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to single-phase flow. In addition, the two-phase flow boiling provides uniform wall temperature
close to the coolant’s saturation temperature in low vapor qualities. In the present study, a heat
sink is optimized dimensionally after modeling of the boiling of R134a refrigerant in the
microchannels. Firstly, mixture two-phase method along with the wall heat flux partitioning are
utilized to introduce an applied thermal model to design MHSs. The heat sink mounted on the
backside of an Intel core i7-900 desktop processor with dimensions of 19 mmx14.4 mmx 1 mm is
numerically simulated to investigate the thermal performance. The HTC and the exit vapor quality
are comparable with the available empirical correlations and first law of thermodynamics,
respectively. Then the proposed model is developed to optimize the dimensions of the
microchannels to design the heat sink with minimized wall temperature. Bound optimization by
quadratic approximation (BOBYQA) method results in the optimized dimensions of the
microchannels in the heat sink. Optimization of heat sink’s geometry in terms of the dimensions
of the microchannels at various boundary conditions will be practical as the unique application of

the model.

1. Introduction

Dissipation of the generated excessive heat due to the
increased power density is the major issue for compact
integrated circuits. For instance, desktop PCs generated
maximum heat flux of 108 W/cm? and maximum junction
temperature of 85°C in 2016 [1Hata! Basvuru kaynag
bulunamadu.]. In addition, the average power density for
specialty applications such as laser diode arrays raised
over 1000 W/cm? [2,3]. The conventional cooling methods
such as forced air cooling in combination with heat sinks
has maximum HTC of 250 W/m?-°C [4]. Therefore, based
on maximum junction temperature of 85°C and ambient
temperature of 20°C, the dissipated heat flux typically
limited to 20 W/cm? seems to be unsatisfactory to
overcome this challenge.

MHS is an alternative method with a considerable and
improved cooling capability for impacted electronic
devices. HTC of MHSs is higher than common heat sinks
due to higher area to volume ratio. Its value for two-phase
flow boiling is much superior to single-phase flow. In
addition, the two-phase flow boiling provides uniform wall
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temperature close to the coolant’s saturation temperature
except the higher vapor qualities near to one.

Available experimental data and correlations in the
literature with adjustable parameters could be used to
design MHSs with boiling. However, the results will be
controversial issue as the parameters of interests fall
outside the range of physical parameters, which they were
developed. For instance, the mean absolute error of HTC
for the correlation (smooth surface) suggested by Jafari et
al. [5] has the minimum difference with the correlation
proposed by Lee and Mudawar [6] and Kim and Mudawar
[7]. The reason may be that the cooling fluid is R134a,
which is the same for the first two correlations.

In addition, there are many numerical studies in the
literature carried out to simulate flow boiling in
microchannels. Common methods in the literature are
based on the tracking of the interface between the liquid
and vapor phases. Level-set method [8,9], Volume of Fluid
[10], phase-field method [11,12] and Arbitrary
Lagrangian-Eulerian (ALE) method [13] are techniques
which track the interface of two separated phases of vapor
and liquid. In Lattice- Boltzmann method, phase
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separation occurs automatically and it is not necessary to
track the interface [14]. It should be assumed that
nucleation starts at a specified point like a tiny hot plate in
a microchannel. All these methods have been employed to
model different types of boiling flows as bubbly flow, slug
flow, annular flow and film boiling in microchannels.

Tiirkakar and Okutucu-Ozyurt optimized MHS
mounted on Intel Core i7-900 Desktop Processor
dimensionally for single phase [15] and two-phase flows
[16]. Entropy generation analysis has been done to
optimize the channels’ dimensions.

Non-linear set of equations govern the two-phase flow.
In addition, equations for interfacial discontinuity and
mass transfer between the liquid and vapor phases make
the model more complex. This way, local heat transfer and
fluid flow properties such as the local HTCs and
temperatures, bubble hydrodynamics in microscale and
hot spots are predictable.

On the other hand, while the foregoing numerical
provide precise about the
hydrodynamics and heat transfer of boiling in microscale,
they are mostly restricted to confined geometries as a few
bubbles, two-dimensional geometry and some
presumptions due to computational time and cost.
Therefore, an alternative numerical method, which is
computationally cheaper than the aforementioned methods

methods information

is required to simulate an extensive domain of MHSs. In
the other words, an alternative quick and inexpensive
model is necessitated to design MHSs, which phase
change occurs. Besides, optimization of heat sink’s
geometry and boundary conditions will be practicable as
the unique application of the method.

