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1. Introduction

1.1 Categorisation of cooling techniques

The need for higher heat flux cooling techniques is driven very much by the
microelectronics and semiconductor industry. In accordance with Moore’s Law, continuing
advances in the semiconductor industry allow the device feature size to shrink and the
transistor density and switching speed to double every one and a half to two years.
Correspondingly, the heat dissipation from the chip increases in proportion, if there is no
change in the semiconductor technology. In their study on the limits of device scaling and
switching speeds, Zhirnov et al. (2003) concluded that “even if entirely different electron
transport models are invented for digital logic, their scaling for density and performance
may not go much beyond the ultimate limits obtainable with CMOS technology, due
primarily to limits on heat removal capacity”. For example, maximum heat flux at the
localized submillimeter scale hotspots of high performance chips approaches 1 kW/cm?
(Bar-Cohen et al., 2006). The operating efficiencies and stability of these devices depend on
how effectively the heat generated can be removed from the system. Hence, developments
in the cooling system have to keep apace with the heat removal requirements, starting with
forced air convection being enhanced by compact finned heat sinks, to liquid-cooled
microchannel arrays, and ultimately using phase change heat transfer through the boiling
phenomena or from atomized sprays and jets. The choice of an appropriate cooling
technique is however dependent on the specific application and the critical system factors
which must be satisfied, such as the maximum permissible heat flux, total heat load, tight
temperature tolerances, reliability considerations or overall power consumption. The
operating environment also play a significant part which may necessitate an emphasis on
the use of space, complexity of the system’s components, relative maturity of the technology
or cost.

Table 1 shows comparative cooling technologies and the respective heat fluxes and heat
transfer coefficients (Glassman, 2005). There may be other work that list values outside of
this table, but the nominal capacities of these cooling technologies in the table can still be
viewed as a good reference. In general, cooling methods using sub-cooled flow boiling
(SCFB), micro-channel cooling, two-phase jet impingement and spray cooling have
achieved very high heat fluxes (over 100 W/cm?) and heat transfer coefficients compared
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to the other traditional cooling techniques. However, under the right combination of
factors, spray cooling has been found to be preferred over the other high heat flux cooling
techniques.

Heat Transfer =~ Highest

Mechanism Cooling Method Coefficient Heat Flux Reference
(W/cm?2K) (W/cm2)
. . . ] (Mudawar, 2001;
Single Phase ~ Free Air Convection 0.0005-0.0025 15 Azar, 2002)
Forced Air
Single Phase Convection, (Heat  0.001-0.025 35 (Mudawar, 2001)
Sink with a fan)
. Natural Convection
Single Phase with FC 0.1 0.1-3 (Anderson et al., 1989)
Single Phase  \atural Convection - ¢ 5-90 (Mudawar, 2001)
with water
Two Phase Heat Pipes (water) -NA- 250 (Zuo et al., 2001)
Single Phase ~ Micro-channel -NA- 790 (Tukerman et al., 1981)
Electrical Peltier Cooler -NA- 125 (Riffat et al., 2004)
Two phase Pool b0111ng'w1th 3.7 140 (Rainey et al., 2003a )
porous media
Sub-cooled Flow (Sturgis and Mudawar,
Two Phase Boiling 2 129 1999)
Two Phase M1'C1.‘o-channel 10-20 275 (Faulkner et al., 2003)
Boiling
Two Phase Spray Cooling 20-40 1200 (Pais et al., 1992)
Two Phase Jet Impingement 28 1820 (Overholt et al., 2005)

Table 1. Cooling Techniques and Respective Heat Fluxes and Heat Transfer Coefficients
(Glassman, 2005)

1.2 Major application areas of spray cooling

Spray cooling utilises a spray of small droplets impinging on a heated surface to increase the
effectiveness of heat transfer as a cooling mechanism with phase change (Incropera and
Dewitt, 2002). Spray cooling is widely used in various fields: fire protection, cooling of hot
gases, dermatological operation and cooling of hot surfaces including hot strip mill and high
performance electronic devices.

A fire sprinkler system is a common application of spray cooling for fire protection. A
discharge of water through the nozzles into the ambient is atomized into tiny droplets in
order to control or suppress the fire. The large surface area of the small droplets in contact
with unsaturated ambient air promotes evaporation. As a result of the high latent heat
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absorbed by the water drops during evaporation, the heat release rate of the fire can be
controlled to prevent fire spread.

