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Abstract

Numerical modeling of multiphase flow using level set method is discussed. The 2-D model considers the effect of surface tension
between liquid and vapor, gravity, phase change and viscosity. The level set method is used to capture the movement of the free surface.
The detail of incorporating the mechanism of phase change in the incompressible Navier–Stokes equations using the level set method is
described. The governing equations are solved using the finite difference method. The computer model is used to study the spray cooling
phenomenon in the micro environment of about 40 lm thick liquid layer with vapor bubble growing due to nucleation. The importance
of studying the heat transfer mechanism in thin liquid film for spray cooling is identified. The flow and heat transfer details are presented
for two cases: (1) when the vapor bubble grows due to nucleation and (2) merges with the vapor layer above the liquid layer and when a
liquid droplet impacts the thin liquid layer with vapor bubble growing.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Spray cooling is a high flux heat removal technique con-
sidered for high power systems such as advanced lasers.
The spray cooling with phase change and droplet impact
can achieve heat fluxes up to 1000 W/cm2 as reported by
Yang et al. [1]. Several experiments have been conducted
using spray cooling in recent years [2–4] and various
designs of spray cooling devices are emerging. Theoretical
understanding of the spray cooling heat acquisition phe-
nomena is still in its infancy and a focused effort to develop
a comprehensive numerical model is a prime importance to
this field.
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Even though spray cooling is used in the industry for
several years the overall theoretical understanding is lim-
ited due to complex interaction of liquid, vapor, liquid
droplet impact and phase change as sketched in Fig. 1.
Only limited work is available in the related area of bubble
dynamics [5,6], pool boiling [6–11], droplet impact [12,13]
on a hot plate and some simplified model for spray cooling
[14–16]. A detailed survey on current status of computer
modeling of spray cooling and methods to solve multiphase
flow is presented in Selvam and Ponnappan [17]. Recently
Selvam et al. [18], and Selvam and Ponnappan [17] identi-
fied that computer modeling of nucleation boiling in thin
film in the neighborhood of 70 lm including droplet impact
will provide valuable information in the design of experi-
ments for spray cooling. Preliminary computation of a
growing of vapor bubble in thin film of liquid and the tran-
sient heat transfer on the wall are reported by Selvam and
Ponnappan [17]. They identified that high heat transfer
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Nomenclature

cp specific heat at constant pressure
g gravity vector
H step function
h grid spacing
hfg latent heat of evaporation
Ja Jacob number = cplDT/hfg

k thermal conductivity
lr characteristic length

p
r/g(ql � qv)

m mass flux vector
Nu Nusselt number qlr/(DTkl)
p pressure
Pe Peclet number = qlurlrcpl/kl

Pr Prandtl number = cplll/kl

q heat flux
Re Reynolds number = qlurlr/ll

T temperature
T * dimensionless temperature (T � Tsat)/(Tw �Tsat)
DT temperature difference Tw � Tsat

t time
tr characteristic time lr/ur

u velocity vector (u,v)
uint interface velocity vector
ur characteristic velocity

p
glr

We Weber number ¼ qlu
2
r lr=r

a thermal diffusivity
j interfacial curvature
l dynamic viscosity
q density
r surface tension
u level set function

Subscripts

int interface
l, v liquid, vapor
sat, w saturation, wall

Fig. 1. Spray cooling phenomena.
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takes place during the impact of liquid droplet on thin
liquid film where vapor bubble is growing. The droplet
impact on a growing vapor bubble in a thin film when
the droplet came right over the vapor bubble is reported
in Selvam et al. [18]. For this case the droplet could not col-
lapse the vapor bubble and hence the impact on the heat
transfer is minimal. Further work on computer modeling
of vapor bubble merging with vapor region over the thin
liquid layer due to nucleation growth and impact of liquid
droplet for different positions of the droplet is reported.
The heat transfer rate at different instants for each case is
presented.

2. Numerical formulation for multiphase flow using

level set method

For a survey on numerical techniques used to model
multiphase flow and their advantages and disadvantages
one can refer to the literature [6,17,18]. Here, for computer
modeling of liquid and vapor during nucleate boiling, the
level set method introduced by Sussman et al. [5] for bubble
dynamics which was modified by Son and Dhir [7] to
accommodate the effect of phase change is used. The inter-
face separating the two phases is captured by a function u
which is defined as a positive or negative distance from the
interface. Similar to Son and Dhir [7] and Son et al. [8] the
negative sign is chosen for the vapor phase and the positive
sign is chosen for the liquid phase. For more details on the
level set method and it application one can refer to Sethian
[19] and Osher and Fedikiw [20]. The extensive application
of the level set method in various areas of science and engi-
neering are illustrated with their basic development in the
above two books.

