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Abstract

Heat transfer by phase change has long been an attractive method of cooling since large amounts of heat can be removed with
relatively small temperature differences. The current study focuses on making detailed measurements of the heat flux and interfacial
motion of an isolated droplet as it impacts an isothermal surface at low and moderate superheats. The heat flux measurements were
made using a novel 96-element, feedback-controlled heater array, which allowed the local, instantaneous heat flux to be resolved.
The dynamics of the droplet were visualized using a synchronized high-speed digital camera. The experiments were performed at
three superheats (7, — Ty = 9°C, 19°C and 29°C), with nominally constant droplet diameter (0.82 mm) and impact velocity (0.3 m/
s). The accuracy of the measurement was checked by calculating the energy required to vaporize a droplet of a known mass, and
show agreement to within 4%. The results show that the vaporization process can be divided into two parts; a first part which is
characterized by a transient effective heat transfer coefficient, and a second part in which the heat transfer coefficient is constant. The
details provided by the measurements show that the initial transient in / is not simply due to an unsteady conduction process, but is
also affected by the drop deformation dynamics and external diffusive vapor region near the impact site. The second part of the
evaporation process is compared to models proposed in the literature for droplets which maintain a constant contact angle, and is

found to be in good agreement. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

The use of liquid droplets to cool heated surfaces is an
important process in several industrial applications due to the
large amounts of energy that can be extracted from the wetted
surface at relatively low temperatures through the latent heat
of evaporation. For example, spray cooling might be used to
remove large amounts of energy from electronic devices while
keeping temperature gradients small and junction tempera-
tures below 85°C. Through tailoring the spray pattern, spray
cooling can be used to obtain high heat transfer rates coupled
with good temperature uniformity across the sprayed surface,
which is important in microelectronics where even small tem-
perature gradients across the chip can cause component fail-
ure. Unfortunately, the work to date has largely been
empirical, and a lack of predictive capability regarding spray
cooling exists due to the complex nature of the heat removal
process. With this motivation, the goal of the current work is
to examine the fundamental behavior of the transient heat
transfer characteristics of a dynamically impacting droplet,
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which represents a first step towards understanding the more
complex problem of a complete spray.

When a droplet strikes a heated surface, it flattens into a
thin disk or splat whose thickness is much smaller than the
diameter of the droplet, and high heat fluxes can be obtained
due to the formation and evaporation of a thin liquid film on
the heated surface. The controlling physical mechanism of the
vaporization process depends on the degree of superheat ap-
plied to the heated surface. There are three distinct superheat
regimes in connection with droplet vaporization from hot
surfaces (Sadhal et al., 1997) — these are commonly referred to
as the low, intermediate, and high superheat regime. In the low
superheat case, the liquid droplet maintains contact with the
surface, and nucleate boiling is typically suppressed for suffi-
ciently thin drops. At intermediate superheat, nucleation takes
place and heat transfer is enhanced. With increasing surface
temperature, however, the droplet does not maintain contin-
uous contact with the surface and the heat transfer rate de-
creases. In the high superheat regime, a stable vapor layer is
formed between the droplet and the heated surface. In this
regime, the droplet does not contact the solid wall and the heat
transfer is limited mainly by conduction through a vapor layer.
This mechanism is commonly referred to as the Leidenfrost
phenomena.
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Notation Ry, thermal resistance (°C/W)
R, thermal resistance of vapor (°C/W)

A area of microscale heater array (m?) T, ambient temperature (°C)

A,,  time averaged area of splat (m?) Ty initial droplet temperature (°C)

Ap area of splat (m?) Tiat saturation temperature (°C)

¢ specific heat (J/kg K) Tw local wall temperature (f’C)

D splat diameter (m) tel first stage evaporation time (s)

Dy initial splat diameter (m) ler second stage evaporation time (s)

deq equivalent droplet diameter (m) fe total evaporation time (: el te2) ()

do initial droplet diameter (m) t* dimensionless evaporation time (= #/t.)

h heat transfer coefficient (W/m? °C) v volume of droplet (m?)

Bay average heat transfer coefficient (W/m?°C) o initial volume of droplet (m?)

