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Numerical Model for Spray-Wall Impaction
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A numerical model is developed to simulate for atmospheric applications the impingement of water sprays on
surfaces heated at temperatures ranging from nucleate to film boiling. The droplets are modeled in the Lagrangian
frame of reference and are dispersed stochastically in the continuous gas phase. The model is based on the fun-
damental basics of single water droplet impingements extended to full sprays, where the overall heat-transfer
process is broken down into its basic components: boiling heat transfer associated with the droplet contact, bulk
air convection, and radiation. Droplet dynamics at the wall is modeled based on an empirical correlation relating
the droplet incoming to outgoing Weber number. Droplet contact heat transfer is modeled using an effectiveness
parameter for the heat transfer that is a function of the droplet Weber number. Numerically modeling the droplet-
wall dynamics and contact heat transfer has not been addressed before in a numerical model. The model is tested
at atmospheric pressure using experimental data for nozzles that disperse a spectrum of nonuniform droplets.
Favorable comparison with the experimental data is demonstrated.

Nomenclature
¢,y = vapor specific heat constant, J/kg - K
¢,; = liquid specific heat constant, J/kg - K
= droplet diameter, um
e, = droplet normal coefficient of restitution
G = water mass flow flux, kg/m? - s
hmis = mist heat-transfer coefficient, W/m? - K
how = total heat-transfer coefficient, W/m? - K
q. = droplet contact heat flux (also referred to as
boiling heat flux), W/m?
Tiq = liquid (droplet) temperature, °C
Te: = liquid saturation temperature, °C
T, = wall temperature, °C
U, = shear velocity at the wall, m/s
v = droplet velocity at the nozzle exit, m/s
Uy = air velocity, m/s
v; = impinging droplet normal velocity component
at the surface, m/s
We, = normal component of the impinging droplet
Weber number at the surface
y = normal distance from the wall, m
Ahg, = latent heat of vaporization, J/kg
£ = heat-transfer effectiveness
0, = nozzle-exit spray angle (spray cone angle), deg
7 = dynamic viscosity of the liquid-vapor mixture, kg/s - m
P = density of the liquid-vapor mixture, kg/m?
Pd = droplet material density, kg/m®
o4 = droplet surface tension, N/m

Introduction

N the hot strip rolling mill, temperature control of the strip on
the run-out table continues to be the subject of research after
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years of experimental investigations and experience with different
cooling systems.!~* The metallurgical properties of the strip and the
surface oxide formation depend greatly on the manner in which heat
is extracted from the strip. In the conventional hot strip mill where
medium to thin strips are produced (2—-10 mm in thickness), cooling
on the run-out table is normally achieved using laminar water jets.
In thin strip casting (1-3 mm in thickness) a new type of cooling
system based on mist jets promises to be the most efficient method
for cooling. Cooling by mist jets also has several other advantages.
It provides uniformity in cooling that leads to improvement in the
material properties and the flatness of the rolled product. It is also
cost effective because it optimizes the amount of water consumption
in the mill.

Spray cooling research has been mainly experimental in nature.
A substantial amount of experiments on mist cooling has been per-
formed using single droplet impaction and full sprays. Pederson,*
Kendall and Rohsenow,” Senda et al.,® and McGinnis and Holman’
have studied single-droplet heat transfer. Their findings were very
valuable in understanding the cooling effectiveness produced from
single impaction. The authors investigated a wide range of surface
temperatures that extended from the nucleate boiling to the film boil-
ing range. Other researchers including Sozbir and Yao,® Chang and
Yao,’ Ortiz and Gonzalez,'® Ohkubo and Nishio,!! and Pais et al.!?
have made heat-transfer measurements using full sprays. They used
air-mist nozzles that produced a spectrum of droplet diameters. In all
of those experiments, both for single-droplet impaction and air-mist
sprays it was found that the heat transfer is dependent on important
parameters that include the droplet size, surface temperature, and
the droplet Weber number.

