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Abstract

The small spatial and temporal scales associated with boiling problems make exper-
imental measurements very challenging. On the other hand, direct numerical sim-
ulations of boiling flow problems can resolve the small spatial and temporal scales
associated with the problem. Therefore, in the past two decades many numerical
models have been developed for simulating boiling flow problems. For modelling
boiling flow problems, accurate interface capturing and accurate prediction of the

interfacial heat and mass transfer is very important.

For numerical simulations of phase change problems, the front tracking method
and the interface capturing methods are widely used. However, the front-tracking
method is very challenging to implement for boiling flow problems as interface
breakup, and merger is very common in boiling flow problems. Therefore, the
interface capturing method is preferred for modelling boiling flow problems. The
volume of fluid (VOF), the level set (LS), and the coupled level set and volume
of fluid (CLSVOF) methods are the popular interface capturing methods preferred
for simulating boiling flow problems. However, the use of the VOF method alone
leads to unwanted spurious currents in the vicinity of the interface whereas the LS
method suffers from the mass loss problem. Therefore, the CLSVOF method is pre-
ferred for the direct numerical simulation of boiling flow problems. However, most
of the CLSVOF methods available in the literature use the operator-split advection
method which is computationally expensive, as it requires interface reconstruction
twice and thrice for 2D and 3D problems, respectively. Additionally, most of the
numerical studies reported in the literature were performed using structured mesh.
Hence, these studies were mostly limited to simple geometries. However, for real-life
applications, geometries are complex, and it will be easy to mesh these geometries
with unstructured meshes. Thus, in the present work, a CLSVOF method has been
proposed for 3D unstructured polyhedral meshes with multi-directional advection.
The proposed CLSVOF was thoroughly validated against a number of standard ad-
vection test cases. The interface error norms obtained using the proposed CLSVOF
method compare well with the results available in the literature, which were ob-

tained using higher-order interface reconstruction techniques. The accuracy and
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performance of the proposed CLSVOF method were also checked for various two-
phase flow test cases without phase change. Finally, the proposed CLSVOF method
was used to simulate natural convection film boiling over a 3D flat surface and a 3D
horizontal cylinder. The present heat transfer results are in good agreement with

the results available in the literature.

Many analytical and experimental studies on flow film boiling over a sphere are
available in the literature. However, most of these studies are focused on subcooled
and saturated flow film boiling over a sphere in the natural and forced convection
regime. For the natural convection regime, the effect of the surface tension force and
the size of the heated spherical surface under reduced gravity levels is not very clear
from the literature. Therefore, in the present work, the proposed multi-directional
CLSVOF method was used to numerically study the effect of the size of the heated
sphere on the interface evolution and the associated heat transfer characteristics for
natural convection film boiling over a sphere under different gravity levels. For flow
film boiling over a sphere, there is no proper heat transfer data available in the liter-
ature for the mixed convection regime as compared to the forced convection regime.
Therefore, the proposed multi-directional CLSVOF method was used to numerically
study flow film boiling over a sphere in the mixed convection regime. Simulations
were performed for both the vertical and the horizontal flow configurations. The
interface evolution, vapour wake dynamics, and heat transfer have been thoroughly
investigated by varying the saturated liquid flow velocity, sphere diameter, and wall

superheat for both flow configurations.

The experimental studies in the literature have reported that peculiar struc-
tures appear in the vapour film as the fluid approaches the critical pressure for
film boiling over a wire. However, the exact physics behind this observation is not
clearly explained in the literature. Therefore, this problem is studied numerically in

the present work.

The mixed convection regime can also be important in some scenarios for film
condensation over a bank of cylindrical tubes. However, the literature on condensa-
tion over a bank of cylindrical tubes in the mixed convection regime is very limited.
Therefore, in the present work, the proposed multi-directional CLSVOF method
was used to simulate flow film condensation over an inline arrangement of two cylin-

ders in the mixed convection regime. The interface evolution and the associated



heat transfer characteristics were thoroughly studied by varying various flow and
geometrical parameters. The condensate removal from the top cylinder was mostly
observed to be in the form of individual droplets. However, a liquid column is formed
between the two cylinders as condensate from the top cylinder gets drained to the
second cylinder. The number of droplet generation sites was observed to increase as
the cylinder diameter is increased. Interfacial waves were evident in the liquid film
around the bottom cylinder for the large diameter cylinder. These interfacial waves
significantly affect the heat transfer for the bottom cylinder. As the wall subcooling
increases, the condensate removal pattern between the top cylinder and the bottom
cylinder changes from a combination of liquid droplets and columns to stable liquid

columns.

