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1. Introduction

Cooling by air-assisted water sprays has received much attention in the last decade because
of the benefits it has shown over conventional cooling by methods such as forced air jets or
single-fluid nozzles. Air-assisted water sprays are currently being used in many industrial
applications. Some of these applications require rapid cooling from high temperatures, such
as the cooling of medium thick plates and thin strips in the hot rolling steel mill, glass
tempering in the auto industry, and electronic chip cooling in the computer manufacturing
industry. Sprays dispersing fine droplets size referred to as air-mist sprays have been
proposed for use in heat exchanger devices where the performance of heat exchangers can
be tremendously improved by the injection of a small amount of mist with the forced air
flow. The application of air-mist sprays has also found its way into the food processing
industry in the cooling of vegetable produce on grocery shelves and chilling of beef and
lamb carcasses at meat packing facilities. The purpose of this chapter is to present some of
the basic principles for understanding multiphase sprays and to demonstrate their use.
Since many aspects of multiphase sprays can be discussed, this chapter focuses mainly on
the flow dynamics and the heat transfer associated with multiphase cooling. Several
industrial applications are presented. These include: quenching of upward and downward
facing heated plates by air-assisted water sprays, the use of air-mist sprays in heat
exchangers, and chilling of vegetable produce and processed meat by air-mist sprays. The
discussion will provide an insight into the optimal flow conditions for best heat transfer
effectiveness and best spray coverage. Several factors that influence the spray cooling
effectiveness and droplets impaction will be introduced including the spray droplet size,
water flow rate, air-to-liquid loading, and nozzle-to-surface distance.

2. Flow Dynamics in Multiphase Sprays

Air-assisted sprays consist of a mixture of air and liquid. An air stream of high velocity
accelerates the liquid droplets. The nozzles contain two flow chambers: a pressurized liquid
chamber and a pressurized air chamber (Figure 1). The discharging liquid and air streams
collide towards the nozzle center. The pressurized air surrounds and impinges on the liquid
flowing from the nozzle orifice and atomizes the liquid film. There are several factors that
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affect droplet size, such as the spray pressure, and air-to-liquid loading. Smaller droplet
sizes in the spray can be generated by either increasing the air pressure while decreasing the
liquid pressure, or by increasing the airflow rate while decreasing the liquid flow rate. An
increase in the pressure difference between the liquid and air results in an increase in the
relative velocity between them. This leads to an increase in the shear force acting on the
liquid, which produces finer droplets. A similar effect occurs by increasing the air-to-liquid
loading. Figure 2 shows the air stream-lines and droplets flow for a typical spray
application. Circulation regions are shown to develop downstream of the flow towards the
target surface and away from the stagnation point.

Depending on the flow operating conditions, air-assisted spray atomizers are able to
generate a spectrum of droplets sizes that can range from few microns (referred to as fine
mist) to several millimeters in diameter. The nozzle system consists of an air actuated nozzle
body assembly and a spray setup fixture consisting of an air cap and a fluid cap. Simply by
changing the air and fluid caps, sprays with different drop size spectrums can be generated.
As the droplets exit the nozzle, their trajectories are influenced by several factors such as:
droplet size, droplet impinging velocity, ambient temperature, relative humidity,
nozzle-to-surface distance, and wind speed and direction (if applicable).

The spray droplet size has a strong influence on the spray heat transfer (Issa & Yao, 2004 &
2005). The smaller the droplet size, the easier it is for the droplet to evaporate at the surface;
thus leading to higher heat transfer effectiveness. However, smaller size droplets may never
reach the target surface but instead will cool the thermal boundary layer near the surface by
increasing the near surface local evaporation. On the other hand, large size droplets can
have a detrimental effect on the surface cooling because of the flooding that may occur at
the surface. Droplets with higher impinging velocities tend to spread more at the surface
(Chandra & Avedisian, 1991). The more the droplets spread at the surface the higher is the
heat transfer effectiveness. In certain applications where the surface is heated to
temperatures beyond the Leidenfrost point, a vapor layer will develop quickly at the
surface. Droplets with low impinging velocities may not be able to penetrate through this
film layer. However, for higher impinging velocities droplets can penetrate through the film
layer, and more surface contact can be established. An increase in the nozzle-to-surface
distance will lead to a decrease in the droplet impinging velocity (also a decrease in droplet
momentum) at the surface. This is due to the longer duration the drag force will be acting on
the droplet. With less momentum, the droplets surface impaction efficiency will decrease.
Surface and ambient temperatures and relative humidity also have an affect on the droplets
impaction (Issa, 2008-b). The evaporation rate of the droplets increases with the increase in
the surface or ambient temperature. This results in smaller size droplets developing while
the droplets are airborne. This also leads to more droplets drifting away and reduces the
impaction efficiency. A similar effect takes place when Low relative humidity levels are
present. Finally, wind speed and its direction (as in the case of agricultural sprays) have a
strong influence on the spray drift (Lawson & Uk, 1979). By increasing the droplets size or
the injection velocity, spray drift will reduce. During the last decade, electrostatic charging
of the droplets (Zheng et al., 2002) has also been introduced as a means for reducing the
spray drift and enhancing the penetration and deposition of the droplets onto the target
surface (canopy plants). Spray drift will reduce because the droplets trajectories will then be
influenced by the electrostatic forces as they try to follow the electric field lines.
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Target Surface

