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ABSTRACT

This paper presents experimental work on the heat transfer characteristics of an impinging water-air atomizing mist jet.
Time averaged local heat transfer profiles for varying water to air flow rate ratios, Reynolds numbers and nozzle to plate
spacings are presented. It is found that increasing the amount of water in the mist jet does not necessarily increase the
stagnation zone heat transfer, but can lead to an increased spatial average of the heat transfer coefficient. Very low mist
loading fractions - below 0.01 - were found to offer heat transfer enhancement levels comparable to higher mist loading

fraction amounts in excess of 0.1.
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1. INTRODUCTION

Impinging air jets have long been known to achieve superior
heat transfer coefficients, with the variation in their local char-
acteristics also lending itself to application in hot spot cooling.
Their ability to achieve effective cooling rates has led to the imple-
mentation of jet cooling in many situations including applications
such as electronics cooling or grinding. Although air jet impinge-
ment cooling is effective, the addition of suspended liquid droplets
yields further improvement in cooling performance, as seen in pre-
vious work within the research group [1].

The dispersal of liquid droplets into a gaseous flow can be char-
acterised as either spray cooling or mist jet cooling. In spray cool-
ing, the energy to atomize the water is provided by the pressure
drop that exists in the liquid supply across a narrow nozzle exit,
whereas in mist jet cooling a high velocity co-flowing air stream
atomizes the water, typically resulting in smaller water droplets
than a spray, as observed by Lee et al. [2]; this process is known
as shear driven atomization.

The introduction of a fine water mist into an air jet leads to an
increase in heat transfer rates, as observed by [2] for water droplet
diameters of 30-80 wm. Convective heat transfer coefficients were
found to increase up to 10 times compared to a single phase air jet
through evaporation of a thin liquid film 50-100 um thick. Pre-
vious work in this area can be grouped into water/air mist, such
as the study conducted by Sozbir et al. [3], and mist/steam, as re-
ported by Li et al. [4]; generally these studies have focussed on
high wall temperatures. Lyons et al. [1] presented results for an
atomizing mist jet at similar wall temperatures to this study. The
authors found that even small amounts of water in a mist jet led
to significant increases in the convective heat transfer coefficient.
It was also seen that an increase in water mass flow rate did not
necessarily lead to an increase in the stagnation zone heat transfer.
However, the higher water flow rate maintained higher levels of
the convective heat transfer coefficient for greater radial distances.

This paper presents research on the heat transfer characteristics
of an impinging atomizing air-water mist jet. Time averaged heat
transfer results have been obtained by a differential thermopile
sensor. This paper seeks to understand the linkage between frac-
tional mist loading and the heat transfer characteristics of the mist

jet. This study follows on from the work of Lyons et al. [1], but
uses a different atomizing nozzle with a simpler geometry; results
are presented also for a broader range of Reynolds numbers and
mist loading ratios.

2. EXPERIMENT
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Figure 1: Schematic of test apparatus

An experimental rig has been built to investigate the heat trans-
fer characteristics of an impinging mist jet. The test surface is an
instrumented isothermally heated copper plate. The local heat flux
from the surface to the jet flow is measured using a thermopile RdF
micro-foil heat flux sensor mounted flush to the copper plate. The
thermopile sensor is used to obtain time averaged heat transfer co-
efficients. The micro-foil sensor consists of 3 thin layers of kapton
with T-type thermopiles on either side of the central layer. The
thermal conductivity and thickness of the kapton layer is known,
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Figure 2: Nozzle exit (not to scale)

therefore the heat flux through the sensor can be calculated using
the temperature difference determined from the thermopile read-
ings. The output signal of the thermopile sensor (RdAF 27036-1) is
amplified by a factor of 1000. The thermopile sensor also contains
a thermocouple, which is used to measure the wall temperature.
Another thermocouple is placed in the air inlet line to measure the
jet temperature. Figure 1 presents a schematic of the experimental
set-up. The hot film sensor shown is used to measure heat transfer
fluctuations, though these do not form part of the present investi-
gation.

Figure 2 shows a detailed cross sectional view of the nozzle exit
for illustration purposes. The mist jet consists of a central water
jet, which is atomized by a co-flowing concentric annular air jet. D
is the diameter of the annular jet, or the outer jet diameter, and D,,
is the diameter of the central water jet. In the atomization process
the water droplets are injected into the air flow in the initial mixing
region of the annular jet and are entrained into the annular air flow.
The air flow provides strong shear forces which act upon the water
flow. These shear forces provide the energy necessary to atomize
the water jet by air to water momentum transfer.