In the present study, the mixture method is utilized to
develop a model, which results desired outcomes of
saturated R134a flow boiling in MHSs in terms of HTC
and vapor quality. An optimization is performed to
minimize the temperature of the walls employing the
proposed numerical method.

2. Numerical Model
2.1 Mixture Two-phase Flow Model

Mixture models [17] follow the average phase
concentration, volume fraction, instead of the interface
explicitly. Furthermore, one single momentum equation is
defined to solve the mixture velocity, and both phases
share the same pressure field. Hence, considerably smaller
numbers of variables are solved comparing the other
multiphase models. In this way, a multiphase model is
developed for a practical application in which comprises
whole geometry with less assumption.

The momentum equation for two phases is expressed as

Ju _ _ 1)
Pt p(u-Vu =

V- [—pl +u <Vu + (Vu)T é(v. u)I)]

- V. [px(1 - X)uslipusTu'p]
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where X and ug;, are the vapor quality and the relative
velocity vector between two phases, respectively. The
flow is assumed homogeneous and then the relative
velocity between the phases is zero. Density and viscosity
of two-phase flow are calculated with the volume averaged
model as

p=0p+0,py 2
U= 0y + 0,y (3)

A single continuity equation is written for the
continuous (liquid) and dispersed (vapor) phases as:

(pl - pv) {V ' [Q)v(l - X)uslip] + r:)l:]} (4)

+p(V-u)=0

myy is mass transfer rate from the liquid to the vapor. It is
also related to the volume fraction of dispersed phase (¢v)
as:

a9,
_ my,
o

The mass transfer rate is determined in terms of the
transferred heat from the wall to the refrigerant for
evaporation and the latent heat of the refrigerant as:

_ Qew ©)
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Same temperature is assumed for the liquid and vapor
phases. In other words, the temperature of the fluid
remains constant and it equals to the saturation
temperature.

On the other hand, the temperature of microchannel
walls rises as the heat is applied to the bottom wall of the
heat sink. Hence there will be a discontinuity just at the
walls of microchannels. To address this issue, new
parameter is defined in which it consists of the saturation
temperature in the fluid and the superheated temperature
on the walls of the microchannel as boundary conditions.
The temperature of walls are obtained by solving the
energy equation for the heat sink as
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2.2 Wall Heat Flux Partitioning

To determine the wall heat flux, numerous experimental
and theoretical studies propose so-called heat partitioning
which consists of three components of wall heat fluxes for
low-pressure subcooled boiling flow [18-22]. The heat
flux components include the single-phase turbulent
convection, transient conduction due to the departing
bubbles (quenching), and evaporation. Generally, the fluid
flow in the microchannels is laminar and the effect of the
turbulence is negligible. Moreover, available studies of the
convective boiling in the literature concluded diverse
outcomes in the microchannels. Some of the studies
reported the dominance of the nucleate boiling in the
microchannels [23,24]. Conversely, some other studies
concluded the dominant mechanism is convective boiling
[25,26]. In addition, the effect of the both of the nucleate
and convective boiling mechanism has been reported
[27,28]. Type of the boiling mechanism will result in
different boiling flows as bubbly flow, slug flow, annular
flow and film boiling in microchannels. Evaporation heat
flux at the walls is calculated from [29]:

Qevp = Ylf(% d3)pvhfg ®)

There are various correlations in the literature to predict
the density of active nucleation sites, n, for pool boiling
and fluid flow in macroscale [30-32]. It mostly depends on
the wall superheat and surface parameters. Lemmert and
Chwala [30] considered the wall superheat to correlate n
as

n = [210(T, — Tsat)]l'sos ©)

Benjamin and Balakrishnan [32] remarked n in terms of
the wall superheat and the surface roughness as

1
n = 218.8Pri63 (;) 0704 (ATsqe)? (0
Where 6 and y are calculated as
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Bubble departure frequency, f, is a complex function of
the bubble formation process. Available studies in the
literature concluded that the bubble departure frequency is
a fluctuating parameter [33].