Numerically modeling the droplet-wall impaction dynamics and
contact heat transfer has not been fully addressed before. Most ex-
isting models'*~!> do not consider the droplet bouncing behavior,
but only track the droplets up to the point where they make contact
with the surface. Also, the droplet partial evaporation at impaction
and contact heat transfer was not modeled. A model developed by
Nishio and Kim'® for dilute sprays considers droplets multiple im-
pactions, but the droplet dynamics are assumed to be independent
of the droplet velocity and diameter. Furthermore, their model ne-
glects the partial evaporation at the surface and assumes the droplet
diameter to remain the same after rebound. In the present report,
this is the first time a model is developed to simulate the effect of
the impinging droplet Weber number on the droplet-wall dynamics
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and on the heat-transfer effectiveness with a realistic comparison to
experimental results.

Modeling of Droplet Dynamics

Droplet impingement on the wall can be classified according to
the following three main modes of impaction:

Stick mode: This occurs when the droplet approaches the surface
with a low impinging Weber number and the droplet adheres to the
surface.

Rebound mode: For a higher Weber number, the droplet bounces
off the wall after impact. High-speed photography for droplet im-
pingement on a heated surface!”~!? reveals that during impaction
the droplet spreads radially in the form of a flattened disk. After the
droplet reaches a maximum spread, it begins to recoil backwards to-
wards its center as a result of the surface tension effect. The droplet
then rebounds as a long and narrow mass whose shape continuously
changes because of the difference in the velocity between the top
and bottom parts. The droplet will rebound without breaking up as
long as the impinging droplet Weber number is less than the critical
Weber number at which the droplet disintegrates. The critical We-
ber number depends on the surface material properties, especially
thermal conductivity, surface roughness, surface temperature, and
droplet impingement angle.

Breakup mode: Breakup mode occurs when the droplet impacts
the surface at an incoming Weber number equal or greater than
the critical Weber number. It has been also found that the number
of disintegrated droplets increases with the increase in the Weber
number.?0:2!

The surface temperature can have a strong influence on the droplet
breakup.?? For instance, the boiling regime can induce breakup even
at a very low impacting energy. In this case, droplets would disin-
tegrate as a result of the rapid liquid boiling on the hot wall ac-
companied by the formation of gas bubbles blowing through the
liquid droplet. If the conditions are favorable for droplets to break
up, then depending on the heat-transfer mode various secondary
droplet sizes can be formed. Nucleate boiling results in very fine
secondary droplet formation, whereas transition boiling results in
fine droplet formation, and film boiling results in large size droplet
formation.

As mentioned earlier, there are several factors that influence the
droplet impaction mode at the wall. However, one factor, which
is the Weber number, is considered to be the governing parameter
for the droplet deformation. The droplet Weber number is a mea-
sure of the relative importance of the droplet kinetic energy (inertial
force) to its surface energy (capillary force). Figure 1 explains the na-
ture of impact dynamics for water droplets.'® At low incoming We-
ber numbers, the droplets rebound elastically from the wall. As the
approach velocity is increased, the normal velocity component of the
rebounding droplets decreases sharply because of theradial spread

Wachters & Westerling [1966]
A

A
Critical We —

5 Elastic L —1 A A
Range N A
'y A A
— A
4 A A
A A Plastic Range

— |

31z
// )
2 A A
A

Rebounding Droplet We,,
Secondary Droplet Formation

0 10 20 30 40 50 60 70 80 90
Impinging Droplet We,

Fig. 1 Relationship between impinging and rebounding We,, (repro-
duced from Wachters and Westerling!?).