Neal calculated heat transfer coefficient (W/m? °C) |14 voltage across the individual ith heater element

hy heat transfer coefficient due to vapor (W/m?°C) v impact velocity of droplet (m/s)

hyy heat of vaporiza.ti(.)n (J/kg)2 . Greeks

k thermal conductivity (W/m* °C) o thermal diffusivity (= k/pc,)

my mass of droplet (kg) B spread ratio (= D/dy)

0. energy required to evaporate a droplet (J) 5 average film thickness (m)

Omeas measured total energy required to evaporate a Omin  minimum film thickness to support nucleation (m)

droplet (J) & effectiveness of evaporation

q// heat rate (W) ) u kinematic viscosity (kg/m s)

q// heat flux (W/ cm’) .. ) 0 liquid-solid contact angle (°)

q};q heat flux into the liquid (W/cm?) , 0, initial contact angle

q”C natural convection hezat flux (W/cm?) 0, receding contact angle

q{/aw total heat flux (W/cm ) , Pa liquid density (kg/m3)

qu substrate conduction heat flux (W/cm?) iy vapor density (kg/m?)

R thermal resistance of liquid (°C/W) o surface tension (kg/s?)

Numerous investigations of the theoretical and experi- Table 1
mental evolution of single droplet cooling heat transfer have Physical properties of PF-5060 at 25°C and 1 atm
been presented in literature reviews by Bolle and Moureau Property Fluids
(1982) and Sadhal et al. (1997). Wachters and Westerling
(1966) and Wachters et al. (1966) examined the kinematic PE-5060 Water
motion of a single droplet impacting a hot surface using high- Chemical formula CsFiy H,0
speed photographs above the Leidenfrost temperature. Boiling point (°C) 56 100
McGinnis and Holman (1969) investigated the effect of droplet Density (p) (kg/m?) 1680 997
velocity and impact frequency on the heat transfer rate, but Dynamic viscosity (u) (kg/m s) 0.672 x 1073 0.901 x 1073
also at temperatures above Leidenfrost. Toda (1972, 1974) Kinematic viscosity (v) (m?/s) 0.4 x10°° 0.904 x 10-°
reported extensive measurements of an evaporating water Surface tension (o) (kg/s’) 0.012 0.072
droplet and proposed a heat transfer model based on three Specific heat (c,) (J/kg K) 1046.5 4180
regions (low temperature, transitional, and high temperature), Thermal conductivity (k) (W/mK)  0.057 0.611
according to the thermal behavior of the thin liquid film Latent heat (k) (kJ/kg) 87.9 24423

formed on the heated surface. Bonacina et al. (1979) per-
formed experiments at low enough water flow rates to avoid
the formation of a thin liquid film on the heated surface, re-
sulting in a droplet evaporative cooling process. Liu and Yao
(1982) introduced a model of spray cooling heat transfer based
on the different heat transfer mechanisms involved in each
region, and interpreted the contribution of each mechanism to
the overall heat transfer. This model was again used by Choi
and Yao (1987) in a study of spray cooling in the nucleate and
film boiling regimes. Di Marzo and Evans (1989) performed a
significant amount of work for droplet evaporation on surfaces
below the saturation temperature.

The present study was motivated by the need for an effec-
tive method of removing the high heat fluxes generated in
compact electronic devices. Most such devices must operate at
temperatures lower than 85°C, so the saturation temperature
of the coolant should be well below this temperature. PF-5060
is such a dielectric coolant, having a saturation temperature of
56°C at atmospheric pressure. The properties of PF-5060 are
identical to those of FC-72 (3M Corporation, 1995). The
properties of PF-5060 are compared with those of water at
Table 1.

In the present study, the time- and space-resolved heat
transfer characteristics for a single droplet impacting a
heated surface were experimentally measured, and the results
are compared to a model of droplet evaporation. The local
wall heat flux and temperature measurements were made
using a novel experimental technique in which 96 individu-
ally controlled heaters were used to map the heat transfer
coefficient contour on the surface. The droplet behavior was
also simultaneously viewed using a high-speed digital video
camera.

2. Single droplet cooling model

A two stage model of droplet evaporation was proposed by
Di Marzo and Evans (1989); De Marzo et al. (1993), and Qiao
and Chandra (1997). A schematic of single droplet behavior
and a typical side view of the droplet are shown in Fig. 1. In
the first stage, the contact splat diameter D remains constant
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Fig. 1. Schematic of single droplet and typical side view of droplet at 65°C.

while the contact angle 6 decreases from its initial value 6, to a
receding value 0,. In the second stage, the contact angle 0 re-
mains constant at 0, while the splat diameter decreases.

