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ABSTRACT

NUMERICAL MODELING OF THE DYNAMICS AND HEAT TRANSFER
OF IMPACTING SPRAYS
FOR A WIDE RANGE OF PRESSURES

Roy Jean Issa, Ph.D.
University of Pittsburgh, 2003
A numerical model is developed to simulate the impingement of liquid sprays on surfaces
heated at temperatures ranging from nucleate to film boiling. The droplets are modeled in the
Lagrangian frame of reference, and are dispersed stochastically in the continuous gas phase. The
model is based on the fundamental basics of single droplet impingements extended to full sprays,
where the overall heat transfer process is broken down into its basic components: conduction
associated with the droplet contact, bulk air convection, and surface radiation. Droplet dynamics
at the wall are modeled based on an empirical correlation relating the droplet incoming to
outgoing Weber number.

Droplet contact heat transfer is modeled using an effectiveness

parameter for the heat transfer that is a function of the droplet Weber number. This attempt of
numerically modeling the droplet-wall dynamics with multiple wall collisions and the droplet
contact heat transfer has not been addressed before in a numerical model. Simulations are
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presented for:

single-stream droplet impactions, multiple-streams droplet impactions, and

conical sprays.
The model is tested at atmospheric pressure using experimental data for nozzles that dispense
non-uniform droplets. Favorable comparison with the test data is demonstrated. The model
capability is then extended to simulate high and sub-atmospheric ambient pressure conditions
with a proper accounting of the droplet-wall interaction and air-mist heat transfer mechanism.
At high and sub-atmospheric pressures, the model was tested against experiments for single
stream impactions at various pressures.
Spray simulation conducted for a wide range of pressures reveals the following important
issues regarding to the droplet dynamics, heat transfer and vaporization: 1) At higher pressures,
the larger the droplet size, the better is the droplet-wall impaction, while for sub-atmospheric
pressures, larger droplets have a detrimental effect due to their ballistic impaction. 2) At higher
pressures, the Leidenfrost point shifts to a higher temperature that leads to an increase in the
droplet wetting capability, and to a higher heat transfer effectiveness. 3) At higher pressures,
more vapor is generated from each droplet impaction on the surface, resulting also in an increase
in the heat transfer effectiveness.
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1.0 INTRODUCTION

Intense cooling methods have been widely used in many industrial applications, especially
those requiring rapid cooling from high temperatures. In the hot strip rolling mill, temperature
control of the strip on the runout table continues to be the subject of research after years of
experimental investigations and experience with different cooling systems. The metallurgical
properties of the strip and the surface oxide formation depend greatly on the manner in which
heat is extracted from the strip. In the conventional hot strip mill where medium to thin strips
are produced (2-10 mm in thickness), cooling on the runout table is normally achieved using
laminar water jets [1-4]. In spite of their low cooling efficiency, such methods are necessary
because they provide sufficient force for the water to penetrate through the vapor layer covering
the strip, which normally travels at relatively high speeds. However, these cooling methods are
not appropriate for very thin strips of metal where the high impacting force by the jet may cause
a detrimental effect on the strip shape in addition to the low cooling efficiency.
In thin strip casting (1-3 mm in thickness) a new type of cooling system based on Mist Jets
promises to be the most efficient method for cooling due to the increase in the surface contact
area between the liquid and the metal. Cooling by mist jets has several other advantages. It
provides uniformity in cooling that leads to improvement in the material properties and the
flatness of the rolled product. It is also cost effective because it optimizes the amount of water
consumption in the mill, and reduces the expenses associated with water recycling and filtration.
In order to provide flexibility in controlling the strip temperature, mist headers may also be
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connected to hydraulic actuators, shown in Figure 1.1, that rotate the headers to various angular
positions to maintain the strip within a desired temperature range.
Mist cooling has also found application in other areas such as gas turbines (Figure 1.2) [5-8],
and electronic chips (Figure 1.3) [9-11]. Experiments have been conducted on the internal
cooling of gas turbine airfoils by injecting mist with the compressed air. The results show
significant enhancement in the cooling process, whereas an injection of 5% water mist in air can
enhance the heat transfer by about 20-30% [5]. The advantage of the air-mist can result in a
reduction in the consumption of the compressed air that is conventionally required to cool the
airfoils by almost 50%. Experimental studies are also being conducted to enhance the cooling of
computer chips [10]. Current computer chips generate heat fluxes between 50-100 W/cm2, while
high performance computer chips in future are projected to experience power densities greater
than 100 W/cm2. Therefore, there is a continuous demand on the technology providing the most
adequate cooling. Cooling by air convection has its limitation. This is because forced air
convection at room temperature has a maximum heat flux between 2-3 W/cm2. Although aircooling continues to be the commercially and widely used method for cooling electronic chips,
significant research have shown that higher heat fluxes can be accommodated through the use of
mist cooling. This is because water has superior thermo-physical properties. Depending on the
liquid mass flux, mist cooling can generate cooling heat fluxes between 100-1200 W/cm2 at
atmospheric pressure conditions.
In spray cooling, the cooling medium is a mixture of air and water droplets. An air stream of
high velocity accelerates the water droplets. A schematic of a typical spray nozzle is shown in
Figure 1.4. A wide variety of commercial air-mist nozzles can be obtained from Spraying
Systems [12]. Such nozzles contain two flow chambers: a pressurized liquid water chamber,
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and a pressurized air chamber. The discharging water and air streams collide towards the center
of the opening of the conical cap. The pressurized air surrounds and impinges on the liquid
flowing from the orifice and thus atomizes the liquid film. There are several factors that affect
the droplet size such as the spraying pressure, and the air-to-liquid flow capacity. Smaller
droplet sizes in the spray can be achieved by either increasing the air pressure while decreasing
the liquid pressure, or by increasing the air flow 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 film,
which produces finer droplets. A similar effect can be seen by increasing the air-to-liquid flow
rate ratio.
Spray cooling heat transfer has been mainly experimental in nature. A substantial amount of
experiments on mist cooling has been performed using single droplet impaction and full sprays.
Pederson [13], Kendall and Rohsenow [14], Senda et al. [15], and McGinnis and Holman [16]
have studied single droplet heat transfer. Their findings were very valuable in understanding the
cooling effectiveness produced from single impaction. The authors investigated a wide range of
surface temperatures that extended from the nucleate boiling to the film boiling range. Other
researchers including Sozbir and Yao [17], Chang and Yao [18], Ortiz and Gonzalez [19],
Ohkubo and Nishio [20], and Pais et al. [21] have made heat transfer measurements using full
sprays. They used air-mist nozzles that produced a spectrum of droplet diameters. In all those
experiments, both for single droplet impaction and air-mist sprays, it was found that the heat
transfer is dependent on important parameters that include the droplet size, surface temperature,
and the droplet Weber number.

Also, all the above experiments were conducted at an

atmospheric pressure condition.
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A very limited number of experiments have been performed at either high ambient pressures
or sub-atmospheric pressures. Unfortunately, none of those experiments were conducted for full
spray conditions. Those experiments have been performed essentially either for single droplet
impingements, or for a single sessile (stationary) droplet on a hot surface. Halvorson [22]
conducted experiments for a single stream of impinging water droplets in the nucleate boiling
heat transfer mode at ambient pressures extending from 0.1 atm to 2 atm. For heat transfer in the
film boiling range, Testa and Nicotra [23] studied single droplet impingement at sub-atmospheric
pressures (0.1-1 atm), while Emmerson and Snoek [24, 25] studied the evaporation of stationary
water droplets on heated surfaces at pressures ranging from 1 to 5 atm.
Very few models that can predict the spray behavior have been developed. The existing
models do not consider the droplet bouncing behavior at the wall, but only track the droplets up
to the point where they make contact with the surface. They also do not calculate for the partial
evaporation and the heat transfer effectiveness as the droplets impact. In the research for diesel
spray impingement onto the cylinder walls, experiments have been conducted using high-speed
photography to examine the distribution pattern of the spray and the fundamental spray
parameters such as the wall spray height, and the wall spray radius. Sakane et al. [26], Mirza
[27], Katsura et al. [28], Senda et al. [29], Saito et al. [30], and Guerrasi and Champoussin [31]
have all conducted experiments on diesel spray-wall interaction. The common disadvantage
made by those researchers is that their studies were mostly conducted at room surface
temperatures.

In addition, the models were often based on experiments conducted at

atmospheric pressure. Therefore, a model that can handle the effect of a wide range of pressures
(sub-atmospheric, atmospheric, and high-pressure) is of tremendous value to the spray cooling
research. Also, the lack of sufficient experimental data for high pressure and sub-atmospheric
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applications makes it very valuable to have a model that can realistically predict the heat transfer
process and the parameters that affect it.
There are two primary objectives for this research. The first objective is to establish a
numerical model to study the mist cooling on heated metallic surfaces at atmospheric conditions.
The model should be able to simulate for various boundary conditions, the droplet dynamic
behavior when contacting the wall, and the droplet wall contact heat transfer. The attempt to
simulate the dynamic behavior of the droplets with multiple droplet-wall collisions, and the
effect of the droplet impinging Weber number on the droplet heat transfer effectiveness has not
been addressed before in a numerical model.

The current model is to be based on the

fundamental basics of single droplet impaction extended to full sprays, where the overall heat
transfer process can be broken down into its basic component processes: conduction associated
with the droplet contact with the heated surface, bulk air convection, and radiation from the
surface. The model would then be validated by comparing the numerical simulations against
experimental data. The second objective is to extend the simulation capability to high and subatmospheric pressures with a proper accounting of the droplet-wall interaction and air-mist heat
transfer mechanism. The understanding of the droplet dynamics and heat transfer at high and
sub-atmospheric pressures is scarce. The challenges behind this research are to obtain a valuable
basic understanding of the parameters that affect the heat transfer enhancement over the wide
range of operating pressures.
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2.0 DROPLET INTERACTION WITH THE WALL

2.1 Modes of Droplet Impaction

Droplet impingement on the surface can be classified according to the following three main
modes of impaction (as seen in Figure 2.1):
a) Stick Mode:
This occurs when the droplet approaches the surface with a very low impinging Weber
number. On impact, the droplet would adhere to the surface in a nearly spherical form [32].

b) Rebound Mode:
In this mode, the droplet bounces off the wall after impact. The droplet exhibits both elastic
and plastic behaviors. For very small impact energies, the droplet reflects perfectly elastically at
the wall. This means that the reflection angle is approximately equal to the impinging angle. As
the droplet impact energy increases, the droplet starts to exhibit plastic behavior at the wall, and
the reflection angle becomes considerably larger than the impinging angle.

High-speed

photography for droplet impingement on a heated surface reveals the following [33, 34, 35].
During impaction, the droplet spreads radially on the heated surface in the form of a flattened
disk. After the droplet reaches a maximum spread diameter, it then begins to recoil backwards
towards its center. This happens because of the surface tension effect at the droplet periphery.
The droplet then rebounds from the surface as a long and narrow mass. In experiments [33, 34,
35], it is seen that as the droplet bounces off the surface, the droplet shape changes due to the
9

difference in the velocity between its top and bottom parts. The droplet will rebound without
breaking up as long as the impinging droplet Weber number is less than the critical Weber
number at which the droplet will start to disintegrate.
c) Break-up Mode:
Break-up mode occurs when the droplet impacts the surface at an incoming Weber number
equal or greater than the critical Weber number. It has been also found that the number of
disintegrated droplets increases with the increase in the Weber number [36, 37]. This is because
the impact energy and the deformation of the droplet increase with the Weber number.
Experimental results show the droplet disintegration to occur in one of the following two ways
[36, 37]:
-

The droplet can break up into smaller parts during the recoil process, but subsequently
coalesces with each other, and rebounds. This occurs for low Weber numbers, but above
the critical one.

-

The droplet can disintegrate during the spreading process, and the disintegrated parts
move outwards away from each other. This type of break-up mode occurs for impinging
Weber numbers that are much higher than the critical one.

The surface temperature can have a strong influence on the droplet breakup [38]. For
instance, the boiling regime can induce breakup even at a very low impacting energy. In this
case, droplets would disintegrate due to the rapid liquid boiling on the hot wall accompanied by
the formation of gas bubbles blowing through the liquid droplet. If the conditions are favorable
for droplets to break-up, then depending on the heat transfer mode, various secondary droplet
sizes can be formed. Nucleate boiling results in very fine secondary droplet formation, while
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transition boiling results in fine droplet formation, and film boiling results in large size droplet
formation.