2.1. Governing equations

In the present model, the fluid properties including den-
sity, viscosity and thermal conductivity are constant in
each phase and the flow is assumed to be incompressible.
The Navier–Stokes equations considering the effect of sur-
face tension, gravity and phase change at the interface are
as follows:
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Fig. 2. Boundary conditions and the location of the variables stored in
staggered grid system.
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qð@tuþ u � ruÞ ¼ �rpþ qg� rjrH þr � lruþr � lruT

ð1Þ
qcplð@tT þ u � rT Þ ¼ r � krT

for H > 0 and T ¼ T satðpvÞ for H ¼ 0 ð2Þ
r � u¼m � rq=q2 ð3Þ

where

q ¼ qv þ ðql � qvÞH ð4Þ
The value of l and k are calculated using the similar rela-
tion in Eq. (4). Here

H ¼ 1 if u P 1:5h

¼ 0 if u 6 �1:5h

¼ 0:5þ u=ð3hÞ þ sin½2pu=ð3hÞ�=ð2pÞ if j/j 6 1:5h

ð5Þ
where h is a grid spacing. The Eq. (5) implies that the inter-
face separating two phases is replaced by a transition re-
gion of finite thickness. The volume source term included
in the continuity equation (3) due to liquid–vapor phase
change is derived from the conditions of mass continuity
and energy balance at the interface:

m ¼ qðuint � uÞ ¼ krT=hfg ð6Þ
In the level set formulation, the level set function u, is
advanced and reinitialized as

@tu ¼ �uint � ru ð7Þ
@tu ¼ u0ð1� jrujÞ=pðu2

0 þ h2Þ ð8Þ

where u0 is a solution of Eq. (7).
The surface tension effect is considered in the momen-

tum equation by using a step function H (H = 0 in the
vapor and 1 in liquid) and j is the interfacial curvature
expressed as

j ¼r � ðru=jrujÞ
¼ ðu2

yuxx � 2uxuyuxy þ u2
xuyyÞ=ðu2

x þ u2
yÞ

3=2 for 2D

ð9Þ
Here subscripts are differentiation with respect to u. The
surface tension force, �rj$H is implemented in the
volume form to avoid the need for explicit description of
the interface (Brackbill et al. [21]).

2.2. Nondimensional form of the governing equations

The nondimensional form of the above set of equations
is derived using the characteristic length lr, velocity ur, time
tr and dimensionless temperature T*. They are defined as
follows:

lr ¼
p

r=gðql � qvÞ; ur ¼
p

glr;

tr ¼ lr=ur and T � ¼ ðT � T satÞ=ðT w � T satÞ ð10Þ

The reference values are taken in such a way that the grav-
ity force becomes unity that is Froude number equal to 1
and the Weber number (We) is just above 1.0 if the density
ratio of the liquid to vapor is larger. In addition, consi-
dering q, k, l and cp of liquid as reference values, the
nondimensional equations without their superscripts are
expressed as follows:

qð@tuþ u � ruÞ ¼ �rp þ qgy � jrH=We

þ ðr � lruþr � lruTÞ=Re ð11Þ
qcplð@tT þ u � rT Þ ¼ ðr � krT Þ=Pe for H > 0 ð12Þ
r � u ¼ JakrT � rq=ðPeq2Þ ð13Þ
uint ¼ uþ JakrT=ðPeqÞ ð14Þ

where Re = qlurlr/ll, We = qlur
2lr/r, Ja = cplDT/hfg, Pr =

cplll/kl and Pe = RePr = qlurlrcpl/kl. Here gy represents
unit gravitational force in the y-direction. In the Eqs.
(11)–(14), q, k, l and cp are dimensionless with respect to
the reference values.

2.3. Boundary conditions

The boundary conditions for the governing equations
are shown in Fig. 2 and also given below. At the wall
(y = 0): u = v = 0, T = Tw, uy = 0. At the planes of symme-
try (x = 0 and x = xmax): u = vx = Tx = ux = 0. At the top
of the computational domain (free surface, y = ymax):
uy = vy = uy = 0, T = Tsat.