10 T T T I I I
& Hatta et al., d=330-480 microns, Tw = 500 deg.C
- 09 A Karl et al., d=90 microns, above Leidenfrost Temp. H

© % o Wachters & Westerling, d=1.7 mm, Tw ~ 400 deg. C
- 08 ) = Naber & Farrell, d=310 microns, Tw = 400 deg.C H
Xe) — Best-Fit of All Data
2 07 fox
._‘U:’ Af R Water Droplets
@ a3
x 06 7o "
S s 2 A
Y e
8 04 e,
£ NN © en=1—0.1630Wen°3913|
Q o o
O 03 ry * \K 5
T . |* \o{
E 02 ; S
[=]
= 0

0.1

0.0

0 10 20 30 40 50 60 70 80

Impinging Normal Weber No., We,,

Fig. 2 Water droplet coefficient of restitution as function of We, at
above Leidenfrost temperature (1 atm).

of the droplets over the heated surface. As the rebound velocity be-
comes very low, the droplet impact mode becomes close to plastic.

The change in the droplet speed and direction during impaction
can be quantitatively measured by the normal and tangential coeffi-
cient of restitution. Data gathered from Wachters and Westerling,"®
Hatta et al.,”! Naber and Farrell,?? and Karl et al.”3 for water droplet
impaction at atmospheric conditions (at about Leidenfrost tempera-
ture) show the relationship between the droplet normal coefficient of
restitution and the droplet normal impinging Weber number (Fig. 2):

e, =1 —0.1630Wel1 (1)
where
We, = pgvid/og ()

Experiments performed by Karl and Frohn?* for surfaces heated
above the Leidenfrost temperature show the loss in the droplet tan-
gential momentum to the wall to be only about 5%. Recent models
for fuel spray-wall impingement in diesel engines have assumed
a fixed value of 0.71 for the tangential coefficient of restitution.?
However, because of the lack of experimental data that relate the
tangential coefficient of restitution to the droplet Weber number,
the current study assumed the tangential coefficient of restitution to
be 1.

Droplets with higher impact energies (i.e., higher Weber num-
bers) tend to spread more at the surface. According to Chandra and
Avedisian,'® the droplet maximum spread was theoretically shown
to be proportional to the square root of the Weber number. Others
including Akao et al.,”6 Ueda et al.,>” and Hatta et al.® experimen-
tally showed the droplet spread to be a strong function of the Weber
number. For liquid water droplets, the dependency of the droplet
spread on Reynolds number is insignificant because of the small
viscous losses of water. Experiments conducted by Chandra and
Avedisian'® using n-heptane droplets on a polished stainless-steel
surface show that after an early stage of impaction the droplet maxi-
mum spread decreases as the wall temperature increases. The contact
angle between the droplet and the metal plate is seen to increase from
about 24 deg at room surface temperature to about 180 deg at the
Leidenfrost temperature, thus resulting in a decrease in droplet
spread. Therefore, the momentum loss of the rebounding droplet
will also increase with the decrease in surface temperature. As a
result, it is expected that the droplet coefficient of restitution for
surfaces heated at temperatures ranging from nucleate to film boil-
ing will be lower than that shown in Fig. 2.

Modeling of the Spray Heat Transfer

There are three modes of heat transfer associated with spray cool-
ing (Fig. 3)!: 1) boiling heat transfer caused by liquid-solid contact
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Fig. 3 Spray cooling heat-transfer modes.

(alsoreferred to as contact heat transfer), 2) convection caused by the
bulk airflow, and 3) radiation exchange between the heated wall and
the two-phase air-water spray mixture. Droplet boiling heat transfer
can be classified into two types: 1) heat transfer with wetting contact
and 2) heat transfer with nonwetting contact.

For wet cooling, the droplets can be in continuous or semicontin-
uous direct contact with the wall. After an initial period of transient
heat conduction, the droplets enter into either nucleate or transition
boiling regimes. In this case, the droplet incoming Weber number
can have a weak effect on enhancing the droplet breakup. Wet cool-
ing results in a significant drop in the surface temperature because
of its high cooling efficiency.

In nonwet cooling, also referred to as film boiling, the droplet
makes contact with the hot surface for a very short period before
a vapor film quickly forms between the droplet and the surface.?’
Because vapor has a very low thermal conductivity, it acts as insu-
lation between the surface and the incoming spray, therefore, low-
ering the cooling efficiency. In this cooling regime, the incoming
droplet Weber number has a significant influence on the cooling ef-
ficiency. For low Weber numbers, droplets cannot penetrate through
the film layer. However, for high-Weber-numbers droplets can pen-
etrate through the film layer, and more surface contact can be estab-
lished. This enhances the cooling efficiency.

