Is1 Bilimi ve Teknigi Dergisi, 31, 1, 27-36, 2011
J. of Thermal Science and Technology

©2011 TIBTD Printed in Turkey

ISSN 1300-3615

EXPERIMENTAL MEASUREMENTS AND COMPUTATIONAL MODELING FOR
THE SPRAY COOLING OF A STEEL PLATE NEAR THE LEIDENFROST
TEMPERATURE

Cemil YiGiT*, Nedim SOZBIiR*, S. C. YAO** Hasan Riza GUVEN*** and Roy J. ISSA****
* Department of Mechanical Engineering, Sakarya University
54187 Esentepe, Sakarya, Turkey, cyigit@sakarya.edu.tr, sozbir@sakayra.edu.tr
** Department of Mechanical Engineering, Carnegie Mellon University
Pittsburgh, Pennsylvania,15213,USA, scyao@cmu.edu
*** Department of Mechanical Engineering, Istanbul University
34320 Avecilar, Istanbul, hrguven@istanbul.edu.tr
**** Department of Engineering and Computer Science, West Texas A&M University
TX-79016 Canyon, USA, rissa@mail.wtamu.edu

(Gelis Tarihi: 14. 05. 2009, Kabul Tarihi: 14. 04. 2010)

Abstract: Experimental studies and numerical simulations were conducted to reveal the heat transfer mechanism of
impacting water mist on metal surfaces heated temperatures ranging from nucleate to film boiling regime. The test
conditions of water mist cover the variations of air velocity from 0 to 50 m/sec, liquid mass flux from 0 to 7.67
kg/m?sec, and surface temperature of stainless steel between 525°C and 500°C. Local heat transfer coefficient and
radial heat transfer distributions were measured at different air velocities and liquid mass fluxes. Experimental studies
and computer simulations show that heat transfer coefficient increases not only with the air velocity but also with the
liquid mass flux at the stagnation point. In addition, a small amount of water added in the impacting air jet, the heat
transfer is significantly increased. For dilute spray, the mist heat transfer coefficient increases almost linear with the
water mass flux. Results of computational study were compared against experimental data at atmospheric conditions,
and the numerical model showed good accordance with the test data.

Keywords: Spray cooling, Experimental and Computational Spray Investigation.

LEIDENFROST SICAKLIGINDAKI BiR CELIK PLAKANIN SPREY ILE
SOGUTULMASININ DENEYSEL OLCUMU VE SAYISAL MODELLEMESI

Ozet: Cekirdek kaynama rejiminden film kaynama rejimine kadar 1sitilmis metal yiizeylere ¢arpan su sisinin 1s1
transferi mekanizmasini ortaya ¢ikarmak icin deneysel ve sayisal caligmalar yiiriitiildii. Deneysel kosullarin
simiilasyonunu yapmak i¢in bir sayisal model gelistirildi. Deneysel ¢alismada su damlaciklarini tagiyan havanin hizi
0-50 m/s, siv1 kiitle akis1 0-7.67 kg/m?s ve paslanmaz celik yiizeyin sicakligi 500-525°C araliginda degismektedir.
Cesitli hava hizlar1 ve sivi kiitle akilar1 i¢in lokal 1s1 transfer katsayisi ve radyal 1s1 transfer dagilimi 6l¢iildii. Deneysel
ve sayisal ¢aligmalar gdstermistir ki, durgunluk noktasindaki 1s1 transfer katsayisi sadece hava hiziyla degil sivi1 kiitle
akistyla da artmaktadir. Buna ilaveten, hava jeti igerisine kii¢iik miktarda su eklendiginde 1s1 transfer katsayisi dikkate
deger bir bicimde artmaktadir. Siv1 spreyinde 1s1 transfer katsayisi sivi kiitle akistyla birlikte yaklasik lineer olarak
artmaktadir. Sayisal ¢aligmanin sonuglar1 deneysel verilerle karsilastirildi ve sayisal model deneysel verilerle iyi bir
uyum gostermektedir.