Fig. 1. Air-mist spray nozzle Fig. 2. Typical simulation for spray flow over a target surface

In order to maximize the spray cooling effectiveness over the target surface, it is important
to reduce the amount of drift by maximizing the droplets surface impaction. The spray
impaction efficiency, 1, is defined as the ratio of the actual droplets mass flow flux

deposited onto the target surface, G, to the maximum droplets mass flow flux leaving the
nozzle, Gmax:
- 1
=g (1)

max

Sprays with large droplets have high impaction efficiency unlike sprays with small size
droplets which have difficulty staying the course of their initial trajectory and simply drift
along the air stream as they approach the target surface. The orientation of the surface with
respect to the spray affects the spray impaction efficiency. For example, it is expected that
the impaction efficiency on a downward-facing surface to be much lower than that on an

upward facing surface due to the effect of gravity pulling on the droplets downwards (refer
to Figure 3).
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Fig. 3. Droplet impaction versus droplet diameter
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When spray droplets make it to the surface, there are three possible ways they can interact
with the surface: stick, rebound or breakup at the surface. A droplet will stick to the surface
when it approaches the surface with low incoming momentum (i.e., low incoming velocity
or fine droplet size). Upon impaction, the droplet will adhere to the surface in a nearly
spherical form. With an increase in the droplet incoming momentum, a droplet will rebound
at the surface. During impaction, the droplet will spread radially in the form of a flattened
disk. After the droplet reaches maximum spread, it will begin to recoil backwards towards
its center as it leaves the surface due to the surface tension effect. The droplet spread at the
surface is function of the droplet deformation on impaction, which is a process of energy
transformation between kinetic and surface energies. The understanding of the droplet
bouncing behavior at surfaces near room temperature (Scheller & Bousfield, 1995; Mundo et
al., 1997) and at metallic surfaces heated above the Leidenfrost point (Wachters &
Westerling 1966; Karl et al., 1996) is well established for sprays dispersing water droplets.
For metallic surfaces heated to temperatures above the Leidenfrost point, the droplet
coefficient of restitution (ratio of outgoing to incoming droplet velocity) at the surface is
shown to be dependent on the impinging droplet Weber number (ratio of droplet inertial
force to surface tension force). As the droplet incoming momentum increases beyond a
critical value, the droplet will disintegrate during impaction at the surface. It has been found
that the number of produced satellite droplets will increase with the increase in the
incoming droplet momentum (Issa & Yao, 2004).

Figure 4 shows the interaction of a droplet with a heated surface. After impacting the
surface, the droplet changes its speed and trajectory. This can be quantitatively measured by
the normal and tangential coefficient of restitution. Data gathered from several sources for
water droplet impactions at atmospheric conditions and on surfaces heated to temperatures
above the Leidenfrost point (Hatta et al., 1997; Karl et al., 1996, Wachters & Westerling, 1966;
and Naber & Farell, 1993) show the relationship between the droplet normal coefficient of
restitution, e,, and the normal impinging droplet Weber number, We,, (Figure 5) to be as
follows:

e, =1-0.1630We)*" ()
Where,
2
e |
Wen =pdi (3)
04

pd is the droplet density, vin is the droplet impinging normal velocity at the surface, d is the
droplet diameter and o4 is the droplet surface tension. Experiments performed by Karl et al.
(1996) on surfaces heated above the Leidenfrost temperature show the loss in the droplet
tangential momentum to the wall to be 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 (Lee & Ryou, 2000).
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Fig. 4. Droplet bounce at the heated wall
Fig. 5. Droplet normal coefficient of restitution at steel plates heated above the Leidenfrost
temperature

3. Heat Transfer in Multiphase Sprays

Air-assisted water sprays are used in the cooling of high or low temperature surfaces in
many industrial applications. Applications associated with rapid cooling from high
temperatures include thin strip casting, glass tempering and electronic chip cooling, while
low temperature cooling applications include beef or lamb carcass chilling, and chilling of
food and vegetable produce.