Besides the droplet Weber number and the wall temperature, there
are other secondary factors that influence the heat-transfer effective-
ness (but not as influential as the Weber number) such as the droplet
impingement frequency, surface inclination angle, surface material,
and roughness. For surface temperatures below Leidenfrost point,
the heat-transfer effectiveness decreases as the droplet impingement
frequency increases as a result of the interference between the lig-
uid film layer and the droplets. This effect weakens at temperatures
above the Leidenfrost point as a result of the formation of the vapor
film layer.® An increase in the droplet impingement angle (angle
between the droplet motion direction and the normal to the sur-
face) on a horizontal surface lowers the normal component of the
Weber number and the heat-transfer effectiveness.?® This also has a
favorable effect on decreasing the interference between the imping-
ing droplets. Highly conductive material increases the heat-transfer
rate for surface temperatures below the Leidenfrost point. However,
above the Leidenfrost temperature, the high thermal conductivity
acts in promoting vapor film generation that leads to isolating the
droplets from the surface at a much faster rate.?’ Finally, surface
roughness acts favorably in enhancing the heat-transfer rate because
the droplet breaks up at a Weber number much lower than the critical
Weber number (for disintegration) for a smooth surface.?

Pedersen,* Senda et al.,® and McGinnis and Holman’ experimen-
tally determined the heat-transfer rate for a single stream of water
droplets impinging on a heated metal plate by subtracting the heat-
transfer rate with impinging droplets from the heat-transfer rate
without the droplets. This net effect excluded the bulk air convec-
tive effect, but included the local convective effect caused by the
entrainment of the air around the droplet.

The heat transfer associated with the droplet contact with the
heated surface can be empirically evaluated using an effectiveness
parameter, which is defined as the ratio of the actual heat transfer
induced by the droplet to the maximum possible heat transfer that
can be achieved:

&= qc/G[Ahtg + Cp,l(Tsat - Tliq) + Cp,u(Tw - Tsat)] (3)

The heat-transfer effectiveness is strongly dependent on the im-
pinging Weber number as shown in Figs. 4 and 5 for the wetting
and nonwetting boiling regimes, respectively. The heat-transfer ef-
fectiveness is at its peak in the nucleate boiling region, but decreases
significantly in the film-boiling region. Because the literature data
were obtained at the critical maximum (Fig. 4) and minimum (Fig. 5)
contact heat fluxes, the heat-transfer effectiveness between these
points was interpolated and is presented in Fig. 6 as a function of
the Weber number and surface temperature. This figure shows the
same behavior depicted by the boiling curve of water and is used to
calculate the heat-transfer effectiveness.

Based on the literature review, the following correlation is ob-
tained between the droplet heat-transfer effectiveness and Weber
number for the nucleate to film boiling range:

e = (010452 x 107*We, ) cos( /470)[(T,, — Tiig) — 130]
+8.6 x 107*We, +0.12 4

Numerical Scheme

Numerical computations are performed using Fluent (Ver. 5.5),
where the control-volume-based approach is used to convert the

10
| |

“ 0.9 A Wetting Heat Transfer |
;oo D e = 0.84410 2 el 348 :

N

o9 -

o
=9

o
~
L ]

o @

o
o

o

¢ S ¢
w M o
h

Db
o

o D lee
o

Sendaetal., v =3.63 m/s, d = 458 microns

Senda et al., v=5m/s, d = 482 microns

Pedersen, v = 9.45 m/s, d = 330 microns

McGinnis & Holman, v = 1.05 - 5.1 m/s, d = 2844 - 3835 microns
— Best-Fit Equation

Droplet Heat Transfer Effectivenes:

o o o
- N
\\\
ao» e >

o
o

0 100 200 300 400 500
Impinging Normal Droplet Weber No., We,

Fig. 4 Water-droplet heat-transfer effectiveness for wet cooling.