2.4. Numerical solution

The governing equations Eqs. (1)–(3), (7), and (8) com-
bined together are highly nonlinear. The equations are dis-
cretized using finite difference method on a staggered grid
system in which all the variables except pressure are stored
at the grid points; and pressure alone is stored at the cell
center as shown in Fig. 1. The diffusion terms are considered
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Fig. 3. Sketch showing the vapor bubble growing and vapor layer on the
top of the liquid layer.
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implicitly and the convection and source terms are consid-
ered explicitly in time. For spatial approximations all terms
are considered using second-order central difference and the
convection term by a second-order ENO method described
by Chang et al. [22] to prevent numerical oscillations. The
pressure and velocity are solved in a sequential manner by
the procedure described in Selvam [23].

The discretized equations from the momentum, energy
and pressure equations are symmetric and they are
solved by the preconditioned conjugate gradient procedure
(Ferziger and Peric [24]) in an iterative form. The iteration
is done until the average residue for each node is reduced to
less than 10�9. This amount of accuracy is needed because
of high density difference between liquid and vapor. After
assuming initial position for distance functions, at each
time-step the equations are solved sequentially in the fol-
lowing order:

(1) Solve the momentum equations, Eq. (1) for velocities.
(2) Correct the velocity to take the pressure effect.
(3) Solve the pressure Poisson equation to satisfy

continuity.
(4) Update the velocities to include the new pressure

effect.
(5) Solve temperature equation Eq. (2).
(6) Solve the distance function Eq. (7).
(7) Reinitialize the distance function as per Eq. (8) and

go to next time step.

During the computation, time steps were chosen to sat-
isfy the Courant–Fredreichs–Lewy (CFL) condition, Dt 6

min(h/(juj + jvj), 10�6). This was done because of the expli-
cit treatment of the convection terms and the condition
that the numerical results should not change if the time
steps are halved.

3. Results and discussion

Lin and Ponnappan [4] conducted spray cooling experi-
ments using FC-72 for different Tsat. As an example
Tsat = 53 �C case is considered. For this temperature, the
computed reference values are: reference length lr =
736.2 lm, reference velocity ur = 85 mm/s, reference time
tr = 8.66 ms and DT = 10 �C. The density ratio of liquid
to vapor (ql/qv) is 138 and other nondimensional numbers
are: Re = 218, We = 1.0, Pe = 2050 and Ja = 0.127. For
initial study, the parameters considered are: ql/qv = 20,
Re = 200, We = 1.0, Pe = 1000 and Ja = 0.1. Low density
ratio is considered to reduce computer time and to avoid
numerical instability. The computed results for higher den-
sity ratio has similar trend as low density ratio but the time
step needs to be much smaller. Further study in the future
will consider higher density ratios in detail.

Time steps considered are 5 · 10�6 (43.3 ns) and
1 · 10�6 (8.66 ns) nondimensional time. The computational
domain considered are 0.1 · 0.1 units which is equal to
73.62 · 73.62 lm. The computational domain is discretized
by 51 · 51 and 101 · 101 mesh at this time. The 101 · 101
mesh is considered to compare the results from 51 · 51
mesh and to evaluate the convergence. Most of the runs
are made using 51 · 51 mesh. The smallest grid size varied
from 0.7362 to 1.4724 lm.

3.1. Nucleation growth and merging of the vapor bubble

In a thin liquid film a growing bubble will merge with
vapor over the liquid layer when the size is larger than the
thickness of the film. In this section the process of growth
and merging of vapor bubble is modeled. During the pro-
cess the heat flux at the interface of liquid, vapor and wall
is computed. For this case in the computational domain
of 0.1 · 0.1 dimensionless unit 0.05 units of vapor layer is
considered above the 0.05 units of liquid layer as shown
in Figs. 3 and 6a. The total thickness of 0.1 units is equiva-
lent to 73.62 lm. Grid sizes 51 · 51 and 101 · 101 are con-
sidered here for convergence study. The process of vapor
bubble mixing with vapor on the top of the liquid film is a
complex phenomenon where surface tension, phase change
due to evaporation and gravity are interacting.