The heat transfer coefficient for the droplet is defined as

4
. (1)
An energy balance on the droplet is given by
dv
hA(T, — To) = _Pdhfga7 )

where V is the volume of the droplet. ¥ can be approximated
by assuming the droplet is a segment of a sphere (Sadhal and
Plesset, 1979):

_ D (1 — cos 0) (2+cos9) 3)
24 sin® 0

If i is assumed to be constant, then integrating Eq. (2) yields
the value of / to be

Vopahye
h=—"°2 4
Aav(Tw - Ta)te’ ( )
where A4,, is the time averaged contact area
1 (=
Ao == | —df(t)dt 5
- [ Garo 5)

and ¢, is the evaporation time for the droplet.
2.1. First stage of evaporation

During the first stage when the droplet diameter is the
initial splat diameter D,, the time rate of change of the droplet
volume is given by

1 do
} TR (6)

r_mby 1
(1 + cos 0)*

d 8

Substituting Eq. (6) into Eq. (2) and integrating between 0,
and 0, assuming / to be constant yields the time required for
the first stage:

_ __PahseDo b _ O

tel _4h(Tw — Ta) {tan < 3 tan 3
1 5 (6o 3 (0

—Q—E(tan (;)—tan 5 .

2.2. Second stage of evaporation

During the second stage when the contact angle is equal to
the receding contact angle (60 = 0,) the time rate of change of
the droplet volume is expressed by

dD
O (8)

dv _aD? (1 —cosb,)’ (2+c050)
8

sin’ 0,

Substituting Eq. (8) into Eq. (2) and again assuming / is
constant yields the rate at which the splat diameter changes
with time:

%) = 2K(T, — Ta)/Pdhﬂz {(1 — 05)2(2 - Or)} v

sin® 6,

Note that the splat diameter varies linearly for the given as-
sumptions. Integrating yields the evaporation time #., required
for the second stage:

(1 —cos0,)*(2 + cos0,)
sin’ 0, '

o PahDo
< 2n(T, — T,)

(10)

This paper uses this model to determine the relative magnitude
of the heat transfer resistance within the liquid to that of the
vapor during droplet evaporation. Validation of the model
described above is performed, and conclusions regarding the
evaporation mechanism are made.

3. Experimental apparatus

An array of 96 individually controlled heaters was used to
measure the heat flux distribution on the surface as a function
of time and space. Feedback loops similar to those used in
constant temperature anemometry are used to vary the voltage
across each heater in the array to keep its temperature (resis-
tance) constant, essentially eliminating the possibility of heater
burnout. The electronics and heater array allowed for heat
fluxes of up to 160 W/cm?. The focus of the current experi-
ments was to study the transient heat transfer distribution on
the surface for given droplet impact parameters at three dif-
ferent superheats (85°C, 75°C, and 65°C).

3.1. Microscale heater array

Local surface heat flux and temperature measurements
were provided by a serpentine platinum resistance heater ele-
ment, similar to what was used in previous publications (Rule
et al., 1998; Rule and Kim, 1999; Rule et al., 1999). Each
heater was 270 x 270 um? in size. The platinum heater lines
were 5 um wide, about 400 nm thick, spaced 5 um apart, and
about 600 um in total length. Each heater had an electrical
resistance of about 750 Q. The 96 individual heaters were ar-
ranged in a square array about 2.7 mm on a side. A photo-
graph of the microscale heater array is shown in Fig. 2. The
aluminum lines that supply power to the heaters were routed
between the heaters to the edge of the array. Up to 17 heater
arrays were fabricated simultaneously on a single quartz wafer
using VLSI circuit fabrication techniques. Platinum was
sputtered onto the entire wafer, the heaters were masked off,
and the platinum was removed from the unmasked areas using
an ion milling process. Aluminum was then vapor-deposited
onto the surface, the aluminum power leads were masked off,
and the remaining aluminum was removed using a wet
chemical etch. As a final step, a layer of SiO, was deposited
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Fig. 2. Arrangement of 96 microscale heater arrays, with non-func-
tional heaters represented by black squares: (a) photo of 96 microscale
heater array; (b) arrangement of 96 microscale heater array, with non-
functional heaters represented by black squares.

over the heater array to provide the surface with a uniform
surface energy. The completed quartz wafer was diced into
chips, each containing a single heater array. The chips were
mounted on a pin-grid-array (PGA) package using epoxy
adhesive, and the pins of the PGA were connected to the
power leads of the heater array chip using a conventional wire-
bonding technique. The completed package was then mounted
in a PGA socket that was connected to the control and data-
acquisition apparatus.