3.1 Quenching of metallic surfaces heated above the saturation temperature

For metallic surfaces heated to temperatures above the droplet saturation temperature, there
are three modes of heat transfer associated with the multiphase spray cooling process
(Figure 6). These are: a) conduction and convection associated with the droplet contact with
the heated surface, b) convection associated with the bulk air flow and the droplet cooling of
the thermal boundary layer, and c) surface radiation. For sufficiently high incoming droplet
momentum, better droplet-to-surface contact and therefore better surface wetting can be
established if surface flooding and droplet-to-droplet interactions are minimized. Those two
effects are detrimental to cooling.

When surfaces are heated to the critical heat flux (nucleate boiling), spray heat transfer is
referred to as heat transfer by wet contact. This is due to the fact that the droplets are in
continuous or semi-continuous contact with the heated surface. In this case, the surface heat
transfer is at its maximum. When surfaces are heated to the Leidenfrost temperature, spray
heat transfer is referred to as heat transfer by non-wet contact. This corresponds to the case
where after a short period of droplets contact with the surface, a film layer is generated
quickly between the droplets and the surface preventing further direct contact. The heat
transfer in this case is at its minimum. In this latter cooling regime, the incoming droplets
momentum have significant influence on the cooling efficiency. For sufficiently high
incoming momentum, the droplets can penetrate through the film layer, and more surface
contact can be established leading to higher spray cooling effectiveness.

A comparison between the two boiling regimes (wet and non-wet cooling) is shown in
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Figure 7. Sprays can always be characterized as either dilute sprays, intermediate dense
sprays, or dense sprays. The deciding parameter is the flow flux (water mass flow rate per
unit surface area). Spray flow fluxes less than 2 kg/s.m? are considered to be dilute sprays
(Deb & Yao, 1989), while flow fluxes slightly above 2 kg/s.m? are associated with
intermediate dense sprays. For both boiling regimes, the higher the impinging droplet
Weber number the stronger is the droplet contact heat transfer. This should not be confused
with the spray Weber number which is different. At a certain critical droplet Weber number
(Figure 7), the droplet will disintegrate during impaction at the surface. For dilute sprays,
the droplet contact heat transfer is expected to increase linearly with the impinging droplet
Weber number because droplets interaction is minimal. As the droplet size increases, the
spray transitions from dilute to intermediate dense to dense spray. As a result, surface
flooding and droplet-to-droplet interactions also increase. This leads to saturation in the
droplet contact heat transfer (refer to actual curves in Figure 7).
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Fig. 6. Spray heat transfer modes for surfaces heated above saturation temperature
Fig. 7. Droplet contact heat transfer

For high temperature surfaces, the maximum release of heat from the spray consists of: a)
the pre-boiling cooling potential of the liquid droplets, b) the release of heat when the liquid
droplets completely evaporate at the surface, and c) the superheating of the vapor to the
surface temperature. The spray heat transfer effectiveness, ¢, is expressed as:

e= ! @)
G[hfg +Cp,l (T Tl)+Cp,v (Ts -Tsat)i|

sat

"

where, q" is the droplet heat flux, G is the water mass flux (defined as the water mass flow

rate per unit surface area), hgg is the enthalpy of vaporization, c1is the liquid specific heat
constant, ¢y is the vapor specific heat constant, T is the liquid saturation temperature, T
is the liquid temperature, and Ts is the target surface temperature.

Researchers have experimented with two types of nozzles: single-phase fluid nozzles that
disperse water alone, and multiphase-fluid nozzles that disperse water and air. Auman et al.
(1967), Fujimoto et al. (1997), and Ciofalo et al. (1999) have conducted experiments using
nozzles that disperse water droplets alone, while Ohkubo and Nishio (1992), Toda (1972),
Puschmann and Specht (2004) have used nozzles dispersing water droplets with air. Sozbir
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and Yao (2004) have conducted experiments using both water, and water with air. All of
these experiments were conducted on plates heated to temperatures above the Leidenfrost
point. Experimental data gathered from the above sources is compiled and presented in
Figure 8 which shows the spray heat transfer effectiveness as function of the spray Weber
number. Results reveal multiphase sprays to be more efficient than single-phase sprays. This
is because air injected with water increases the droplets momentum and enhances the
impaction and heat transfer. The spray Weber number in Figure 8, Wes, is defined as
follows:
2
We =S4 (5)

S

PaO4
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Fig. 8. Spray heat transfer effectiveness for single fluid and two-fluid nozzles

During impaction, the droplet mass can be recalculated based on the droplet contact heat
transfer empirical correlation (eqn. 4), and the excess mass that is the difference between the
incoming droplet mass and the re-calculated mass (after the droplet makes contact) is
released as saturated vapor near the surface. The released vapor mass has the same
momentum and energy of the liquid phase from which it was created. The released vapor
mass, my, can be calculated from the droplet enthalpy change before and after impaction as
shown in the following equation (Issa, 2003):

_ (e-l)mdcp 1 (Tsat -Td )+8md +hfg +€md Cp v (Ts -Tsat )

m, = : ' )
Cp,v (Ts -Tsat )+hfg

where in the above equation mgq is the droplet mass before impaction.