Anahtar Kelimeler: Spreyle sogutma, Deneysel ve sayisal sprey incelemesi.

NOMENCLATURE k Conductivity [W/mK]
m Mass [kg]
A Area [m?] m Mass flow rate [kg/sec]
C Specific heat [Kj/kgK] t Time [sec]
D Nozzle opening diameter [m] T Temperature [K]
g Gravitational acceleration [m/sec?] u Velocity [m/sec]
G Liquid mass flux [kg/m?sec] € Emissivity
h Heat transfer coefficient [W/m?K] n Dynamic viscosity [Pa sec]
htg Latent heat of vaporization [ki/kg] | v Kinematic viscosity [m?/sec]
hmise ~ Mist heat transfer coefficient [W/m“K] p Mass density [kg/m?]
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Stefan-Boltzman constant [W/m?K*]

(¢}

I Turbulent intensity[=0.16Rep %]
Nu Nusselt number [=hD/K]
Pr Prandtl number [=C,u/K]
Re Reynolds number [=uD/v]
We Weber number [=pv?D/o]
Subscripts

a Air

d Droplet

| Water

LF Leidenfrost

m Mixture

p Constant pressure

r Radiation

S Surrounding

w Wall

0 Stagnation point

Superscripts
* Dimensionless quantity

INTRODUCTION

Water mist sprays have been used extensively in many
industrial application because of the heat transfer
benefits it has shown over conventional forced air.
These applications include thin strip casting, glass
tempering, electronic cooling. Currently, several
investigators have studied the water mist cooling and
thermal management of electronic devices. (S6zbir
et.al., 2003; Issa and Yao, 2005a; Issa and Yao, 2005b;
Yao et. al., 1989; Yao et. al., 2001) studied the spray
cooling process. Cooling by water mist provides
relatively uniform heat transfer; hence, it provides a
better control of the material temperature. Additionally,
it has high water usage efficiency, because water mist
contains smaller droplets than traditionally water sprays.
Furthermore, both water and air flow rates can be
individually controlled to provide a wide range of heat
transfer variations. In other words, it features both high
efficiency and great flexibility of heat removal. Due to
these advantages, water mist is used preferably in the
cooling of thin metal sheets, in glass tempering at
temperatures beyond Leidenfrost point, and in
electronic chip cooling. In other applications, the aim is
avoid distortion, and to minimize the stresses induced
during the quenching process (Pietzsch et. al., 2005).
(Sozbir and Yao, 2004) investigated water mist cooling
for glass tempering experimentally. In this study, very
high air jet impingement velocity was applied during
glass tempering. The heat transfer of multiple water
mist jets on glass was studied. The injection of mist
with air during cooling considerably reduces the
consumption of compressed air which results in
considerable saving of air. When using mist cooling, the
energy requirements of the system are significantly
lowered. (Roy J. Issa et al., 2008) studied experinmetal
and numerical modeling for the air mist cooling of a
heated cylinder. (Strotos et. al., 2008) modeled water
droplets impinging normal onto a flat heated surface
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under at atmospheric conditions in their study. Authors
reported that impact velocity has a remarkable influence
in the cooling of the heated plate, due to increased heat
transfer numbers and wetting area. (Gambaryan-
Roisman et. al.,, 2007) developed an experimental
method to investigate the dynamics of liquid film
produced by spray impact onto a heated target.
According to the authors, the effectiveness of the spray
cooling depends on the liquid volumetric flow rate.
Additionally, the pray cooling process depends on the
gravity level for high liquid flow rates. (Xishi et.al.,
2004) performed a serried of experiments to investigate
the hot solid surface cooling with water mist under
different conditions, such as different initial surface
temperatures and mist characteristics. The results show
that the mist droplet cooling efficiency is significantly
influenced not only by the surface initial temperature,
but also by the mist characteristics, especially because
of its Weber number. (Fujimoto et. al., 2008)
investigated the effect of surface temperature, impact
inertia and the spacing between the two droplets on the
deformation behavior of liquid. Their investigation
shows that the height of crown is larger with wider
spacing between two droplets and higher impact inertia.
(Nacheva and Schmidt, 2008) performed a numerical
study to investigated the influence of different spray and
model parameters on the evaporation efficiency and the
HTC. Authors reported that the evaporation efficiency
and the HTC depend on the mass flux, the droplet
diameter and velocity. Spray cooling process is
investigated in a wide range of scientific study, and
several researchers issue empirical, semi-empirical, or
numerical models to define the process and to compute
the corresponding heat transfer coefficient (HTC). A
comparison of the HTC calculated by some empirical
models is presented in Fig. 1 (Nacheva and Schmidt,
2008). (Sozbir et. al., 2010) performed multiphase
spray cooling of steel plates near the leidenfrost
temperature.
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Figure 1. Comparison of HTC calculated with different
correlations (Nacheva and Schmidt, 2008).