α

α

a) Stick (very low We)

b) ReBound (We < Wecr)

α

c) Break-up (We ≥ Wecr)

Figure 2.1 Modes of droplet impaction at the wall

2.2 The Influence of the Droplet Weber Number

There are several factors that influence the droplet impaction mode at the wall as will be
discussed in the next section. However, one factor, which is the Weber number, is considered to
be the governing parameter for the droplet deformation. The droplet Weber number is a measure
of the relative importance of the droplet kinetic energy to its surface energy. The droplet kinetic
energy is a function of the droplet speed and its diameter. Figure 2.2 shows two droplets of the
same liquid material with identical impinging Weber numbers. The smaller droplet, which has a
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diameter d2 impinges on the surface with a higher speed than the droplet with diameter d1, but
the net result after the impact is that both droplets would deform, spread and rebound from the
wall in a similar fashion. Droplets with higher impact energies tend to spread more at the
surface. The droplet spread is influenced by its surface tension. A decrease in the droplet
surface tension results in an increase in the droplet spread at the wall, and vise versa.

d1
v1

Before
Impact

d2
v2

@ Impact

Max Spread
Recoil

Rebound

We1 = We2

Figure 2.2 The influence of Weber number on droplet rebound
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2.3 Modeling of the Droplet Rebound at Atmospheric Pressure

The change in the droplet speed and its direction during the impaction at the wall (shown in
Figure 2.3) can be quantitatively measured by the normal and tangential coefficient of restitution.
The normal component defines the amount of momentum in the normal direction that is retained
after the impact, while the tangential component defines the amount of momentum that is
retained in the horizontal direction. The normal and tangential coefficients of restitution can be
expressed as follows:
en =

v o, n

,

vi , n

et =

vo, t

(2-1)

vi , t

Before
Impingement

After
Impingement

vi,t

Droplet

vi,n

vo,t

vi

vo

vo,n
Wall

Figure 2.3 Schematic of droplet impingement on the wall

Wachters and Westerling [35], Naber and Farrell [38], Hatta et al. [37], and Karl et al. [39],
have experimentally investigated the normal coefficient of restitution of impinging droplets.
Figure 2.4 explains the nature of impact dynamics [35]. At low incoming normal Weber
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numbers, the droplets rebound elastically from the wall. As the approach velocity is increased,
the normal velocity component of the rebounding droplets decreases sharply because of the
radial spread of the droplets over the heated surface. As the rebound velocity becomes very low,
the droplet impact mode becomes close to plastic. Only Naber and Farrell [38] studied the
normal and tangential coefficient of restitution. They measured the normal and tangential
ejected Weber number as a function of the impinging normal Weber number.
The critical Weber number at which droplet disintegration occurs is dependent upon the
surface material properties especially thermal conductivity, surface roughness, surface
temperature, and droplet impingement angle. Wachters and Westerling [35] investigated droplet
impaction on a polished gold surface heated to 400 oC, and inclined at 30o angle to the incoming
droplets of 2 mm in diameter. The critical Weber number was about 80. Hatta et al. [37] studied
droplet collision on Inconel alloy and stainless steel plates heated to 500 oC using water droplets
of diameters between 300 and 700 µm. The critical Weber number was 50 for the Inconel alloy
plate and 45 for the stainless steel plate. Karl et al. [39] used water with droplet diameters of 90
µm impinging at angles ranging from 60o to 80o. For impinging angles less than 70o, the critical

Weber number remained constant, while for angles greater than 70o, the critical Weber number
increased due to friction. Naber and Farrell examined water droplets with 105 and 310 µm
diameters impinging on a stainless steel surface beaded to a uniform surface roughness and
heated to temperatures below and above the Leidenfrost point. Their observed critical Weber
number was 24.
Experimental data gathered from the above sources are presented in Figure 2.5. They show
the relationship between the droplet normal coefficient of restitution (ratio of rebounding to
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impinging normal velocity) and the impinging normal Weber number. The following empirical
expression is a best fit through the data:
e n = 1 − 0.1630 We0n.3913

(2-2)

Where,
We n =

ρd vi2, n d
σd

(2-3)

Experiments performed by Karl and Frohn [40] for surfaces heated above the Leidenfrost
temperature show the loss of the droplet momentum tangential to the wall to be negligible
compared to the loss of the momentum normal to the wall. They show that the loss of the
tangential momentum is only about 5%. Naber and Farrell [38] showed the ejected tangential
Weber number remained zero for impinging normal Weber numbers up to 20, and increased to
0.4 for an impinging normal Weber number of 70.

Recent models for fuel spray-wall

impingement in diesel engines have assumed a fixed value of 0.71 for the tangential coefficient
of restitution [41]. This was based on the method developed by Matsumoto and Saito [42] for
small particles impinging on a wetted surface. In the current study, Karl and Frohn assumption
of a negligible loss in the droplet tangential momentum at temperatures close to the Leidenfrost
was adopted; thus, the droplet tangential coefficient of restitution was assumed to be 1 in all the
simulations.
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Figure 2.5 Droplet coefficient of restitution as function of the normal Weber number
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2.4 Droplet Spread at the Wall
2.4.1 Theory

The droplet spread at the wall is calculated from the droplet deformation on impact. The
droplet deformation is a process of energy transformation between kinetic and surface energies.
The following analysis is based on the work done by Chandra and Avedisian [34]. Let the
subscript 1 denote the stage before the droplet impacts the surface, and the subscript 2 denote the
stage when the droplet reaches maximum spread on the surface. The droplet kinetic energy (Ek1)
before impact can be expressed as follows:

1
 1
E k1 =  ρd v12  πd 3 

2
 6
1
= πρd v12d 3
12

(2-4)

Where v1 and d are the droplet velocity and diameter before impact. After impact, the kinetic
energy reduces by the deforming droplet, and approaches zero as the droplet reaches a maximum
spread diameter, dmax. The droplet surface energy at stage 1, Es1, is:
Es1 = πd 2σd

(2-5)

The droplet surface energy at stage 2, Es2, was given by Ford and Furmidge [43] as:
1

Es 2 =  πd 2max σd (1 − cos θ)
4


(2-6)

Where θ is the droplet contact angle at the surface. This is defined as the angle between the
tangent line at the liquid-gas interface (at the point where the meniscus begins) and the
horizontal surface. The energy consumed by the viscous dissipation of the droplet, Ediss, in going
from stage 1 to stage 2 can be calculated from the following relationship:
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tc

E diss = ∫ ∫ φ d∀ dt
0 ∀

(2-7)

≈ φ∀t c
Where d∀ is the incremental liquid volume and dt is the incremental time. tc is the time it takes
the droplet height, δ, to decrease from its maximum value of d to 0 assuming the droplet
impinging velocity remains constant at v1. This is based on mass conservation assuming the
droplet spreads into a cylindrical disk. The dissipation function, φ, can be approximated from:
 ∂v ∂v j  ∂vi

φ = µd  i +
 ∂x j ∂x i  ∂x j


 ∂v 
= µd  
 ∂y 
v 
≈ µd  1 
δ

2

(2-8)

2

Chandra and Avedisian [34] approximated the volume of the viscous layer as:

∀=

1 2
πd max δ
4

(2-9)

The time tc taken by the droplet to spread from stage 1 to stage 2 can be approximated by:
tc =

d
v1

(2-10)

The dissipated energy can then be shown as:
E diss =

1
v
πµd 1 dd 2max
4
δ

(2-11)

Applying the conservation of energy between stages 1 and 2, we get:
E k1 + E s1 = E s 2 + E diss

Let us define the droplet maximum spread, βmax, as follows:
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(2-12)

β max =

d max
d

(2-13)

The following relationship can then be obtained:
1
3 We 4
βmax + (1 − cos θ)β2max − ( We + 4) = 0
3
2 Re

(2-14)

As Re approaches infinity, the droplet maximum spread simplifies to:
β max ≈

(1 / 3We + 4)
(1 − cos θ)

(2-15)

According to Fiedler and Naber [44], the contact angle θ can be considered fixed at 180o for
temperatures above Leidenfrost. The contact angle reduces to around 40o as the temperature
drops closer to the critical heat flux temperature.

2.4.2 Comparison Between Theory and Experimental Data

The maximum spread of the droplet diameter on a hot surface was experimentally
investigated by several researchers. Empirical correlations were proposed mainly as function of
the droplet impinging Weber number. Akao et al. [45] studied droplet spreading using liquids
such as water and ethanol on a copper surface heated to 400 oC. The droplets ranged in diameter
from 2.1 to 2.9 mm. They proposed the following correlation:
βmax = 0.613We0.39

(2-16)

Ueda et al. [46] used water droplets of 0.94 to 2.5 mm in diameter impinging on stainless steel
and copper plates heated at 300 oC. Their empirical expression was:
 We

β max = 0.87
+ 2
 6
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0.5

(2-17)

Hatta et al. [37] used much smaller droplets in their experiment ranging from 0.33 to 0.6 mm in
diameter. Their test surface, which was made of Inconel alloy, was heated to 500 oC. Their
experimental data yield the following expression:
β max = 0.093We 0.74 + 1

(2-18)

Figure 2.6 shows a comparison between the empirical correlations and the theoretical
expression for the droplet maximum spread at the wall. The above expressions by the different
researchers [37, 45, 46] were in good agreement with each other. The prediction of the droplet
maximum spread by the theoretical expression was higher than any of the experimental data, but
it is interesting to see that it was not too far off.

4.0
3.5
3.0

βmax

2.5
2.0
1.5
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Ueda et al. test data: d = 0.94-2.5 mm, Tw = 300 deg. C
Akao et al. test data: d = 2.1-2.9 mm, v = 0.66-3.21 m/s, Tw = 400 deg. C
Hatta et al. test data: d = 0.33-0.6 mm, Tw = 500 deg. C
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Figure 2.6 Droplet maximum spread
(A comparison between theory and experimental data)
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2.5 Modeling of the Droplet Rebound at High Pressure

Experiments conducted for single droplet impingements on heated surfaces at atmospheric
pressures show that during impaction, the droplet spreads in the form of a flattened disk along
the surface, and then recoils as a result of the droplet surface tension before finally rebounding.
An increase in the droplet maximum spread would result in an increase in the droplet momentum
loss due to the increase in the energy dissipation at the surface. This energy dissipation is
associated with both the spreading of the droplet and the recoiling process where the recoiling
process is directly affected by the spreading. Therefore, any increase in the droplet spread would
result in a decrease in the droplet coefficient of restitution.
The droplet maximum spread was theoretically shown to be a function of Weber number
according to equation (2-15). As the ambient pressure increases, both the droplet density and
surface tension decrease with the rate of decrease in the surface tension much larger than the rate
of decrease in the droplet density. As a result, at high pressure, the droplet will deform and
spread more. However, the increase in the droplet spread is not very significant. Figure 2.7
shows the variation in the droplet maximum spread with ambient pressure. For instance, the
increase in the droplet spread with respect to the atmospheric condition case is only about 16% at
an ambient pressure of 20 atm, and 34% at 50 atm. For a very low sub-atmospheric pressure of
0.006 atm, the droplet spread decreases by about 7%. Even though this will lead to a slight
decrease in the droplet coefficient of restitution at high pressures, and a very slight increase in
the coefficient of restitution at low pressures, this variation can be considered not to be very
significant. Therefore, the correlation between the droplet coefficient of restitution and the
droplet Weber number that was developed for atmospheric conditions can still be applicable with
sufficient accuracy for higher ambient pressures, and for sub-atmospheric pressures.
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Figure 2.7 Droplet maximum spread versus ambient pressure
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3.0 MODELING OF THE SPRAY HEAT TRANSFER

3.1 Droplet Heat Transfer at Atmospheric Conditions

There are three modes of heat transfer associated with spray cooling (Figures 3.1 and 3.2)
[47]: 1) conduction due to the droplets contact with the surface, 2) convection associated with
the bulk air flow and the droplet cooling of the thermal boundary layer, and 3) radiation
exchange between the heated wall and the two phase air-water spray mixture. Contact heat
transfer of the impinging droplets can be classified into two types:
- Heat transfer with wetting contact occurring at lower surface temperatures
- Heat transfer with non-wetting contact occurring at higher surface temperature

vapor
or

Droplet Contact H.T.

Local Vapor Convection H.T.

a) Contact H.T.

b) Bulk-air Convection

c) Radiation H.T.

Figure 3.1 Basic mechanisms for spray heat transfer
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Figure 3.2 Spray cooling heat transfer modes

3.1.1 Wetting and Non-Wetting Droplet Heat Transfer

At wetting heat transfer, the droplets can be in continuous or semi-continuous direct contact
with the wall. After an initial period of heat transfer by transient conduction, the droplets enter
into either nucleate or transition boiling regimes. In this case, the droplet incoming Weber
number may have a weak effect on enhancing the droplet breakup. Wet cooling results in a
significant drop in the surface temperature due to its highly cooling efficiency.
In non-wet cooling, also referred to as film boiling, a significant amount of water vapor is
generated between the hot surface and the droplet, thus preventing direct contact. Since vapor
has a very low thermal conductivity, it acts as an insulation between the surface and the
incoming spray; therefore, lowering the cooling efficiency. In this cooling regime, the incoming
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droplet velocity (or Weber number) has a significant influence on the cooling efficiency. For
low velocities, droplets cannot penetrate through the film layer. For high velocities, droplets can
penetrate through the film layer, and more surface contact can be established. This enhances the
cooling efficiency.