3.2 Chilling of non-metallic surfaces heated to near room temperature

There are three modes of heat transfer associated with the air-mist chilling of surfaces
heated to temperatures slightly above room temperature. These are: a) convection heat
transfer associated with the bulk air flow, b) evaporation heat transfer of the droplets while
airborne and at the surface, and c) sensible heat transfer associated with the droplets contact
with the surface. The total heat transfer rate, g, , can be expressed as:
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qtotal =haA(Ts -Too )+mehfg tm,c (Ts -Too) (7)

wopl

Where h, is the bulk air heat transfer coefficient, A is the chilled surface area, T, is the air

temperature, m, is the droplet evaporation mass flow rate, and m, is the mass flow rate of

e
the impinging droplets. In this low surface temperature cooling regime, the spray heat
transfer enhancement factor, &, can be defined as the ratio of the heat transfer of the

two-phase flow (i.e., air and liquid water), q,.,, to the heat transfer of the single-phase flow
(i.e., air alone), q, :

(:E — qtotal

8
q. ®)
For low temperature applications, in order to reduce the amount of water loss from
dehydration by the product during cooling (as in the case of processed meat and vegetable
chilling), it is important to maximize droplets impaction to create a thin water film layer on
the target surface. The water film layer will allow some of the water to penetrate through the
surface pores to minimize the amount of water loss due to dehydration. Optimizing both the
droplets surface wetting and the heat transfer is essential in these applications. There is an
optimal droplet size that is best suited to achieve both maximum heat transfer and surface
wetting capability.

4. Multiphase Sprays in Industrial Applications

4.1 Spray quenching of thin metallic strips

In thin strip casting, glass tempering, and electronic chip cooling, air-assisted water spray
cooling (Figure 9) promises to be the most efficient method for cooling due to the increase in
the surface contact area between the liquid droplets and the hot surface. Cooling by
air-assisted water sprays has its advantages. It provides uniformity in cooling that leads to
improvement in the material properties (glass and steel strips) and flatness control of the
finished product (steel strips). It is also cost effective because it optimizes the amount of
water consumption, and reduces the expenses associated with water recycling and filtration.
Studies have been recently conducted on upward-facing (Issa & Yao, 2004, 2005) (Figure 10)
and downward facing surfaces (Issa, 2007) (Figures 11 and 12) to model the transportation
process of the spray, droplets impaction, and heat transfer phenomena. Parametric studies
were conducted to investigate the effect of the droplet size, air-to-liquid loading,
nozzle-to-surface distance and flow operating conditions on the droplets impaction and heat
transfer enhancement.

Gravity is shown to have a strong effect on the spray impaction. As the air flow rate
increases while keeping the water flow rate the same, the spray impaction efficiency on the
top and bottom surfaces becomes almost identical (Figure 3). Spray impaction enhances as
the air loading increases due to the increase in the droplet momentum. Spray impaction is
also strongly dependent on the droplet size, and increases as the droplet size increases.
Large droplets result in high terminal velocity and make it to the surface, while it is possible
for small droplets to completely evaporate before reaching the target surface. In the cooling
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of a downward-facing surface, the droplet net incoming momentum and gravitational force
act in opposite directions. Therefore, it is possible that for a certain spray droplets size the
gravitational force may overcome the net flow momentum and cause the droplets to fall
backward before hitting the surface. From the heat transfer side, the smaller the droplet size,
the better is the spray heat transfer effectiveness. However, for a downward-facing surface
there is an optimal droplet size that is best suited for optimizing both the spray impaction
and heat transfer. The selection of this optimal droplet size depends on the flow operating
conditions and the nozzle-to-surface distance.