0.30 [

| Non-Wetting Heat Transfer |

o
N
a

*
*

-4
~311/,0.691,-9.079x10™" We,
£=3.771x10""Wep> e n

o
N
o
V\\

D//

Pedersen, v = 2-10 m/s, d = 200-400 microns

Senda et al., v =5 m/s, d = 482 microns

Senda et al., v = 3.2 m/s, d = 350 microns

[Deb & Yao] Equation

New Best-Fit Equation

0.00 ! f

0 200 400 600 800
Impinging Normal Droplet Weber No., We,

o
o
o
4

Droplet Heat Transfer Effectiveness, ¢
o
>

o
(=)
a
L,
>
| |ase

Fig. 5 Water-droplet heat-transfer effectiveness for nonwet cooling.



444 ISSA AND YAO

1.0 T
m We n=19
w o) A We_n=42
7 _O\K‘O\ ® We n=62
® 08 A We_n=175 [
S A
q>) X We_n =268
5 s O We_n=483
£ 06 Wetting | &
Lg . Regim %‘\\ We, = 483
% a | )\'Nen
~ 04 .
% M
i} e
T —]
8y, .\\\( ?
= 0.
S \\1& Non4
s} We N\[ Wetting
n- Regine
0.0
0 100 200 300 400 500 600 700

Tw - Thq (OC)

Fig. 6 Water-droplet contact heat-transfer effectiveness in the transi-
tion to film boiling region (1 atm).

l«— wioo —>

< 0.1016 m

v

Fig. 7 Grid mesh for the computation domain.

governing equations into algebraic equations that can be then nu-
merically solved. The modeling of the spray consists of a mixture
of two phases: an air medium referred to as the continuous phase,
and the water droplets referred to as the discrete phase. The droplets
are dispersed in the continuous phase and are traced stochastically
in the Lagrangian reference frame.

In this model, steady-state flow conditions are simulated. It is as-
sumed that no droplet interaction occurs, and dilute to intermediate
dense spray conditions prevail. Also it is assumed that the droplet
impinging Weber number is small enough (<80) so that the droplets
do not splatter. An axisymmetric model is developed to simulate the
spray flow over a heated plate thatis 101.6 mm in diameter. The noz-
zle is situated at the center of the plate at a distance of 40 mm above
the plate. Weighting factors are used to concentrate the grid mesh at
the center of the computation domain and also near the plate surface
(Fig. 7). Sufficient grid refinement at the wall is necessary to capture
the wall interaction event and to ensure computational stability. For
dilute spray conditions'# (water mass flux < 2 kg/s - m?) a quadrilat-
eral grid mesh of 75 x 60 provided acceptable numerical accuracy.
However, for higher water mass fluxes a more refined grid mesh was
needed. Therefore, the accuracy of the simulation results was grid
size dependent, and the grid size that was needed was in turn depen-
dent on the water mass flux. A grid-independence study was con-
ducted, where the density of the nodes near the wall was increased
until the solution no longer changed with further grid refinement. To
achieve this, an enhanced wall treatment using the two-layer zonal
model was enabled in Fluent, where the value of y* (= pu,y/u) at
the wall-adjacent cells was kept close to 1. The droplet dynamics and
contact heat transfer are modeled using the empirical correlations
presented earlier for water droplets. During impaction, the droplet
mass is recalculated based on the droplet contact heat-transfer
empirical correlations, and the excess mass that is the difference

between the incoming droplet mass and the recalculated mass is
released as saturated vapor at the nearest cells to the wall. This va-
por mass created has the same momentum and energy of the phase
from which it is created. The calculations for the droplet dynamic
interaction with the wall and the droplet-wall contact heat-transfer
effectiveness are introduced into Fluent through user-defined func-
tions, which are complied using a “makefile” that invokes the system
C compiler and builds a native object code library. The object code
library is linked to Fluent executable software during run time.