It is assumed that a bubble grows uniformly to the
internal diameter of the microchannel before departing.
Therefore, the model of Plesset and Zwick [34] to predict
the bubble departure frequency is given as:

‘e (Pl szATsatf 124, (13)
pPohsgR T

When a nucleated bubble grows, it departs from the
surface and fresh fluid, comes into contact with the wall
surface. The heated fluid by the transient conduction has
been predicted by Mikic and Rohsenow [33] and the heat
flux is considered as:

2 14

Qq = \/_E\/? klplelAq(Tw - Tl) ( )
where, Aq is expressed as

d? (15)

T
Aq = TlK(T)

K is a constant and is greater than unity. The heat flux
due to the convection is calculated as:

Q. = Stplcplul(Tw -T)(1- Aq) (16)

Finally, the total wall heat flux, Qu, is calculated as sum
of evaporating, quenching and convection heat fluxes as:

Qw = Qevp + Qq + Q. (7)

3. Geometry and Computational Domain

The viscosity effect on the lateral sides of the bubbles is
neglected in 2D simulation; therefore, it would be less
accurate than 3D. The computational domain is three-
dimensional microchannel as depicted in Figure 1. In order
to compare the simulation results with available
experimental data in the literature, the computational
domain and boundaries are defined same as the condition
of the microchannel of heat sink experimented by Jafari et
al. [5]. The height, width and length of the microchannel
are 700 um, 250 um and 19 mm, respectively. Thermal
properties of copper are used for the walls, except the top
wall, which is assumed adiabatic. Coolant is refrigerant
R134a with the inlet quality of 0.5 and the mass flux of
200 kg/m?'s. The saturation temperature is 10°C and it is
assumed the outlet pressure remains at the saturation
pressure. The thickness of the side walls is considered 53.5
um which is half of the walls in the heat sink; hence,
symmetry thermal boundary condition is applied to the
outer sides of the walls. The initial and boundary
conditions including the inlet quality and heat flux were
selected respectively 0.5 and 20 W/m? to compare the
results with the previous experimental study [5]. The
dimensions of the heat sink and properties of the coolant
are summarized in Table 1.
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Flgure 1. Heat Sink Geometry

Table 1. Dimensions of the heat sink and thermal properties of
the refrigerant

Heat Sink R134a
L 19 mm Tsat 10 °C
LL 14.4 mm hig 189.460 KJ/kg
H 1 mm ki 0.092 W/m'K
Microchannel kv 0.014 W/m'K
L 19 mm W 0.00024 Pa.s
Woen 0.250 mm fv 00000567
Pa.s
Hew 0.700 mm pi 1261 kg/m?
Applied Heat o5 o2 oy 23.74 kg
Flux
200
G kg/m?-s

Since there is a little variation in the results by elapsing
time, the steady-state solver failed. Therefore, the
simulations have been conducted transient. A simulation
has been implemented for applied base heat flux of 200
kwW/m?for 5 seconds to distinguish the steady-state region.
Table 2 illustrates number of meshes and sizes of the
smallest grid. The grids sizes are determined finer in the
domain of fluid than the solid part. Also, to take more
accurate results at the corner of the microchannel, the
smaller grids are distributed as well. The average wall
temperature and average exit quality at different time steps
are depicted in Figure 2 and Figure 3, respectively. It is
obvious that after one second, the results converge to
steady values. Furthermore, the results of meshing with
four different mesh sizes are compared to evaluate the grid
sizes on the outcomes.

Since the variation of the vapor quality is negligible for
all the mesh sizes except the coarser mesh, the simulations

are proceeded with coarse mesh to save the computational
time and power.

Figure 4 illustrates the temperature and vapor quality
distributions along the microchannel. Figure 4a shows that
the temperature decreases from the bottom wall to the side
walls of the microchannel about one kelvin. On the other
hand, since the refrigerant temperature remains uniform at
the saturation temperature along the microchannel
specified by the blue color, temperature of the walls is
nearly constant along the fluid flow, which is the
advantage of the two-phase flow boiling comparing the
single-phase flow. Based on the numerical model, it is
assumed that the heterogeneous nucleation occurs on the
walls of the microchannel. Therefore, the vapor quality
rises along the microchannel. Figure 4b displays that the
vapor quality increases gradually along the fluid flow as
the saturated liquid gains heat from the walls and is
converted to the saturated vapor.