‘ Air-Water Slit
Nozzle

Fig. 9. Water-air spraying system
Fig. 10. Spray simulation for 20 pm droplets (spraying from top)

Fig. 11. Spray simulation for 100 pm droplets (spraying from below)
Fig. 12. Spray simulation for 1000 pm droplets (spraying from below)

In air-assisted water sprays, a wide range of droplets sizes can be generated during
atomization based on the flow conditions of the water and air flows. Typical results are
shown in Figure 13 (Issa & Yao, 2005). In this case a full conical spray type is injected from a
distance of 40 mm above a stainless steel plate heated to 525°C. The air and water mass flow
rates are 2x10-* and 104 kg/s (20:1 loading ratio), respectively. The nozzle spray angle is 13°,
and the air velocity is 35 m/s. Based on these conditions, the two-phase fluid nozzle disperses
a spectrum of droplet diameters ranging from 9 to 63 pm with an average diameter of 19.2
pmby volume. A comparison between the modeling of spray heat transfer and experimental
data for the air-water quenching of the heated plate is shown in Figure 14 (Issa & Yao, 2005).
Using a multi-size spectrum for droplet distribution, 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 uniform cooling away from the plate center.
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Fig. 13. Spectrum of water droplet distribution count
Fig. 14. Simulation versus experimental data for the air-water quenching of a steel plate (top
surface)

4.2 Spray cooling in heat exchangers

In the external cooling of heat exchangers, forced air has been traditionally forced over the
exterior surface of the heat exchanger. However, the usage of air alone reduces the overall
efficiency of the system. As a result, further enhancement of the external cooling in a heat
exchanger has been of critical concern. Experiments have been conducted for the external
cooling of heated cylindrical surfaces where mist is being injected with forced air flow (Issa,
2008-a). Results show that with the introduction of mist with air, the overall heat transfer
effectiveness can increase by up to 700%. The use of air-mist can result in a considerable
reduction in the consumption of the forced air (therefore, reducing energy consumption)
that is traditionally required to cool the exterior surface of the tubes in a shell-and-tube heat
exchanger device.

Experimental and numerical simulation studies were recently conducted to investigate the
effect of the spray operating conditions on the heat transfer enhancement in the cooling of
cylindrical surfaces heated to temperatures in the nucleate boiling region. Test
measurements show the dependency of the air-water spray heat transfer and droplets
dynamics on factors such as the spray droplet size, liquid-to-air loading and water flow rate.
Figure 15 shows the overall experimental system setup. Figure 16 shows a close-up view of
the location of the drilled holes along the cylinder wall. The air-mist nozzle in this setup
provided a spectrum of droplets ranging from 5 to 100 microns. The size of the water
droplets produced is controlled by the nozzle operating flow conditions and the
liquid-to-air loading ratio. Smaller size droplets are generated by increasing the air pressure
while decreasing the liquid pressure, and vise versa.
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Fig. 15. Syste setup for spray cooling of a heated cylinder
Fig. 16. Arrangement of the drilled holes on a steel cylinder

The local air-water heat transfer coefficient is calculated for the eight angular positions on
the cylinder surface, and the results are shown in Figure 17 (Issa, 2008-a). A comparison is
made between the test cases where air and water are being dispersed. The results show the
heat transfer coefficient to be highest at the stagnation point, and gradually decreases as the
hydrodynamic boundary layer develops over the cylinder surface. As the water flow rate
increases, the spray becomes denser and water flooding near the stagnation point is seen to
increase. Figure 18 shows the spray average heat transfer coefficient as function of the water
mass flow rate. The sharp increase in the heat transfer coefficient at high liquid loadings is
due to the ballistic impaction of the spray which has a favorable effect on the enhancement
of the heat transfer.

Results show for dilute sprays (water flow flux around 2 kg/s.m? or less), larger size
droplets result in better cooling. However, for dense sprays, smaller size droplets result in
better cooling. This is due to the fact that in dense sprays there is more interaction between
droplets, and large size droplets will lead to an increase in surface flooding which is
detrimental to the heat transfer. In dilute sprays (which have lower spray momentum than
dense sprays), large size droplets increase the droplets incoming momentum causing the
droplets to spread more at the surface during impaction, and therefore enhance the heat
transfer. Experimental tests show that as the air pressure increases, the spray becomes
ballistic, and therefore, causes a tremendous increase in the satellite droplets generated
during impaction which enhances the heat transfer.
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Fig. 17. Local air-water spray heat transfer coefficient versus angular position on the test cylinder
Fig. 18. Average value of the spray heat transfer coefficient over the cylinder surface versus
water mass flow rate
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4.3 Spray chilling of food and meat products

In the research on beef carcass chilling (Figure 19-a), a variety of chilling techniques have
been adopted during the last decade by researchers that range from using conventional air
chilling systems (Mallikarjunan & Mittal, 1994) to air-assisted chilling systems with a variety
of intermittent cooling schemes (Strydom & Buys, 1995). In these studies, the amount of
water used to cool the beef carcass ranged from 3.5 to 7 gallons per carcass and for spray
cooling periods from 10 to 17 hours. Most of these commercial spray chilling systems use
nozzles producing large size droplets such as full jets nozzles (1140-4300 pm average droplet
size) and hollow cone nozzles (360-3400 pm average droplet size).