To accelerate the merging of the vapor bubble with
vapor on the top layer an initial bubble radius of 0.03 to
0.04 units is considered for nucleation boiling. The liquid
layer is considered up to 0.05 units of depth and beyond
is assumed to be vapor. The distance function is assumed
to vary from zero to positive value into the liquid from
the interface of vapor bubble and liquid as well as from
the interface of vapor layer and thin liquid film. The tem-
perature is assumed to be varying linearly from Tw to Tsat

from the wall to 0.01 units above the wall. Computation is
done for 0.2 dimensionless time or 1.732 ms. Time steps
considered are 5 · 10�6 (43.3 ns) and 1 · 10�6 (8.66 ns)
nondimensional time. Total time steps varied from 40,000
for 43.3 ns time step to 200,000 for 8.66 ns time step.

The computed average Nu and the maximum velocity in
the computational region with time are plotted in Figs. 4



Fig. 4. Variation of Nusselt number with time for up to 1.732 ms.

Fig. 5. Variation of maximum velocity in the computational region with
time for up to 1.732 ms.
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and 5. The average Nu decreases initially from 90 to 35
(until 0.1 dimesnionless time) during nucleate boiling of
the bubble growth. After that the bubble merges with out-
side vapor. During this process the average Nu increases up
to 106 sharply and then decreases to 30 in 0.02 dimension-
less time (3.464 ls). After that also there are few jumps
which are not as sharp as this one. At the same time in
Fig. 5 one can see that the maximum velocity in the region
increases from 3 to 36 units and comes back to 3 units.
Hence when the vapor bubble merges with vapor on the
top and the liquid finds its equilibrium position; the flow
changes simultaneously in a very short time due to the
interaction of the surface tension, viscosity, gravity and
temperature. During this time the liquid spreads in the
dry areas and hence there is an increase in average Nu. This
is illustrated in time sequence using the velocity vector and
temperature contour diagram for seven instant of time in
Figs. 6 and 7. The time, average Nu and maximum velocity
at which plots were made are reported in Table 1.

Using a 101 · 101 mesh the same computation is done in
the same region of 0.1 · 0.1 units with a time step of
5 · 10�6 (43.3 ns). The computed maximum average Nu

and velocity came to be 147.4 and 26.32 units compared
to 106.1 and 36.11 units using 51 · 51 mesh. The grid spac-
ing has impact on maximum Nu when cooler liquid spreads
on the hot surface but it is difficult to consider the conver-
gence study on Nu. The maximum velocity decreased due
to grid refinement because there is more grid point avail-
able for the liquid and vapor interaction. Overall the flow
features and variation of Nu with time have similar trend.
When a time step of 1 · 10�6 (8.66 ns) is used on the
51 · 51 mesh the maximum Nu is 111.1. This is about 5%
increase in the Nu. The computed maximum Nu and veloc-
ity using a 51 · 51 mesh with same time step for a liquid to
vapor density ratio of 90 are 106 and 49.8. So this maxi-
mum Nu is the same as for density ratio of 20. On the other
hand the velocity increased from 36.11 units to 49.8 units
when the density ratio is increased. This is expected as
the density ratio is increased the resistance due to vapor
gets decreased.

The velocity vector and temperature contour diagrams
for the corresponding time in Table 1 are reported in
Fig. 6 and the variation of Nu along the wall for the same
times is reported in Fig. 7. The maximum velocity in the
computational region varies from 2 to 38 as plotted in
Fig. 5 and it is very difficult to show such variations with
same reference velocities in plots Fig. 6. In Fig. 6(a), (b)
and (g) has same reference velocity for the plots and the
rest of the figures the reference velocities are one tenth
of the reference velocity used in Fig. 6(a), (b) and (g). It
can be seen that the maximum average Nu is 92.91 at
927.53 ls and the maximum velocity is 11.16 at 891.16 ls
which are less than the maximum reported in Figs. 4 and
5. The maximum velocity occurs when the bubble merges
with the vapor layer around 0.102 (883.32 ls) dimension-
less time and the maximum Nu occurs around 0.106
(917.96 ls) dimensionless time. Fig. 6(f) is close to the time
of maximum Nu occurs. During this time it can be seen
that the liquid is spread more than 0.07 units of the wall.
Before the merger the liquid is spread less than 0.05 units.
It is expected at 917.96 ls that the liquid could have
spread more than 0.07 units and the thin layers could have
evaporated. From Fig. 6(d)–(f) one can observe that
the thermal boundary layer at the right boundary
(x = 0.1 units) is almost similar. At the interface of liquid
and vapor the thermal boundary layer is very thin in
Fig. 6(f) and spread for 0.02 units more than Fig. 6(d).
This is because the cooler liquid is slowly heated by con-
duction as explained by Selvam et al. [18]. In Fig. 7 one
can see that maximum Nu is about 200 in Fig. 7(a)–(c)
and once the bubble merges and liquid configuration
changes it reaches as high as 450 in Fig. 7(e) and also peak
value is spread much larger area than other plots. In other
plots the Nu varies very sharply close to the maximum.
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When the liquid is spreading with cooler liquid on the hot
wall the Nu is high and distributed for some area. The
sharp peaks are due to phase change on the side and the
wider spread is due to phase change in the vertical direc-
tion. The maximum Nu reported in Fig. 7 are not the max-
imum occurring in the computation because we did not
Fig. 6. Velocity vector and temperature contour diagrams during the merging o
(c) plot at 872.97 ls, (d) plot at 891.16 ls, (e) plot at 909.34 ls, (f) plot at 927
capture the time of maximum average Nu. This can be
more than 500.

