano 1989):

Sho — 2\ In(1 + By,)

Fy ) By,

In(1 + By)
By

Sh=(2+

FM = (1 + BM)O'7

where the droplet is approximated to be collection of
wedges and the Falkner—Skan boundary layer solution is
used (Sirignano 2010).

The correction factor, Fj;, accounts for BL thickening due
to Stefan flow
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i
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P

Pg
H
Hg
By =2
Sc =0.7
Re = 100

25.75

= 15.34

Domain: 4d,%x8d,,

Grid: 512x1024

8d,

Local Sherwood Number

Local Sherwood Number

— =192x384 |
—==256 x 512

. 384768 |
—512 x 1024

. 768 x 1538

0 45 90
Angle (Degrees)

135 180

Local Sherwood Number

moderately deformable highly deformable
0.6 : ' 0.6 o ‘ 0.6
i
0.5 0.5 0.5
0.4 0.4 0.4
0.3 0.3 0.3
0.2 0.2 0.2
0.1 0.1 0.1
0 0 0
r/do
We = 6.5
‘ 6 r T . .
| 80 x 160 R? =099
L | 128 x 256
| - =192 x 384 o
[ —==256 x 512 L5 I
! . 384x768 3 -_'_‘\.\I
| —_—512x 1024 | 3 R 097
| | =,
| | <= 4T 1
| | S
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I 5
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| | © 3
| = R?*=10.98
2 | g 1
| |
Fo ! ! T L
} : R?=0.98
(a) | | (b)
I I | Pl
0 45 90 135 180
Angle (Degrees)
T
| 80 x 160
128 x 256

Second order

accurate in space!



flow field vorticity field mass-fraction field
5.5 T 5.5 v
g 2
= = 3 2
= 8 S 8 |-
4.5 H(E c 4.5 - c
= o 8 S| | s
D e 2 2
< 15 0 - | N| N
I35 -8 g E %3.5 -.__-; E
'§ = _g S| @
25f 25 = 12
-14
1{,15 -I]. i 1.5 1--51.5 -Il -OI.S 0 015 i 1.5 e 1.5 -0.5 0 0.5 15
r/dy r/dy r/dy
*
Re = 100,We = 0.65,B,, = 10,t* = 10.
Stefan flow

 thickens the boundary layer
» promotes early flow separation
* enlarges the recirculation zone




1.5
-1.5 -1 -0.5 0

r/do

0.5 1 15

(c) Re =100, t* =20

z/dy

1.5
-1.5 -1 -0.5 0

r/dy

0.5 1 15

(b) Re =50,1* = 10

5.5

4.5

3.5

25

15
-1.5 -1 -0.5 0 0.5 1 15
r/dy

(d) Re =200, t* = 30

We = O65,BM = 5

By =15
f—— DNS coueruee Classical Model =~ === A—S Model
(a) Re=20 (b) Re=50
0 1
2 3 4 5 1 2.5 5

20 30 40

» The classical model overpredicts
evaporation rate

« The Abramzon-Sirignano model
outperforms the classical model




15
-1.5 -1 -0.5 0 0.5 1 15

r/do

(c) Re =100,t* =20 (d) Re =200,t" =30

We = O65,BM = 5

—— DNS v Classical Model =eme A—S Model

The classical model overpredicts
evaporation rate

The Abramzon-Sirignano model
outperforms the classical model




Effects of Reynolds Number

8 T T T 6
. Re = 100,t* = 10 — By =1
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< = ] Ny
) ~ 3 23
34r 8 S ch
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0 . " " 1 " L L Angle (D 9 Angle (Degrees
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Angle (Degrees) Angle (Degrees)

We = 0.65

* The Abramzon-Sirignano model performs well on the
leading edge

« But significantly underpredicts on the trailing edge where
boundary layer seperates




Comparison with models

We = 0.65

—— DNS e Classical Model === A — S Model

(c) Re=100

(d) Re =200

1 1 O 1 1
1 5 10 15 20 1 10 20 30 40

t* t*

« The Abramzon-Sirignano model outperforms the classical model




Comparison with models
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Comparison with models
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« The low order models perform poorly in the after BL separation




Comparison with models
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Figure 14: Mass fraction at designated radial lines in the wake of evaporating droplet(Re =
20)



Effects of Stefan Flow
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Evaporation rate strongly correlates with surface area
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Conclusions

» The front-tracking method is presented for interface-resolved simulations of droplet
evaporation