3.2. Feedback control circuit

The temperature of heat heater in the array was kept at
constant temperature by feedback circuits similar to those used
in constant temperature anemometry (Fig. 3). The electronics
used in this series of tests were similar to those used in pre-
vious tests, and are described in detail in Bae et al. (1999). The
op-amp measured the imbalance in the bridge and output
whatever voltage was needed to bring the bridge into balance.
The heater resistance, and thus the heater temperature, was
controlled by varying the resistance of a digital potentiometer
from Dallas Semiconductor (DS1267). This chip consists of
two 10 kQ digital potentiometers, each having 256 wiper po-

24V
1 KQ
200 KQ
2N2222A Amplifier
Output
R, =402KQ

Chopper

OP AMP
Vout Offset Voltage
*—4

iy E

><J
=
=
=
Digital

Potentiometer

Fig. 3. Schematic of electronic feedback loop.

VY
AN

sitions. The two potentiometers in this chip were connected in
series to make a single 20 kQ potentiometer with 512 wiper
positions. Control of the wiper position was performed
through a 3-wire serial interface to a personal computer and
digital I/O card. For the resistor values indicated, a heater of
nominally 750 Q resistance could be varied over a 260 Q
range. The heaters have a temperature coefficient of resistance
of nominally 0.002°C~!, providing a temperature range of
approximately 175°C. Since the digital potentiometer had 512
settings, the temperature of the heaters could be changed in
0.34°C increments. The large 200 KQ resistor at the top of the
bridge was used to provide a small trickle current through the
heater, and resulted in a voltage across the heater of about
100 mV even when the op-amp was not regulating. The out-
put of the circuit (¥,,) was the voltage required to keep the
heater at a set temperature. The heat dissipated by a given
heater can be directly obtained from this voltage and the
heater resistance.

Sixteen of these circuits were constructed on a single card.
Six of these cards plug into a motherboard that routed the
signals from the host computer to the individual feedback
circuits. The reader is referred to Bae et al. (1999) for addi-
tional details regarding the circuit.

3.3. Heater calibration

The heater array was calibrated in an insulated, circulating
constant temperature oil bath that was held within 0.2°C of the
calibration temperature. Calibration consisted of finding the
digital potentiometer wiper position that caused the feedback
loop to just begin regulating for a given bath temperature. The
uncertainty in threshold wiper position was 1 position, or
about 0.34°C in heater temperature.

3.4. Test conditions, set up and data acquisition systems

A schematic of the test apparatus is shown in Fig. 4. The
drops were produced by allowing fluid to drip from a glass
nozzle onto the heater array. The working fluid used in this
study was PF-5060, which effectively replaces CFC-113 as a
dielectric coolant. No effort was made to degas the liquid prior
to use.

Three sets of experiments were conducted with the heater
array set at temperatures of 85°C, 75°C, and 65°C. The release
height of the droplets was kept constant, and all of the droplets
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Fig. 4. Schematic of experimental apparatus.

pinched off from the glass nozzle with a nominal diameter of
0.82 mm and impacted the heater array with a nominal ve-
locity of 0.3 m/s. A summary of the droplet initial conditions is
shown in Table 2.

The semi-transparent nature of the heater array enabled
images to be made of the droplets evaporating on the surface
from below using a High-Speed CCD camera (Vision Re-
search Phantom 500 V 3.0) set at 500 fps and 512 x 512
resolution with a 3.5X tele/microscope lens (Infinity Model
KC lens with IF4 objective). Pictures were also taken from
the side using another high-speed digital video camera (Ko-
dak Motion Corder Analyzer SR Ultra), set at 512 x 480
resolution and 250 fps and a second microscope lens (Infinity
model K2, with STD objective). Recording was initiated us-
ing the same trigger signal sent to the data acquisition system,
allowing heat transfer measurements to be synchronized with
the high-speed images. The side-view images were used to
calculate the initial diameter of the droplet, the impact ve-
locity, and the contact angle during the evaporation process.
The impact velocity was calculated by measuring the droplet
displacement between successive frames from the high-speed
images. The diameter of the splat was measured from both
the side-view and the bottom-view of the heater array. Based
upon the resolution and depth-of-focus of the images, the
uncertainty in the initial drop size and impact velocity is
approximately 5%.