3.1.2 Parameters Affecting Droplet Contact Heat Transfer

The droplet diameter affects the Weber number, and has a strong influence on the cooling
efficiency. A small diameter would cause an increase in the cooling effectiveness as compared
to a larger diameter. This is due to the large surface coverage area achieved when using fine
mist [48]. However, very fine mist may cause an adverse effect if the droplets are not large
enough to hit the surface and as a result may be carried away by the air jet stream.
Beside the surface temperature and droplet Weber number (which is a function of diameter
and velocity), there are other secondary factors influencing the heat transfer effectiveness but not
as influential as the preceding ones. These include: droplet impingement frequency, surface
inclination angle, droplet impinging angle, surface material and surface roughness.
The effect of the droplet impingement frequency and surface material is influenced by the
surface temperature, while the droplet impingement angle and the surface roughness influence
the impinging normal Weber number and the critical Weber number, respectively. For surface
temperatures below Leidenfrost point, the heat transfer effectiveness decreases as the droplet
impingement frequency increases due to the interference between the liquid film layer and the
droplets. This effect weakens at temperatures above the Leidenfrost point because the vapor film
layer prevents the droplets from making contact [15]. An increase in the droplet impingement
angle (angle between the droplet motion direction and the normal to the surface) on a horizontal
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surface lowers the normal component of the Weber number and the heat transfer effectiveness
[49]. This also has a favorable effect on decreasing the interference between the impinging
droplets. The same effect is seen if the surface is titled at an angle with respect to the impinging
droplets. Highly conductive material, on another hand, increases the heat transfer rate for
surface temperatures below the Leidenfrost point. However, above the Leidenfrost temperature,
the high thermal conductivity acts in promoting vapor film generation which leads to isolating
the droplets from the surface at a much faster rate [36]. Finally, surface roughness acts favorably
in enhancing the heat transfer rate because the droplet breaks up into many parts at a Weber
number much lower than the critical Weber number for a smooth surface [36].

3.1.3 Correlations for Droplet Contact Heat Transfer Effectiveness

Pederson (d = 200-400 µm, θi = 0 deg., v = 2-10 m/s, N = 10,816 drops/s) [13], Senda et al.
(d = 350, 482 µm, θi = 0-60 deg., v = 3.2, 5 m/s, N = 50-848 drops/s) [15], and McGinnis and
Holman (d = 2844-3835 µm, θi = 6-74 deg., v = 1.05-5.1 m/s) [16] have experimentally
determined the heat transfer rate for a single stream of water droplets impinging on a heated
metal plate by subtracting the heat transfer rate with impinging droplets from the heat transfer
rate without the droplets. This net effect excluded the bulk air convective effect, but included the
local convective effect due to the entrainment of the air around the droplet.
The heat transfer associated with the droplet contact with the heated surface can be
empirically evaluated using an effectiveness parameter. This heat transfer effectiveness is
defined as the ratio of the actual heat transfer induced by the droplet to the maximum possible
heat transfer that can be achieved. The maximum release of heat from the droplet consists of
three parts: 1) the pre-boiling cooling potential when the droplet arrives to the surface at a
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temperature lower than the saturation temperature, 2) the release of heat when the droplet
completely vaporizes at the saturation temperature, and 3) the superheating of the vapor to the
surface temperature. The droplet heat transfer effectiveness can be expressed as [48]:
ε=

qc

[

G ∆h fg + c p,d (Tsat − Td ) + c p, v (Tw − Tsat )

]

(3-1)

Where,
dT 

q c =  mc 
dt  with


−
droplets

dT 

 mc 
dt  no


(3-2)
droplets

The droplet heat transfer effectiveness has been found to be strongly dependent on the
droplet impinging speed as shown in Figures 3.3 and 3.4 for the wetting and non-wetting boiling
regimes, respectively. A similar effect can also be seen if the data is plotted against the droplet
impinging normal Weber number as shown in Figures 3.5 and 3.6. The contact heat transfer
effectiveness increases significantly as the approach droplet velocity or the droplet impinging
normal Weber number increases. The strong dependence on the surface temperature is also
clearly visible. The heat transfer effectiveness is at its peak in the nucleate boiling region, but
decreases significantly in the film-boiling region. A best fit through the data in Figures 3.5 and
3.6 result in the following expressions for the droplet contact heat transfer effectiveness:
For Non-Wetting Contact:
ε = 3.771x10 −3 We 0n.691e −9.079 x10

−4 We

n

(3-3)

For Wetting Contact:
ε = 9.844 x10 −2 We 0n.3428
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(3-4)

Since the literature data were obtained at the critical maximum (Figure 3.5) and critical
minimum (Figure 3.6) droplet contact heat fluxes, the heat transfer effectiveness between these
points was interpolated and is presented in Figure 3.7 as function of both Wen and Tw. This
figure shows the same trend behavior depicted by the boiling curve of water and is used to
calculate for the droplet contact heat transfer effectiveness. Based on the above literature review,
the following expression for the droplet contact heat transfer effectiveness is obtained as function
of Wen for the temperature range between transition to film boiling:

(

)

ε = 0.10 + 5.2x10− 4 Wen cos

π
[(Tw − Td ) − 130] + 8.6x10− 4 Wen + 0.12
470

(3-5)
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Figure 3.3 Droplet contact heat transfer effectiveness versus impinging speed for wet cooling
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Figure 3.4 Droplet contact heat transfer effectiveness versus impinging speed for non-wet
cooling
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Figure 3.5 Droplet contact heat transfer effectiveness versus impinging Weber number for wet
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Figure 3.6 Droplet contact heat transfer effectiveness versus impinging Weber number for nonwet cooling
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Figure 3.7 Droplet contact heat transfer effectiveness in the transition to film boiling region
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3.2 Droplet Heat Transfer at High Ambient Pressures
3.2.1 Effect of Pressure on Droplet Sub-cooling

An important issue that arises at high-pressure conditions is the effect of the sub-cooling by
the impinging water droplet. At atmospheric conditions, it is observed that the sub-cooling of
the droplet has a negligible effect on the droplet contact heat transfer effectiveness. For water
droplets evaporating at atmospheric conditions, the enthalpy of vaporization (hfg) is the major
factor of the heat absorption by the droplet. As the pressure increases, the effect of the pressure
on the saturation temperature and the enthalpy of vaporization for water become significant. As
shown in Figure 3.8, when the pressure increases, hfg reduces significantly. Therefore, a large
portion of the heat absorbed is now being used to increase the droplet temperature towards the
saturation temperature. Because of the increase in the saturation temperature of water, the effect
of the droplet sub-cooling becomes more evident at high pressures. The total heat removal by
the droplet is calculated according to the following equation:
∆H = (Droplet Subcooling) + (Enthalpy of Vaporization ) + (Vapor Superheating)
= c p,d (Tsat − Td ) + ∆h fg + c p, v (Tw − Tsat )

31

(3-6)

3.0E+06
Atmospheric
Condition

350

Tsat

2.5E+06

300
2.0E+06

250
200

1.5E+06

150

1.0E+06

hfg

100

5.0E+05

50
0
0

1 atm

50

100

150

200

Water Enthalpy of Vaporization,
(J/Kg)

o

Water Saturation Temperature, ( C)

400

0.0E+00
250

Saturation Pressure, (atm)

Figure 3.8 Effect of pressure on the water saturation temperature and enthalpy of vaporization

3.2.2 Effect of Pressure on the Leidenfrost Temperature

High-pressure conditions significantly alter the droplet cooling efficiency on heated surfaces.
The effects of pressure on the evaporation time and on the Leidenfrost temperature of discrete
water droplets deposited on metallic plates have been studied by Emmerson and Snoek [24, 25].
Figure 3.9 shows their results for water droplets on a stainless plate [25]. The chamber pressure
ranged from 1 atm (14.7 psi) up to 5.1 atm (75 psi), and the water droplet size on the plate was
estimated to be 3.8 mm. The Leidenfrost temperature was shown to increase significantly with
the ambient pressure. In his experiments, Emmerson also showed the Leidenfrost temperature to
vary with the pressure at different rates based on the surface material, such as the thermal
diffusivity of the surface material, the surface emissivity, and the surface tension between the
liquid droplet and the metal. Figure 3.9 also shows that the maximum evaporation time of the
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droplet decreases as the Leidenfrost temperature increases. This result leads to higher droplet
contact cooling effectiveness.

The most distinguishing feature between the Leidenfrost

temperature of water and that of other fluids is that the Leidenfrost temperature of water can
exceed the critical temperature, while other fluids do not exceed that. At the critical point, the
water temperature is 374 oC, and the water pressure is 22 MPa (3208 psi). As shown in Figure
3.10, for water droplets on a brass surface, the Leidenfrost temperature can exceed the critical
temperature as the ambient pressure increases above 0.7 MPa but it tends back to the critical
temperature at the critical pressure.
Testa and Nicotra [23] studied the influence of sub-atmospheric pressures on the Leidenfrost
temperature for a single stream of water droplets impinging on a Molybdenum strip. The droplet
size was about 2 mm, and the pressure in the vacuum chamber ranged from 1 atm down to 0.065
atm. Testa and Nicotra conducted their experiments for the case where the droplets fully
rebounded from the surface, and also for the case where some residual wetting occurred. Figure
3.11 shows the variation in the Leidenfrost temperature (with respect to the conditions at 1 atm)
as function of the ambient pressure for a wide range of pressures extending from subatmospheric to several multiples of atmospheres. The following empirical expression is a best-fit
through the data:
TLeiden − (TLeiden )1atm = 7.024 + 123 log10 (P / P1atm ) + 36 log10 (P / P1atm ) 2
Where TLeiden is the Leidenfrost temperature, and P is the ambient pressure.
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Figure 3.9 Effect of pressure on the evaporation time and Leidenfrost temperature
(Water droplets on stainless steel plate [25])

250

Test data by Emmerson [1975]
Surface: Stainless Steel
Surface roughness: 0.31 µm
Liquid: Distilled water
Drop size: 1227 µm

Ambient Pressure, (atm)

200

Critical
Point

150
Saturation
Line

Extrapolated
Leidenfrost Line

100

50
Leidenfrost Line
(data by Emmerson)

0
0

100

200

300

400

500

600

o

Surface Temperature, ( C)

Figure 3.10 Predicted Leidenfrost line for water droplets on brass [24]
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Figure 3.11 Variation in the Leidenfrost temperature with ambient pressure

3.2.3 Effect of Pressure on the Temperature at the Critical Heat Flux

Halvorson conducted experiments on the droplet impact cooling using a sealed chamber with
ambient pressures of 0.1, 0.2, 0.5, 1.0, and 2.0 atm [22]. The air and water temperatures were
close to 20 oC. Halvorson used three different sizes of gauge needles that produced droplet
diameters ranging from 2.3 mm to 3.9 mm. The droplet frequencies ranged from 2 to 15 droplets
per second, and the droplet impact velocity was about 1.3 m/s. In all the experiments, the droplet
mass flux ranged from 0.15 kg/m2.s to 1.6 kg/m2.s. The heated surface was a nickel-plated end
of a copper cylinder placed vertically. The surface was heated to temperatures where critical
heat fluxes from the droplets impaction were obtained. The temperature at which the critical
heat flux occurred ranged between 75 oC and 150 oC, with the lowest temperatures occurring at
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the lowest pressures. Compared with the experiments conducted at 1 atm, the experiments at 2
atm show a 20 oC increase in water subcooling due to the change in water saturation temperature,
while the experiments conducted at 0.1 atm show about 55 oC decrease in water subcooling.
Figure 3.12 shows the variation in the critical heat flux temperature (with respect to the
conditions at 1 atm) as function of the ambient pressure for a wide range of pressures. The
following correlation for the critical heat flux temperature, TCHF, is obtained:
TCHF − (TCHF )1atm = −2.031 + 68.44 log10 (P / P1atm ) + 30.27 log10 (P / P1atm ) 2
+ 15.5 log10 (P / P1atm ) 3

(3-8)
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3.2.4 Effect of Pressure on the Minimum Heat Flux

Experiments conducted by Emmerson [24, 25] for water droplets deposited on flat surfaces
show that the droplet evaporation time decreases with the increase in ambient pressure (Figure
3.9). The data demonstrate that the minimum heat flux corresponds to the maximum lifetime of
the droplet. Figure 3.13 corresponds to the data obtained from Figure 3.9. The heat flux was
calculated as function of the droplet evaporation lifetime and the total heat removal by the
droplet. Figure 3.14 shows the effect of the ambient pressure on the minimum heat flux. The
heat flux and the pressure are normalized with respect to the ambient conditions. For subatmospheric pressures, the data in Figure 3.14 is based on the experiments conducted by Testa
and Nicotra [23] for single droplet impingements, while for pressures above atmospheric, the
data is based on the experiments by Emmerson for water droplets deposited on metallic plates.
A best-fit through the data results in the following correlations between the minimum heat flux,
qmin, and the ambient pressure:
For P ≥ P1atm,
q min
= 1.0 + 1.762 log10 (P / P1atm )
(q min )1atm

(3-9)

For P ≤ P1atm,
q min
= 0.504e 0.667 ( P / P1atm )
(q min )1atm
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Figure 3.14 Minimum heat flux as function of ambient pressure
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3.2.5 Effect of Pressure on the Critical Heat Flux

Halvorson’s experimental data for a single stream of water droplets impinging on a heated
plate with wetting contact show that the critical heat flux increases with ambient pressure. The
high ambient experiments conducted at 2 atm were shown to produce about 15% increase in the
critical heat flux compared to the experiments at atmospheric pressure, while the experiments
conducted at the lowest ambient pressure of 0.1 atm were shown to produce a decrease of about
50% in the critical heat flux. It is worth mentioning also that the decrease in the critical heat flux
is coupled with the decrease in saturation temperature. Figure 3.15 shows the critical heat flux as
function of the ambient pressure. Again, the heat flux and the pressure are normalized with
respect to atmospheric conditions. The following empirical correlation for the critical heat flux,
qCHF, is a best-fit through the data:
q CHF
= 0.985 + 0.412 log10 (P / P1atm ) − 0.0797 log10 (P / P1atm ) 2
(q CHF )1atm
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Figure 3.15 Critical heat flux as function of ambient pressure