Heat transfer coefficients associated with the mist jet are calcu-
lated using the expression:
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where ¢”gony 1s the convective heat flux, 7,4 is the wall temper-
ature as measured by the thermopile thermocouple and T, is the
jet temperature as measured by the thermocouple in the air jet.

The nozzle used is a Spraying Systems B1/4 VMAU-316 SS
nozzle. In all results, the radial displacement, r, and the nozzle
to plate spacing, H, are both normalized by the outer nozzle di-
ameter, D, which is 1.7251 mm. The Reynolds number is based
on the velocity of the annular air jet, and the characteristic length
for the Reynolds number is the hydraulic diameter, Dy, of the at-
omizing annular air nozzle, which is 0.44 mm. This choice takes
into account the flow conditions at the nozzle exit and was used in
previous work [1] and in the work of Ichimiya [5]. The Reynolds
number is given by:
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Figure 3: (a) Water and air mass flow rates for two H/D values
and (b) mist loading fractions for two H/D values used in testing -
H/D=1.5and 15.

v

where u is the air jet velocity and v is the kinematic viscosity of
air.

Re =

The mist loading fraction, f, is defined as:
f=2 3)
Mg
where i, is the mass flow rate of water and i, is the mass flow
rate of air. This definition is the same as that used by Kumari et
al. [6] and also used by Su et al. [7] who referred to the mist load-
ing as the mass flow ratio. This study examines the effect of mist
loading on the local heat transfer coefficient. Figure 3 (a) shows
the combination of water and air mass flow rates which are used in
equation 3 to calculate the mist loading fraction. The different mist
loading fractions examined in this study are presented in figure 3
(b) for both nozzle to surface distances considered. An adjustable



Table 1: Summary of Mist Loading Fractions

Reynolds Number 6,900 8,900 10,200 11,100
H/D 7.5 7.5 15 7.5 15 7.5
0.004 0.005 0.092 0.17 0.228 0.006
0.018 0.026 0.098 0.204 0.26 0.023
. . . 0.041 0.053 0.137 0.047
Mist Loading Fraction 0072 0153
0.118 0.183
0.21
constant pressure head system was used to supply water to the 6000 y -
. . . . —O— 0 Water Fraction
nozzle, while the air flow is regulated using a flow control valve —0—0.005 Water Fraction
connected to a buffer vessel fed off the building compressed air 5000} 0.026 Water Fraction |

grid. The air flow was measured using an Alicat Scientific M-
500SLPM-D air flow meter, which has an accuracy of £0.8%.
The water flow rate was measured by collecting the water from
the mist jet over a measured period of time and determining the
mass of water collected using a digital scales; from this the mass
flow rate could be determined. The maximum uncertainty in the
water flow rate measurements was 18%.

The mist loading fractions in this study range from 0.004 to
0.26. It was found that if the air mass flow rate was increased
but the water pressure head was kept constant the mist loading
fraction would also increase. As a constant water pressure head
should have resulted in a constant water mass flow rate, and there-
fore a decrease in the mist loading fraction. The observed increase
in mist loading suggests that the increased subpressure caused by
the air jet at the nozzle exit draws in over-proportionally more wa-
ter from the constant water pressure head supply. To place the
current mist loading fractions in context, the mist loading frac-
tions used by Babic et al. [8] in their study ranged from 0.015 to
0.042; Hernandez-Bocanegra et al. [9] used mist loading fractions
ranging between 0.008 and 0.31, though the 0.31 was an outly-
ing parameter, and the majority of the loading fractions were less
than 0.1. The study by Kumari et al. [6] used mist loading frac-
tions of 0.01 and 0.10, although that work dealt with a mist flowing
through a finned heat sink rather than an impinging mist jet. Thus,
the current study encompasses a broader range of mist loadings
than commonly considered.

Table 1 provides a summary of the different mist loadings for
the two H/D values and four air Reynolds numbers examined in
this study.

3. RESULTS AND DISCUSSION

In this section, the local heat transfer profiles obtained for a
number of mist loading fractions and at four air Reynolds num-
bers and two H/D values are presented. Local heat transfer pro-
files from earlier work by the authors [1] are also included.