In the metal production and processing industry, spray cooling also plays an important role
for the high temperature (up to 1800 K) steel strip casting and the final microstructure
optimization after hot rolling. Typically, a jet of gas carrying water drops is sprayed towards
the hot surface to be cooled. Figure 1 shows a boiling curve corresponding to a certain water
impact density (Nukiyama curve) in this process.
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Fig. 1. Typical boiling curve in metal production (Wendelstorf et al., 2008)

In the biomedical industry, cryogenic spray cooling is implemented for selectively
precooling of human skin during laser treatment with port wine stain birthmarks and hair
removal. To avoid the permanent thermal damage to the skin surface arising from large
temperature differences between the epidermis and deeper targeted vessels, a cryogenic
spray can be spurted to the skin surface for a short period of time before the laser pulse is
applied. Figure 2 shows a cryogenic spray using R134a as a working fluid for contact
cooling of human skin.

However, this chapter will be devoted primarily to the study of cooling hot surfaces in high
performance electronic devices. In the electronic packaging industry, spray cooling has
drawn great attention due to its high heat flux removal ability (1200 W/cm2) while
maintaining device temperature below 100 °C with spatial and temporal variations below 10
°C (Pais et al., 1992; Bar-Cohen et al., 2006). Currently, spray cooling have been used in a
high performance computer (CRAY X-1) and is a promising solution for the thermal
management of a high power insulated gate bipolar transistor (Mertens et al., 2007), laser
diode laser arrays (Huddel et al., 2000) and microwave source components (Lin et al., 2004).
Two examples of such applications are given in Figure 3 developed by Bar-Cohen et al.
(1995) and Tilton et al. (1994).
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10 mm 10 mm

10 mm 10 mm

Fig. 2. Images of cryogen sprays for human skins (Aguilar et al., 2001)
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Fig. 3. Spray cooling system for electronic devices by (a) Bar-Cohen et al. (1995); (b) Tilton et
al. (1994)
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2. Heat transfer mechanisms and critical heat flux in spray cooling

The heat transfer mechanisms occurring in a spray cooling process have yet to be clearly
established, although it is known that spray cooling may comprise several heat transfer
mechanisms that contribute to its high heat removal rate (Rini, 2000; Sellers, 2000; Tan, 2001;
Selvam, 2006). The combination and interference of these mechanisms makes spray cooling
unique compared to other conventional cooling methods such as forced convection which
makes use of only a single phase fluid to achieve its cooling purposes.

Four major heat transfer mechanisms were proposed by Pais et al., 1992; Mesler and Mailen,
1993; Yang et al., 1996 and Rini et al., 2002. They are (1) evaporation off surface of the liquid
film, (2) forced convection arising from droplet impingement on heated surface, (3)
enhancement of nucleation sites on heated surface, and lastly (4) presence of secondary
nucleation sites on the surface of spray droplets. Figure 4 illustrates the basic heat transfer
mechanisms which will be explained in further detail later in this section. Other researchers
suggested alternative mechanisms are at work. Selvam et al. (2005, 2006, 2009) proposed that
transient conduction accompanying liquid backfilling the superheated heated surface after
bubble departure dominated the high heat transfer in spray cooling according to their 2-D
numerical simulation. By correlating the heat transfer data with the contact line lengths,
Horacek et al. (2004, 2005) suggested that the contact line heat transfer was crucial for spray
cooling.

Nozzle

Secondary nucleation sites
on the droplet surface

Liquid droplet (15-500 pm)

Transient conduction

Nucleation sites on the heated surface

. @
Evaporation Thin 2-phase film
J ® continually wetted surface
Forced convection @
el VA ON

Heat flux

Fig. 4. The heat transfer mechanisms of spray cooling

2.1 Major mechanisms in spray cooling

2.1.1 Evaporation off surface of liquid film

Evaporation of liquid molecules from the surface of liquid film is one of the key factors in
the heat transfer mechanism of spray cooling. As shown in Figure 5, a film of liquid is
formed over the heated surface when spray cooling is initiated. This film is usually very thin
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at only a few hundred microns (300-500 pm). The impingement of spray droplets can
generate an additional mixing, which decreases the already small effective thermal
resistance resulting from the thin film of liquid, and improves the overall heat transfer
efficiency considerably. Pais et al. (1992) suggested that evaporation from thin film is the
dominant heat transfer mechanism in spray cooling according to their experimental studies
on ultrasmooth surfaces. Although the phase change portion of evaporation process was
also proposed as a possible enhancement for heat transfer, it is not considered to be the
dominant effect (Silk et al., 2008). Silk et al. concluded that spray cooling with moderate
evaporation efficiency can reach a higher heat flux compared with spray cooling process
with full evaporation of the liquid on the heated surface, based on most experimental
investigations they have reviewed.