3.2.6 Comparison with Pool Boiling

Cichelli and Bonilla [50], and Bonilla and Perry [51] obtained data on the maximum pool
boiling heat flux from a horizontal chromium plated surface at pressures ranging from
atmospheric to near critical (Figure 3.16). They conducted the experiments using a variety of
liquids such as: water, ethanol, benzene, acetone, butanol, propane, n-pentane, and n-heptane. It
was found that in the majority of those experiments, the maximum in the peak heat flux occurred
somewhere between one-forth and one-third of the liquid critical pressure. For water, this is
between 54 and 73 atm. The maximum heat transfer rate in pool boiling tends to zero as the
pressure approaches zero. This is attributed to the very low vapor density that causes the amount
of heat removal to significantly diminish at zero pressures. On the other hand, as the pressure
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approaches the critical point, nucleate boiling ceases to be stable. The surface becomes bounded
by vapor that acts as insulation between the liquid and the surface. At the critical pressure, the
vapor density approaches the liquid density; thus, making the buoyancy force, which is
proportional to the difference between the two densities and the driving force for nucleate
boiling, to completely vanish.
Comparison between the pool boiling (Figure 3.16) and the single droplet critical heat flux
(Figure 3.15) shows both curves increase sharply with pressure especially at the low pressures.
Since test data for single droplets impaction on hot surfaces is not currently available at extreme
high pressures, it is then fair to assume that the ambient pressure at which the peak in the critical
heat flux occurs for pool boiling is also the same for single droplet heat transfer.
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Figure 3.16 Pool boiling critical heat flux versus pressure [50]
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1.0

3.2.7 Heat Transfer Effectiveness at Various Pressures

Several attempts were made by different researchers [52-58] to simulate the spray-wall
interaction and heat transfer in high-pressure engine applications. The common disadvantage
made by those researchers is that their studies were all conducted at relatively low surface
temperatures (or room temperature). Another disadvantage is that even though these models
were developed for engine-like conditions, they were based on experiments conducted at
atmospheric conditions. Therefore, a model that can handle the high-pressure effects is needed
and is of tremendous value to the research in high-pressure applications.
An understanding and predictability of the droplet-wall contact heat transfer effectiveness is
needed for high pressure spraying environments. It was discussed earlier that the Leidenfrost
temperature (Figure 3.11), and the temperature at the critical heat flux (Figure 3.12) increase
with the ambient pressure. Furthermore, it was shown that the heat flux corresponding to the
Leidenfrost point (Figure 3.14), and the critical heat flux (Figure 3.15) also increases with
pressure. Using the results from those figures, the predictability of the droplet contact heat
transfer effectiveness can be extended from the atmospheric pressure conditions to higher
pressures, and also to sub-atmospheric pressures. At high pressures, the boiling curve associated
with the droplet heat transfer would be modified as follows. Film boiling regime would be
shifted further to a high temperature range as the pressure increases. As a result, a heat transfer
mode that would be in the film boiling at atmospheric pressure would now occur closer to the
nucleate boiling region for high ambient pressures. The high pressure would then significantly
increase the droplet heat transfer effectiveness. At sub-atmospheric pressures, film boiling
region would be shifted further to a lower temperature region as the pressure decreases. As a
result, a heat transfer mode that would be in the nucleate boiling region would now occur in the
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transition to film boiling region. The droplet heat transfer effectiveness would then significantly
decrease. A new set of droplet contact boiling curves similar to that shown in Figure 3.7 (for
atmospheric pressure condition) can be obtained for various pressures. Figures 3.17, 3.18, and
3.19 shows three sets of droplet heat transfer effectiveness curves at 0.1 atm, 5 atm and 50 atm,
respectively.
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Figure 3.17 Comparison in droplet contact heat transfer effectiveness between 1 atm and 0.1
atm ambient pressures
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Figure 3.18 Comparison in droplet contact heat transfer effectiveness between 1 atm and 5 atm
ambient pressures
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Figure 3.19 Comparison in droplet contact heat transfer effectiveness between 1 atm and 50 atm
ambient pressures
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4.0 NUMERICAL SCHEME

4.1 Description of the Computation Scheme

Numerical computations are performed using FLUENT software, which is a commercially
available toolbox for CFD modeling. The modeling of the spray consists of a mixture of two
phases: an air medium that is also referred to as the continuous phase, and the water droplets
that is also referred to as the discrete phase. The conservation of mass, momentum, enthalpy,
turbulent kinetic energy, and turbulent kinetic energy dissipation formulate the equations for the
convective transport of the gas phase. The source terms in these equations represent the effect of
the droplets phase.

The droplets are dispersed in the continuous phase and are traced

stochastically in the Lagrangian frame. The turbulence continuous phase model uses the two
equations in the k-ε method which is expressed in Eulerian coordinates. The effect of the gas
turbulence on the droplets is obtained by adding a velocity fluctuation to the mean gas velocity
while tracing the droplets. The fluctuating velocity components, which are discrete piecewise
functions of time, have their random value constant over an interval of time given by the
characteristic lifetime of the eddies. A first-order upwind scheme is applied to the momentum,
turbulent kinetic energy, and turbulent kinetic energy dissipation, while the SIMPLE (Semiimplicit Method for Pressure-Linked Equations) algorithm [59] is employed to enhance the
velocity-pressure coupling. A control volume based approach is used to convert the governing
equations into algebraic equations that can then be numerically solved.
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In this model, steady state flow conditions are simulated. It is assumed that no droplet
interaction occurs. Thus dilute spray conditions prevail. Also it is assumed that the incoming
Weber number is small enough for the droplets not to splatter. The droplet dynamics and contact
heat transfer is modeled using the empirical correlations presented earlier. An axi-symmetric
model and a 3-D model are created in FLUENT to simulate the spray flow over a heated plate
that has a diameter of 101.6 mm. The nozzle is situated at the center of the plate at a distance of
40 mm. A 75 x 60 quadrilateral mesh was generated as shown in Figure 4.1. Weighting factors
were used to concentrate the grid mesh at the center of the computation domain, and also near
the plate surface. Sufficient grid refinement at the wall was necessary to capture the wall
interaction event and to ensure computational stability. During impaction, the droplet mass is
recalculated based on the droplet contact heat transfer empirical correlations, and the excess
mass that is the difference between the incoming droplet mass and the re-calculated mass is
released as saturated vapor at the nearest cells to the wall.
The boundary conditions for the computation domain are as follows (Figure 4.2). Velocity
inlet boundaries are applied for the water droplets and the air. The plane for these boundaries is
considered to be at a small distance below the nozzle exit plane. The water droplets are released
from this plane with a flow that is conical in shape. It is assumed that the water stream at this
location has been fully atomized. This simplification is necessary to avoid the need for a
complicated model of the nozzle where flow conditions are difficult to simulate. At the vertical
edges of the computation domain, pressure outlet boundaries are applied. The wall boundary
represented by the strip is assumed to be at a fixed temperature.
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Figure 4.2 Model boundary conditions
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4.2 Model Assumptions

The following is a summary list of the model’s assumptions:
− An axi-symmetric and 3-D computational flow domain
− Steady state conditions
− Single stream of droplets, multiple streams of droplets, and conical full spray are used
− Uniform strip temperature
− Stationary strip
− Dilute to intermediate dense spray flow flux (0-8 kg/m2.s)
− No droplet-to-droplet interaction at the wall
− 2-way coupling between the continuous phase (gas phase) and the discrete phase (droplets)
− Relatively low impinging Weber numbers such that no droplet disintegration occurs. The
droplet outgoing velocity and direction is evaluated based on a coefficient of restitution
parameter from experimental data.
− The droplet contact heat transfer effectiveness is calculated as function of the surface
temperature and ambient pressure using the empirical correlations obtained from
experimental data.
− No droplet deformation or spread at impact
− Negligible scale buildup on the strip at high temperatures
− Temperature dependant thermal and physical properties for the plate, air, and water
− Surface radiation is included in the model
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4.3 Numerical Scheme Governing Equations
4.3.1 Gas Phase General Transport Equation

The general form of the gas phase equation for the energy, momentum, turbulence kinetic
energy, and energy dissipation rate of the turbulent kinetic energy are represented as follows:

(

)

r
∂
(ρ a Φ ) + ∇. ρ a UΦ = ∇.(Γ∇Φ ) + S Φ + S Φd
∂t

(4-1)

Where Φ = 1, vx, vy, vz, h, k and ε stands for the continuity, x-momentum, y-momentum, zmomentum, energy (static enthalpy), turbulent kinetic energy, and turbulent dissipation rate. In
the context of this equation, h, k, and ε should not be confused with the heat transfer coefficient,
conductivity and heat transfer effectiveness, respectively. ρa is the density of the continuous
r
phase, and Γ is the effective diffusivity. U is the transport velocity vector. SΦ is a general

source term, and SΦd is a source term associated with the presence of the droplets.

4.3.2 The Compressible Form of the Gas Law

For a compressible flow, the ideal gas equation is written as:
ρa =

P
RTa

(4-2)

where P is the operating pressure. R is the gas constant, and Ta is the gas phase temperature as
computed from the energy equation.

49

4.3.3 Droplet Force Balance Equation

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, gravitational force and an external force [60].
This is expressed in the Lagrangian approach as follows:
r
r
g (ρ d − ρ a ) r
dv d
r
r
= FD ( v a − v d ) +
+F
dt
ρd

(4-3)

r
r
Where v a is the velocity of the continuous phase, and v d is the velocity of the droplet. Also, ρd
and ρa are the densities of the droplet and the continuous phase, respectively.

r
g is the

r
gravitational acceleration, and F is an external force per unit droplet mass acting on the droplet.
The drag force coefficient, FD, is given by:

FD =

18µ d C D Re
ρ d d 2 24

(4-4)

Where the Reynolds number, Re, is defined as:
Re =

ρa d v d − v a
µa

(4-5)

and CD is the drag coefficient applied on smooth spherical particles. It is given according to the
expressions by Morsi and Alexander [61]:
CD =

24
, Re < 0.1
Re

CD =

22.73 0.0903
+
+ 3.69 , 0.1 < Re < 1
Re
Re 2

CD =

29.17 3.89
− 2 + 1.22 , 1.0 < Re < 10
Re
Re
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(4-6)

CD =
CD =

CD =

46.5 116.67
−
+ 0.6167 , 10 < Re < 100
Re
Re 2

98.33 2778
−
+ 0.3644 , 100 < Re < 1000
Re
Re 2

148.62 4.75x10 4
−
+ 0.357 , 1000 < Re < 5000
Re
Re 2

4.3.4 Heat Transfer to the Droplet

The droplet temperature is calculated by applying an energy balance on the droplet. The
sensible heat change in the droplet is balanced by the convective, radiative, and latent heat
transfer between the droplet and the gas phase medium as follows [60]:
m d c p ,d

dm d
dTd
= hA d (Ta − Td ) +
∆h fg + A d ε d σ(θ 4R − Td4 )
dt
dt

(4-7)

Where md is the droplet mass, cp,d is the droplet specific heat constant, Td is the droplet
temperature, Ta is the gas phase temperature, ∆hfg is the latent heat of vaporization, εd is the
droplet emissivity, and σ is the Stefan-Boltzmann constant. θR is the radiation temperature given
by:
1/ 4

θR

 I 
= 
 4σ 

Where I is the radiation intensity.
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(4-8)

4.3.5 Coupling Between the Discrete and Gas Phase

The following terms appear as source terms in the gas phase transport equation due to the
heat, mass, and momentum transfer between the droplets and the gas phase medium [60]. They
are calculated as the droplets pass through each control volume in the computation domain:
Momentum Exchange:
 18µ C Re

d D
 m
& ∆t
−
F = ∑
(
v
v
)
d
a
 24ρ d 2
 d
d



(4-9)

Heat Exchange:
m
∆m d
Q =  d c P,d ∆Td +
m do
 m do

Td


 − ∆h fg + ∫ c p,d dT  m
&

 do
T
ref



(4-10)

Mass Exchange:
M=

∆m d
& do
m
m do

(4-11)

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

52

4.3.6 User-Defined Functions

The calculations for the droplet dynamic interaction with the wall, and the droplet-wall
contact heat transfer effectiveness are introduced into FLUENT through user-defined functions.
The User-defined functions are written in the C programming language. They are then complied
using a “makefile” which invokes the system C compiler, and builds a native object code library.
The object code library is linked to FLUENT executable software during runtime.
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5.0 NUMERICAL SIMULATION FOR
ATMOSPHERIC CONDITIONS

5.1 Spray Dynamics
To illustrate the droplet-wall interaction using the correlation derived for the coefficient of
restitution as function of the impinging droplet normal Weber number, a simple case for single
droplet impaction is presented as shown in Figure 5.1. A single droplet with a diameter of 150
µm is injected at a velocity of 5.5 m/s in still air, and the droplet trajectory is traced along the
surface. Assuming the droplet does not break-up at those conditions, the impinging Weber
number is high at the first impact, but reduces drastically after that until finally the droplet drifts
away along the surface. Secondary impacts have low impacting energy which makes the droplet
bounces almost elastically at the wall.
The air jet stream and the droplet size have a major influence on the droplet behavior at the
wall. Figure 5.2 shows a stream of water droplets of diameters 10, 73, 137, and 200 µm injected
into an air stream with a velocity of 7 m/s. The drag force is seen to have a strong influence on
the droplet terminal velocity. Large droplets result in high terminal velocity and make it to the
surface, while small droplets drift away. Moreover, the droplet size influences the frequency of
impingements at the wall. Larger droplets retain enough momentum after impact to rebound and
impinge again on the surface. The airflow stream also has an effect on the frequency of
impingements, and the droplet rebound height. If the air velocity were to be very low, the
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droplets would impinge on a much smaller area than they would if the air velocity is high. With
higher air velocity, the droplets rebound height would be much lower because the air stream
tends to push the droplets closer to the wall.