Computer modeling and experimental studies have been recently conducted on the spray
chilling of food products (Figure 19-b) and beef test specimens (Figure 20) to investigate the
effect of using a two phase flow (air and water) with a fine spray droplets size in the chilling
process (Issa, 2008-b). The conducted studies show promising results where substantial
improvements are made in the heat transfer enhancement. Recent experimental tests were
performed to investigate the effect of the spray droplet size and water flow rate on the spray
heat transfer. Test data show that the application of excess water is detrimental to the
cooling effectiveness on a beef surface, and maximum heat transfer occurs when the spray
median droplets size is less than 40 pm (Figure 21). However, surface flooding increases
with the increase in droplet size, and when using a large amount of water, the cooling
effectiveness of the multiphase spray reduces to that of a forced air jet.

For the same amount of air and water mass flow rates, sprays with larger droplets have
lower droplet number density but higher droplet momentum. More droplets make
impaction at the target surface than when finer droplets are dispersed, and the number of
drifting droplets decreases sharply. As the air-to-liquid loading increases (for the same
amount of water flow rate and same water droplets size), the impaction efficiency
drastically increases due to the increase in the droplets impinging velocity and momentum.
The rate of evaporation is governed by the gradient of the vapor concentration between the
droplet and the bulk air. When the ambient is saturated (i.e., relative humidity is 1), the
impaction efficiency slightly increases because the droplet evaporation rate is lowered. In
general, as the nozzle-to-surface distance increases, droplets evaporation increases and
larger droplets are needed to achieve higher impaction efficiency.

One of the challenges in air mist chilling is to understand the effect of the droplet size on the
heat transfer enhancement. Since in air-mist chilling the cooling medium is a two-phase
flow, the first question to be addressed is what desirable droplet size is required for best
heat transfer enhancement. Also, in order to reduce the amount of water loss from
dehydration by the product during cooling (as in the case of beef carcass or vegetable
cooling), it is important to maximize droplets impaction to create a thin water film on the
target surface. The second question to be addressed is what desirable droplet size is best
suited to achieve both maximum heat transfer and surface wetting capability. Recent studies
show the optimal droplet size required for maximum impaction is different from that
required for maximum heat transfer enhancement (Figure 22). To optimize both the heat
transfer and surface wetting criteria, a multi-objective optimization methodology can be
applied where the net optimal droplet size is between the droplets median size required for
maximum heat transfer and that required for maximum surface impaction.

www.intechopen.com



Multiphase Spray Cooling Technology in Industry 353

Flow Pressure
Meter Gauge/Reg.

Air Flow Droplets

Water Flow l

Beef
[ Nozzle Specimen —> W
Tank — |

Com) uter
P % \ Pressure

Thermocouples Gauge/Reg. Ice
Data Acquisition

Food Products Alr

Nozzle

Cooling Air Flow

Header Meter Water

Water Flow ——~

Chiller

Air-Mist Nozzle

Fig. 19. Air-mist chilling: (a) beef carcass, (b) food products
Fig. 20. Experimental setup for chilling of beef test specimen
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Fig. 21. Air-mist spray heat transfer coefficient versus water flow rate for the chilling of beef
versus droplet diameter
Fig. 22. Heat transfer and impaction efficiency test specimen

High water mass flow flux has a detrimental effect on the surface cooling because of the
flooding that can occur on the surface. Furthermore, if the spray droplets are too large, there
is a risk of water running fast down the chilled surface. In the air-mist chilling of beef
carcasses, water runoff on the surface has a detrimental effect on the quality of the processed
beef because of the bleached streaks that can be produced on the surface. Therefore,
predicting the amount of water flooding on the surface is very critical in the cooling
operation. In the air-mist chilling of beef carcasses, water sprays are intermittently turned
ON. As time elapses while the spraying system is ON, more water droplets accumulate on
the surface, where on a vertical surface (as in the case of beef carcass), gravity acts on
pulling the water-film downward. When the height of the water-film reaches a critical
thickness, gravity overcomes the effect of surface tension and water starts running down the
surface. The question of how fast the water-film runs down the surface depends on the size
of droplets used in the spray. The droplet size plays a role in the time it takes the water-film
to reach maximum speed during runoff. This information provides a clue to what the
intermittent spraying time, and the frequency of spraying should be in the chilling
operation. The amount of time required to reach a steady dripping velocity considerably
decreases from about 30 s for the 20 pm droplets to 7 s for the 100 pm droplets. In order to
avoid excessive water overflow, the spraying time should be substantially reduced when
large droplets are sprayed.
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5. Conclusion