Table 2. Number of grids for various meshing
Number of tetrahedral Minimum element

Meshing elements quality (mm)

Coarser 204364 1.2x 108
Coarse 395443 1.2x 103
Fine 755271 0.16x 1073
Finer 998242 0.16x 107

Vapor Quality

/ Coarser Mesh
06 / Coarse Mesh
/ Fine Mesh
055
Finer Mesh

0 05 1 15 2 25 3 35 4 I 5
Time (s)

Figure 2. Variation of average wall temperature for two
different sizes of grids by elapsing time (4 = 20W/cm?)

297.4¢ T .
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Coarser Mesh

| = Coarse Mesh
—Fine Mesh
| - Finer Mesh
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205 |
0 05 1 15 2 25 3 35 4 45 5
Time (s)

Figure 3. Variation of exit vapor quality for two different sizes
of grids by elapsing time (q = 20W/cm?)
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Figure 4. Temperature and (b) vapor quality distribution along
the microchannel (Axisymmetric view)

4, Results and Discussion

4.1 Validation of the Numerical Model

The computational domain is selected such that
determined in section 3. In addition, various heat fluxes
from 5 W/cm? to 45 W/cm? have been applied to the base
plane. This way, the initial and boundary conditions are
identical with the conditions experimented by Jafari et al.
[5]. Figure 5 illustrates the average HTC with respect to
the applied base heat flux obtained with the present
simulation and the experimental correlations available in
the literature [5, 35-37].

The HTC grows strongly with increase of the
corresponding heat flux. It is accordant with the
experimental studies on the microchannels [39,40]. At low
heat fluxes, the HTC of the present simulation and the
experimental correlation of Kim and Mudawar [38] are in
good agreement. The simulation results approached the
experimental correlation of Lee and Mudawar [36]
obtained from high heat fluxes as the applied heat flux
grows. Since it has been assumed that bubbles nucleate
uniformly along the walls and also the bubble departure
diameter is restricted to the hydraulic diameter of the
microchannel, the heterogeneous nucleate boiling is
considered dominant in the simulations; however, based
on the observation of the author from the previous
experimental study [5] and also the captured flow patterns
by Thiangtham et al. [41] for the applied ranges of heat
flux, the dominant pattern in the experiments is annular
flow. Therefore, employing of the proposed method to
optimize the MHS with boiling flow at high heat fluxes
will be much more realistic.

In order to evaluate the mass transfer from the liquid to
the vapor, the average quality at the exit is calculated by
first law of thermodynamics as:

16000

8000

6000 === Lee & Mudawar

== Kim & Mudawar
4000
- = L&Wu

2000 Jafari et al.

simulation

Average heat transfer coefficient (W/m*-K)

Heat flux (KW/m?)
Figure 5. Comparison of the HTC between the experimental
data and the proposed model

Exit vapor quality

=== First law of Thermodynamics

simulation

0 50 100 150 200 250 300 350 400 450 500
Heat flux (KW/m?)

Figure 6. Comparison of exit vapor quality between the results
of first law of thermodynamics and the present study

Q (18)
Xout Xm + mlvhfg

Figure 6 depicts the comparison of exit vapor quality
with respect to the base heat flux between the simulation
and Equation 18. The result shows a good agreement in the
exit vapor quality between the simulation and the
calculated values from Equation 18.

Although the length of the microchannels is some
millimeters in the previous studies with phase-field
method [10,11] and ALE method [12], the computational
time of the proposed method is about one third of the
phase-field method and half of the ALE method.

4.2 Optimization of the Geometry

The heat sink mounted on the backside of an Intel Core
i7-900 Desktop Processor is considered for optimization.
The overall dimensions of the heat sink are 19 mmx14.4
mmx1mm. The heat flux of 50 W/cm? is specified to be
dissipated from the chip, which is a little greater than the
actual generated heat (130 W). Two geometrical control
variables, width and height of the microchannels, are used
in the optimization. The optimization lower bound of the
width and height are selected 100 um. The lower bound is
specified based on the manufacturing constraints. The
upper bounds of the width and height are determined 500
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pm and 700 um, respectively. The upper limit of the width
restricts the dimension to the microscale size. Besides,
minimum thickness of 300 um is considered to satisfy the
strength of the bottom wall of the microchannel. The initial
wall thickness of the microchannel is assumed constant
and takes the value of 100 um. This value is based on the
manufacturing constraints to fabricate MHSs from copper
using wire electro-discharge machining (WEDEM) [5].
The wall thickness would change a little due to obtain
integer value for the number of the microchannels at each
simulation. Initial and boundary conditions are stated in
Table 3. The objective variable is determined the average
walls temperature, which is interested parameter to
minimize. Besides, the only property constraint is the exit
vapor quality that should be less than 1 to assure the
prevention of superheating in the microchannels.