Droplet Diameter = 150 µm
Droplet initial velocity = 5.5 m/s
o
Air Temp. = Water Temp. = 27 C

Wen = 49
en = 0.25

Wen = 0.48
en = 0.88
Wen = 0.09
en = 0.94
Wen = 0.17
en = 0.92

Figure 5.1 Effect of the multiple impingements on the droplet Weber number
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va = 7 m/s
Ynoz = 40 mm
d = 10 µm
d = 73 µm
d = 137 µm
d = 200 µm
Flow Stream

Plate

Figure 5.2 Surface interaction with various droplet diameters

Spray contact pressure is important in practical applications such as the descaling of the strip
in the hot rolling mill. Figure 5.3 shows a full conical spray using a cone angle of 13o, and
uniform droplets size of 100 µm. The water to air mass flow rate ratio is one to one. Figure 5.4
shows the flow streamlines, and Figure 5.5 shows the bulk-air velocity profile in the vertical
direction (y-direction).

Figure 5.6 shows the bulk-air static contact pressure at the wall.

Simulation results for several cases, presented in Figure 5.7, show the effect of the impinging
spray angle on the contact pressure. The impinging spray angle is defined as the angle that the
spray makes with the normal to the surface at the point of impact. The contact pressure is
resolved into two components: bulk air, and droplets contact pressure. Results are shown for a
dilute and for a dense spray. In the dilute case, the spray flow flux was 3.25 kg/m2.s, and in the
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dense spray case, the spray flow flux was 25 kg/m2.s. The effect of the droplet contact pressure
is larger than the bulk air contact pressure for dense sprays, while the opposite is true for dilute
sprays. Theoretically, an impinging spray angle of θi should cause the contact pressure to
decrease by a factor of cos2θi (shown by the theoretical line in Figure 5.7) because of the spray
angle effect on the coverage area, and the normal component of the incoming velocity. It would
be then reasonable to expect the droplets contact pressure to reduce by 50% if the impinging
spray angle increases to 45o from 0o. However, simulation results show the contact pressure to
be much lower for the dense case, while very close to 50% for the dilute case. A possible
justification for this is the weak effect of droplets interference for dilute sprays.

Spray Type: Slot Nozzle
Droplets Diameter = 100 µm
Droplets Initial Velocity = 10 m/s
Spray Angle = 13 deg.
Air Mass Flow Rate = 0.0674 kg/s
Air/Water Mass Flow rate = 1:1
o
Air Temp. = Plate Temp. = 27 C

Figure 5.3 Full conical spray (13o cone)
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Spray Type: Slot Nozzle
Droplets Diameter = 100 µm
Droplets Initial Velocity = 10 m/s
Spray Angle = 13 deg.
Air Mass Flow Rate = 0.0674 kg/s
Air/Water Mass Flow rate = 1:1
Air Temp. = Plate Temp. = 27 oC

0.139 kg/s

0.125 kg/s

0.132 kg/s

0.118 kg/s

0.112 kg/s
0.105 kg/s
0.099 kg/s
0.092 kg/s
0.086 kg/s
Plate

Figure 5.4 Flow streamlines

x

Spray Type: Slot Nozzle
Spray Angle = 13 deg.
Droplets Diameter = 100 µm
Droplets Initial Velocity = 10 m/s
Air Mass Flow Rate = 0.0674 kg/s
Air / Water Mass Flow Rate = 1:1
Air Temp. = Plate Temp = 27 oC

y

4.8 m/s
5.8 m/s
3.8 m/s
6.9 m/s
2.7 m/s
1.7 m/s
7.9 m/s
10 m/s

9.0 m/s

Plate

Figure 5.5 Contour of the air velocity profile in the vertical direction
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Spray Type: Slot Nozzle
Spray Angle = 13 deg.
Droplets Diameter = 100 µm
Droplets Initial Velocity = 10 m/s
Air Mass Flow Rate = 0.0674 kg/s
Air / Water Mass Flow Rate = 1:1
o
Air Temp. = Plate Temp = 27 C

14 Pa

82 Pa

31 Pa
99 Pa

48 Pa
65 Pa

Plate

112 Pa

Figure 5.6 Static contact pressure for bulk-air spray
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Water/Air Ratio = 1:1, G = 25 kg/m^2.s
Water/Air Ratio = 0.1:1, G = 3.25 kg/m^2.s
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va = 10 m/s
Air Flow Rate = 0.0674 kg/s
d = 100 µm
Ynoz = 40 mm
Tw = 27 oC
Tliq = 27 oC
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Impinging Spray Angle θi, deg.

Figure 5.7 Contact pressure for droplets and bulk air
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5.2 Heat Transfer Phenomena
5.2.1 Thermal Boundary Layer for Single Droplets
The development of the thermal boundary layer depends on the amount of water vapor
generated at the heated surface. Figures 5.8 (a) through 5.8 (d) show the effect of the size of a
single droplet on the development of the thermal boundary layer. This is the case where a single
droplet is injected at a very low incoming speed, and the surface temperature is low so that
perfect wetting occurs. The droplet trajectory is terminated at the surface where the droplet
completely evaporates. Because the vapor specific volume is greater than the water specific
volume by a factor of about one thousand, there is a tremendous amount of vapor generated at
the wall. Figure 5.8 shows four cases for different single droplet diameters. The thermal
boundary layer starts to bulge for large droplet diameters, up to a certain point where the
boundary layer bursts and the thermal plume overshoots. This overshooting phenomenon has a
localized effect on the medium in the vicinity of the wall as compared to a much wider surface
spread effect before bursting occurs.
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Boundary Layer Temperature ( C)
3
N = 96x10 drops/s

Single droplet
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Figure 5.8 (a) Thermal boundary layer developed from a single droplet evaporated at impact
(d = 100 µm)

Single droplet
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Figure 5.8 (b) Thermal boundary layer developed from a single droplet evaporated at impact
(d = 150 µm)
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Figure 5.8 (c) Thermal boundary layer developed from a single droplet evaporated at impact
(d = 200 µm)

Single droplet
Single droplet
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Figure 5.8 (d) Thermal boundary layer developed from a single droplet evaporated at impact
(d = 300 µm)
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5.2.2 Thermal Boundary Layer for a Full Spray
Using a full spray, the profile of the thermal boundary layer shows a minimum at the
stagnation point. Simulation results are presented in Figure 5.9 for a full conical spray with
mono-size droplets (uniform droplets) of 400 µm impinging on a heated metal plate. The
thermal boundary layer is shown to have a minimum thickness beneath the spray center, but
increases towards the edges. This is due to two factors: the maximum flow flux at the plate
center that results in maximum cooling, and the fact that the generated steam is being pushed
further away from the plate center by the newly incoming droplets.

Nozzle Type = Full Cone
Spray Angle = 13 deg.
d = 400 µm
Tw = 500 oC
Tliq = 27 oC
va = 10 m/s
& w = 0.005 kg/s
m
G = 1 kg/m2.s

C
L
Spray
o

122 C

o

169 C
o

216 C
o
263 C
o

311 C
o

358 C
o

405 C
o

453 C
o
500 C

Y
X
Plate

Figure 5.9 Thermal boundary layer for a full spray
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5.3 Comparison with Experimental Data
5.3.1 Droplet Distribution in the Spray
The current model for the droplet contact heat transfer and dynamic interaction with the wall
was developed based on empirical correlations for a single stream of water droplets. It would be
then interesting to simulate an actual full spray test to compare the results, and to check against
the validity of the model. The model is tested by simulating the spray experiment that was
conducted by Chang and Yao [18]. In this experiment, a full conical spray was injected on a
stainless steel plate of 101.6 mm in diameter, and 1 mm in thickness. Figure 5.10 shows a
schematic of the nozzle system.

It consists of an air-mist nozzle by Spraying Systems,

surrounded by an air chamber. The reason for the extra air flow is to produce finer droplet size
in the spray. The nozzle was situated at a distance of 40 mm above the plate. The air velocity
exiting the air chamber ranged between 0 and 50 m/s. The liquid flow flux at the plate center
(stagnation point) ranged between 2.5 and 7.5 kg/m2s. For these flow parameters, the nozzle
spray angle was 13o. The spray angle was found to increase slightly with the increase in either
the liquid or air flow rate. The plate was heated to 525 oC.
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Air

Water

Nozzle

Air
Chamber

Air
7.9 mm
13o

Figure 5.10 Schematic of the nozzle used in the experiment by Chang and Yao [18]

The droplet distribution count in this spray was experimentally determined by Sozbir and
Yao [17] and is shown in Figure 5.11. This droplet distribution corresponds to an operating air
and water gauge pressures of 14 and 10 psig, respectively. Based on the droplet size count, the
average droplet diameter by volume was estimated to be about 19.2 µm, while the average
Rosin-Rammler diameter was 40 µm. The Rosin-Rammler droplet distribution is based on the
assumption of an exponential relationship between the droplet diameter d and the mass fraction,
Md, of droplets with diameter greater than d. This mass fraction relationship is given by the
following expression [60]:
M d = e − (d / d )
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n

(5-1)

Where n is defined as the spread parameter for the Rosin-Rammler distribution. Based on the
droplet spray distribution, n was calculated to be 2.3. Figure 5.12 shows the Rosin-Rammler
distribution of the droplets.

Droplet Count in the Spray

1200

Average d (by volume) = 19.2 µm
Average d (Rosin Rammler) = 40 µm
Spread Parameter, n = 2.3
Spray Angle = 13o
Air Pressure = 14 psig
Water Pressure = 10 psig

1000

800

Data is Based on the Spray
Experiment by Sozbir & Yao
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Figure 5.11 Droplet count distribution (Based on the experiment by Sozbir and Yao [17])
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Figure 5.12 Rosin-Rammler distribution of the spray shown in Figure 5.11

5.3.2 A Detailed Comparison for the Heat Transfer Using a Full Conical Spray
Figures 5.13 shows a comparison between the simulated test and Chang’s experimental data.
The model was first tested to simulate the bulk air heat transfer coefficient as function of the air
velocity at the stagnation point. As shown in Figure 5.13, the model’s results compared very
well with Chang’s experimental data and with the correlation for air flow by Graham and
Ramadhyani [62] which is given by the following expression:
ha =

(

ka
Re 0.5 Pra0.4
d noz

)

(5-2)

Where,

Re =

va d noz
νa
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(5-3)

Next, water droplets were injected in an air stream (Figure 5.14), and the results were also
promising. The only deviation in the data occurred towards the edge of the plate where the
model predicted fewer droplets to surface interaction. The mist heat transfer coefficient was
calculated by subtracting from the total heat transfer coefficient the contribution due to radiation
and bulk-air heat transfer. Figure 5.15 shows a comparison between the mist heat transfer
coefficient as calculated using the model versus the test data by Chang and Yao for different
liquid mass fluxes. The deviation between the calculated and test data occurred at higher liquid
mass fluxes (~8 kg/m2.s) due to the flooding that becomes more significant at higher liquid mass
fluxes.
Figure 5.16 shows a comparison between the experimental data and the model simulation
using: 1) the real nozzle spray with non-uniform (multi-size) droplet diameter distribution
(Figure 5.11), and 2) a mono-size droplets spray of 15, 20 and 50 µm. For the mono-size
droplets spray, the cooling is non-uniform and fine droplets cannot make direct contact below the
jet impingement point due to the air drift. The finer the droplet size, the further away from the
jet impingement point they contact the wall. However, for the real non-uniform (multi-size)
droplet distribution spray the droplets will make contact at random locations with the largest
droplets hitting in the vicinity of the jet impingement point and the smaller droplets hitting
further away, resulting in very uniform cooling. Figure 5.17 shows the effect of using a spray
with non-uniform droplet distribution (multi-size droplets) on the cooling profile. For a spray
with non-uniform droplet distribution but the average droplet size is large (such as the case of a
multi-size droplet distribution with an average droplet size of 60 µm, as shown in Figure 5.17),
for the same mass flux, the droplet density will be low and the droplets will contact the wall at
scarce locations with the largest droplets in the vicinity of the jet impingement point (stagnation
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point) because of the high droplet inertia. Thus, the heat transfer profile will be non-uniform
with extreme cooling around the jet impingement point. On the other hand, for the same mass
flux but with a smaller average droplet size (such as the case of a multi-size droplet distribution
with an average droplet size of 19 µm, as shown in Figure 5.17), the droplet number density will
be much higher and so would be the droplet surface to wall surface contact area. Therefore, the
cooling will be more uniform.