The droplet temperature is calculated from an energy balance on
the droplet, where the sensible heat change in the droplet is bal-
anced by the convective, radiative, and latent heat transfer between
the droplet and the gas-phase medium. Radiation heat transfer is
calculated using the P-1 radiation model, which is the simplest case
of the more general P-N model.?” The wall is assumed to be gray
and diffuse, where the only radiation boundary condition required
is the wall emissivity. The trajectory of the droplet is solved by in-
tegrating the force balance on the droplet, where the inertial force
is balanced by the drag force and the gravitational force. The drag
coefficient between the droplet and air is based on the assumption
of a smooth spherical particle and is calculated using the correla-
tion given by Morsi and Alexander.* The turbulence continuous-
phase model uses the two equations in the k—& method expressed in
Eulerian coordinates. The eftect of the gas turbulence on the droplets
is obtained by adding a velocity fluctuation to the mean gas velocity
while tracing the droplets.

The boundary conditions for the computation domain are as fol-
lows. Velocity inlet boundaries are applied for the water droplets
and air. The injection plane is considered to be at a small distance
below the nozzle-exit plane where the droplets are released. It is
assumed that the water stream at this location has been fully atom-
ized. This simplification is necessary to avoid a complicated nozzle
model where flow conditions are difficult to simulate. At the verti-
cal edges of the computation domain, pressure outlet boundaries are
applied. The wall boundary is assumed to be at a fixed temperature.

The coupling between the droplet-phase and the gas-phase
medium is accomplished as follows. The equations for the gas phase
are solved prior to the injection of the droplets. The equations for the
liquid droplet phase are then introduced, and the trajectories for the
droplets are calculated. The effect of the discrete droplets onto the
gas-phase is then considered by resolving the gas-phase equations
with the newly calculated source terms associated with the presence
of the droplets. The droplets trajectories are then recalculated based
on the modified results of the gas-phase equations. The procedure
is repeated until solution convergence is achieved.

Results and Discussion

Spray Dynamics

The air jet stream and the droplet size have a major influence on
the droplet behavior at the wall. For the purpose of visualizing the
bouncing behavior of droplets on a heated wall, multiple streams of
water droplets ranging from 10 to 200 pum (instead of a full spray)
are injected into the middle of the computation domain that is shown
in Fig. 7, with the 10 pm at the center and the 200 p«m furthest away
(see Fig. 8). The results shown in Fig. 8 are based on simulation only.
Droplet sizes of 10 to 200 wm are used in this simulation to show the
effect of the droplet size on its rebound from the wall. The airflow
stream is shown only on the right half of the computation domain.
The air and water mass flow rates are 0.028 and 1.2 x 1073 kg/s. The
injection velocity for the air and water droplets is 3 m/s each. The
light color lines in Fig. 8 represent the airflow streamlines, while
the black lines represent the drop trajectories. The drag force is seen
to have a strong influence on the droplet impaction. Larger droplets
make it to the surface with a higher impaction velocity, while smaller
droplets such as the 10-m droplet drift away along the heated wall.

The droplet size also influences the frequency of impingements at
the wall. Larger droplets retain enough momentum after impact to
rebound and impinge again on the surface. The airflow stream also
has an effect on the frequency of impingements, and the droplet
rebound height. If the air velocity were to be very low, the droplets
would impinge on a much smaller area than they would if the air
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Fig. 9 Droplet count distribution based on the experiment by Sozbir
and Yao.?

velocity were high. With higher air velocity, the droplets rebound
height would be much lower because the airstream tends to push
the droplets closer to the wall. It is important to make clear that
the droplet bouncing behavior on the heated wall is based on a
correlation for test data at near the Leidenfrost temperature. For wall
temperatures in the nucleate or transition boiling range, the droplet
is expected to have a lower coefficient of restitution than that shown
in Fig. 2 because of the increase in the droplet spread at the wall
and also the increase in the evaporation rate at contact. Therefore,
simulation of the droplet/wall dynamic behavior conducted at the
nucleate or transition-boiling temperatures using the correlation in
Fig. 2 should be considered with some reservation.