The objective of this study is to conduct experimental
studies to reveal the heat transfer mechanism of
impacting water mist on metal surfaces heated at
temperatures ranging from nucleate to film boiling. In
addition, a numerical model which based on the test
setup conditions is developed to simulate water mist
cooling process to support the interpretation of the
experimental findings.



EXPERIMENTAL STUDY
Experimental Apparatus and Procedure

The experimental system is consisted of an air atomizer
nozzle, an air flow system, a liquid supply system, an
oven, a stainless steel test plate, and a data acquisition
unit. A schematic diagram of the system is shown in
Fig. 2. Overall experimental system setup is shown in Fig. 3.
The air atomizer nozzle producing the mist flow is also
depicted. A commercial air-atomizing nozzle (Spraying
Systems Co., Air Atomizing, 1/8 J, Full Cone, Round
Spray, and Spray Set-up No SU11), and an air chamber
are used in this experiment. The chamber contains three
air inlets and a pressure gauge. Upstream of the water
line is an on-off solenoid valve. Downstream of the air
chamber, has an exit opening 7.9 mm in diameter.
Typically, the air atomizer nozzle produces a mist of
22.7 cm3/min (0.006 gpm) of water flow, about 20
micron volume median diameter, when applied with
96.5 kPa (10 psig) water pressure. The total spray angle
is around 13 deg (Spraying Systems Co., Catalog 60).
The schematic of water mist jet impingement is shown
in Fig. 4. Before the experiments were carried out, the
local flow conditions were measured at a distance of 40
mm below the nozzle. This distance affects the air
velocity and droplet mass flux. The approaching
velocity of the impinging pure air was measured by TSI
Air Velocity Meters (Velocicalc Model No. 8345/8346).
The total air supply flow rate in the system was
measured with a rotameter. The local liquid mass flux,
G, was measured directly using a small cylindrical
catcher. The total water supply flow rate in the system is
measured with a rotameter.
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Figure 2. Schematic of experimental apparatus.
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Figure 3. Overall experimental system setup.
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Figure 4. Schematic of water mist jet impingement onto
surface.

The test plate is made of stainless steel (AISI304) with
101.6 mm in diameter, and 1 mm in thickness. Plates
were regularly changed after a few tests. The nozzle is
situated at a distance of 40 mm above and at the center
of the plate. To measure the temperature-time history of
test plate during cooling, two bare Type K
thermocouple wires that are 0.1778 mm in diameter
were attached to the backside of the plates by spot-
welding. The wires were insulated using ceramic beads.
Thermocouple locations are at the centerline and 2.54
mm offset from the centerline of the test plate’s
backside, as shown in Fig. 5. The backside of the plate
was insulated with a shallow cavity. The temperature
time histories were recorded using a digital data
acquisition system (SP 2030, DAS 08/EXP 16).