Wall Temperature = 525 oC
Air = Water Temperature = 27 oC

2

Air Heat Transfer Coefficient (W/m .K)

10000
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100
Air Flow Only [Experimental data from Chang & Yao]
Graham & Ramadhyani Air Model
Air Flow Only (Model Simulation)

10
0
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40

50

60

Air Velocity, m/s

Figure 5.13 Simulation of the air heat transfer coefficient versus actual test data
for a conical spray
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Figure 5.14 Simulation of the total heat transfer coefficient versus actual test data
for a conical spray
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Figure 5.15 Mist heat transfer versus liquid mass flux
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Figure 5.16 Comparison in heat transfer coefficient using a spectrum of spray droplets
versus a mono-size droplet spray
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Figure 5.17 Effect of various multi-size droplets spray on the cooling profile
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5.3.3 Mist Heat Transfer for a Wide Range of Spray Densities

For a further validation of the model, model simulations for a wide range of spray densities
were also compared against experimental data from a variety of sources. Ortiz and Gonzalez
[19], and Ohkubo and Nishio [20] have experimentally determined the total heat flux for certain
spray operating conditions as shown in Figure 5.18. The total heat flux presented here is the sum
of the radiation, bulk air, and droplet contact heat fluxes. A base-line case was created from the
averaged conditions (nozzle exit We = 230, d = 100 µm, Tw = 150 oC) and was simulated for
dilute and dense sprays. According to Deb and Yao classification of sprays [47], a spray is
considered dilute if the mass flow flux is less than 2 kg/m2.s, and dense if it is greater than that.
The experimental data and the model prediction for the base-line case were plotted against the
liquid mass flux. The model predictions below 2 kg/m2.s were quite satisfactory. Above 2
kg/m2.s, the model slightly over predicted the heat flux. This is because the experimental data
shows a trend of heat transfer saturation at higher mass fluxes caused by the droplet-to-droplet
interaction at dense sprays. This phenomenon was not accounted for in the current numerical
model. Also shown in Figure 5.18 are the model predictions for the maximum possible heat
flux. This condition is a theoretical one, and only exists for perfect wetting where all the
droplets evaporate at impact.
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Figure 5.18 Experimental versus computational heat flux for various liquid mass fluxes
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6.0 NUMERICAL SIMULATION FOR
HIGH AND SUB-ATMOSPHERIC PRESSURE CONDITIONS

6.1 Thermal Boundary Layer

The development of the thermal boundary layer is strongly affected by the ambient pressure.
Figures 6.1 (a) through 6.1 (d) show the thermal boundary layer developed from the complete
evaporation of a single droplet (150 µm in diameter) on a heated wall at ambient pressures of
0.1, 1, 5, and 10 atmospheres. The vapor that is generated from the droplet evaporation results in
a thermal plume that is well developed at atmospheric and sub-atmospheric pressures, but is
more suppressed as the ambient pressure increases. This is because of the fact that as the
pressure increases so does the vapor density, which results in a decrease in the specific volume
of the vapor in the flowing plume. As a result, the thermal plume becomes more confined to the
wall proximity; thus, a much thinner thermal boundary layer thickness develops at higher
pressures. Figures 6.2 (a) through 6.2 (d) show the thermal boundary layer developed from the
complete evaporation of a larger droplet size of 300 µm in diameter. With the larger diameter,
more vapor is generated such that an eruption in the thermal boundary layer occurs. At lower
pressures, the eruption is narrowly focused over a smaller area and overshoots with much higher
speed, while at higher pressures the eruption diffuses at a slower rate over a larger area but
remains in a closer proximity to the heated wall. As the hot gas (thermal plume) is ejected away
from the wall, colder air circulates to displace the hot gas. This results in an increase in the
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thermal gradient across the wall, which causes an increase in the wall heat flux and, therefore,
improves the cooling efficiency.
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Figure 6.1 Thermal boundary layer developed from single droplet evaporation
(Temperature in oC)
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Figure 6.2 Thermal boundary layer developed from single droplet evaporation
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6.2 Droplet-Wall Interaction for Stream Impingements

Figures 6.3 (a) through 6.3 (f) show the model’s simulation of the droplet evaporation history
as it impinges on a heated surface under different ambient pressures. In this case, the droplet is
ejected with an initial diameter of 200 µm, and the surface temperature is held at 525 oC. During
its trajectory, the droplet undergoes transient heating. As the pressure increases, the water at the
droplet surface evaporates more easily due to the much-reduced latent heat of vaporization. As a
result, the droplet size reduces quickly during the flight, as the figures show. It should also be
noted that as the pressure increases, the heat transfer mode also changes. For the case of 1 atm
(Figure 6.3 (b)), the droplet impinges on the surface with non-wetting contact (film boiling). As
the pressure increases while keeping the surface temperature held at 525 oC (Figures 6.3 (c)
through 6.3 (f)), the droplet contact heat transfer mode shifts closer to the wetting regime. This
causes an increase in the droplet heat transfer effectiveness, and the droplet to evaporate faster.
On the other hand, as the pressure decreases to sub-atmospheric levels (Figure 6.3 (a)), the heat
transfer mode shifts further into the film boiling regime, and therefore, the droplet contact heat
transfer effectiveness may decrease more.
It is also shown in Figures 6.3 (a) through 6.3 (f) that the droplet velocity reduces
significantly as the pressure increases. This is due to the increase in the ambient density, and
therefore to the increase in the drag force acting on the droplet. At higher pressures, the droplet
is kept closer to the wall, and the frequency of the droplet impingements increases. The reason
for this is that the droplet does not lose a lot of momentum as it impinges on the wall at higher
pressures because the droplet Weber number is so small that the droplet impaction is close to an
elastic one (where the droplet normal coefficient of restitution ~ 1). This causes an increase in
the number of impingements until the droplet eventually completely evaporates.
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A stream of droplets with the following diameters: 10, 48, 86, 124, 162 and 200 µm were
injected into an air stream. The air and water mass flow rates were 0.028 and 1.2x10-3 kg/s,
respectively. The surface temperature was held at 525 oC. Simulation was generated for the
following ambient pressures: 0.5, 1, 2, 5, 10 and 30 atm. Figures 6.4 (a) through 6.4 (f) show
the interaction between the droplet stream and the heated wall for the different ambient
pressures. In all the cases, the 10 µm droplet was too small to make it to the surface. As a result,
it drifted along the streamlines and evaporated. The evaporation occurred much quicker as the
pressure increased because of the decrease in the latent heat of vaporization. With the increase
in ambient pressure, droplets with larger diameters also completely evaporated. For instance, it
was observed that at 10 and 30 atm, all the droplets completely evaporated on the surface, and
that the evaporation occurred much quicker with higher pressures. As discussed earlier, more
vapor was also generated at impaction due to the shift in the droplet contact boiling regime from
film boiling at atmospheric pressure to nucleate boiling regime at high pressures. It was also
noticed that for all the droplet sizes, the larger the droplet, the higher was the rebound height
because larger droplets had higher inertia. It was shown that for all the droplets, the rebound
height decreased with the increase in pressure due to the higher vapor density and higher
dynamic viscosity of the air.
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Figure 6.3 Droplet bounce and evaporation for d = 200 µm, Tw = 525 oC
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Figure 6.4 Droplet-wall interaction using multiple streams of droplets
(Tw = 525 oC, mass flow: air = 0.028 kg/s, water = 1.2x10-3 kg/s)
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6.3 Heat Transfer for Single Stream Impingements

New sets of droplet contact boiling curves were developed for various high and subatmospheric pressure conditions based on the literature review for droplet impingements.
Typical examples for droplet contact boiling curves were shown in Figures 3.17, 3.18 and 3.19
for 0.1, 5 and 50 atmospheres. Incorporating these boiling curves into the numerical model, high
pressure and sub-atmospheric pressure conditions can now be simulated. This is implemented
with the FLUENT code as an extension of our previous simulation for atmospheric pressure
applications.
In order to check for the sensitivity and the validity of the model to the various operating
pressures, the spray experiment conducted by Halvorson [22] was simulated. In this experiment,
a single stream of droplets impinges on a heated plate with wetting contact. The droplet
injections were done in a pressurized chamber using three different gauged needles that produced
droplet diameters ranging from 2.3 mm to 3.9 mm. The droplet impact average velocity was
about 1.3 m/s, and the droplet mass flux ranged from 0.15 kg/m2.s to 1.6 kg/m2.s. The heated
surface was nickel-plated. The model was simulated for the following chamber pressures: 0.1,
0.5, 1, 2, 5 10, 30 and 50 atmospheres. Experimental data by Halvorson were available for
comparison at 0.1, 0.5, 1, and 2 atm. At 5, 10, 30 and 50 atm, the results were based on the
model predictions for high operating pressure conditions. Figures 6.5 through 6.8 show the
droplet total heat flux (at the critical heat flux point) as function of the mass flow flux for both
the experimental data and the model predictions. The total heat flux accounts for the mist heat
flux, radiation, and air convection arising from the local evaporation at the surface. Figure 6.9
shows point-to-point comparison between the experimental data and the model predictions. The
results reveal a good agreement between Halvorson experimental data and the model predictions.
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The almost linear relationship between the critical heat flux and the mass flux shows the spray
behaves like an ideal one. The likelihood of the droplets interaction and flooding on the surface
is very small at those relatively low mass fluxes (i.e., dilute spray conditions). Figure 6.10
shows the model predictions at 5, 10, 30 and 50 atmospheres (in addition to the results from
Figures 6.5 through 6.8) for the total heat flux as function of the mass flow flux. Figure 6.11
shows the total heat flux and droplet contact heat transfer effectiveness at the mass flow flux of 2
kg/m2.s for the simulated pressures. This mass flux corresponds to the stagnation point in the
spray along the wall. The 50 atm ambient pressure was found to produce a 73% increase in the
critical heat flux from that at atmospheric pressure for the same mass flux, while the 0.1 atm
pressure results in a 60% decrease in the critical heat flux. At 50 atm, the peak in the droplet
contact heat flux is very close to the maximum that can be achieved. According to experimental
data for pool boiling (shown in Figure 3.16), the peak in the critical heat flux was found to occur
somewhere between 1/4 to 1/3 of the critical pressure for water (which is between 54 and 73
atm). For single droplet impaction, the peak in the droplet contact heat flux is also assumed to
occur between 1/4 to 1/3 of the critical pressure.
The droplet contact heat transfer effectiveness, which is the ratio of the actual heat transfer
induced by the droplet contact to the maximum possible heat transfer that can be achieved,
decreases from 0.45 at 1 atm to 0.25 at 0.1 atm, but increases to 0.6 at 50 atm. There was no
noticeable change in the heat transfer effectiveness from 30 atm to 50 atm. The reason for this is
that based on our definition of the effectiveness, the actual droplet heat transfer and the
maximum possible heat removal by the droplet have both increased in similar proportions at
these high pressures. The actual droplet contact heat transfer was calculated based on the
extrapolation from experimental data (shown in Fig. 3.15). The maximum possible heat removal
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by the droplet was calculated based on equation 3-6. At high pressures, as shown in Figure 6.12,
the sub-cooling of the droplet has a significant effect on the absorption of heat. This is because
of the fact that with the increase in pressure, the saturation temperature also increases, and
therefore a large portion of heat is needed to increase the droplet temperature towards the
saturation temperature. Figure 6.12 shows that at 50 atm, the droplet sub-cooling accounts to
35% of the maximum possible heat removal by the droplet, compared to 11% at atmospheric
pressure and to 3% at a sub-atmospheric pressure of 0.1 atm. The increase in droplet sub-cooling
is also accompanied by a decrease in the latent heat of vaporization making droplet evaporation
much easier at higher pressures.
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Figure 6.5 Total heat flux versus liquid mass flux for single stream injection at 0.1 atm
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Figure 6.6 Total heat flux versus liquid mass flux for single stream injection at 0.5 atm
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Figure 6.7 Total heat flux versus liquid mass flux for single stream injection at 1 atm
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Figure 6.8 Total heat flux versus liquid mass flux for single stream injection at 2 atm
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Figure 6.9 Model predictions versus experimental data for single stream injection
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Figure 6.10 Comparison between the total heat flux at various ambient pressures
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Figure 6.11 Total heat flux and droplet contact heat transfer effectiveness at 2 kg/m2.s for
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Figure 6.12 Droplet sub-cooling versus ambient pressure

