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Abstract

This work presents a laser-based thermoreflectance technique to measure the real-time change in temperature of a
liquid—solid interface when a heated liquid droplet impinges on a transparent substrate. Temperature variation at the
interface results in refractive index changes in both the liquid and substrate, which, in turn, cause a reflectivity change at
the interface. A 5 mW HeNe laser and a silicon photodiode are used to monitor the real-time reflectivity of the interface.
The measurement is performed with two liquids, water and glycerol, impinging onto one surface of a prism made of F2
glass, with initial liquid temperatures of 0, 25, and 45 °C above room temperature. A temporal resolution of 8.8 ms and
spatial resolution of 180 um have been achieved in this work. The measurement uncertainty is ~3.5-6.3 °C for water
and 0.5 °C for glycerol. Higher temporal and spatial resolution can be readily obtained with minor modifications to the
experimental apparatus. Measurement of liquid solidification and evaporation on a substrate may also be suitable for

this technique, as the phase change causes an abrupt variation in reflectivity at the interface.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Liquid droplets impinging upon a solid surface
are present in a variety of important engineering and
scientific applications. Examples include impingement
cooling of surfaces, condensation phenomena in which
liquid droplets fall and strike a surface, vigorous mixing
of gas-liquid systems, and manufacturing, e.g., metal
forming and coating processes. The liquid-solid inter-
face temperature during droplet impinging on a solid
surface plays a critical role in these applications; how-
ever, measuring the transient liquid-solid interface
temperature remains an elusive and difficult task, espe-
cially for rapid temperature changes and small droplet
size.

The fluid flow associated with impinging droplets is
complicated [1]. The fluid dynamics of droplet im-
pingement has been studied both theoretically and ex-
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perimentally by many researchers [2-5]. Hatta et al. [6]
investigated the collision dynamics of a water droplet
impinging on a rigid surface at room temperature. They
simulated the deformation behavior and flow field inside
the droplet numerically, and it was found that the liquid
film formed by the impinging droplet on the surface
spread radially along the solid surface and then began to
recoil from the peripheral region towards the center after
the radius reached a maximum. Shi et al. [7] measured
the transient solid surface temperature using a surface
temperature probe. While this method is of considerable
merit, it has certain limitations; for example, the intru-
sive nature of the gap in the aluminized surface used for
temperature sensing affects the spread and the recoil
dynamics, especially for small droplets. Also the surface
temperature probe can only measure the temperature
within the solid substrate, rather than the actual liquid—
solid interface temperature. Cokmez-Tuzla et al. [§]
applied a microthermocouple to study liquid-wall con-
vective boiling. In their work, the sensing tip of the
thermocouple was 15-18 um in diameter, and tempera-
ture was measured roughly 16 pm beneath the solid
surface. Although many efforts have been made to study
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Nomenclature

b effusivity (J/K m?s!/?)

C, specific heat (J/kg K)

I laser intensity (W)

k thermal conductivity (W/m K)

n refractive index

R reflectivity

t time (s)

T temperature (K or °C)

V voltage (V)

X direction normal to interface (m)
Greek symbols

o angle of incidence at air—glass interface (°)
o thermal diffusivity (m?/s)

bi angle of incidence in glass (°)

B, angle of refraction in glass (°)

y angle of refraction in liquid (°)

A laser wavelength (m)

0 angle of incidence and refraction (°)

p density (kg/m?)

Subscripts

0 initial, reference

1,2 medium 1, medium 2; interface 1, interface
2

3 final
air

g glass

int interface

1 liquid

p p-polarized light

] s-polarized light

the fluid and thermal characteristics of droplet im-
pingement, to the authors’ knowledge, the true interface
temperature during droplet impinging on a solid surface
has not yet been accurately measured. In particular,
techniques that require physical contact with the fluid
can disturb the flow and heat transfer, and also cannot
obtain the true interface temperature.

Due to their unique features, laser-based measure-
ment techniques have played a significant role in scien-
tific and engineering investigations. These techniques
have the advantages of non-invasiveness, remote sens-
ing, and high spatial and temporal resolutions. Qiu et al.
[9] applied a thermoreflectance technique to measure the
temperature of solid silicon. Lee and Norris [10] used a
polarization-differential reflectance method to monitor
small temperature variations in a thin solid film with a
temporal resolution of 10 ms. A laser-based technique to
measure the time-dependant solid-liquid interface tem-
perature with a relatively long time scale (~10 min) was
recently presented by Fan and Longtin [11], in which the
temperature of several flowing bulk liquids at a trans-
parent solid-liquid interface was measured and com-
pared with a calibrated thermistor, with good agreement
found.

Several laser-based techniques have been applied to
investigate droplet impingement phenomena. Miiller
et al. [12] measured the temperature of liquid methanol
and ethanol in an atomized spray using a thermometry
method to obtain the droplet temperature. Zhao and
Poulikakos [13] used a laser-based photoelectric tech-
nique to measure the transient splat radius for both
molten solder and water droplets impinging on a quartz
plate. This work presents a laser-based thermorefiec-
tance technique to measure the liquid-solid interface

temperature for a liquid droplet impinging on a trans-
parent solid surface provided by an equilateral optical
prism. The thickness of the interrogated region at the
interface is on the order of 1/2 [14], where 1 = 632.8 nm
is the incident laser wavelength, giving a very good es-
timate of the actual interface temperature.