The data acquisition system consisted of two A/D boards
(Computer Boards CIO-DAS6402-12) installed in a PC, and
was capable of sampling the output of each heater at speeds
up to 3.3 kHz with 12 bits of resolution. This system was used
to obtain time-resolved data at 3000 samples/s from each
heater for 5.0 s. Data acquisition was triggered by the rising

Table 2
Experimental parameters in this study
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edge of a TTL signal from the computer and data was stored
to disk.

4. Data reduction and uncertainty analysis

The instantaneous power required to keep each heater at a
constant temperature was measured and used to determine the
heat flux from each heater element. Because all the heaters in
the array were at essentially the same temperature, heat con-
duction between adjacent heaters was negligible. The total heat
flux measured for each heater (¢/,,), however, needed to be
corrected to account for substrate conduction. g, could be
lost through the bottom by conduction through the substrate
(q2.), through the top by natural convection to the air before
droplet impacts (g,,), or into the liquid after droplet impact
(91ig)- In all of the cases studied, g, was much smaller than
either g;. or gj, and could be neglected. Before the droplet
impacted the heater array, the power supplied to each heater
was lost only by substrate conduction. Because the heaters
were held at constant temperature, the substrate conduction
remained constant even after droplet impact, enabling the heat
transferred from the heaters to the liquid to be determined by
subtracting ¢/, from g,

The uncertainty in the final heat flux values resulted from
uncertainties in ¢/, ¢.., and ¢J. Uncertainties in ¢/, were
relatively small since they were computed directly from the
measured voltage across the heaters and since the heater re-
sistances did not change much. The maximum uncertainty in
the voltage across the heater was 0.02 V. The uncertainty in
heater resistance was about 1 Q. Since the heater resistance was
nominally 750 Q, the % uncertainty in heater resistance was
about 0.14%.

The uncertainty of the local heat flux measurements was
estimated for a typical heater voltage of 2 V using the method
suggested by Kline and McClintock (1953). The estimated
uncertainty in g7, was about 2%. The uncertainties in ¢, and
gl were estimated to be about 5% and 2%, respectively. The
uncertainty in ¢;. could be large, but it contributed very little
to the final uncertainty, since the actual value of ¢, was very
small compared to g, (¢, was about 5% of that of ¢;.). The
final uncertainty in the heat flux was therefore small compared
to the uncertainty in droplet diameters (4%). The uncertainty
in droplet diameter translated into a much larger uncertainty
when computing the energy required to evaporate it because of
the dependence on dj.

5. Results and discussion
5.1. Droplet flow visualization

Time resolved evolution of the droplet deformation viewed
from beneath the heater array with the heaters set at 65°C are
shown in Fig. 5. The droplet reaches its maximum diameter at
approximately + = 4 ms, after which the droplet recoils and
reaches a minimum diameter at ¢+ = 10 ms. The cycle repeats

Heater temperature (°C) Droplet diameter (mm)

Droplet velocity (m/s)

Weber number Reynolds number

85 0.82
75 0.83
65 0.82

0.31
0.32
0.31

10.8
11.6
11.1

629
657
635
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Fig. 5. Evolution of droplet at heater temperature of 65°C: (a) t = 0 ms; (b) t =2 ms; (c)t =4 ms; (d) t = 6 ms; (e) t =8 ms; (f) t = 10 ms; (g) t = 12

ms; (h) ¢ = 14 ms; (i) t = 18 ms; (j) ¢ = 22 ms; (k) ¢ = 26 ms; (1) # = 30 ms.

several times until the motion is sufficiently damped by vis-
cosity around 30 ms.

Snapshots of the drop at three superheats 100 ms after
impact is shown on Fig. 6. At the highest superheat (85°C),
boiling within the drop is though to occur. At the two lower
superheats, bubbles within the drops were seen, but it is
thought that these are due to dissolved gas coming out of
solution. These observations are supported by additional evi-
dence from the transient heat flux measurements to be dis-
cussed below.