At the beginning of the experiment, the test plate was
heated to an initial temperature about 815-870°C in the
oven. The water mist from the nozzle was turned on,
and the plate was taken out from the oven to put on the
insulated cavity and underneath the shutter, which
protects the plate from spray impingement. After the
shutter was suddenly removed by the actuation of an air
cylinder, the mist impinged on the heated surface.
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Figure 5. Test plate.
Data Reduction

Throughout the test, the heated plate was positioned
horizontally. It was found that the heat loss at the
backside was mainly due to radiation. The temperature
difference between the front side and the backside
through the cooling transient was estimated to be within
10°C. For a stainless steel plate of 1 mm thickness, the
calculated Biot number based of the plate thickness
ranged from 0.05 to 0.11. Therefore, it was reasonable
to assume the lumped capacitance method to be valid in
the evaluation of the surface heat flux. As a result, the



inverse-conduction method was not necessary. The
temperature measured at the backside of the plate was
used to represent the mean temperature of the plate
during the transient cooling.

Temperature recordings were collected at a sampling
frequency of 50 data points per second. Only, the data
between 525°C to 500°C (which were beyond the
Leidenfrost temperature where droplets do not wet the
surface) are used to evaluate the heat transfer at various
conditions. In fact, this temperature range is also
important to the glass tempering and steel rolling
processes.

Since radial conduction is negligible over the thin plate,
the lumped capacitance method can be applied to any
specific region during cooling. The average heat transfer
coefficient can then be calculated from:

mC,, (dT/dt) = hA(T,, ~-T.)+a02A(T, -T.}) D
where m is the disk mass, C, is the specific heat of the
disk, h is the convective heat transfer coefficient, A is
the disk heat transfer area at one side, T, is the disk
surface temperature, T, is the air temperature, T is the
surrounding temperature (which is close to T,), € is the
emissivity, and o is the Stefan-Boltzman constant. The
value of the emissivity used in the evaluation of the
radiation heat transfer (from the front and backsides of
the disk) is obtained from cooling tests where both air
and water flows are turned off. Natural convective
cooling heat transfer is evaluated and used in Eg. (1) to
deduce the emissivity at this condition. Generally,
radiative heat loss is on the order of 10-15 percent of the
overall heat transfer during mist cooling in the percent
study.

Experimental Uncertainty

The measurement error of the air velocity is within 0.1
m/sec, the water mass flux is within 0.1 kg/m?sec and
the thermocouple reading is within 0.4 percent.

The thickness of stainless steel test plate is 1 mm, and
the temperature difference between front side and
backside during cooling is estimated to be within 10°C.
The cooling data, taken between 525°C and 500°C, are
used to evaluate the change in temperature with time,
dT/dt, as given in Eq. (1). Since this is well within the
film-boiling regime, the rate of change in temperature is
steady. Therefore, all the consistent errors, such as the
assumption of lumped approach, will not affect dT/dt
and the result of data reduction. This also reduces the
possible error because the inversed conduction is not
used. The estimated error of the deduced heat transfer
coefficient is; therefore, in the order of 0.4 percent due
to the uncertainty in the thermocouples readings.

Another possible source of error comes from the
calibration of surface emissivity during the pure air-
cooling tests. Considering a 5 percent error in the
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natural convection formula, the resulting error on the
estimated emissivity will be on the order of 7 percent.
When this emissivity is used in Eq. (1), an estimated
error on heat transfer coefficient will be on the order of
0.85 percent. Combining this data reduction uncertainty
with the thermocouple reading uncertainty, the overall
uncertainty in the heat transfer coefficient is in the order
of 1 percent.

COMPUTATIONAL STUDY

Numerical computations are performed using FLUENT
(6.3.26) software. An axisymmetric model which is
used pressure based solver and implicit formulation is
developed to simulate spray flow over a heated plate.
The spray which is modeled DPM (Discrete phase
model) consists of an air medium referred to as the
continuous phase, and 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. Fig. 6 shows the simulation
of the spray mist in Fluent. Approximately a few
thousand particle streams were injected to simulate the
water mist spray. The trajectory of the droplet is solved
by integrating the force balance on the droplet, where
the inertial force is balanced by the drag force and the
gravitational force. Drag coefficient between the droplet
and air is calculated using the correlation given by
(Morsi and Alexander, 1972).

Spray Type: Full Cone

Spray Angle: 13 deg.