In this experiment, the temporal resolution of the
experiment is roughly 8.8 ms, and the spatial resolution
is ~180 pum. The temporal resolution of the measure-
ment is limited by the electrical components, rather than
the optical components, while the beam spot size de-
termines the spatial extent of the measurement region,
and can be reduced to ~20 pm or less at the solid-liquid
interface using a focusing lens. Thus higher temporal
spatial resolution can be readily obtained with minor
modification.

2. Experimental setup

The experimental configuration is shown in Fig. 1. A
beaker containing test liquid and a magnetic stirring bar
is placed on a hot plate, where the test liquid is circulated,
mixed, and uniformly heated. The liquid temperature is
measured by a reference thermocouple immersed in the
liquid, which has been calibrated against a NIST-trace-
able RTD probe over the temperature range 15-80 °C.
When the test liquid is heated to the desired temperature,
a micropipettor is used to dispense a known volume of
liquid above the solid surface. The micropipettor is then
placed in a holder to control the droplet impingement
height and angle. The droplet impinges on one surface of
an equilateral optical prism made of F2 glass with an
edge length of 30 mm that is mounted such that the im-
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Fig. 1. (a) Experimental setup and (b) details of beam propagation and reflection.
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pinging surface is horizontal. The prism provides high
transmittance through the visible spectrum and a
smooth, flat surface for the liquid-solid interface.

A 5 mW HeNe laser with a wavelength of 632.8 nm
serves as the light source. The laser beam is linearly
polarized using a Newport Glan-Thompson calcite po-
larizer. To obtain a smaller beam spot size for higher
spatial resolution, a lens with a focal length of 100 mm is
used to focus the beam. After focusing, the beam strikes
a mirror mounted on a rotational stage that directs the
beam to one side of the equilateral optical prism adja-
cent to the horizontal impinging surface at the desired
angle of incidence (Fig. 1).

The reflected beam from the liquid—glass interface,
which exits from the other side of the prism (Fig. 1b), is
sent to a UDT PIN-6D silicon PIN photodiode (PD)
with an active area of 20.3 mm?”. The PD current is then
sent to a Melles Griot 13AMP005 transimpedance
(current-to-voltage) amplifier and converted to a voltage
that is linearly proportional to the photodiode current.
Since only the reflected beam from the liquid-solid in-
terface is of interest, two collinear apertures are used to
keep other beams (e.g., reflected beam from the liquid—
air interface in Fig. 1b) from striking the photodiode.
Two Keithley Model 2000 voltmeters operated at dif-

ferent sampling rates are applied to monitor the voltage
change from the amplifier to provide both high-resolu-
tion and long-term data acquisition. The readings from
the voltmeters are sent to a personal computer via a
GPIB interface for data acquisition. The first voltmeter
stores readings internally in the buffer at a sampling rate
of 114 samples/s. Since the buffer holds only 1024
readings, only about 9.0 s of data can be taken using this
voltmeter. The second meter has a sampling rate of 5
samples/s and a very large buffer, and allows the mea-
surement of the interface temperature until it reaches
room temperature.

To minimize noise, the experiment is assembled on a
vibration-isolated optical bench. Care was taken to ad-
just the angle of incidence accurately during setup. First,
the laser beam is aligned horizontally to the bench, and
then the polarizer and optical lens are inserted and
aligned such that the beam propagation does not devi-
ate from the original direction. Next, the mirror was
mounted so that the incident and the reflected beams
overlap, corresponding to normal incidence. The read-
ing on the rotational stage is then recorded as a refer-
ence. Finally, the stage, on which the mirror is mounted,
is rotated to obtain the desired angle of the incidence on
the prism surface (Fig. 1).
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3. Theory

The experiment principle is based on the thermore-
flectance, i.e., the variation in intensity of reflected light
from the liquid-solid interface as a function of temper-
ature. The reflectivity of the interface is determined by
the refractive indices of both the liquid and solid, which,
in turn, depend on the temperature; therefore, by mea-
suring the change in intensity of light reflected from the
interface, the temperature at the interface can be ob-
tained.

If I, is the intensity of the incident laser beam on the
interface and R the reflectivity of the interface, the in-
tensity of the reflected beam will be RIy. From Fresnel’s
law of reflection [15], R depends on the angle of inci-
dence and the beam polarization:

R — {sin(o1 - oz)}2

sin(Ol + 02) (1)

 [tan(0, —0,)]°
= |t a0] ?

where R is the reflectivity of s-polarized light, R, the
reflectivity of p-polarized light, and 6, and 0, are the
angles of incidence and refraction, respectively.