5.2. Contact angle and wetting parameter

The time-resolved variation in the liquid-solid contact an-
gle 0 is shown in Fig. 7(a). The uncertainty in the measurement
of contact angles is +5°, while the uncertainty in contact di-
ameter is £0.03 mm. The contact angle is seen to change with
temperature. Large contact angles for the 85°C case were ex-
pected since boiling within the droplet caused its volume to
increase. The contact angles for the 75°C case might be larger
than those for the 65°C case due to more gas coming out of
solution.

The spreading ratio (f = D/d) obtained from the side view,
high-speed images are shown in Fig. 7(b). It is seen that f
varies similarly for all three superheats if the time is normal-
ized by the evaporation time. The curves are characterized by
an initial sharp spike followed by approximately two more
spikes as the droplet spreads and recoils before viscosity damps
out the oscillatory motion.

5.3. Energy balance

The energy transferred from the wall to the drop can be
obtained by integrating the measured wall heat transfer over
all the heaters and the entire droplet evaporation time:

t=te N

Qmeas = Z

=0 i=

g/(0) 4, At. (11)
1

This energy can be converted into an equivalent droplet di-
ameter (deq) using an energy balance on the drop

d;
0. = pdn?q[cp(Tsat —To) +hyl. (12)
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(a)

(b)

()
Fig. 6. Droplets at (a) 85°C, (b) 75°C and (c) 65°C at 100 ms.

Shown in Table 3 is the ratio of dy to deq. This ratio is very
close to unity, suggesting that the measurements are accurate.
deq 1s seen to be slightly larger than d,, which is impossible, but
the discrepancy could easily be due to improper fluid property
values and/or errors in measuring the droplet diameter. In fact,
the uncertainty in droplet diameter alone accounts for much of
the discrepancy.

5.4. Time resolved heat rate

The time-resolved heat transfer variation from the array at
the three superheats is shown in Fig. 8. The ordinate was ob-
tained using the following equation:

a)=> g/ (13)

where ¢/ (¢) is the wall heat flux at time ¢ for heater i corrected
for substrate conduction. It is seen that the droplet evapora-
tion time decreases with increasing wall temperature, as would
be expected. The heat rate ¢(¢) trace for a wall temperature of
85°C contains a high-frequency component from droplet im-
pact to about 0.42 s. Correlation with the high-speed video
indicated that this activity was due to nucleate boiling within

the splat. Very few bubbles were observed after 0.42 s at this
superheat. After 0.42 s, the heat transfer suddenly decreased,
indicating the end of boiling. The minimum film thickness to
support nucleate boiling was theoretically suggested by Chen
et al. (1977):

80T
pvhfg(Tw - Tsat) '

Using the properties of PF-5060 with a wall temperature of
85°C, Eq. (14) gives a value of 1 pm for the minimum thickness
to support boiling. Estimating the remaining drop volume at
this time using the amount of energy transferred to the droplet
reveals that approximately 10% of the original droplet volume
remained, giving an average splat thickness of 85 um. The
source of this discrepancy is currently not understood. The
droplet behavior at this superheat could be classified as be-
longing to the intermediate superheat regime. The heat flux
traces for wall temperatures of 75°C and 65°C do not contain
any high-frequency activity, indicating little boiling within the
splat — this behavior is consistent with droplet evaporation in
the low superheat regime.

The time-resolved heat transfer distributions along with f
shortly after impact (0 < ¢ < 100 ms) is shown in Fig. 9. The
data is seen to be remarkably repeatable from drop to drop at
all temperatures. For 0 < ¢ < 20 ms, the tested data show os-
cillations in the heat flux level whose peaks and valleys cor-
respond with the oscillations in the spread ratio, f3.

(14)

émin =

5.5. Droplet thermal resistance

The droplet heat transfer is determined by the thermal re-
sistance within the liquid (R, = 6/kAp) and the resistance as-
sociated with vapor removal from the top of the droplet
(Ry = 1/hyAp) as indicated on Fig. 10. The total heat transfer
coefficient (/) is related to the thermal resistances by

1
Rth=R1+Rv=m. (15)
As a droplet evaporates, R, decreases since the thickness of the
splat decreases. Just before the final liquid evaporates, the total
thermal resistance is dominated by R,.