Nozzle Exit Diameter: 7.9 mm
Liquid Mass Flux: 2.56 kg/m”2sec
Air Velocity: 24.9 m/sec

Air & Water Temp.: 300 K

Plate Temp.: 800K

Figure 6. Water mist spray pattern at atmospheric conditions.
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where F is droplet external force per unit mass and Fp is
drag force.

The droplet temperature is calculated from an energy
balance on the droplet, where the sensible heat change
in the droplet is balanced by the convective, radiative,
and latent heat transfer between the droplet and gas-
phase medium. Radiation heat transfer is calculated
using the P-1 radiation model.

dar,

M g

d
hA, (T, -T, )+%hfg +Aso(TA-T) ()



Continuity, momentum, turbulence and energy equations
are solved for water mist spray. The turbulence water
mist flow model uses two equations in the k-¢ method
expressed in Eulerian coordinate. Intensity and length
scale method is used for turbulent specification method.
Turbulent intensity, I, can be represented as:

| =0.16Re;”® 4)
The length scale for axisymmetric jet at various
conditions is reported by (Versteeg and Malalasekera,
1995).

Weighing factors are used to concentrate the grid mesh
near the plate surface and at the center of the
computational domain. Hence, these domains are very
important for computational accuracy. For water mist
conditions a quadrilateral grid mesh of 160x140
provided acceptable numerical accuracy. The grid mesh
of the model is shown in Fig. 7.

Figure 7. The mesh of the computational domain.

The physical properties of the liquid and gas phases
were attained as function of the local temperature.
Thermal conductivity of the mixture phase was obtained
from a developed correlation in Eqg. (5), which is
modified to be accordant with experimental data to
obtain the thermal conductivity of the mixture is
developed by (Yigit, 2009).

Ky = 2.996190%576C" k(14 B) ®)
where is B constant and can be represented as:
B:l_(ma/ml)'(ka/kl) (6)

The boundary conditions for the computational domain
are shown in Fig. 8. The velocity inlet boundary, which
is situated at the center of the plate at a distance of 40
mm above, is applied for the air. It is assumed that there
is a small distance between injection plane and nozzle
exit plane. Pressure outlet boundaries are applied to
both horizontal edges except velocity inlet boundary
and vertical edges of the computation domain. The wall
boundary, is assumed to be at a fixed temperature, is
applied to bottom of the computation domain.
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Figure 8. The model boundary conditions.

RESULTS AND DISCUSSION
Air Convection Cooling

The experimental results of air convective cooling
without droplets are compared with numerical analysis
at stagnation point in Fig. 9. Although the heat transfer
of laminar round jet has been reported by (Incropera and
Dewitt, 2001; Martin, 1977), the configuration of nozzle
used in (Graham and Ramadhyani, 1996) is most
relevant to the present study. They reported the three-
dimensional stagnation point Nusselt number Nu, as:

(7

Nu, , = Re}® Pr®

Where the Reynolds number, Rep, and stagnation point
Nusselt number, Nu,o, are based on jet velocity and
nozzle diameter then

Nua,o = ha,O D/ka (8)
Re, =uD/v 9)
where u is the air velocity at the nozzle exit.
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Figure 9. The comparison with experimental and numerical
result of heat transfer coefficient at 500°C to 525°C, and 0
kg/msec liquid mass flux.

Experimental and computational results are compared
and demonstrated in Fig. 9. Experimental and
computational errors range from 2.25% to 10.31%. The
variation of heat transfer coefficient with air velocity is
shown at the stagnation point. The experimental heat



transfer data of pure air jet (G=0 kg/m?sec) are
compared to the summation of results from Eg. (7) and
radiation heat transfer. The calculated h is about 15
percent below the data. The discrepancy is likely due to
the free stream turbulence that enhances the heat
transfer of the jet (McCormick et. al., 1984). A similar
observation has been addressed in (Deb and Yao, 1989)
where a 15 percent free stream turbulence intensity
induced 25 percent heat transfer enhancement. The
reason for the present data showing a higher level for
heat transfer is possibility due to the free stream
turbulence in the air jet, which is induced by the
complex internal geometry of the air passage in the
nozzle. Considering this, the present data of pure air-
cooling is compatible with the general expectation.