3.1. Convective heat transfer profiles

Previous work [1] has shown an improvement in cooling perfor-
mance for a mist jet over the performance of an air only jet. This
has been observed in the current study, with enhancement levels
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Figure 4: Mist jet heat transfer profiles for varying water loading
fractions at a Reynolds number of 8,900 and (a) H/D = 7.5 and
(b)H/D = 15.

of the order of 500% being observed in the stagnation zone. Fig-
ures 4, 5 and 6, for varying Reynolds number and nozzle to plate
As the radial distance
increases, the mist jet profiles collapse to the same level as the

distances, all show this to be the case.

air only profile; however with higher mist loading fractions this
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Figure 5: Mist jet heat transfer profiles for varying mist loading
fractions and (a) H/D = 7.5 and Reynolds numbers of 10,200 and
10,300 and (b) H/D = 15 and Reynolds number equals 10,200

collapse happens at greater radial distances.

Figures 4, 5 and 6 all show the typical bell shaped curve associ-
ated with the heat transfer coefficient for an impinging jet at high
H /D, though the heat transfer rate appears to undergo a sharper
drop off than is typical for an air only flow. This was also observed
by Lyons et al. [1]. Due to the relatively low surface temperature,
the mist jet causes pooling of water at a radial distance greater
than approximately 10 diameters. This is particularly the case for
higher water mass fractions. This pooling has a negative impact
on the effectiveness of the jet. The greater the radial distance from
the stagnation zone, the lower the energy of the air flow, and as
such the air jet is no longer able to move the water along the sur-
face which leads to this pooling. The variability in heat transfer
distributions observed at radial distances greater than 10 diameters
can most likely be attributed to pooling and to the disturbance of
the pools by the air jet; these variations are particularly noticeable
in figure 4 (b) between r/D values of 10 and 15.

In figure 4 (a) it can be seen that a small increase in the water
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Figure 6: Mist jet heat transfer profiles for varying mist loading
fractions at H/D = 7.5 and (a) a Reynolds number of 6,900 and
(b) a Reynolds number of 11,100

fraction - from 0.054 to 0.072 - leads to a dramatic increase in
the stagnation heat transfer coefficient. This increase in mist load-
ing led to a significantly larger amount of water gathering on the
surface; for the 0.054 fraction there was very little visible water
on the surface in the stagnation zone, whereas in the case of the
0.072 fraction there was a noticeable layer of water that remained
on the surface, even in the stagnation zone. This layer of water
could be increasing the stagnation heat transfer due to there being
a thicker liquid film undergoing evaporation in the higher fraction
profiles. Further study at intermediate loading fractions may eluci-
date this phenomenon. At lower mist loading fractions, increasing
this parameter does not necessarily give rise to an increase in the
stagnation heat transfer coefficient. However it has been observed
that increasing the mist fraction increases the radial spread of the
heat transfer enhancement; this can be seen most clearly in fig-
ure 4 (a), and in figure 6 (a) and (b). Using shadowgraph data,
Lyons et al. [1] attributed this to the fact that a greater number of
larger droplets spread further radially for higher water fractions.
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Figure 7: For H/D =1.5, (a) spatial averages of heat transfer
coefficient and (b) stagnation point heat transfer coefficient

For the higher water mass fractions, particularly 0.072 and 0.118
in figure 4 (a), this radial spreading of enhancement is observed;
however the two profiles are very similar. This may be attributed
to increased pooling at higher water fractions as discussed above.

Overall, there is significant variability in the stagnation heat
transfer coefficient with changes in the water fraction. In figure 4
(b) the 0.137 water fraction gives rise to a higher stagnation heat
transfer rate than the 0.153 fraction, and it is comparable to the
heat transfer for the two highest fractions. This may indicate that
there is an optimum water fraction for maximising the heat trans-
fer, above which any extra water may be superfluous. Further work
at very refined water fractions is required to confirm this.

By comparing figures 4, 5 and 6, it can be seen that increas-
ing the air Reynolds number leads to an increase in the stagnation
zone heat transfer., though as the radial distance increases the de-
pendence on Reynolds number appears to diminish and disappear.

Included in figure 5 (a) are two heat transfer profiles previously
reported by Lyons et al. [1] for a near identical Reynolds number.
The nozzle geometry used in those tests is different from that of
the current study. Despite this, the profiles fit the general trend
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Figure 8: For H/D = 15, (a) spatial averages of heat transfer
coefficient, (b) stagnation point heat transfer coefficients

reported here. The mist loading fractions for the two profiles are
considerably lower than those from the current study in figure 5; as
such the radial spreading of the enhancement is less for the lower
mist fractions, and the stagnation point heat transfer coefficients
are slightly lower. Despite the much lower mist loading fraction,
significant heat transfer enhancement can be seen; stagnation zone
heat transfer in these profiles is similar in magnitude to that of the
current study. One of the main conclusions of [1] was that even a
small amount of mist resulted in a large enhancement in heat trans-
fer. This finding has been confirmed by the current study. Lyons et
al. [1] suggested the frequency of the atomization of the water and
the droplet intensity were contributing factors in this result, though
further work at very low mist loading fractions is important to fully
understand the reason behind this.