Experimental studies and numerical simulations have been conducted on the use of
multiphase sprays for cooling applications such as metal plate quenching, external cooling
of heated tubes in exchangers, and chilling of food and meat products. Studies reveal the
impaction efficiency and the heat transfer effectiveness of the multiphase sprays to be
strongly dependent on the spray droplet size, air-to-liquid loading, and nozzle distance
from the target surface. The impaction efficiency increases as the droplet incoming
momentum increases such as by using sprays dispersing large size droplets. In certain
applications where spraying is done in a direction opposite to gravity, the gravitational
force may cause larger size droplets to fall backward before hitting the surface if the spray
momentum is not sufficiently strong. On the heat transfer aspect, the smaller the droplet
size, the better is the spray heat transfer effectiveness. However, in all cooling applications,
there is an optimal droplet size that is best suited for optimizing both the spray impaction
and heat transfer effectiveness.

6. References

Auman, P.M.; Griffiths, D.K. & Hill, D.R. (1967). Hot Strip Mill Runout Table Temperature
Control, Iron and Steel Engineer, Vol. 44, pp. 174-179, ISSN 0021-1559

Chandra, S. & Avedisian, C. T. (1991). On the Collision of a Droplet with a Solid Surface,
Proceedings of the Royal Society of London A, Vol. 432, No. 1884, pp. 13-41, 1991,
ISSN 0962-8444

Ciofalo, M.; Piazza, I.D. & Brucato, V. (1999). Investigation of the Cooling of Hot Walls by
Liquid Water Sprays, International Journal of Heat and Mass Transfer, Vol. 42, No.
7, pp. 1157-1175, ISSN 0017-9310

Deb, S. & Yao, S.C. (1989). Analysis on Film Boiling Heat Transfer of Impacting Sprays.
International Journal of Heat and Mass Transfer, Vol. 32, No. 11, pp. 2099-2112,
ISSN 0017-9310

Fujimoto, H.; Hatta, N.; Asakawa, H. & Hashimoto, T. (1997). Predictable Modelling of Heat
Transfer Coefficient between Spraying Water and a Hot Surface above the
Leidenfrost Temperature, ISIJ International, Vol. 37, No. 5, pp. 492-497, ISSN
0915-1559

Hatta, N.; Fujimoto, H.; Kinoshita, K. & Takuda, H. (1997). Experimental Study of
Deformation Mechanism of a Water Droplet Impinging on Hot Metallic Surfaces
above the Leidenfrost Temperature. Journal of Fluids Engineering, Vol. 119, No. 3,
pp. 692-699, ISSN 0098-2202

Issa, R. (2003). Numerical Modeling of the Dynamics and Heat Transfer of Impacting Sprays
for a Wide Range of Pressures, Ph.D. Dissertation, University of Pittsburgh, 2003,
Pittsburgh, PA

Issa, R. & Yao, S.C. (2004). Modeling of the Mist Dynamics and Heat Transfer at Various
Ambient Pressures. Proceedings of the 2004 ASME Heat Transfer/Fluids
Engineering Summer Conference, ISBN 0791846903, July 11-15, 2004, Charlotte, NC

Issa, R. & Yao, S.C. (2005). A Numerical Model for Spray-Wall Impactions and Heat Transfer
at Atmospheric Conditions. Journal of Thermophysics and Heat Transfer, Vol. 19,
No. 4, pp. 441-447, ISSN 0887-8722

www.intechopen.com



Multiphase Spray Cooling Technology in Industry 355

Issa, R. (2007). Optimal Spray Characteristics in the Air-Assisted Water Spray Cooling of a
Downward-Facing Heated Surface," 24th ASM International Heat Treating Society
Conference, ISBN 9781604239300, Sept. 17-19, 2007, Detroit, MI

Issa, R. (2008-a). Simulation and Experimental Investigation into the Cooling of a Heated
Cylinder using an Air-Water Spray, Proceedings of AIAA 40th Thermophysics
Conference, ISBN 9781605603711, June 23-26, 2008, Seattle, WA

Issa, R. (2008-b). Numerical Investigation of the Chilling of Food Products by Air-Mist
Spray. International Journal of Fluid and Thermal Engineering, Vol. 1, No. 3, pp.
130-139, ISSN 2070-3759

Karl, A, Rieber, M.; Schelkle, M.; Anders, K. & Frohn, A. (1996). Comparison of New
Numerical Results for Droplet Wall Interactions with Experimental Results,
Proceedings of 1996 ASME Fluids Engineering Division Conference, ISBN
0791817911, July 7-11, 1996, San Diego, CA

Lawson, T.J. & Uk, S. (1979). The Influence of Wind Turbulence, Crop Characteristics and
Flying Height on the Dispersal of Aerial Sprays. Atmospheric Environment, Vol.,
13, No. 5, pp. 711-715, ISSN 1352-2310