The employed optimization method is BOBYQA,
Bound Optimization BY Quadratic Approximation, which
is an iterative algorithm to find a minimum of an objective
function F(x), xe R". It is subjected to specified bounds on
the variables as aj<xi<b;, i = 1, 2,..., n, in which n refers
to the number of variables. A quadratic approximation at
the beginning of the k-th iteration has the form

Qk(yi) = F(yl) ’ i = 1' 2' w,ym (19)

m is a constant integer and equals 2n+1. It is needed an
initial control variable inside the specified bounds to begin
the optimization. The interpolation points of first quadratic
model (yj i = 1,2,...,m) are specified as

Y1 =Xo

Yi+1 = Xo +A1€; and Yn+i+1= Xo -A18i  &i<(Xo)i<bi

Yir1 = Xo TA1€; and Yn+iva= Xo +2A18i (Xo)i=ai (20)
Yi+1 = Xo -A1€i and Yn+i+1= Xo -2A18i  (Xo)i=bi

where A; and e; are the initial trust region radius and the i-
th coordinate vector in R, respectively. The algorithm of
the method is described in detail in references [42, 43] and
the overall flowchart of the computational algorithm is
represented in Figure 7.

Since just one of the microchannels of the heat sink is
considered to be optimized, the misdistribution of the flow,
which would lead temperature variation over the heat sink
surface is ignored. The optimization is carried out for two
sets of initial control variables. The results of the
optimization for initial values of H=200 pm, W= 100 um
and H= 500 pm, W = 500 um are provided in Tables 4, 5,
respectively. The results show that the minimum wall
temperature equals 288.6 K and is obtained for the
channels with width and height of 100 pm and 700 um,
respectively. Moreover, it is concluded that the optimized
value does not change by varying the initial control

variables. The optimization results are also employed to
investigate the effects of the dimensional variations on the
heat transfer and fluid flow parameters. Figure 8 shows the
contour plots of the average wall temperature, average
HTC, mass flow rate and exit vapor quality versus the
width and height of the microchannels. It shows that the
wall temperature decreases by increase of the aspect ratio
(Height/Width). However, decrease in the average wall
temperature does not comply with the increase in the
average HTC.

Table 3. Dimensional ranges of microchannel and boundary
conditions of optimization
Microchannels Height, pm

Upper bound 700
Lower bound 100

Microchannels Width, um  Upper bound 500

Lower bound 100
Length, mm 14.4
Inlet quality 0.1
Mass flux, kg/m?-s 500
Heat flux, KW/m? 500

Saturation temperature, K 283.15

START

]

Set fluid (R134a) properties including density, viscosity, latent heat,
heat capacity, and Inmrml conductivity

Set initial height (H) and Width (W)

¥

Create 3-D geometry

]

Set initial and boundary conditions including initial temperature,
applied heat flux, inlet quality, mass flux

l

Analyze the model under applied boundary conditions

!

Caleulate the average wall lemperature

Docs the termination
condition satisficd?

NO

Update H and W based on the

optimization iteration method

\L YES

Print the calculated average wall temperarures regarding the width and
height of the microchannel

!

Stop

Figure 7. Flowchart of the computational algorithm
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Table 4. Optimization results for ¢"= 50 W/cm?, G =500
kg/m?s and initial W = 100 um, H = 200 pm

Number  Width Height Width Numbe Ave. Mass
(um) (um) of rof Walls flow
walls channe temp. rate
(um) Is (K (9/s)
1 100 200 98.9 95 295.3 0.95
2 140 200 99.2 79 298.0 1.10
3 100 240 98.9 95 293.5 1.14
4 180 200 102.0 67 299.3 1.20
5 100 160+ 98.9 95 296.1 0.76
6 100 700 98.9 95 288.6 3.32

Average Wall Temperature (K)

700 Average Wall
Temperature

(K)
. < 2990
W 2890 - 2915
I 2915 - 2940
2940 - 2965

o
8

B 2965 - 299.0
W 2990 - 3020
u > 3020

Height of Microchannels (um)
w - n
8 8 8

g

g

200 300 400
Width of Microchannels (um)

Ave. Heat Transfer Coefficient (W/m2K)

700 Ave. Heat

Transfer Cof.