Spray droplets

Reduced thickness I Liquid Film
‘Heated

i i

Heat Flux

Fig. 5. Reduced thermal resistance due to impingement of droplet

2.1.2 Forced convection by droplet impingement

When the droplets impinge on the thin liquid film, the force from the incoming droplets
produce an enhancement of the forced convection in the liquid film as illustrated in
Figure 6. This has been proven to be a very important factor in previous works (Tan, 2001)
on spray cooling with water. A cooling rate as high as 200 W/cm? and with a surface
temperature of 99°C has been observed using water as a working fluid (Nevedo, 2000).
Since nucleation is absent at the surface temperature of 99 °C, the majority of the heat flux
removed has been credited to the forced convection by the droplet impingement for the
single phase spray cooling. In the two phase region, the forced convection by droplet
impingement is proposed to have the dominant effect at the period of low heat flux and
surface superheat. Pautsch and Shedd (2005) and Shedd and Pautsch (2005) conducted a
series of spray cooling experiments with single and multiple nozzles and developed an
empirical model based on their experimental results. With the aid of visualisation studies,
their model indicated that single-phase energy transfer by bulk fluid momentum played
the major role in the high heat flux spray cooling, where a thin liquid film had formed on
the heated surface.
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Fig. 6. Schematic of forced convection under droplet impingement

2.1.3 Fixed nucleation sites on heated surface

From previous experiments done on spray cooling, bubbles appear to be growing from fixed
nucleation sites on the heated surface. This is possibly due to cavitations on the heated
surface that promotes the growth of bubbles (Rini, 2000). The initiation of bubble growth is
due to the absorbed heat flux and the temperature of the local nucleus site reaching Tu
which results in phase change of the liquid. When this happens, the bubble starts to grow
from the nucleus by absorbing the heat from the heated surface and the surface
temperature drops. It is also noted that bubbles would not start to grow around an
existing nucleation site, probably a result of the existing bubble taking the required heat
away from the surrounding surface necessary for another bubble initiation (Carey, 1992;
Rohsenow et al., 1998).

In pool boiling, the bubble requires a period of time to gain enough buoyancy force at a
certain diameter to overcome the surface tension of liquid and gravity for departure, and the
nucleation sites also need time to recover the heat loss and increase in temperature to Tsu
before a second bubble can be initiated from the same site. However in spray cooling, the
momentum available in a droplet enables it to impinge through the liquid film and hit on
the heated surface frequently, resulting in the break up of bubbles on the nucleation sites.
This causes rapid removal of bubbles at the nucleation sites and a shorter interval time for
bubble growth from the same site. Another possible scenario is when the forced convection
by the droplet impingement discussed previously clears the bubbles from the surface,
resulting in increase of new bubbles nucleating from the sites and reduction of the duration
of bubbles anchoring on the heated surface.

These characteristics of spray cooling allow more bubbles to grow on the surface as the
‘reduced bubble’ sizes allow for more bubbles to grow around the sites and at a more rapid
rate as shown in Figure 7. Previous studies (Pais et al., 1992; Sehmbey et al., 1990; Yang et
al,, 1993; Mudawar et al., 1996; Chen et al., 2002; Hsieh et al., 2004) have shown that the heat
transfer in spray cooling is almost an order of magnitude higher than pool boiling
(Nishikawa et al., 1967; Mesler et al., 1977; Marto et al., 1977; Hsieh et al., 1999). Though,
both cooling methods involve phase change processes, the additional mechanisms and
factors present in spray cooling make it favourable for evaporation to take place and make
full use of latent heat to cool the heat source.
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Spray droplets
Paths of droplets
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Fig. 7. Schematic of nucleation sites on heated surface under effect of droplets impingement

2.1.4 Secondary nucleation by spray droplets

It was proposed that the large number of secondary nucleation sites entrained by spray
droplets is a major reason for spray cooling to remove a higher heat flux from the heated
surface than by pool boiling (Rini et al., 2002). Esmailizadeh et al. (1986) and Sigler et al.
(1990) both found that the upper surface of a bubble broke into small droplets and fell back
to the liquid film when the bubbles impacted the liquid film in pool boiling studies.
Thereafter, these small droplets could entrap vapour around them and bring it into the
liquid film. Finally, the small vapour bubbles possibly acted as nuclei when they moved
close to the heated surface and promoted boiling heat transfer as a result. In spray cooling, a
similar phenomenon that the bubbles burst over the liquid film was observed as well.
Nevertheless, spray droplets mixed with the vapour around and entrapped vapour bubbles
within them. And when the droplets hit the liquid film, the entrapped vapour bubbles act as
secondary nuclei sites to grow new bubbles. Hence, spray cooling can produce a lot more
bubbles than pool boiling, over 3 to 4 times more (Rini et al., 2002). These additional nuclei
sites are very important in the heat transfer mechanism of spray cooling as it provides a lot
more nucleation sites for bubbles to grow and to absorb heat from the heated surface.