Water Mist Cooling

Experimental and computational results are compared
and demonstrated in Fig. 10 which presents the
variation of heat transfer coefficient for mist cooling
with air velocity at various liquid mass fluxes, G. The
data indicate that the heat transfer coefficient increases
strongly with the liquid mass flux. When the air velocity
increases, heat transfer coefficient also increases.
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Figure 10. The comparison with experimental and numerical
result of heat transfer coefficient at 500°C to 525°C, and liquid
mass flux from 2.56 kg/m?sec to 7.67 kg/msec.

Since the liquid mass flux is the primary factor affecting
the heat transfer coefficient, the heat transfer coefficient
was replotted against the liquid mass flux in Fig. 11,
where the connecting lines are best-fit curves of the
data. Quantitatively, the heat transfer coefficients are
improved dramatically with the presence of mist. For
example, at 25 m/sec air velocity, a small liquid mass
flux of 2.56 kg/m?sec will only increase the heat transfer
to more than double of air convection. It is also
observed that the heat transfer coefficient is increased
almost linearly with the liquid mass flux.

It is interesting to identify the respective effects of air
jet and liquid mass flux on water mist cooling. The
difference between the total heat transfer data and the
pure air data, which is the summation of air jet
convective heat transfer and the radiative heat transfer,
is used to determine the heat transfer coefficient due to
the cooling by water mist only. The water mist heat
transfer coefficient can then be expressed as a function
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Figure 11. Experimental results for the heat transfer
coefficient against the liquid mass flux.
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Figure 12. Experimental results for the difference of total and
air heat transfer coefficient against the liquid mass flux.

of the liquid mass flux as shown in Fig. 12. The figure
indicates that the heat transfer contribution of water
increases monotonically with the water mass flux. When
the mass flux increases, the effect is slightly less than
linear. This is likely due to the interference effect
between the droplets on the surface heat transfer. This
occurs when the spray density increases and droplets are
not having independent heat transfer because frequently
the local surface temperature is not fully recovered
before another droplet impact at the same point. Also
the jet velocity does not influence significantly to the
water mist heat transfer. In other words, droplet velocity
has a relatively minor effect on the heat transfer of mist.
This has also been reported earlier in (Deb and Yao
1989; Choi and Yao, 1987). The increase in velocity
may increase the droplet deformation during surface
impaction, but decrease the time duration of the
interaction. These two effects tend to compensate each
other when considering their effect on the heat transfer
result. To correlate the primary of liquid mass flux, this
water mist heat transfer coefficient can be represented
as:

h, =284G° (10)

mist
When hyise is water mist heat transfer coefficient in
W/m?K and G is liquid mass flux in kg/m?ec. The
relationship can be written in non-dimensional form as:
Nu

=194Re® (11)

mist



where
umist = hmist D/kl (12)
Re, =GD/4, (13)

It is noticed that the nozzle orifice diameter, D, is
considered to be the characteristic length in order to be
consistent with the air convection formulation.

Accordingly, the overall heat transfer of the dilute mist
flow, without considering the radiation, can be predicted
as the summation of air and water mist heat transfer
coefficient components:

hene =N (14)

conv

a,0 + hmist
Where the h,o can be evaluated from Eq. (7) and hpg
from Eq. (11). Therefore, for water mist cooling at film
boiling condition, the convective heat transfer of air and