Heat-Transfer Phenomena

The current spray model was developed based on the fundamental
basics of single-droplet impingements extended to full sprays. To
check its validity, the model is tested by simulating the spray exper-
iment that was conducted by Chang and Yao.” A full conical spray
type is injected on a stainless-steel plate of 101.6 mm in diameter
heated to 525°C. The nozzle system consists of an air-mist nozzle
(by Spraying Systems) surrounded by an air chamber. The reason
for the extra airflow is to produce finer droplet size in the spray. The
initial air and droplet temperature is 27°C. The air and water mass
flow rates are 2 x 1073 and 10~ kg/s (20:1 ratio), respectively. The
nozzle system is situated at 40 mm above the plate and oriented
such that the air-mist flow hits the plate perpendicularly at the stag-
nation point. The air velocity exiting the air chamber is 35 m/s. The
air-mist nozzle has an exit diameter of 7.9 mm. The liquid flow
flux at the plate center (stagnation point) is 2.5 kg/m?s at 1-atmo
ambient pressure. For these flow parameters, the nozzle spray angle
was 13 deg. The spray has a spectrum of droplet diameters with an
average diameter of 19.2 um by volume, a minimum of 9 um, and
a maximum of 63 pm as shown in Fig. 9 (Ref. 8).

Figure 10 shows the simulation of the spray mist in Fluent. On the
order of a few thousand particle streams were injected to simulate
the actual spray. The size of the injected droplets was based on
a Rosin—Rammler distribution of the actual test data. Simulation
shows that the impinging droplet Weber number (for the spray)
on impaction with the surface ranged between nine for the smallest
droplet to slightly above 80 for the largest diameter. Figure 11 shows
a comparison between the simulated test and Chang’s experimental
data. The model was first tested to simulate the profile of the bulk air
heat-transfer coefficient along the plate radius. As shown in Fig. 11,
the model results compared very well with the experimental data.
Next, water droplets were injected with the airstream, and the results
were also promising. The only deviation in the data occurred towards
the edge of the plate where the model predicted fewer droplets to
surface interaction. Using the multisize droplet spectrum (Fig. 9),
the droplets contact the wall at random locations with the largest
hitting in the vicinity of the jet impingement point and the smaller
droplets hitting further away, resulting in very uniform cooling.
The numerical heat-transfer coefficient shown in Fig. 11 is obtained
from Fluent results. In the current simulation, radiation heat transfer
contributed to about 5% of the total heat transfer.

Figure 12 shows a comparison between the mist heat-transfer co-
efficient as calculated using the model vs the test data by Chang
and Yao’ for different liquid mass fluxes. The studies conducted by
Chang and Yao show that for a light liquid loading the heat transfer
of the mist-wall contacts and that of the bulk air convection can
be proven to be independent. In the current simulation, the mist
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Fig. 10 Mist spray pattern at 1-atm ambient pressure (Avg.
d=19.2 pm by volume).

8O0 - Air Heat Transfer (Model Simulation)

¥ A Air Heat Transfer {Chang & Yao Data)
~" 1600 Total Heat Transfer (Model Simulation)

e . Total Heat Transfer (Chang & Yac Data)
=

I

% 1400 Computation Data: il

] Spray Type: Full Cone

< 1200 Avg. d = 19 um (by volume} —
t: Va=35m/is

& 1000 Tia=27°C H
(] Tw=525°C
& 800 0,= 13 deg. ]

2 Air Mass Flow Rate = 0.002 kg/s

© Water Mass Flow Rate = 10

= 600 .

S —

o 400 e e

I Tl — |
© e

S 200 S S rves—
'_

0
0.00 0.01 0.02 0.03 0.04 0.05

Distance From Plate Center, m

Fig. 11 Simulation of the total heat-transfer coefficient vs actual test
data for a conical spray.