2.1.5 Transient conduction with liquid backfilling

Transient conduction accompanying liquid backfilling the superheated surface after bubble
departure was numerically simulated by Selvam et al. (2006, 2009) using the direct
numerical simulation method. Their model suggested that the cold-droplet impingement
during impact, rebound of cold liquid after impact and transient conduction attributed to
spreading of cold liquid over the dry hot surface played the dominant role in high heat flux
spray cooling mechanism. It differs from the widely accepted dominant mechanism which is
micro-layer evaporation in saturated pool boiling.

Although there has been no experimental result to support the view that transient
conduction is the dominant mechanism in the spray cooling, previous experimental
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investigations in pool boiling (Demiray et al., 2004) has provided the evidence that transient
conduction enhanced the heat transfer of pool boiling. According to the definition of the
transient heat flux through conduction in a semi-infinite region with constant surface
temperature as Eq. (1) (Incropera et al., 2002), the transient heat flux in the liquid film of
spray cooling is determined by the frequency of vapour bubble departure and liquid around
bubble flow over the locations occupied by vapour bubble antecedently.

r_ k(T;urfacc _T;)
(N ®

2.1.6 Contact line heat transfer

It was proposed by Horacek et al. (2004, 2005) that contact line heat transfer was responsible
for the two-phase heat transfer of spray cooling based on their measurements for contact
line lengths using total internal reflectance technique (TIR). Their measurement results
indicated that the heat flux removal did not depends on the wetted surface area fraction of
liquid, but well correlated with the contact line length. It was suggested that the heat flux
removal could be improved by controlling the contact line length or the position of the
contact line through constructing the surface geometry.

2.2 Critical heat flux of spray cooling

Any two phase cooling technology, including spray cooling, is limited by a condition called
critical heat flux (CHF), which is defined as the maximal heat flux in the boiling heat
transfer, as shown in Figure 8. The most serious problem is that the boiling limitation can be
directly related to the physical burnout of the materials of a heated surface due to the
suddenly inefficient heat transfer through a vapour film formed across the surface resulting
from the replacement of liquid by vapour adjacent to the heated surface.

& CHF

Heat Fux

Nucleatg boiling

Film boiling

Surface Temperature

Fig. 8. A typical boiling curve
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2.2.1 Theoretical model

Correct CHF estimation requires a clear understanding of the physical phenomenon that
triggers the CHF, which remains poorly studied, however. By definition, CHF is the
watershed of the nucleate boiling and the film boiling. From the perspective of physical
phenomena, the most essential and iconic feature of CHF is the formation of the vapour film
in the bulk of the liquid. Following this feature, two possible mechanisms are assumed to be
responsible to trigger CHF, the coalescence of bubbles in the film, and the liftoff of the thin
liquid layer by the vaporization in the film.

The coalescence of bubble is triggered by the merging of a large amount of homogeneous
nucleation bubbles. To activate the growth of homogeneous bubbles, the temperature of the
heated surface is required to a certain level, so that homogeneous bubbles absorb enough
heat to overcome the critical free energy. A classical theory which gained acceptance is the
self-consistent theory (SCT) of nucleation (Girshick et al. 1990). Assuming that the
homogeneous bubble is spherical, the critical free energy of the homogeneous bubble is
presented as:

AG = (4rr* = A)o — (n—1)k,;TInS )

where AG is the critical free energy, ks the Boltzmann constant, S the supersaturation, and A
the surface area of a homogeneous nucleus. Under this theory, the nucleation rate becomes

I, = M I 3)

where I is the rate calculated from the classical nucleation theory. The exponential
coefficient in the equation takes into account the surface energy of the homogeneous
nucleus.

The liftoff mechanism were proposed based on the observation that at conditions just prior
to CHF, as shown in Figure 9. Below CHF, vapour bubbles on the surface are separated by
the liquid sub-layer. When CHF occurs, the liquid sub-layer among vapour bubbles lifts off
from the heated surface, so that the heat conduction between the surface and the liquid sub-
layer is cut off, resulting in the sudden drop of the heat transfer rate. This phenomenon was
then idealized as a wavy liquid-vapour interface depicted in Figure 10, by assuming the
vapour to be periodic, wave-like distributed along the heated surface.