This study illustrates the importance of how the collapse
of the vapor bubble in a rapid way helps to increase the
heat transfer on the wall. The maximum average Nu

reported in Fig. 4 is 106 whereas Lin and Ponnappan [4]
f vapor bubble with vapor layer: (a) plot at 163.72 ls, (b) plot at 800.23 ls,
.53 ls, (g) plot at 1727.71 ls.



Fig. 6 (continued)
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reported more than 200 in their experimental study. Here
the collapse of the bubble due to merging with vapor layer
is considered. In the actual spray cooling merging of vapor
bubble with top layer, collapse of vapor bubbles due to
impact of liquid droplet and convective flow of the liquid
in the thin film all happens simultaneously in various pro-
portions at different regions.
3.2. Modeling a droplet impact on thin liquid film

To study the impact of droplet on thin liquid film with
vapor bubble growing, a vapor bubble with a radius
of 0.055 (40.491 lm) units in a liquid layer of 0.06
(44.172 lm) units is considered as initial conditions as
shown in Fig. 8. The initial temperature distribution is



Fig. 6 (continued)

Fig. 7. Variation of Nusselt number along the hot surface at different times listed in Table 1: (a) plot at 163.72 ls and (b) plot at 800.23 ls, (c) plot at
872.97 ls and (d) plot at 891.16 ls, (e) plot at 909.34 ls and (f) plot at 927.53 ls, (g) plot at 1727.71 ls.
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same as the merging of the vapor bubble case discussed in
the previous discussion. A droplet diameter of 0.06 units
falling down with a speed of 30 (2.55 m/s) units located
at 0.13 (95.706 lm) units above the hot wall and 0.08
(58.896 lm) units from the left boundary is considered.
These parameters are close to the 40 lm diameter of spray
falling with a velocity of 10 m/s reported by Baysinger et al.
[25] from experiment. The frequency of the falling droplet
is suggested to be 1 kHz (1 ms interval) by Harris [26] from
observation. The initial droplet temperature is assumed to
be Tsat. The velocity of 2.55 m/s (30 units) considered in the
numerical modeling is slightly lower than the 10 m/s. Even



Fig. 7 (continued)

Table 1
Average Nu and maximum velocity for various times

Time (ls) Average Nu Maximum velocity (m/s)

0.018905 (163.72) 66. 2.93 (0.249)
0.092405 (800.23) 39.18 2.97 (0.252)
0.100805 (872.97) 40.81 10.21 (0.868)
0.102905 (891.16) 44.93 11.16 (0.949)
0.105005 (909.34) 88.14 10.72 (0.911)
0.107105 (927.53) 92.91 9.86 (0.838)
0.199505 (1727.71) 31.96 3.02 (0.257)

Fig. 8. Computational region for droplet impact.
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for the velocity of 30 units during impact, the maximum
velocity in the computational region as shown in Fig. 9
increases up to 70 units which is the limit of the computa-
tional domain at this time. Further calculations with higher
velocity will be done in the future. Due to impact, the
velocity and flow change considerably and hence a compu-
tational domain of 0.2 · 0.2 units (147.24 · 147.24 lm)
with 201 · 201 grid size is considered. Computation is done
with a time step of 5 · 10�6 (43.3 ns) nondimensional time
for 9000 time steps.