6.4 Heat Transfer for a Full Spray

One of the challenges in air mist cooling is to understand the effect of the droplet size on the
heat transfer enhancement and the uniformity of cooling. The droplet size is an important factor
because it affects the amount of deposition on the surface. It will be shown that the desirable
droplet size to be used in the spray depends strongly on the system pressure.
Figure 6.13 shows the spray mist heat transfer coefficient for the following ambient
pressures: 0.5, 1 and 10 atm. In this case a full conical spray type is injected onto a stainless
steel plate at 525 oC. The initial air and droplet temperature is 27 oC. For all ambient pressures
cases, the air and water mass flow rates are 2x10-3 and 10-4 kg/s, respectively. The spray has a
spectrum of droplet diameters with an average of 19.2 µm by volume (see Figure 5.11).
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Compared to the case at 1 atm, and for the same air and water mass flow rate, simulation of the
spray at 10 atm ambient pressure shows the droplets to impinge on the surface at a much-reduced
velocity due to the 10 times increase in the air density. The reduction in the droplet speed causes
the droplets to scatter over a wide area with more droplets drifting away. Figure 6.14 shows the
spray mist at 10 atm, and Figure 6.15 shows the spray mist at 1 atm. Simulation also shows that
at 10 atm the droplets evaporate much easier than at 1 atm as they flow through the air stream.
Simulation shows that about 65% of the original spray mass evaporated at 10 atm, compared to
15% at 1 atm. This is due to the reduction in the enthalpy of vaporization at 10 atm. Therefore,
droplets that make it to the surface, impinge with both a much lower velocity and smaller
diameter compared to the case at 1 atm. As a result, the droplet impinging Weber number
decreases sharply which in turn causes a drastic decrease in the droplet contact heat transfer
effectiveness (as shown in Figure 6.13).
For the low sub-atmospheric pressure of 0.5 atm, and for the same air and water mass flow
rate, the droplets are injected with a velocity 2 times greater than that at 1 atm. This is because
the air density at 0.5 atm is 50% of that at 1 atm. With a much higher injection velocity at 0.5
atm and with a much less air drag acting on the droplets, the droplets reach the surface with a
much higher velocity than the case at 1 atm. This causes a drastic increase in the droplet
momentum, and the droplets hit mostly at the jet impingement point. The result is a non-uniform
cooling of the surface, with high cooling occurring at the plate center, and a sharp decrease in the
cooling further away from the center (Figure 6.13). Figure 6.16 shows the spray mist at 0.5 atm.
Simulation shows that about 9.4% of the original spray mass evaporated at 0.5 atm, compared to
15% at 1 atm. This is because at sub-atmospheric pressure, it is more difficult for the droplet to
evaporate due to the increase in the enthalpy of vaporization. Therefore, with higher impinging
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velocity and with a larger droplet size at impact, the impinging droplet Weber number increases
drastically in comparison with the case at 1 atm. The increase in the droplet Weber number
causes an increase in the droplet contact heat transfer effectiveness (as was shown in Figure
6.13).
Figure 6.17 shows the mist heat transfer coefficient at 0.5, 1, and 10 atm, whereas in this
case, larger droplets size are used in the spray at 10 atm, and finer droplets are used at 0.5 atm.
The spray at 10 atm has an average droplet size by volume of 60 µm (min d = 28 µm, max d =
198 µm), while the spray at 0.5 atm has an average droplet size of 7.6 µm (min d = 3.6 µm, max
d = 25 µm). At 10 atm ambient pressure, for the same amount of air and water mass flow rate
used earlier, and with larger droplets (60 µm compared to 19.2 µm), the spray has lower droplet
number density but a higher droplet momentum. Figure 6.18 shows the spray mist at 10 atm.
More droplets make impact at the center of the plate (Figure 6.17) than when finer droplets are
used (Figure 6.13), and the number of droplets that drift decreases sharply. With larger droplets,
the impinging Weber number increases, and the chances that the droplets would make multiple
impingements also increases.

This causes an increase in the droplet contact heat transfer

effectiveness.
On the other hand, with the decrease in the droplets average size from 19.2 µm to 7.6 µm at
the 0.5 atm case, and for the same water and air mass flow rate, the spray has a higher droplet
number density but a lower droplet momentum. As a result, the droplets would hit at the jet
impingement point with lower impacting Weber numbers. Therefore, the cooling will be less at
the center but more uniform and spreads out to a larger area (as seen in Figure 6.19). The
decrease in the droplet Weber number at the jet impingement point would cause a decrease in the
heat transfer effectiveness. This can be seen by comparing Figure 6.17 with Figure 6.13. Figure
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20 shows the effect of increasing the water mass flow rate (while keeping the air mass flow rate
the same) on the mist heat transfer coefficient for different ambient pressures. The model
predicts linear dependency because it does not account for the flooding that occurs on the
surface. Also seen is that higher pressures lead to higher mist heat transfer in the spray, thus
causing an enhancement in the cooling process.

Spray Type: Full Cone
Spray Angle = 13 deg.
Avg. d = 19.2 µm (by volume)
Min d = 9 µm
Max d = 63 µm
Air Mass Flow Rate = 2x10-3 kg/s
Water Mass Flow Rate = 10-4 kg/s
Air & Water Inlet Temp. = 27 oC
Plate Temp. = 525 oC
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Figure 6.13 Mist spray heat transfer coefficient profile versus ambient pressure

90

Spray Type: Full Cone
Spray Angle = 13 deg.
Nozzle Exit Diameter = 7.9 mm
Avg. d = 19.2 µm (by volume)
Air Mass Flow Rate = 2x10-3 kg/s
Water Mass Flow Rate = 10-4 kg/s
Injection Velocity = 3.5 m/s
Air & Water Temp. = 27 oC
Plate Temp. = 525 oC

Figure 6.14 Mist spray pattern at 10 atm ambient pressure (Avg. d = 19.2 µm by volume)

Spray Type: Full Cone
Spray Angle = 13 deg.
Nozzle Exit Diameter = 7.9 mm
Avg. d = 19.2 µm (by volume)
Air Mass Flow Rate = 2x10-3 kg/s
Water Mass Flow Rate = 10-4 kg/s
Injection Velocity = 35 m/s
Air & Water Temp. = 27 oC
Plate Temp. = 525 oC

Figure 6.15 Mist spray pattern at 1 atm ambient pressure (Avg. d = 19.2 µm by volume)
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Spray Type: Full Cone
Spray Angle = 13 deg.
Nozzle Exit Diameter = 7.9 mm
Avg. d = 19.2 µm (by volume)
Air Mass Flow Rate = 2x10-3 kg/s
Water Mass Flow Rate = 10-4 kg/s
Injection Velocity = 70 m/s
Air & Water Temp. = 27 oC
Plate Temp. = 525 oC

Figure 6.16 Mist spray pattern at 0.5 atm ambient pressure (Avg. d = 19.2 µm by volume)
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Figure 6.17 Mist spray heat transfer coefficient versus ambient pressure using larger drop size
for high pressure and smaller drop size for low pressure
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Spray Type: Full Cone
Spray Angle = 13 deg.
Nozzle Exit Diameter = 7.9 mm
Avg. d = 60 µm (by volume)
Air Mass Flow Rate = 2x10-3 kg/s
Water Mass Flow Rate = 10-4 kg/s
Injection Velocity = 3.5 m/s
Air & Water Temp. = 27 oC
Plate Temp. = 525 oC

Figure 6.18 Mist spray pattern at 10 atm ambient pressure (Avg. d = 60 µm by volume)

Spray Type: Full Cone
Spray Angle = 13 deg.
Nozzle Exit Diameter = 7.9 mm
Avg. d = 7.6 µm (by volume)
Air Mass Flow Rate = 2x10-3 kg/s
Water Mass Flow Rate = 10-4 kg/s
Injection Velocity = 70 m/s
Air & Water Temp. = 27 oC
Plate Temp. = 525 oC

Figure 6.19 Mist spray pattern at 0.5 atm ambient pressure (Avg. d = 7.6 µm by volume)
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Figure 6.20 Effect of liquid loading on the mist spray heat transfer coefficient
for different ambient pressures

6.5 Spraying in Engine-Like Conditions

For the last decade or so, a variety of experiments have been conducted on the fuel spray
impingement for diesel engine applications. Those experiments provided a great deal of detail
on the structure of the impinging sprays, and on the interaction of the spray with the wall at high
operating pressures. Sakane et al. [26], Mirza [27], Katsura et al. [28], Fujimoto et al. [63],
Senda et al. [29], Saito et al. [30], and Guerrasi and Champoussin [31] are among the researchers
who have been studying diesel spray-wall impingement. In the majority of those tests, the
experimental setup and the spray operating conditions were similar. A single nozzle with a
diameter ranging between 0.2 and 0.3 mm was often used. The nozzle to wall distance ranged
between 24 and 50 mm, with the chamber being pressurized between 1 atm and 30 atm. The
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spray average diameter ranged between 19 and 40 µm. The average velocity of the droplets in
the flow ranged from 30 to 40 m/s. The only disadvantage in all those experiments is that they
were conducted with the wall temperature being at room temperature (~ 20 oC). Nevertheless,
the information those experiments provide such as the sensitivity of the spray height to the
variation in the operating pressure is very valuable. Figure 6.21 is a summary of compiled data
from diesel spray research showing the variation in the spray height as function of the ambient
pressure.

It is shown that as the ambient pressure increases, the impinging spray height

increases, but only slightly (about 15% increase in the spray height as the pressure increases
from 1 to 30 atm). One possible explanation for this is that as the pressure increases, the increase
in the drag force against the droplets results in a reduction in the velocity of the impinging
droplets, making more droplets rebound from the wall. This happens because the droplets retain
more of the momentum they had before the impact, and therefore rebound with a slightly higher
velocity that leads to a slight increase in the rebound height. Using the above engine-like spray
settings and operating conditions, simulations were conducted using our model. Figures 6.22
through 6.24 show the non-evaporative spray-wall impingement at 0.1, 1, and 30 atm ambient
pressures for a nozzle dispersing multi-size (non-uniform) droplets with an average droplet
diameter of 30 µm by volume (min d = 14.4 µm, max d = 100.8 µm). The sub-atmospheric
pressure of 0.1 atm was simulated just for a comparison purpose. For the same initial spray
velocity of 35 m/s, the droplets were seen to reflect with a slightly higher velocity (11.1 m/s
compared to 8.19 m/s) as the pressure increases from 1 atm to 30 atm resulting in a slight
increase in spray height. More droplets are also seen to drift along side the wall at 30 atm. For
the engine-like conditions at 30 atm, the simulation was in agreement with what was observed
experimentally by the researchers mentioned earlier regarding to the reflected spray height. On
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the other hand, in sub-atmospheric conditions (0.1 atm), the drag force acting on the droplets is
lower due to the lower ambient density. This causes the droplets to impinge ballistically; thus,
resulting in much higher rebound as shown in Figure 6.22. The droplet rebound velocity was
about 5.98 m/s compared to 8.19 m/s at 1 atm.
Figure 6.25 shows the evaporative spray-wall impingement at 30 atm on a surface heated to
300 oC. With a heated surface, the droplet rebound velocity is seen to decrease to 9.73 m/s
compared to 11.1 m/s for the non-heated surface. This is because for the operating flow
conditions, about 12% of the spray mass evaporates. With less mass, the droplets rebound with
less momentum, and therefore, lower rebound velocities and rebound heights. A comparison
between the evaporative and the non-evaporative cases shows a slight increase in the droplet drift
for the evaporative case which is attributed to the reduced droplets size.

Spray
Height

Spray Height / (Spray Height)

1atm

1.8
1.6

Droplet Diameter = 19-40 µm
Noz.-to-Wall Dist. = 24-50 mm
Noz. Diameter = 0.2 - 0.3 mm
o
Wall Temp. = 20 C
Spray Avg. Velocity at Injection = 30-40 m/s

1.4
1.2
1.0
0.8

Based on
Model Simulation

Based on
Diesel Spray Data

0.6
0.4
0.2
0.0
0.01

0.1

1

Diesel Spray-Wall Impaction:
Based on test data by:
- Sakane et al.
- Mirza et al.
- Katsura et al.
- Fujimoto et al.
- Senda et al.
- Saito et al.
- Guerrassi & Champoussin
- Coghe et al.

10

100

Ambient Pressure, atm

Figure 6.21 Spray height versus ambient pressure in engine-like conditions
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Spray Type: Full Cone
Spray Angle = 13 deg.
Nozzle Exit Diameter = 0.3 mm
Avg. d = 30 µm (by volume)
Spray Initial Velocity = 35 m/s
Water Mass Flow Rate = 4x10-3 kg/s
Air & Water Temp. = 27 oC
Plate Temp. = 27 oC

Figure 6.22 Non-evaporative mist spray pattern at 0.1 atm

Spray Type: Full Cone
Spray Angle = 13 deg.
Nozzle Exit Diameter = 0.3 mm
Avg. d = 30 µm (by volume)
Spray Initial Velocity = 35 m/s
Water Mass Flow Rate = 4x10-3 kg/s
Air & Water Temp. = 27 oC
Plate Temp. = 27 oC

Figure 6.23 Non-evaporative mist spray pattern at 1 atm
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Spray Type: Full Cone
Spray Angle = 13 deg.
Nozzle Exit Diameter = 0.3 mm
Avg. d = 30 µm (by volume)
Spray Initial Velocity = 35 m/s
Water Mass Flow Rate = 4x10-3 kg/s
Air & Water Temp. = 27 oC
Plate Temp. = 27 oC

Figure 6.24 Non-evaporative mist spray pattern at 30 atm (engine-like conditions)

Spray Type: Full Cone
Spray Angle = 13 deg.
Nozzle Exit Diameter = 0.3 mm
Avg. d = 30 µm (by volume)
Spray Initial Velocity = 35 m/s
Water Mass Flow Rate = 4x10-3 kg/s
Air & Water Temp. = 27 oC
Plate Temp. = 300 oC

Figure 6.25 Evaporative mist spray pattern at 30 atm (engine-like conditions)
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7.0 CONCLUSIONS

7.1 Major Contributions

A numerical model based on the Lagrangian tracking of droplets was developed for the
purpose of studying the mist cooling on metallic surfaces heated in the temperature range
between nucleate and film boiling. The model simulates the droplet-wall interaction, and the
droplet contact heat transfer as function of the impinging droplet Weber number. The model was
tested at atmospheric pressure using experimental data for nozzles that dispense a spectrum of
non-uniform droplets. Favorable comparison with the experimental data was demonstrated.
The model’s capability was also extended to simulate high and sub-atmospheric pressure
conditions by properly accounting for the droplet-wall impaction and the air-mist heat transfer
mechanism as function of the ambient pressure. With the lack of experimental data performed
using full sprays, the model was tested against available experiments that have been conducted
using single stream droplet impactions at various ambient pressures. The model’s simulation and
the experimental data also compared well.
The attempt of numerically modeling the droplet-wall impaction dynamics and contact heat
transfer has not been addressed before. This is the first time a model is developed to simulate the
dynamic behavior of the droplets with multiple droplet-wall collisions, and also the first time a
model considers the effect of droplet impinging Weber number on the droplet contact heat
transfer effectiveness with a realistic comparison to experimental results.
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Spray simulation conducted for a wide range of pressures reveals the following primary key
issues regarding to the droplet dynamics, heat transfer and vaporization:
1) Droplet Dynamics. At higher pressures, the larger the droplet size the better is the
droplet-wall impaction. With the increase in the drag force (due to the increase in the
ambient density), droplet-drifting behavior increases. Therefore, at higher pressures
larger droplets are able to hit the surface and spread better at impaction. On the other
hand, for sub-atmospheric pressures, larger droplets have a detrimental effect due to their
ballistic and localized impaction near the stagnation point. This is caused by the much
reduced air resistance due to the lower ambient density. For all ranges of pressure, a
spray dispersing a spectrum of non-uniform droplets always have the larger droplets
impinge closer to the center (due to the higher momentum), while the smaller droplets
impinge further away due to the lower momentum associated with smaller droplets.
2) Droplet Heat Transfer. At higher pressures, the Leidenfrost point shifts to a higher
temperature.