Below CHF CHF After CHF
Fig. 9. Images of the liftoff process (Zhang et al., 2005)
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Fig. 10. Idealized periodical, wavelike distribution of vapour on the surface (Sturgis and
Mudawar, 1999)

The model for predicting CHF based on this idealization was usually evolved from
separated flow model, with the use of the instability analysis, and energy balance analysis,
which was well introduced by Sturgis and Mudawar (1999). In the separated flow model,
the phase velocity difference caused by the density disparity is responsible for the instability
in the boiling. The instability analysis is used to calculate the critical wavelength (the
wavelength at which CHF occurs), with the facilitation of energy balance analysis for
obtaining the number of wetting fronts.

. - )
e =1 PuCAT i) (FF) 21, (2) @
j v

where J; is the wetting front length, A; the vapour wave length, p-p, the average pressure
jump across the interface.

2.2.2 Empirical model

In spray cooling, empirical models have been developed with the continuous expansion of
experimental data bases and applicable systems of interests.

Mudawar and Estes (1996) first attempted an empirical model to predict CHF in spray
cooling by correlating CHF with the volumetric flux of liquid and the Sauter Mean Diameter
of droplets, as following;:

, 03 . \0F
et _ 1 467[(1+ cos(8 / 2))cos(8 / 2)I"° -[p'j [MJ {1+0.0019C”"AT} 5)
pvh ng pv o pv fg

where 0 is the spray cone angle, ds, the Sauter Mean Diameter, o the surface tension, AT the
superheat temperature, /5, the evaporative latent heat. To predict CHF using Eq. (5), the
nozzle parameters and droplet parameters (pressure drop across the nozzle, volumetric flow
rate, inclined angle, and the Sauter Mean Diameter of droplets) have to be tested. In
addition, the distance between the nozzle orifice and the surface needs to be chosen
carefully, so that the spray cone exactly covers the heated surface. This model was validated
by a set of experiments of the spray cooling on a rectangular 1.27x1.27 cm?flat surface using
refrigerants (FC-72, and FC-87). The volumetric flow rate was regulated inside the range of
16.6 - 216 m3.s.m2. The Sauter Mean Diameter of droplets was inside the range of 110 - 195
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pm. The superheat temperature was below 33 °C. The accuracy of this model was claimed to
be within £30%.

Visaria and Mudawar (2008) improved their previous empirical model by adding the effect
of inclined spray. They concluded that CHF will decrease by increasing the inclination angle
due to the elliptical cone produced by inclined spray decreased both the volumetric flux and
spray impact area. An modified correlation was presented as:
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Compared with Eq. (5), additional items f; and f> correspond to the effect of the reduced
volumetric flux and the reduced impact area, respectively. The limitation of this model is
the same with Eq. (5). This model was validated by experimental data provided by the
authors themselves, with spray inclination angle varying from 0 to 550. The accuracy of the
model was improved to #25%.

Another empirical model was developed based on the liftoff model, by Lin and Ponnappan
(2002). In this model, there is a slight difference from the traditional liftoff model: the
vapour layer not only isolates the liquid layer from the heated surface, but also makes the
surface droplet-proof. The empirical correlation was evolved from Eq. (4), presented as:

qéHF = CW€_1/3pv (C;J,IAT + hfg)(%)” (9)

v

where c and n were unknown beforehand, and then obtained using the experimental CHF
data that ¢=0.386 and n=0.549, with the standard errors of 0.039 for ¢, 0.0154 for n, and 0.937
for the estimate. Eq. (9) was compared with experimental data of both Lin and Ponnappan
(2002), and Mudawar and Estes (1996). The accuracy of of Eq. (9) was +33%.

Up to now, the applicabilities of all empirical models are limited to their validated
conditions. In the future work, the validation of models needs to be conducted with other
refrigerants and surface conditions. On the other hand, more factors should be included to
the model. For instance, the velocity of droplets was verified to have an essential effect on
CHF in spray cooling (Chen et al. 2002), but has not been included in any model.

3. Small area spray cooling with a single nozzle

In the past few decades, there had been great interests on spray cooling with a single nozzle
over a small area of the order of 1 cm? as a potential cooling solution for high power
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electronic chips. In order to further understand the heat transfer mechanism of spray cooling
as well as enhance the cooling capacity, researchers have made many efforts to conduct
parametric studies on spray cooling, such as mass flow rate (Pais et al., 1992; Estes and
Mudawar, 1995; Yang et al., 1996), pressure drop across the nozzle (Lin et al., 2003), gravity
(Kato et al., 1995; Yoshida et al., 2001; Baysinger et al., 2004; Yerkes et al., 2006), subcooling
of coolant (Hsieh et al., 2004; Viasaria and Mudawar, 2008), surface roughness and
configuration (Sehmbey et al., 1990; Pais et al., 1992; Silk et al., 2004, Weickgenannt et al.
2011), and spray nozzle orientation and inclination angle (Rybicki and Mudawar, 2006; Lin
and Ponnappan, 2005; Li et al.,, 2006; Visaria and Mudawar, 2008; Wang et al.,, 2010).
Moreover, it was suggested that spray characteristics, such as spray droplet diameter,
droplet velocity and droplet flux, played a paramount role in spray cooling.