The computed flow patterns for the case of droplet fall-
ing right over the vapor bubble growing was reported in
Selvam and Ponnappan [17]. Since the vapor bubble could
not break due to droplet impact and merge with the vapor
on the top layer, the computed average Nu varied from 70
to 20. The heat transfer is similar to vapor bubble growth
case reported in Selvam et al. [18]. When the droplet was
falling over the thin liquid layer right above the bubble,
the liquid droplet mixes with the thin layer and forms a
thicker layer and hence the bubble could not break.



Fig. 9. Variation of average Nusselt number over the hot surface and
maximum velocity in the computational region with time up to 0.036 units
(311.76 ls).
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The computed average Nu and the maximum velocity in
the computational region with time are plotted in Fig. 9.
The maximum velocity at each instant of time increases
from 30 (2.55 m/s) units to close to 80 (6.8 m/s) units in
0.002 (17.32 ls) dimensionless time during the initial stages
of the droplet impact. After that three more peaks appear
but they are smaller than 80 (6.8 m/s) units. The Nu

increase from 70 to 160 in 0.008 (69.28 ls) dimensionless
time and then decreases to 80 at 0.03 (5.196 ls) dimension-
less time. Then the Nu increases sharply to 160 in 0.002
(17.32 ls) dimensionless time and then decreases sharply
as shown in Fig. 9. For high heat removal, the initial col-
lapse of the vapor bubble due to impact is preferred
because the Nu increases gradually and maintains high
value much longer time than the later time when the liquid
is trying to find the equilibrium with much slower motion.
When the vapor bubble breaks due to impact the liquid and
vapor trying to find equilibrium in a very short time and
the flow and temperature changes in a very short time
due to the interaction of the surface tension, viscosity,
gravity, phase change due to temperature and transient
conduction from the wall to liquid as in the merging of
the vapor bubble case. Here due to impact of liquid droplet
the heat removal capacity is much higher (Nu = 160
compared to Nu = 100) and the variation of Nu is spread
much longer time (0.02 (173.2 ls) dimensionless time com-
pared to 0.01 (86.6 ls) dimensionless time) than bubble
merging case. For higher impact velocity much higher Nu

may be expected. Further modeling work can help us to
verify.

To illustrate systematically in time sequence, the effect of
droplet impact on high heat removal, the shape of the
liquid and vapor region during impact and the correspond-
ing temperature contour are plotted for several instant of
time in Fig. 10 and the variation of Nu along the wall for
the same time is reported in Fig. 11. The time, average
Nu and the maximum velocity at which plots were made
are reported in Table 2. Fig. 10(a) is the plot after first time
step. Because it is assumed that there is some initial temper-
ature distribution in the liquid region the Nu is 70. After
the liquid droplet impact on the liquid layer with vapor
bubble the droplet spreads on the top of the liquid layer
and at the same time the thin liquid layer above the bubble
expands and tears away as shown in Fig. 10(b) after
31.61 ls. At the same time the temperature profile progress
into liquid due to conduction and the liquid spreads into
the dry area by 0.005 (3.681 lm) units at the bottom due
to impact. Hence the average Nu reaches to 105.95 and
the maximum Nu reaches to more than 900 as shown in
Fig. 11(b). Due to impact, the cooler liquid starts spreading
on the dry area where the vapor was growing as shown in
Fig. 10(c) and the maximum Nu reaches to 920 as shown in
Fig. 11(c). The corresponding average Nu reported in Table
2 is 160.46 at 63.48 ls. This high heat flux happens because
of the transient conduction. The Nu is more than 200 in the
region 0.015 (11.043 lm) to 0.05 (36.81 lm) units from the
left boundary where the new liquid is spreading as shown in
Fig. 11(c). In Fig. 10 (d) the liquid still spreads close to the
left boundary but the average Nu (133.54 < 160.46) is less
than the one in Fig. 10(c) because the new liquid is heated
up and the heat flux or Nu got reduced as time goes on as
shown in Fig. 11(d). The liquid that were expanding due to
impact started to rebound as shown in Fig. 10(e) and the
maximum Nu reduced to 100 as shown in Fig. 11(e). Then
the liquid spreads one more time in the dry area towards
the left boundary as shown in Fig. 10(f). This new liquid
again shoots the average Nu to 159.11 and maximum Nu

in Fig. 11(f) to 980. Thus it is clearly illustrated from this
study that the liquid droplet impact moves cooler liquid
to the dry heated area and because of that very high heat
flux (q) are achieved due to transient heat conduction.
For much higher velocity higher average Nu can be achieved.
Further study is underway to investigate the effect of droplet
size, velocity and thickness of liquid layer on heat transfer.