The variation in heat transfer coefficient with time can be
computed using the data from Eq. (1). In terms of the droplet
variables, / is given by

4
"= ndgg@)r (19

Plots of the variation in /(¢) is shown on Fig. 11. It is seen that
h is relatively constant for 0.2 < ¢ < 1.0 for all three wall
temperatures. The significance of a constant / over this period
is that it indicates that thermal resistance within the liquid is
negligible compared to the thermal resistance associated with
vapor removal. If the thermal resistance in the liquid was
important, then a rise in / should have been observed as the
droplet evaporates since R, decreases as the droplet thins. The
results show that in order to increase the heat transfer coeffi-
cient, one must increase the rate at which vapor is removed
from the top of the drop, consistent with the findings of Qiao
and Chandra (1997), Di Marzo and Evans (1989), and De
Marzo et al. (1993).

For 0 < t* < 0.2, however, a transient spike in the value of
h is observed (see Fig. 12). It is of interest to note that the
transients all appear to collapse onto the same curve when
plotted against dimensional time, indicating that the early
evolution of & depends linearly on the temperature difference,
and does not depend on the total evaporation time of the
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Fig. 7. Variations in time-resolved liquid-solid contact angle and spreading ratio after impact, normalized on droplet evaporation time: (a) liquid—
solid contact angle, 0; (b) spreading ratio, f.

Table 3
Comparison between experimental results and energy balances
Ty (°C) te(s) Omeas (J) d (mm) deq (mm) d/deq (%)
85 0.63 0.069 0.82 0.87 95
75 1.13 0.062 0.83 0.84 99
65 1.55 0.061 0.82 0.83 98
0.6
7 |
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Fig. 8. Time-resolved distributions in rate of heat with 7;, = 85°C, 75°C, and 65°C.
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Fig. 9. Time-resolved heat rate distributions after impact for 0.1 s (73, = 85°C, 75°C, and 65°C).

Fig. 10. Schematic of the droplet resistance.

Ap

droplet. Several possible mechanisms may be responsible for
this behavior. First, this behavior might be caused by transient
conduction heating of the droplet from its original ambient
temperature to its saturation temperature. This can be checked
by approximating the droplet as a semi-infinite solid that is
suddenly subject to a step change in wall temperature, and
calculating the transient heat flux that would occur across its
boundary. If one assumes the mass transfer effects to be rela-
tively weak at the ambient temperatures, then the solution
should remain valid until the heat wave just begins to reach the
outer surface of the drop and starts to increase the temperature
of the gas/liquid interface above the initial value 7. Using the
properties of PF-5060, the transient heat transfer coefficient
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Fig. 12. Detail view of heat transfer coefficient.

for such conditions are plotted in Fig. 12. Assuming the
droplet to be a disk of uniform thickness consistent with the
initial droplet volume and contact area, the time at which the
heat wave first reaches the upper surface of the hypothetical
splat is indicated by the arrow (assumed to occur when the
surface temperature has increased by 2% of the initial tem-
perature difference). From this result, one sees a qualitative
agreement during the first 6 to 8 ms when the droplet initially
contacts the surface. After 8 ms, however, the heat transfer
coefficient increases sharply, and resumes a more gradual de-
cay with a few minor oscillations before reaching its steady-
state value at ¢+ =150 ms. The second sharp increase in /
corresponds to a time during which the heat flux is rapidly
rising, but f is still rapidly decreasing (see Fig. 9, between 8
and 12 ms). Although the transient conduction profile tracks
the general shape of the second decay event, the actual decay

event is obviously complicated by additional effects such as the
oscillatory motion within the drop.

A second possible cause for the variation in 4 may reflect a
change in R, due to a change in the concentration gradient at
the liquid/vapor interface. Vapor removal from the top of the
drop occurs primarily by diffusion in this experiment since
there was little air movement over the drop. When the drop
first impacts the surface, rapid vapor removal occurs since the
concentration gradient is steep. As liquid evaporates, how-
ever, the concentration boundary layer thickens, decreasing
the concentration gradient and therefore the vapor removal
rate.

Third, bubbles within the drop that occur due to degassing
of the fluid might have the effect of increasing the surface area
at the top of the drop, allowing vapor to leave the surface more
readily, thus decreasing Ry, and increasing /. As degassing of
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the fluid occurs, the bubble size decreases along with the sur-
face area, resulting in a decrease in /.

Future models need to include such effects to accurately
capture the early history of the evaporation transient. Qiao
and Chandra (1997), Di Marzo and Evans (1989), and De
Marzo et al. (1993) did not observe these strong transients in /
during the first stage of evaporation, probably because the

Table 4
Comparison between calculated and measured average heat transfer
coefficient

T, (°C) hay (Wm?°C) heat (WIM2°C)  hay/hear (Yo)
85 1488 1498 99
75 814 822 99
65 515 523 98

3.0

drops in their studies took much longer to evaporate than
those in this study.

