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a b s t r a c t

Developments in many modern applications are encountering rapid escalation in heat dissipation, cou-
pled with a need to decrease the size of thermal management hardware. These developments have
spurred unprecedented interest in replacing single-phase hardware with boiling and condensation coun-
terparts. While computational methods have shown tremendous success in modeling single-phase sys-
tems, their effectiveness with phase change systems is limited mostly to simple configurations. But,
given the complexity of phase change phenomena important to many modern applications, there is an
urgent need to greatly enhance the capability of computational tools to tackle such phenomena. This arti-
cle will review the large pool of published papers on computational simulation of boiling and condensa-
tion. In the first part of the article, popular two-phase computational schemes will be discussed and
contrasted, which will be followed by discussion of the different methods adopted for implementation
of interfacial mass, momentum and energy transfer across the liquid-vapor interface. This article will
then review papers addressing computational modeling of bubble nucleation, growth and departure, film
boiling, flow boiling, and flow condensation, as well as discuss validation of predictions against experi-
mental data. This review will be concluded with identification of future research needs to improve pre-
dictive computational capabilities, as well as crucial phase change phenomena found in modern thermal
devices and systems that demand extensive computational modeling.

� 2016 Elsevier Ltd. All rights reserved.

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1166
1.1. Addressing the myriad of important boiling and condensation configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1166
1.2. Predictive methods for two-phase flow and heat transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1166
1.3. Review objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1167

2. Two-phase computational schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1167
2.1. Solution of continuum two-phase conservation equations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1167
2.2. Moving mesh and Lagrangian methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1167
2.3. Interface-capturing methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1167

2.3.1. Volume of fluid (VOF) method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1167
2.3.2. Level-set (LS) method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1168

2.4. Interface front-tracking methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1169
2.5. Other methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1169

3. Surface tension modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1170
4. Implementing mass transfer in two-phase schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1170

4.1. Different approaches to solving conservation equations and accounting for interfacial mass, momentum and energy transfer . . . . . . 1170
4.2. Mass transfer models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1171

4.2.1. Energy jump condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1171
4.2.2. Schrage model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1171
4.2.3. Lee model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1172

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.12.065
0017-9310/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: mudawar@ecn.purdue.edu (I. Mudawar).
URL: https://engineering.purdue.edu/BTPFL (I. Mudawar).

International Journal of Heat and Mass Transfer 108 (2017) 1164–1196

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2016.12.065&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.12.065
mailto:mudawar@ecn.purdue.edu
https://engineering.purdue.edu/BTPFL
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.12.065
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


4.2.4. Other techniques for simulating mass transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1173
4.3. Incorporating source terms at two-phase interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1173
4.4. Early implementation of phase change across numerical schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1174

5. Applications in boiling and condensation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1174
5.1. Boiling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1174

5.1.1. Bubble nucleation, growth and departure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1174
5.1.2. Film boiling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1178
5.1.3. Flow boiling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1180

5.2. Condensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1186
6. Future needs and recommendation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1187

6.1. Overriding needs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1187
6.2. Validation experiments and better diagnostics tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1187
6.3. Improving interface tracking methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1188
6.4. Improving mass transfer models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1188

Nomenclature

Ai interfacial area
C color function
c parameter in Eq. (18a); wave speed
cp specific heat at constant pressure
CPF phase-field parameter
D diameter of circular channel; bubble diameter
d distance of liquid-vapor interface from wall
Dd departure diameter during nucleate boiling
E specific internal energy (J/kg)
F force
Fobi Fourier number based on initial bubble diameter
G mass velocity (kg/m2 s)
g gravitational acceleration
ge earth gravity
H heaviside function
h cell width or grid spacing; heat transfer coefficient
�h average heat transfer coefficient
hfg latent heat of vaporization
hi interfacial heat transfer coefficient
I indicator function
Ja Jacob number
k effective thermal conductivity
M molecular weight
_m mass transfer rate (kg/m2 s)
Mo Morton number
n
!

unit vector normal to interface
Nu Nusselt number
p pressure
Pr Prandtl number
Q energy source term for energy equation (W/m3); vol-

ume flow rate
q00 heat flux
q00i heat flux across interface
�q00w average wall heat flux
R universal gas constant (8.314 J/mol K)
r radial coordinate
Re Reynolds number
Rgas gas constant
ri mass transfer intensity factor (s�1)
ri,m modified mass transfer intensity factor (K�1 s�1)
R0 radius of dry region below bubble in micro-region
R1 radial location of interface at y = h/2
S volumetric mass source in continuity equation (kg/m3 s)
T temperature
t time
td bubble growth time period during nucleate boiling
Tsat saturation temperature
DTsub inlet subcooling, DTsub = Tsat � Tin
DTw wall superheat, DTw = Tw � Tsat
U velocity

u
!

velocity vector
u
!
front velocity of front

V volume
v
!
f liquid velocity normal to liquid-vapor interface

x x-coordinate; dimensionless parameter in Fig. 2
xe thermodynamic equilibrium quality
x
!
front position of front

y y-coordinate; distance from wall; dimensionless param-
eter in Fig. 2

z z-coordinate

Greek symbols
a volume fraction
c accommodation coefficient
d liquid film thickness; thickness of liquid micro-layer
ds Dirac delta function
d0 liquid film thickness at R0
em eddy momentum diffusivity
k interfacial wavelength
j curvature given by Eq. (18b)
jm diffusion parameter
l dynamic viscosity
m kinematic viscosity
q density
r surface tension
s shear stress
u chemical potential
/ contact angle
w level set function

Superscripts
! vector
⁄ dimensionless

Subscripts
b bubble
c condensation
e evaporation
f liquid
g vapor
i interfacial
in inlet
k k = f for liquid, k = g for vapor
s surface
sat saturated
T turbulent
unsat unsaturated
w wall
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