liquid mass flux can be accounted for separately.
Radial Distributions

The radial distribution of water mist heat transfer is
important for the quality control during the cooling
processes of metal and glass sheets. The radial water
mass flux distribution of the spray was measured using
several small tubes to catch the spray deposition
directly. A typical result is shown in Fig. 13 at different
flow rates. The resulting radial heat transfer distribution
at different liquid mass fluxes is shown in Fig. 14. All
the data are at a constant air velocity 35 m/sec. The
locations of thermocouples are at center, 16.93 and
33.87 mm from the center stagnation point. In Fig. 14,
the heat transfer coefficients at different radial locations
are normalized by the heat transfer of mist flow at the
stagnation point as described in Eg. (14). The figure
indicates that the normalized redial heat transfer
distribution of water is also very close to that of the pure
air jet case. This is possibly due to the small size of
water mist droplets (~20 pum). Since the droplets are
entrained with the air, the deposition of the droplets and
mist heat transfer distributions on the surface are similar
to pure air flow case.
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Figure 13. Experimental results for the radial spray liquid
mass flux distributions (u=35 m/sec).
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A comparison between the experimental and the
computed heat transfer coefficients along the radial
direction for the case where air velocity is 35 m/sec is
shown in Fig. 15. Radial heat transfer distribution for
various air velocities is obtained from computational
analysis on stainless steel plate is shown Fig. 16. The
highest heat transfer coefficient occurs at stagnation
point which is the center of the plate. Therefore, the best
cooling exists at the stagnation point and decreases
further away from the plate center.
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Figure 14. Experimental results for the heat transfer
distributions on the radial direction of a single jet (u=35
m/sec).
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Figure 15. Experimental and computational heat transfer
distribution on the radial direction for air velocity 35 m/sec.
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Figure 16. Radial heat transfer distributions on the plate
obtained from numerical analysis at 2.56 kg/m?sec liquid mass
flux.
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Leidenfrost Temperature

The experimental results for the Leidenfrost
temperature, T,r, at the center stagnation point of the
plate are given with respect to the liquid mass flux, G,



in Fig. 17. The Leidenfrost temperature is defined as the
temperature associated with minimum heat flux on the
film-boiling curve. Since the plate is only 1 mm thick
and the cooling process takes only 2~3 seconds, the
effect of radial conduction is negligible.
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Figure 17. The variation of Leidenfrost temperature with
liquid mass flux.

The data indicates that Leidenfrost temperature
increases for larger values of liquid mass flux. These
trends are similar to that reported by (Ishigai et. al.,
1979; Hoogendoom and den Hond, 1974). However, the
present experiment indicates that the Leidenfrost
temperature also increases with increasing air velocity
(for water mist cooling). At higher air velocity, the
droplets impact on surface with more momentum, and
induce the quenching easier. As a result, the Leidenfrost
temperature is also higher.

CONSLUSION AND RECOMENDATIONS

Experimental studies were conducted to reveal the heat
transfer phenomena associated with dilute water mist
sprays in the cooling of stainless steel plate heated
temperatures ranging from nucleate to film boiling
regime. A numerical model was also developed to
simulate both the pure air and water mist cooling of
high temperature metal surface at atmospheric pressure.
Heat transfer coefficients were measured at various
spray parameters such as air velocities and liquid mass
fluxes. The variation of the Leidenfrost temperature
with both the air velocity and the liquid mass flux was
also discussed. The major conclusions of the study are:

1. With the injection of a small amount of water in
the air jet, the heat transfer effectiveness
dramatically increases. The water mist heat
transfer coefficient increases with both the air
velocity and the liquid mass flux. For dilute
sprays, mist and air heat transfer are independent.
Experimental and computational errors range
from 2.99% to 12.53% for water mist spray
cooling.

2. The convective air heat transfer is analyzed using
a computational  fluid dynamics model.
Experimental and computational errors range
from 2.25% to 10.31%.
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3. For dilute sprays, the mist heat transfer coefficient
increases almost linear with the water mass flux.
The effect of air velocity is fairly small.

4. For dilute sprays, the overall convective heat
transfer coefficient can be viewed as two
separable components: heat transfer coefficient of
air and liquid water which can be combined
together to form the overall heat transfer
coefficient. For general predictions, Eq. (11)
suggests where Eq. (4) and Eq. (8) can be applied.

5. The radial distribution of heat transfer coefficients
of water mist has a similar trend to air jet.

6. The best cooling exists at the stagnation point
where the heat transfer coefficient is at its peak.

7. The Leidenfrost temperature increases with both
the air velocity and the liquid mass flux.
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