In the work of Oliphant et al. [10] it was also reported that high
heat transfer coefficients were obtained using a spray with rela-
tively low liquid mass flow rates. A further finding was that the
average heat transfer coefficient for the spray increased with de-
creasing liquid mass flow rate, a finding reported in some cases



in the current study. Although the work of [10] relates to a spray
rather than a mist jet, the results serve to validate the current find-
ings.

3.2. Spatial averages of the heat transfer coefficient and stag-
nation point heat transfer coefficients

Figures 7 (a) and (b) are plots of the spatial averages of the heat
transfer coefficients over a radial zone extending up to 5 diameters
from the stagnation point, and the stagnation point heat transfer
coefficients respectively at H/D =7.5. Figures 8 (a) and (b) show
the same plots for H/D = 15.. As expected, the spatial averages
are lower than the stagnation point heat transfer for the same water
mass fraction and Reynolds number. However, as the stagnation
point heat transfer relates to a very small area, the spatial average
provides a better picture of the overall heat transfer effectiveness of
the mist jet. As the heat transfer profiles show that with increasing
water fraction the heat transfer enhancement of the mist spreads
radially, the spatial average becomes an important indicator of the
heat transfer performance of the mist jet.

Figure 7 shows that the stagnation heat transfer and the spatial
average of the heat transfer do not follow the same trends for the
same water fractions and Reynolds numbers. Figure 7 (b) shows
that increasing the water fraction does not necessarily lead to a no-
ticeable increase in the stagnation heat transfer; in some cases it
actually tends to decrease the stagnation heat transfer. However,
increasing the water fraction leads to an increase in the spatial av-
erage of the heat transfer coefficients for each Reynolds number
presented in figure 7 (a). This indicates the importance of the ra-
dial enhancement as discussed above. The effect of air Reynolds
number can also be seen in figure 7. As the Reynolds number
increases so too does the spatial average; again the trends in the
stagnation heat transfer differ from those of the spatial averages.

This trend is less evident for the spatial averages of the heat
transfer coefficient and the stagnation heat transfer coefficient for
a H/D value of 15, which is shown in figure 8. Here, the two plots
follow very similar patterns, with outlying values in the stagnation
heat transfer coefficients also visible in the spatial average plot.
Further work with more water fractions at this H/D is needed to
determine if this is due to the plate to nozzle spacing or to some
other effect.

4. CONCLUSION

This study has been undertaken to characterise the heat transfer
performance of an atomizing water-air mist jet. The addition of a
water mist to the air jet was found to enhance the local heat trans-
fer coefficient in the stagnation zone and led to radial spreading
of the heat transfer enhancement. The effect of Reynolds number
and nozzle to plate spacing was also examined. The results of this
study were compared with results from previous work by the au-
thors [1] and found to fit the same general trend. Thus, very small
mist loading fractions were seen to lead to a significant cooling
performance enhancement; this enhancement was of the same or-
der as that of much higher mist loading fractions. Further study
at very low mist loading fractions is important to fully understand
the process by which this happens.

The effects of varying mist loading was examined. It was found
that increasing the mist loading fraction did not necessarily lead to

a further enhancement of the stagnation heat transfer coefficient.
However, with increasing mist loading fraction, the radial spread
of the heat transfer enhancement was seen to increase. The spa-
tial averages of the heat transfer coefficient confirmed this. As the
stagnation point heat transfer refers to a very small area, the spatial
averages provide a more complete picture of the cooling perfor-
mance of the mist jet, although hot spot cooling is dependent on
the stagnation zone heat transfer.

At high mist loading fractions, there was little difference be-
tween the heat transfer profiles for different mist loading fractions
at the same Reynolds number and nozzle to plate spacing. This
suggests there may be an optimum mist loading fraction above
which any further addition of water is superfluous. Further work
with finer increases in mist loading fraction may confirm this.

Measurement of the fluctuating component of the heat transfer
coefficient is expected to provide a more complete analysis of the
heat transfer characteristics of the water-air mist jet. Analysis us-
ing flow visualisations, such as PIV and shadowgraphy, will pro-
vide important information regarding the flow field, and how the
structure of the mist jet affects the heat transfer performance.
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