(W/m2K
< 12000,0
600 120000 - 14000,0
[ 140000 - 16000,0
W 160000 — 18000,0
= > 18000,0

Height of Microchannels (um)

200 300 400
Width of Microchannels (um)

Table 5. Optimization results for "= 50 W/cm2, G = 500 kg/m?s
and initial W = 500 pm, H = 500 um

Number ~ Width  Height ~ Width Number Ave. Mass
(um) (um) of of Walls flow
walls channels temp. rate
(um) (K) (9/s)
1 500 500 109.3 63 3016 3.87
2 460 500 112.3 66 3014 3.80
3 500 540 109.3 31 301.2 4.18
4 420 500 104.8 40 3009 3.78
5 500 460 109.3 57 302.1 357
6 100 700 98.9 37 2886  3.32
Exit Vapor Quality
700 Exit
Vapor
Quality
T 0 04 - g:‘f:
= ™06 - 08
] mog- 10
g 500 - > 10
“§ 400
2
S 300
2
200
100 200 300 400 500
Width of Microchannels (um)
Mass Flow Rate (g/s)
Mass |
Flow rate
(@)
W <0
W 10- 15
5 - 20
2
[} 30- 35
35 - 40
- > 40

Height of Microchannels (um)

Width of Microchannels (um)

Figure 8. Contour plots of average wall temperature, average HTC, mass flow rate and exit vapor quality versus the width and
height of the microchannels

Because of the reduction in applied heat to the walls of
the microchannes, the exit vapor quality decreases as the
sizes of the microchannels grow. The mass flow rate,
which is proportional to the energy consumption by the
compressor also rises by increment of microchannel size.

5. Conclusion

The mixture two-phase method along with the wall heat
flux partitioning have been used to analyze two-phase flow
boiling in MHSs. Intel Core i7-900 Desktop Processor has
been considered as a heat source contained the overall area
of 19mm % 14.4 mm and the maximum dissipated heat of
130 W. The average HTC and exit vapor quality have been

determined according to the different applied heat fluxes.
The HTC and the vapor quality rise by increasing the heat
flux at the constant mass flux of G = 200 kg/mZ2s. The
results have complied with the available experimental data
and first law of thermodynamics. The constructed model
has been extended to optimize the width and height of the
microchannels for the maximum generated heat flux of 50
W/cm?, which is a little more than the maximum generated
heat flux from the aforementioned processor. The mass
flux of 500 kg/m?2.s and the wall thickness of just about 100
um have been supposed to be the constant values. The
minimum wall temperature of 288.6 K has been gained for
the maximum aspect ratio with the width and height of 100
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um and 700 pum, respectively. Tiirkakar and Okutucu-
Ozyurt also concluded that the channel height should be
kept as high as the available volume permits. However, the
average HTC restricts its value up to about 300 um with
the constant mass flux. The proposed model would be an
appropriate method to optimize microchannels heat sinks
dimensionally.
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Nomenclature

Aq : Fraction of wall area cooled by quenching

Cp : Specific heat capacity, [J/kg K]

D : Bubble departure diameter, [m]

f : Bubble departure frequency, [Hz]

F : External forces vector, [N/mq]

G : Gravity acceleration vector, [m/s?]

G : Mass flux [kg/m?-s]

hig : Latent heat, [J/kg]

H - Height [m]

| > Identity matrix

K : Thermal conductivity, [W/m-K]

L : Length [m]

my : Mass rate of evaporation, [kg/s]
: Density of active nucleation sites

p : Pressure, [Pa]

Pr : Prandle number

R : Hydraulic diameter , [m]

Re : Reynolds number

u : Velocity vector, [m/s]

W : Width [m]

X : Vapor quality

t : Time, [s]

T : Temperature, [K]

Q : Heat [W]

a : Thermal diffusivity, [m?%/s]

i) : Radius of trust region, [m]

u : Viscosity, [Pa-s]

p : Density, [kg/m®]

o : Surface tension coefficient, [N/m]

@ : Volume fraction

ch : Channel

| > Liquid

q : Quench

sat : Saturation

\Y
w

: Vapor
s Wall
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