446 ISSA AND YAO

A Chang & Yao Test: Vair = 35 m/s, Air Mass Flow = 0.002 kg/s, Tw =525 C
1800 — X Model Simulation
Q —— Best-Fit For Chang & Yao Test Data
P B I Best-Fit For Simulation
£ 1600 B3
5: 1400 e
z .
< 1200
e
8 1000 =
5 800 e
w
g /
] 600 /f
© 400 7
g ~
L 200 =
L
= 0
0 2 4 6 8
Water Mass Flux G, kg/mz.s
Fig. 12 Mist heat transfer vs water mass flux.
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Fig. 13 Cooling profile using various multisize droplets spray.

heat transfer included the droplet boiling heat transfer and the local
convective effects caused by the presence of the droplets, while the
bulk air heat transfer was due only to the forced airflow without the
droplets. For low mass fluxes, the almost linear relationship between
the mist heat-transfer coefficient and the liquid mass flux shows the
spray behaves like an ideal one, and the likelihood of droplets inter-
action is very small. The deviation between the calculated and test
data occurred at higher liquid mass fluxes (>4 kg/m? - s) because of
the flooding (which is detrimental to the heat transfer) that becomes
significant at higher mass fluxes. The current numerical model does
not correct for the flooding and therefore overpredicts the cooling
heat transfer for dense sprays.

Figure 13 shows the effect of the spray average droplet size on the
cooling profile using a spray that has a spectrum of droplet sizes. The
three cases shown in Fig. 13 for the multisize droplet spectrums have
the same Rosin—Rammler spread. For a spray whose average droplet
size is large (such as the case of a multisize droplet distribution with
an average droplet size of 60 pum), for the same liquid mass flux
the droplet density will be low, and the droplets will contact the
wall at scarce locations with the largest droplets in the vicinity of
the jet impingement point (stagnation point) because of the high
droplet inertia. Thus, the heat-transfer profile will be nonuniform
with extreme cooling around the jet impingement point. On the
other hand, for the same liquid mass flux but with a smaller average
droplet size (such as the case of a multisize droplet distribution with
an average droplet size of 19 um) the droplet number density will
be much higher and so would be the droplet surface to wall surface
contact area. Therefore, the cooling will be more uniform.

Conclusions

A numerical model based on the Lagrangian tracking of droplets
was developed for the purpose of studying the mist cooling on metal-
lic surfaces. Numerically modeling the droplet-wall impaction dy-
namics and contact heat transfer has not been addressed before.
This is the first time a model is developed to simulate the effect
of droplet Weber number on the droplet-wall multiple impaction
and on the droplet contact heat-transfer effectiveness. The current
model is based on the fundamental basics of single droplet impaction
extended to full sprays. The model assumes that no droplet interac-
tion occurs and that the droplets do not break apart after impaction.
The model was tested using experimental data for nozzles that dis-
pense a wide spectrum of nonuniform droplets. Parametric studies
conducted using the current model reveal the following important
issues:

1) The air velocity and droplet diameter strongly affect the dy-
namic behavior of the droplet at the wall. Because of the higher
momentum, larger droplets impinge closer to the stagnation point,
whereas smaller droplets impinge further away. Larger droplets re-
tain enough of their initial momentum to reimpinge back again. It
was also revealed that sprays with large average droplet sizes could
have a ballistic and localized impaction near the stagnation point.

2) The cooling profile depends on the droplet size distribution
of the air-mist spray. Sprays dispersing a wide spectrum of droplet
sizes and whose average size is large result in a nonuniform cooling
profile with a high cooling in the center of the plate and very little
cooling around the edges. On the other hand, sprays whose average
droplet size is small result in a uniform cooling profile. This is
because for the same mass flux the droplet number density will be
much higher and so would be the surface-to-surface contact area
between the droplets and the wall. However if the droplets are too
small, they will cool the air but might not make contact with the
surface. As a result, the cooling will be very uniform but stretch
over a very long path.
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