Generally, there are two kinds of sprays implemented for spray cooling: pressurised spray
and gas-assisted spray. Pressurised sprays are widely utilised in spray cooling researches
and applications, which are generated by high pressure drop across the nozzle or with the
aid of a swirl structure inside in some cases. Gas-assisted spray is rarely used in spray
cooling due to its complex system structure for introducing the secondary gas into the
nozzle to provide fine liquid droplets. However, it is found that gas-assisted spray can
provide faster liquid droplet speed, smaller droplet size and more even droplet distribution on
the heated surface compared with pressurised spray at similar working conditions (Pais et al.,
1992; Yang et al., 1996). Eventually, it could provide better heat transfer and higher CHF.

By using the single pressurised spray nozzle on a small heated surface of 3 cm?, Tilton (1989)
obtained heat fluxes of up to 1000 W/cm? at surface superheat within 40 °C while the
average droplet diameter and the mean velocities of droplets in that study were
approximately 80 pm and 10 m/s, respectively. Tilton concluded that a reduction of spray
droplet diameter (ds;) increased the heat transfer coefficient; the mass flow rate may not be a
paramount factor for CHF. Another experimental study also showed that smaller droplets at
smaller flow rates can produce the same values of CHF as larger droplets at larger flow rates
(Sehmbey et al., 1995).

Estes and Mudawar (1995) performed experiments with a single pressurized nozzle on a
copper surface of 1.2 cm?, and developed correlations for the droplets’ Sauter Mean
Diameter (SMD, dsz) and CHF, which fitted their experimental data within a mean absolute
error of 12.6% using water, FC-87 and FC-72 as working fluids. The spray characteristics
were captured by a non-intrusive technique: Phase Doppler Anemometry (PDA). It was
found that CHF correlated with SMD successfully and reached a higher value for the nozzle
which produced smaller droplets.

A different view proposed by Rini et al. (2002) was that the dominant spray characteristic is
the droplet number flux (N). Chen et al. (2002) proposed that the mean droplet velocity (V)
had the most dominant effect on CHF followed by the mean droplet number flux (N). They
also conclude that the SMD (d3;) did not appear to have an effect on CHF and the mass flow
rate was not a dominant parameter of CHF. The increasing droplet velocity and droplet
number flux resulted in increases of CHF and heat transfer coefficient. Experimental results
indicated that a dilute spray with large droplet velocities excelled in increasing CHF
compared with a denser spray with lower velocities for a certain droplet flux. Recently,
Zhao et al. (2010) tested the heat transfer sensitivity of both droplet parameters and the flow
rate by a numerical method. They concluded that both finer droplets and higher flow rate
are favorable in increasing the heat transfer ability of spray cooling. In addition, the
contribution of bubble boiling varies with the superheat temperature of the heated surface.
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In the case of low superheat condition, the majority of heat transfer in spray cooling is due
to the droplet impingement. The effect of bubble boiling increases with the increment of the
surface superheat. At the surface superheat over 30 °C, the bubble boiling is responsible for
more than 50% of the total heat transfer in spray cooling.

4. Large area spray cooling with multiple nozzles

4.1 Experimental studies

As mentioned above, the predominant interest of spray cooling in the published literature
focused on cooling a small heated surface of the order of 1 cm? using a single nozzle or a
small array of nozzles. Fewer researchers investigated large area spray cooling, of the order
of 10 cm? or more using multiple nozzles. Lin et al. (2004) carried out experiments using FC-
72 on the heated surfaces (2.54 x 7.6 cm?) for two orientations using an array of multiple-
nozzle plate (4 x 12) as shown in Figure 11. The maximum heat flux measured over the large
area surface was 59.5 W/cm?2 with the heater in a horizontal downward-facing position.
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Fig. 11. Schematic of test rig of Lin et al. (2004)

Glassman et al. (2004) conducted an experimental study with a fluid management system
for a 4 x 4 nozzle array spray cooler to cool a heated copper plate (4.5 x 4.5 cm?). With the
help of fluid management system or suction system on this 16 spray nozzle array, the heat
transfer was improved on the average by 30 W/cm? for similar values of superheat above 5
°C. It was concluded that increasing the amount of suction increased the heat flux and thus
the heat transfer coefficient. Suction effectiveness was improved greatly by adding extra
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siphons outside the spray area. Additionally, suction effectiveness was also increased by
adding small slits to the sides of the siphons.