3.3. Mechanism of spray cooling

When the vapor bubble breaks due to liquid droplet
impact the cooler liquid spreads in the dry hot area and
heat is conducted from the wall to the liquid layer. This
transient conduction in a very short time is the one pro-
duces the high heat flux as explained in Selvam et al. [18].
During transient conduction from a heated wall with con-
stant surface temperature of Tw, the heat flux is inversely
proportional to the square root of time and for constant
surface heat flux the change in temperature is directly pro-
portional to the square root of time as derived in any stan-
dard text [27]. So during very short time high heat flux is
produced during conduction from the wall to liquid. But
to bring cooler liquid to the heated surface in a very short
time, vapor bubble collapse due to impact is necessary. In
spray cooling this happens due to phase change of the
liquid to vapor and droplet impact.



Fig. 10. Shape of the liquid and vapor layer at different times during droplet impact: (a) plot at 0.043 ls, (b) plot at 31.61 ls, (c) plot at 63.48 ls, (d) plot at
118.64 ls, (e) plot at 244.21 ls, (f) plot at 274.52 ls.
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4. Conclusions

Numerical modeling of multiphase flow in spray cooling
using level set method is discussed. The model considers the
effect of surface tension between liquid and vapor, gravity,
phase change and viscosity. The computer model is used to
study the spray cooling phenomenon in the micro environ-
ment of about 40 lm thickness liquid layers with vapor
bubble growing due to nucleation. The importance of
studying the heat transfer mechanism in thin liquid film
for spray cooling is identified. The flow and heat transfer
details are presented for two cases: (1) when the vapor
bubble grows due to nucleation and (2) merges with the
vapor layer above the liquid layer and when a liquid



Fig. 10 (continued)
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droplet impacts the thin liquid layer with vapor bubble
growing. From the study the following conclusions are
made:

1. For high heat flux spray cooling, the thin film on the
heated surface and its interaction with liquid droplet
are very important.

2. The collapse of the vapor bubble in liquid layer either by
liquid droplet impacting at high speed and the vapor
bubble breaking during merging of vapor on the top
of the thin liquid film have major impact on spray cool-
ing heat transfer.

3. The complex interaction of conduction of the heat from
the heated surface into liquid and convection of the
liquid during sudden impact due to droplet or breaking
of vapor bubble and formulation of vapor bubble due to
phase change are identified to be the major phenomena
in spray cooling.



Fig. 11. Variation of Nusselt number along the hot surface at different times listed in Table 2: (a) plot at 0.043 ls and (b) plot at 31.61 ls, (c) plot at
63.48 ls and (d) plot at 118.64 ls, (e) plot at 244.21 ls and (f) plot at 274.52 ls.

Table 2
Average Nu and maximum velocity for various times during droplet impact

Time (ls) Average Nu Maximum velocity (m/s)

5 · 10�6 (0.043) 72.88 44.35 (3.77)
0.00365 (31.61) 105.95 55.34 (4.70)
0.00733 (63.48) 160.46 40.32 (3.43)
0.0137 (118.64) 133.54 18.38 (1.56)
0.0282 (244.21) 81.57 14.60 (1.24)
0.0317 (274.52) 159.11 13.05 (1.11)
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Table 3
Comparison of maximum average Nu and maximum velocity for different
case study

Description Average Nu Velocity

Vapor bubble growth
(Selvam and Ponnappan [17])

50 3 units (0.255 m/s)

Bursting of bubble (Section 3.1) 110 36 units (3.06 m/s)
Droplet impact 160 80 units (6.8 m/s)
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4. The importance of moving the cooler liquid quickly to
heated dry surface which causes the high heat flux due
to transient conduction is recognized. This is explained
with temperature contour and heat flux (q) plots at dif-
ferent times.

5. The comparison of maximum average Nu and the max-
imum velocity in the computational region for different
cases is reported in Table 3. From the table one can con-
clude that maximum velocity in the liquid created due to
impact moves the liquid on dry hot surface and hence
high heat flux are created. When there is only phase
change due to bubble growth the maximum average
Nu is 50, whereas due to droplet impact on the vapor
bubble the maximum average Nu reached 160.

6. Further study is recommended to study the effect of size
and velocity of the droplet and thickness of the liquid
layer on heat removal capacity.
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