- Distributing evaporative flux near droplet is computationally inexpensive but results in 1st
order spatial accuracy

- Hybrid method is more expensive but results in 2nd order spatial accuracy
- Both methods are rigorously validated

» Extensive simulations are performed to examine droplet evaporation is convective
environments

- A thin mass boundary layer (BL) forms at the interface

- Stefan flow thickens BL and results in early separation and larger recirculation zone, greatly
influencing evaporation rate

- The classical model outperforms Abramzon-Sirignano model at very low Re
- But, Abramzon-Sirignano model performs much better for Re of practical interest

- Droplet deformation greatly affects evaporation rate and must be incorporated in low order
models. Evaporation rate correlates well with the deformation rate

» Future works:
- Extension to full 3D (in progress)

- Investigation of effects of turbulence
- Investigation of effects of combustion
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Surfactant kinetics on Bubble-bubble
the gas-liquid interface Marangoni effect interaction Bubble suspension Bubbly plume in a tank
Small Scale Large

* Exists as impurities or added deliberately to the system
 Tend to collect at the interface and reduce surface tension
* Non-uniform surface tension induces Marangoni stresses

* A minute amount may change structure of a bubbly flow
completely

- A challenging task for simulations
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Mathematical Formulation

* Incompressible Flow Equations: One-field formulation

dpu dP,
F-I_ V- (puu) = —=Vp _d_\fl + (p — Pavg)8 + V- ps(Vu + vu”)
4 j [o(D)xn + V,0(0)]8(x — x;)dA viscoelastic stresses
A V-u=20
« Langmuir Equation of state
o(l') = o [ max(€s, 1 + B In(1 — —))]
» Surfactant concentration at 1nterface (Stone 1990)
DI'A : : - — :
—— = ADVZT + S Sr=kaCo(Tow —T) —kgr | B=V—nm:1)

Dt
 Bulk surfactant concentration

aC
=+ V- (Cw) = V- (DeoPC) + 5,

* Viscoelasticity: FENE-P Model (Bird et al. 1980; Izbassarov and Muradoglu, 2015)

4 . _ T A—_A.Vy — — L A _
6t+v @) —(Vu)" -A—-A4-Vu= /'l(l—trace(A)/Lz I)

_Hp A _
t= A (1—trace(A)/L2 I)
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Effects of surfactants (Takagi et al. 2011)

\L“"r ‘.‘1 "'-i: v

Clean water 42 ppm 3-pentanol 168 ppm 3-pentanol 2 ppm TrioﬁX-1OO

Clean water case: Bubbles coalesce and become deformable
42 ppm 3-pentanol (little surfactant): Bubbles do not coalesce and tend to collect
near the wall

168 ppm 3-pentanol: Bubbles are distributed more uniformly across the channel
Only 2 ppm of TritonX-100 surfactant produce same results as 168 ppm of 3-
pentanol surfactant type
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Effects of surfactants: Single Bubble (Ahmed et al. 2020)

H wall

Average distance from the wall (yW/db)

0 50 100 150 200 250 300
Normalized time (t*)

Re. = 1000, 3, = 0.5, Pe;, = Pe, = 200, Bi = 1.2,

y Ahmed et al., [JIMF (2020)
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Flow Rate

. . _Coo = 0
C» Increasing|—~c,, = 0.1
— Oy = 0.25

clean

0 100 200 300
th/2h
(b) Re- =180

Surfactant: Triton X-100
All Newtonian (Wi = 0)

« Even a tiny amount of TritonX-100 alters the structure of the turbulent
bubbly flow dramatically

« Qualitatively in good agreement with the experimental observations of
Takagi et al. 2008




Drag Reduction by polymer additives

* Interface-resolved DNS of turbulent
bubbly channel flow at Re; = 180

RN - Polymer additives (FENE-P)
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* Main Findings:

- Drag reduction is fully realized in single-
phase flow
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Elastic instability

» A single bubble in pressure-driven
channel (Giesekus fluid)

- Elastic instability caused by the curvature of
the bubble

- A secondary flow develops at a significant
shear-thinning

- Shear thinning reduces and eventually
suppresses the elastic instability

(a) t* =286 t*=11.43

* Many bubbles (preliminary results)

| 0s . ) - More complex flow but not turbulent yet
L3 - Conditions for triggering transition to
j N ' turbulence (under investigation)
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Bubble-Induced instability & Transition to Turbulence

Naseer et al. JFM (submitted) (2025)

Groisman & Steinberg, Nature (2001)
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