Yan et al. (2010a, 2010b) conducted an experimental study on large area spray cooling of the
order of 100 cm?2 with multiple nozzles. As illustrated in Figure 12, the experimental facility,
using R-134a as the working fluid and a heated plate of up to 1 kW power with built-in
thermocouples, enabled a wide range of variables to be explored. A particular investigation
is to reduce the spray chamber volume by using an inclined spray. The design of the spray
chamber for the inclined spray nozzle kept the heated surface and spray coverage closely
similar to that for the normal spray nozzle, as shown in Figure 13, but with a lower spray
height (Hn) of 20 mm, which reduced the volume of the spray chamber from 1509.8 cm? to
762.3 cm3. This was achieved by using four gas-assisted nozzles with a spray angle of 70°
positioned with an inclination angle of 39° relative to the heated surface in the normal
position. Vapour flow through the nozzle was utilized to thin the liquid film on the heated
surface through shear forces, sweep away the coolant undergoing heat transfer with the
heated surface as well as reduce the vapour partial pressure above the liquid film to
enhance evaporative heat transfer.
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Fig. 12. Experimental set-up of impingement spray cooling (Yan et al., 2010a)

The experimental results suggest that increasing the coolant mass flow rate, nozzle inlet
pressure and chamber pressure will have positive effects on the heat transfer effectiveness of
impingement spray cooling as shown in Figures 14a, 15a and 16a, . Uniformity of the heated
surface temperature can be reached with higher mass flow rate and nozzle inlet pressure;
however it is not affected by varying chamber pressure as seen in Figures 14b, 15b and 16b.
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Partial liquid accumulation might have occurred on the heated surface, due to interactions
between sprays as well as the less effective drainage of un-evaporated coolant on such a
large heated surface.
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Fig. 13. Schematics of multiple normal spray chamber and inclined spray chamber (Yan et
al., 2010c)
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A comparison of the thermal performances between the normal spray and inclined spray
shows that although the heat transfer coefficient of the inclined spray configuration is higher
compared with the normal spray configuration, the normal spray produces better surface
temperature uniformity. The higher heat transfer coefficient by the inclined spray is
attributed to the intensified forced convection in the liquid film caused by the large droplet
velocity in the horizontal direction and consequent improvements in nucleate boiling and
transient conduction occurring on the heated surface due to the quick refresh of the liquid
film. It would intensify turbulent mixing in the liquid film and improve the drainage of the
refrigerant in the spray chamber. Better surface temperature uniformity by the normal spray
results from its more even volumetric flux distribution over the heated surface compared
with that of the inclined spray (Yan et al. 2010c).
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Fig. 16. Effect of spray chamber pressure (Yan et al., 2010a)

The mechanisms of spray cooling heat transfer have been widely debated. Zhao et al. (2010)
suggested that two mechanisms responsible for the majority of the heat transfer in spray
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cooling are the heat transfer due to the droplet impingement and the heat transfer due to the
bubble boiling. They built a numerical model based on droplet dynamics, film hydraulics,
and bubble boiling, to capture the heat transfer in spray cooling by superposing the heat
transfer due to the droplet impingement and the bubble boiling (both fixed sited nuclei and
secondary nuclei). The heat transfer due to the droplet impingement was modeled based on
an empirical correlation for a single droplet and then extended to the full spray cone. The
heat transfer due to the bubble boiling was modeled by numerically simulating the process
of the bubble growth in the film and its corresponding heat transfer. The film thickness was
obtained by solving the continuum equation and the momentum equation of the film. The
microscopic parameters of the droplets SMD (ds;), droplet velocity, and droplet number
flux) and their distribution were obtained by experimental tests using a Laser Doppler
Anemometry (PDA). The laser beam generated by the laser source (see Figure 17) is split by
color separation and form two different channels of green light and blue light. These two
channels of light will form orthogonal fringes which can measure the two orthogonal
velocity components (vertical direction: z, horizontal direction: x) simultaneously. The
droplet size can be measured with the use of the image analysis technique as well. The
signals received by the detector will be first processed by the signal processor which
combines the functions of counter; buffer interface and coincidence filter, and finally
recorded by the computer with data processing software.
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Fig. 17. Schematic of a typical PDA system

Simulations performed for the four-nozzle spray cooling configuration of Figure 15 gave a
temperature distribution on the heated surface as shown in Figure 18. It shows that the
temperature in the region covered by the spray was lower than outside the spray cones, and
the temperature gradient in the center of the heated surface was higher than the edge, which
indicates that the heat transfer rate in the center was lower than on the edge due to the
liquid congestion between nozzles (Zhao et al., 2011). In addition, the non-uniformity of
surface temperature distribution inside the spray cone was also caused by the non-uniform



Spray Cooling 303

droplet distribution and the resulting non-uniform distribution of film thickness (Zhao et al.