Finally, a new multi-directional advection method based moment of fluid (MOF)
method developed for 2D unstructured messh was extended to for 3D unstructured
polyhedral mesh. The proposed multi-directional MOF method is computationally
efficient and inexpensive than the multi-directional CLSVOF method proposed ear-
lier in this work. The accuracy and performance of the proposed multi-directional
MOF method were observed to be much better than the other multi-directional

methods available in the literature.
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SfebTT fafer T AT AT g AT & FiTeh T HaTe TEwITaT H Sexud shatd 3R
faerg agd o 81 gfely, T HaTe sl & HisfolT & iy gevthe doafvT fafer st
IR &t STl 21 G &1 JET (VOF), TR 9E (LS), 3R JFHa TR 9T 31k 5a 61 7/
(CLSVOF) faferT eienftra Sexthg dea™T faferT & Rire Fa2M UaTe FAwnal & fageie™
& folu grerfiear < STt 81 &Tetifcs, 3fdhel VOF fafer & IUIN & Scvthd & MM -ad
31aTfesd Fanet! TRTE IU= Blcil & Siefes LS fafer g &1fy & e & 3% &1 Sfaly,
T YT TR &b U TS el & Al CLSVOF fafer ot omerfiesar <t
SATCH 81 ETeily, ATfecd § SUeted JNferaier CLSVOF fafert sffuver—fasrer Hage fafer
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37T H, TR CLSVOF fafer &1 SUIINT 3D HHdel | 3R 3D &AifdT fefer W urpide
ag foheH ST BT SIHRUT IR & Iy famam T o e S5oAT ITHiaReT gRuT
T H Iuctey YRUTHT & A1 6! I8 I Al @I &l

Tifecd § Mol R B thed Fae@ W $s [AEuTHD AR TS 3ead IJueey |
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D! IRAIT PP Sexthy fIpTd, a1 dep AT 3R AT TATTARUT P T S hf T
gl

AT H TANTTeHe 3Tegd=l = ST & 6 9 59 IR IR S9e ateft fher & fofy Agcayu
T & NI ugaa 8, A Ay e F Srflariie TR g <ot €1 areifs,
3facier & e Tia Al Pl Aifecd o FTIE ©U a1 THsTT T &1 SHfely, 39
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2T Has g doeR Afeidl & Uh T TR thed He= & oy o uRgedl &
ft FEcaqul 81 Fact | gtifs, ST Hagd cgaven # deHeR Aferl & e T8 W
e TR Hifecd 9gd HIfHd 81 ey, oM o o, 3 Hag gawen 3 a1 el
I FICITS AT R Y18 fohed HEH BT AFPRUT B P foly FEIfae Ig-faemca
CLSVOF fafe o1 SuaRT s ram e fafdst vamg iR SITfaclia Aucs! ol secdan Sevthd
I 3R Heferq o7 TR fIuans & & sregas fovar mam ofiY faefer |
e fASHRI Y 3MfereaR SfehTa §ai & ©Y H <XgT 71| 8Ty, & feies! & 41 T
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w Viscosity, [Pa - s]

€ Emissivity

osp Stefan-Boltzmann constant, [W/m? - K*]

To time-averaged vapour film thickness at the front stagnation point



Nomenclature

XX1X

O
Ao
Ae
Ad

n+1

sat
sup
sub
avg
quad

w, wall

VOF
FT

LS
CLSVOF
MOF
Str
Unstr
PF
CICS
CSF
HPC
MPI
PLIC
EMFPA

flow separation angle
Capillary length scale, [m]
Critical wavelength, [m)]

Most dangerous wavelength, [m]

Superscripts
present time step

previous time step

Subscripts
Interface

Liquid phase
Vapour phase
Saturation
Superheat
Subcooling
Average
Quadilateral cells

wall

Acronyms

Volume of fluid

Front tracking method

Level set method

Coupled level set and volume of fluid method
Moment of fluid method

Structured mesh

Unstructured mesh

Phase field method

Compressive high-resolution interface capturing scheme
Continuum surface force

High performance computing

Message passing interface

Piecewise linear interface calculation

Edge matched flux polygon advection



Nomenclature XXX

FMFPA
ELVIRA
PROST
SIR
QUASI
VOSET
AMR
EI-LE
CLSMOF
IDW
GMRES
FFT

Face matched flux polygon advection

Efficient least squares volume of fluid interface reconstruction algorithm
Parabolic reconstruction of surface tension
Spline interface reconstruction

Quadratic spline interface reconstruction
Coupled volume of fluid and level set method
Adaptive mesh refinement

Eulerian-implicit and Lagrangian-explicit
Coupled level set and moment of fluid method
Inverse Distance Weighted

Generalized minimal residual method

Fast-Fourier transform