5.6. Comparison to two stage model

The non-uniform heat transfer coefficient observed during
the first stage of the evaporation process indicates that the
first stage evaporation model cannot be applied to these
droplets. As shown in Fig. 11, the assumption in constant
heat transfer coefficient /& can be applied only at the second
stage, proposed by Di Marzo and Evans (1989), De Marzo
et al. (1993), and Qiao and Chandra (1997). During the sec-
ond stage, the calculated heat transfer coefficient A, can be
estimated from Eq. (4) assuming ¢, = ¢, and ¥, equal to the
volume of the droplet at the beginning of the second stage
(computed using Eq. (3) with 6 = 6, and D equal to the splat
diameter at the beginning of the second stage). The average
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Fig. 13. Comparison between model and measured splat diameter in second stage.
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Table 5
Comparison between estimated and measured second evaporation time

Tw (OC) tc?..mcas (S) th.cal (S) th,mcas/th.cal (%)
85 0.47 0.58 81
75 0.85 1.09 78
65 1.16 1.62 72

drop area A4,, is equal to the average splat area during the
second stage (A4ay.2):

1 (7= ,,
Aavr :—/ —dyp(t)dt. (17)
to )i 4

e2 1

Comparison of the calculated value 4., is made with the
measured value 4,, on Table 4. Very good agreement is ob-
served, indicating that the second stage model is quite accu-
rate.

For the second stage of evaporation, the rate of change in
splat diameter during the second stage can be computed using
Eq. (9). Comparison to the data can be performed by drawing
a line with the slope given by Eq. (9) through a data point in
the middle of the second stage as seen on Fig. 13. The value of
0, and h,, used in the computation was the average between
02 < <10 in Figs. 7 and 11, respectively. The good
agreement between the computed line and the data indicates
that the second stage model predicts quite well the variation in
splat diameter with time during the droplet evaporation pro-
cess.

The second stage evaporation time f, can be predicted
using Eq. (10) for known values of Dy, h,,, and 6,. The esti-
mated values of ¢, are compared with the measured values on
Table 5. It is seen that the measured values are somewhat
smaller than predicted. The discrepancy is probably due to the
rapid decrease in the splat diameter towards the end of the
evaporation time as seen in Fig. 13. The reason for this is
currently not known.

6. Conclusions

An experimental technique using an array of microscale
heaters and high-speed imaging has been used to examine the
time- and space-resolved heat flux and dynamics of the
droplet vaporization process on an isothermal wall. The ex-
periments were performed with a working fluid of PF-5060 in
ambient air, with a fixed impact diameter (0.82 mm) and
velocity (0.3 m/s), but at three different superheats
(Ty — Ty = 9°C, 19°C and 29°C). When the heat flux data is
expressed in terms of an effective heat transfer coefficient, 4,
the results show that the droplet vaporization process can be
divided into two distinct parts: the first part corresponds to a
transient fluctuation of &, while the second is characterized by
a constant value of A The initial transient is likely to be
caused by a combination of the initial heat conduction into
the liquid, the oscillatory motion of the droplet, and the es-
tablishment of a vapor concentration boundary layer at the
liquid-vapor interface. The present work was not able to
discern the exact contribution from each of these components,
which is the focus of study for continuing work. The second
part of the vaporization process, corresponding to a constant
h, is consistent with a perspective in which the heat transfer
rate is limited by the external diffusion/convection resistance
of the vapor away from the droplet. Comparisons made to
the constant contact angle (moving contact line) models of De
Marzo et al. (1993) and Qiao and Chandra (1997), which

require a constant effective &, give very good agreement for
the rate of change of the splat diameter during this regime,
until the final 10% of the evaporation time. Thus for droplets
with these specific impact conditions, the existing models for
low superheat vaporization are adequate to predict approxi-
mately 65% of the droplet’s lifetime. Continued work needs to
be focused on the prediction of the transient /s regime, par-
ticularly if advances are to be made in spray cooling appli-
cations where the droplets are typically much smaller. Under
these conditions, the droplet evaporation process may be
short enough such that it is wholly dominated by the transient
process.
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