2010).
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Fig. 18. Simulated surface temperature distribution
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Table 2. Comparison of simulated temperature distribution with experimental data

Comparisons of the surface temperature with the experimental data are listed in Table 2,
and show the validity of the numerical model. The deviation between simulation and
experimental temperature is less than £0.8°C.

4.2 Comparison between large area and small area spray cooling

The maximum heat transfer coefficient and CHF of a large area spray cooling performed by
Lin et al. (2004) compared with their previous data for a heated cooling surface area of 2.0
cm? are lower by about 30% and 34%, respectively. The heated surface area (203 cm?2)
investigated by Yan et al. (2010a) is considerably larger than that by Lin et al. (2 cm2) (2003),
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and shows a maximum heat transfer coefficient of 5596 W/cm2 much lower than that
obtained by the latter at a similar level of heat flux, probably a result of un-evaporated
liquid accumulating in the chamber. Considering the central region of the heated surface,
the interaction of the spray droplets with the counter-current flowing vapor is stronger for
the large heated surfaces than the small heated surface as shown in Figure 19. This would
result in a thicker liquid film and a smaller heat transfer coefficient, particularly in the
central region of the heated surface (Lin et al., 2004). Liquid accumulation at the central
region of multiple nozzles was also confirmed by Shedd and Pautsch (2005), and Pautsch
and Shedd (2006) through their visualization studies. The liquid film impacted by the four
sprays from a multiple nozzle plate experiences a stagnation point in the central region of
the heated surface, where virtually all of its initial momentum must be redirected toward
the drainage outlet at the edge. Furthermore, it was found that that the fluid motion in the
central region was very chaotic and that flow velocities were lower than in the thin film
surrounding the sprays using a three-color strobe technique for bubble behaviors (Shedd,
2002). Such flow condition with the slow moving liquid could cause the thicker liquid films
and lower heat transfer occurring at the central region of the heated surface, compared with
the spray impact region. Recently, the liquid congestion among spray cones was also
observed by authors’ group in a 54-nozzle spray cooling process, as shown in Figure 20.
These results show that, for a larger heated surface with multiple spray nozzles, it is much
more difficult to control the evaporation, as well as the fluid flow and effective discharge to
the outlets. Proper management of the fluid run-off in impingement spray cooling system
may improve the cooling performance further.
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Fig. 19. Interactions between the spray droplets and vapor flow (Lin et al., 2004)
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Fig. 20. A transparent surface impinged by a 54-nozzle spray

5. Conclusion

Spray cooling is an appropriate technique for high power and high heat flux applications,
especially for temperature sensitive devices. By taking advantage of the liquid’s relatively
high latent heat, liquid impingement spray cooling has demonstrated to be an effective way
of removing high heat power from surfaces, requiring only a small surface superheat as well
as low mass flow rate, which are essential requirements for a compact cooling system design
for a high powered electronic devices. Major heat transfer mechanisms and the critical heat
flux (CHF) in spray cooling have been described based on many experimental and
numerical investigations. However, more work is required to fully understand the
mechanism of spray cooling. There is abundant work in the literature on parametric studies
about CHF on small heated surfaces with high heat flux input. However, studies based on
spray cooling with multiple nozzles on larger heated surfaces, which are crucial for the
thermal management of high power devices mounted on electronic cards and in data
centres, are still relatively scarce.

6. Nomenclature

A Surface area, m?2
G Heat capacity at constant pressure, J -kg1 -K-1
ds» Sauter Mean Diameter, m

AG Critical free energy of the homogeneous bubble, ]
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hg Evaporative latent heat, ] -kg
hy Spray height, m

ks Boltzmann constant, -

k Thermal conductivity, W/m K
I; Wetting front length, m

q Heat flux per unit area, W/m?
p Pressure, pa

S Supersaturation, pa

T Temperature, K

t Time, s

We Weber number, -

Greek letters

a Thermal diffusivity, m2/s; Spray inclined angle, ©

0 Spray cone angle, ©

P Density, kg -m?3

A Vapor wave length, m

o Surface tension, N -m-
Subscripts

bub Bubble

I Initial condition

v Vapor phase

1 Liquid phase

CHF Critical heat flux

sat Saturation
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