This leads to an increase in the wetting capability of the droplets at

impaction, and therefore, to a higher droplet contact heat transfer effectiveness.
3) Droplet Vaporization.

At high ambient pressures, more vapor is generated at each

droplet impaction on the surface.

This is due to the much-reduced latent heat of

vaporization at higher pressures. The result is an increase in the droplet contact heat
transfer effectiveness.

Simulations also reveal the following secondary issues:
- The cooling profile depends on the size of the dispersed droplets in the air-mist spray.
Sprays with mono-size droplets can result in a non-uniform cooling pattern, and fine
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droplet sizes can hit further away from the jet impingement point due to the air drift. On
the other hand, sprays dispersing a wide spectrum of droplet sizes will contact the wall at
random locations; thus resulting in a much uniform cooling profile.
- The droplet cooling effectiveness is a strong function of the ambient pressure, and
increases quite rapidly with the pressure at lower pressures. This effect decreases as the
ambient pressure approaches the critical peak at which maximum droplet cooling can be
achieved.
- For the same amount of liquid loading, and for low-pressure applications, larger droplets
result in a more non-uniform cooling profile than smaller droplets. This is because the
ballistic impaction of larger droplets causes a sharp increase in the heat transfer near the
stagnation point. On the other hand, for high-pressure applications, larger droplets result in
better heat transfer profile than smaller droplets, since larger droplets are more able to
impact the wall, and drift less.
- The profile of the thermal boundary layer depends on the amount of water vapor generated
from the droplet evaporation at the wall, and also on the ambient pressure. The evaporation
of larger droplets causes a violent eruption in the thermal boundary layer. With larger
droplets, the higher the thermal plume is ejected away from the wall. Also, with the
increase in ambient pressure, the ejected thermal plume diffuses over a wider region but
remains closer to the wall.
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7.2 Suggestions for Further Research

The following topics are suggested for further research:
- Investigate the spray-wall impaction using diesel fuel. This is applicable to the spray direct
injection in diesel engines. Diesel fuel has distinct thermo-physical properties than water.
Moreover, the wall temperature in the engine cylinder is much lower than that of the strip
in the strip cooling applications. Therefore, the bouncing behavior of diesel droplets on the
cylinder wall may be different.
- Investigate the diesel-spray heat transfer effectiveness based on single droplet multiple
impactions using the current model with the proper modification done to the model.
Empirical correlations for the droplet contact heat transfer similar to those generated for
water droplets, can also be developed for diesel fuel as function of the cylinder
compression pressure and wall temperature. The model can then be validated against
experiments that have already been conducted and published in the diesel-spray research.
- The current research of this dissertation can also be expanded to simulate the high-pressure
air-mist cooling through gas turbine airfoils. This shall provide more insight into the
optimal flow conditions, droplet size distribution, and liquid loading for best heat transfer
enhancement of the gas turbine airfoils. The predictions by this model can be compared
with the results of well-instrumented high-pressure air-mist experiments conducted on the
gas turbine airfoils.
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APPENDIX A

APPENDIX A

CALCULATION OF THE DROPLET VAPOR MASS

The droplet vapor mass released at the heated wall during impaction can be calculated from
the droplet enthalpy change (difference between the droplet enthalpy before and after impact).
In order to calculate for the vapor mass, we need to know the amount of heat transferred during:
1) Complete droplet evaporation, and
2) Partial droplet evaporation.

1. Complete Droplet Evaporation (ε = 1)

This is the case where the droplet trajectory is terminated at the surface and the droplet
completely evaporates. The undergoing process is as follows. An impinging liquid droplet of
temperature Td would transform into vapor when its temperature reaches saturation (Tsat). The
vapor, which is in the vicinity of the wall, would now superheat to the wall temperature (Tw).
The figure below illustrates the enthalpy change of the droplet during this process.
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H

Tref

Tsat

Droplet @ T d

Droplet @ T sat

Tw
Vapor @ T w

Figure A-1 Droplet enthalpy change before and after impact
(Complete droplet evaporation)

a) Droplet Enthalpy before Impact:
Let Tref be the reference temperature for the calculation of the enthalpy change of the
droplet. The droplet enthalpy before impact is:
Td

H1 = m d ∫ c p,d dT = m d c p,d Td
Tref

( Td < Tsat )

(A-1)

b) Droplet Enthalpy after Impact:
The droplet enthalpy after impact is:
Tw
Tsat
 Td

H 2 = m v  ∫ c p,d dT + ∫ c p,d dT + ∆h fg + ∫ c p,v dT 
Tref

Tsat
Td
= m v c p,d Td + c p,d (Tsat − Td ) + ∆h fg + c p,v (Tw − Tsat )

{

}
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(A-2)

c) Droplet Enthalpy Change:
The droplet enthalpy change is calculated by subtracting the droplet enthalpy after impact
from the droplet enthalpy before impact. The change in enthalpy is the actual amount of
heat transferred during this process (complete droplet evaporation).
q100% = H 2 − H1

{

}

= m d c p,d (Tsat − Td ) + ∆h fg + c p,v (Tw − Tsat )

(A-3)

2. Partial Droplet Evaporation (ε < 1)

For the case of partial droplet evaporation, the process is slightly different. A fraction of the
impinging droplet mass (md) will be converted to vapor (mv) which will be heated to the
saturation temperature (Tsat) and subsequently the vapor will superheat to the wall temperature
(Tw). The remaining mass of the droplet (md – mv) will remain as liquid at temperature Tsat. The
following figure illustrates this process.

mv

Droplet @ T d

md

Vapor @ T w

Droplet @ T sat

md – m v

Droplet @ T sat

Figure A-2 Droplet enthalpy change before and after impact
(Partial droplet evaporation)
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a) Droplet Enthalpy before Impact:
The droplet enthalpy before impact is similar to that calculated in section 1.
Td

( Td < Tsat )

H1 = m d ∫ c p,d dT = m d c p,d Td
Tref

(A-4)

b) Droplet Enthalpy after Impact:
The droplet enthalpy after impact has two contributions: vapor part, and a liquid part.
Vapor Part
Tsat
Tw
 Td

H 2 = m v  ∫ c p,d dT + ∫ c p,d dT + ∆h fg + ∫ c p,v dT 
Tref

Td
Tsat
= m v c p,d Td + c p,d (Tsat − Td ) + ∆h fg + c p,v (Tw − Tsat )

{

}

(A-5)

Liquid Part
Tsat
 Td

H 3 = (m d − m v ) ∫ c p,d dT + ∫ c p,d dT 
Tref

Td
= (m d − m v ) c p,d Td + c p,d (Tsat − Td )

{

(A-6)

}

c) Droplet Enthalpy Change:
The amount of heat transferred for partial droplet evaporation is calculated by subtracting
the droplet enthalpy before impact from the droplet enthalpy after impact as follows:
q partial = H 3 + H 2 − H1

{

}

= (m d − m v ) c p,d Td + c p,d (Tsat − Td )

{

}

+ m v c p,d Td + c p,d (Tsat − Td ) + ∆h fg + c p,v (Tw − Tsat )

= m d c p,d (Tsat − Td ) + m v ∆h fg + m v c p,v (Tw − Tsat )
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− m d c p,d Td

(A-7)

d) Calculation of the Vapor Mass:
The portion of the droplet mass that is released as vapor during impact is calculated by
considering the heat that is released during partial evaporation to be a fraction of the
maximum possible heat can be released when complete droplet evaporation occurs. We
refer to this fractional factor by the droplet heat transfer effectiveness, ε.
q partial = ε q100%
⇒ mv =

(ε − 1)m d c p,d (Tsat − Td ) + εm d ∆h fg + εm d c p,v (Tw − Tsat )
c p, v (Tw − Tsat ) + ∆h fg
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(A-8)

APPENDIX B

APPENDIX B

DROPLET CONTACT HEAT TRANSFER EFFECTIVENESS

The droplet contact heat transfer effectiveness is calculated as function of the ambient
pressure as follows. For impinging normal Weber numbers that are between the upper and lower
bounds, the heat transfer effectiveness is interpolated.
0.1 atm Ambient Pressure
@ Wen ≤ 19,
 π

ε = 0.075 + 0.0555 cos
[(Tw − Td ) − 74.3]
 445.7


(B-1)

 π

ε = 0.285 + 0.175 cos
[(Tw − Td ) − 74.3]
 445.7


(B-2)

 π

ε = 0.095 + 0.075 cos
[(Tw − Td ) − 89.6]
 449


(B-3)

 π

ε = 0.355 + 0.245 cos
[(Tw − Td ) − 89.6]
 449


(B-4)

@ Wen = 483,

0.2 atm Ambient Pressure
@ Wen ≤ 19,

@ Wen = 483,
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0.5 atm Ambient Pressure
@ Wen ≤ 19,
 π

ε = 0.115 + 0.095 cos
[(Tw − Td ) − 109.7]
 463.6


(B-5)

 π

ε = 0.45 + 0.32 cos
[(Tw − Td ) − 109.7]
 463.6


(B-6)

 π

ε = 0.113 + 0.138 cos
[(Tw − Td ) − 130]
 470


(B-7)

 π

ε = 0.535 + 0.355 cos
[(Tw − Td ) − 130]
 470


(B-8)

 π

ε = 0.155 + 0.115 cos
[(Tw − Td ) − 151.7]
 495.6


(B-9)

 π

ε = 0.615 + 0.345 cos
[(Tw − Td ) − 151.7]
 495.6


(B-10)

@ Wen = 483,

1 atm Ambient Pressure
@ Wen ≤ 19,

@ Wen = 483,

2 atm Ambient Pressure
@ Wen ≤ 19,

@ Wen = 483,
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5 atm Ambient Pressure
@ Wen ≤ 19,
 π

ε = 0.17 + 0.12 cos
[(Tw − Td ) − 195.9]
 514.7


(B-11)

 π

ε = 0.685 + 0.315 cos
[(Tw − Td ) − 195.9]
 514.7


(B-12)

 π

ε = 0.18 + 0.12 cos
[(Tw − Td ) − 242.2]
 523.8


(B-13)

 π

ε = 0.715 + 0.285 cos
[(Tw − Td ) − 242.2]
 523.8


(B-14)

 π

ε = 0.18 + 0.11cos
[(Tw − Td ) − 345.1]
 522.2


(B-15)

 π

ε = 0.74 + 0.26 cos
[(Tw − Td ) − 345.1]
 522.2


(B-16)

 π

ε = 0.17 + 0.1cos
[(Tw − Td ) − 407.6]
 512.3


(B-17)

@ Wen = 483,

10 atm Ambient Pressure
@ Wen ≤ 19,

@ Wen = 483,

30 atm Ambient Pressure
@ Wen ≤ 19,

@ Wen = 483,

50 atm Ambient Pressure
@ Wen ≤ 19,
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@ Wen = 483,
 π

ε = 0.725 + 0.255 cos
[(Tw − Td ) − 407.6]
 512.3
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(B-18)

APPENDIX C

APPENDIX C

BASIC PROGRAM STRUCTURE

C++ Compiler
• Invoke the C++
compiler to generate
a native object code
library

GAMBIT
• Geometry Setup
• Mesh Generation

User-Defined
Functions

Pre-Processor
• Import velocity profile
boundary conditions
• Spray injection based on
test data.
• Generate look-up tables
for material properties

Grid Check

FLUENT

Incorporate a model for:
• Droplet bouncing
behavior at the wall
• Heat transfer associated
with the droplet contact
at the wall

• Mesh Import and Adaptation
• Physical Models:
Viscous Model
Continuous Phase Model
Discrete Phase Model
Energy Model
(Evaporation, Radiation)
• Boundary Conditions
• Operating Conditions
• Spray Injection

Solver

Post-Processor
Graphical Displays

Figure C-1 Basic program structure
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