Lee, S. H. & Ryou, H. S. (2000). Development of a New Spray/Wall Interaction Model.
International Journal of Multiphase Flow, Vol. 26, No. 7, pp. 1209-1234, ISSN
0301-9322

Mallikarjunan, P. & Mittal, G.S. (1994). Heat and Mass Transfer during Beef Carcass Chilling
- Modelling and Simulation. Journal of Food Engineering, Vol. 23, No. 3, pp.
277-292, ISSN 0260-8774

Mundo, C.; Tropea, C. & Sommerfeld, M. (1997). Numerical and Experimental Investigation
of Spray Characteristics in the Vicinity of a Rigid Wall. Experimental Thermal and
Fluid Science, Vol. 15, No. 3, 1997, pp. 228-237, ISSN 0894-1777

Naber, J. D. & Farrell, P. V. (1993). Hydrodynamics of Droplet Impingement on a Heated
Surface. SAE Journal, SAE Publication no. 930919, March 1993

Ohkubo, H. & Nishio, S. (1992). Study on Transient Characteristics of Mist-Cooling Heat
Transfer from a Horizontal Upward-Facing Surface, Heat Transfer - Japanese
Research, Vol. 21, No. 6, pp. 543-555, ISSN 0096-0802

Puschmann, F. & Specht, E. (2004). Transient Measurement of Heat Transfer in Metal
Quenching with Atomized Sprays, Experimental Thermal and Fluid Science, Vol.
28, No. 6, pp. 607-615, ISSN 0894-1777

Scheller, B.L. & Bousfield, D.W. (1995). Newtonian Drop Impact with a Solid Surface. AIChE
Journal, Vol. 41, No.6, 1995, pp. 1357-1367, ISSN 0001-1541

Sozbir, N. & Yao, S.C. (2004). Experimental Investigation of Water Mist Cooling for Glass
Tempering, Atomization and Sprays, Vol. 14, No. 3, pp. 191-210, ISSN 1045-5110

Strydom, P.E. & Buys, E.M. (1995). The Effects of Spray-Chilling on Carcass Mass Loss and
Surface Associated Bacteriology. Meat Science, Vol. 39, No. 2, pp. 265-276, ISSN
0309-1740

Toda, S. (1972). A Study of Mist Cooling (1st Report: Investigation of Mist Cooling),
Transactions of JSME, Vol. 38, pp. 581588, ISSN 0387-5016

Wachters, L. H. J. & Westerling, N. A. J. (1966). The Heat Transfer from a Hot Wall to
Impinging Water Drops in the Spheroidal State. Chemical Engineering Science, Vol.
21, No. 11, pp. 1047-1056, ISSN 0009-2509

www.intechopen.com



356 Advanced Technologies

Zheng, ].; Zhou, H. & Xu, Y. (2002). Advances in Pesticide Electrostatic Spraying Research in
China, 2002 ASAE Annual International Meeting/CIGR XVth World Congress, July
28-31, 2002, Chicago, IL

www.intechopen.com



Advanced Technologies
Edited by Kankesu Jayanthakumaran

ISBN 978-953-307-009-4

Hard cover, 698 pages

Publisher InTech

Published online 01, October, 2009

oo Published in print edition October, 2009

This book, edited by the Intech committee, combines several hotly debated topics in science, engineering,
medicine, information technology, environment, economics and management, and provides a scholarly
contribution to its further development. In view of the topical importance of, and the great emphasis placed by
the emerging needs of the changing world, it was decided to have this special book publication comprise thirty
six chapters which focus on multi-disciplinary and inter-disciplinary topics. The inter-disciplinary works were
limited in their capacity so a more coherent and constructive alternative was needed. Our expectation is that
this book will help fill this gap because it has crossed the disciplinary divide to incorporate contributions from
scientists and other specialists. The Intech committee hopes that its book chapters, journal articles, and other
activities will help increase knowledge across disciplines and around the world. To that end the committee
invites readers to contribute ideas on how best this objective could be accomplished.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Roy J. Issa (2009). Multiphase Spray Cooling Technology in Industry, Advanced Technologies, Kankesu
Jayanthakumaran (Ed.), ISBN: 978-953-307-009-4, InTech, Available from:
http://www.intechopen.com/books/advanced-technologies/multiphase-spray-cooling-technology-in-industry

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE B ERFEE6SS LEBEPR SR AIRE A 4058 7T
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2009 The Author(s). Licensee IntechOpen. This chapter is distributed under
the terms of the Creative Commons Attribution-NonCommercial-ShareAlike-3.0
License, which permits use, distribution and reproduction for non-commercial
purposes, provided the original is properly cited and derivative works building
on this content are distributed under the same license.