In this experiment, there are three interfaces in-
volved: the two air-glass interfaces on the lower posi-
tions of the prism, and the glass-liquid interface at the
top (Fig. 1b). According to Snell’s law of refraction in
Fig. 1b:

1, Sin o = ng sin f, (3a)

nysin ff; = my siny (3b)
T

b+ bi=1 ()

where o and f3; are the angles of incidence at which the
laser beam strikes the side surface of the prism and the
glass-liquid interface, 5, and y are the angles of refrac-
tion in the prism and liquid, and n,, n,, and n; are the
refractive indices of air, glass, and liquid, all respec-
tively.

Angles i, and f; are related by Eq. (3¢c) for an
equilateral prism as shown in Fig. 1b, and, in turn, both
depend on the incident angle « and the glass refractive
index. Therefore, from Egs. (1), (2), (3a)—(3c), it is seen
that the reflectivity of the liquid-solid interface is de-
termined by the incident angle o, and the refractive in-
dices of glass n, and liquid n;:

Ry = Ry(o, ng, my) (4)
R, :RP(% ngvnl) (5)

For both the prism and pure liquid, the refractive index
depends on the wavelength and the temperature: n =
n(2, T), neglecting strong pressure variations. Since the

HeNe laser is highly monochromatic (4 = 632.8 nm), the
wavelength variation can be neglected. Hence, for a
fixed angle of incidence, the reflectivity depends only on
the interface temperature. For both s- and p-polarized
light the change in reflectivity with the temperature can
be expressed as:

[ 2R dn

_ oR dn
~ | Ong AT

om dT (6)

where AT is a finite temperature change at the interface,
and AR represents the corresponding reflectivity change
associated with temperature change AT. According to
Eq. (6), the change in reflectivity is determined by the
temperature coefficient dn/dT, the sensitivity of reflec-
tivity to refractive index OR/0n, and interface tempera-
ture change AT.

The present technique measures the change in the
reflectivity at the interface where the liquid and solid are
assumed to be in perfect contact to obtain the temper-
ature change at the interface. During the experiment, a
liquid droplet with a given temperature is dropped onto
the horizontal surface of the prism and allowed to reach
thermal equilibrium at room temperature 7y, which
corresponds to a reference reflectivity, Ry and a voltage
output ¥, from photodiode/amplifier. Due to the linear
response of the photodiode and amplifier, the reflectivity
change AR and voltage change AV can be related as
follows:

AR AV

R T ()

Combining Egs. (6) and (7), the temperature change can
be expressed as:

_[OR dny R dm], AV
“|on, dT Tom dT| W,

(®)

To obtain a large signal-to-noise ratio, both a large
sensitivity, i.e., AR/Ry for AT =1 K, and a reasonable
overall reflectivity are desired. The sensitivity is deter-
mined by the polarization, the angle of incidence, and
the refractive indices of liquids and glass through Egs.
(1), (2), (3a)—(3¢c). Using water on a prism made of F2
glass as an example, the reflectivity sensitivity of s-
polarized light is shown in Fig. 2a, and is observed to de-
creases monotonically for o > 8° with the incident angle.
For o < 8°, the angle of f§; exceeds the critical angle and
total internal reflection occurs at the water—glass inter-
face. The sensitivity of p-polarized light behaves simi-
larly, though it is larger for o < 25° and approaches
infinity at o =~ 34°, which corresponds to the Brewster
angle (f;) at the liquid-solid interface. Following the
laser beam through the prism, the final intensity of the
reflected light striking the photodiode is:

I = I(1 — Ryg)’ Ry 9)
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Fig. 2. (a) Sensitivity and (b) reflectivity for p- and s-polarized
light versus incidence angle for water on an F2 prism.

where I, is the initial incidence intensity of the laser
beam, /; is the laser intensity exiting the prism and
striking the photodiode, and R,, and Ry are the reflec-
tivities of the air-glass and glass-liquid interfaces,
respectively (Fig. 1b). The intensity change of both
s-polarized light and p-polarized light with the angle of
incidence for water on the F2 prism at AT =0 °C is
shown in Fig. 2b. For glycerol, the changes of sensitivity
and intensity with incident angle are similar to those of
water except that total internal reflection will not occur,
even for o = 0° due to the small difference between re-

Table 1
Optical and thermal properties of water, glycerol, and F2

fractive indices of glycerol and the F2 prism (Table 1). In
this work, to provide maximum sensitivity and a large
reflected intensity, s-polarized light with an incidence
angle of 8° for water and 0° for glycerol is used.

4. Results and discussion
4.1. Results analysis

In this work, pure water and glycerol are used to
demonstrate the transient interface temperature mea-
surement technique with an equilateral optical prism as
the solid substrate. All materials were chosen due to
their well-documented thermal and optical properties,
which are listed in Table 1. Values of the refractive in-
dex, n, and its temperature coefficient, dn/dT, are taken
directly from the literature. Values of dn/dT for water
are averaged from several sources [16,17], as reported
values can vary by up to 14%. The value of dn/dT for F2
glass [18] is 0.036 x 10~* K~', and is over 25 times
smaller than dn/dT for water and glycerol [19,20].
Though refractive index changes due to temperature
variations in the glass are retained in this analysis, their
contribution is small compared with that from the test
liquid.

In theory, the thickness of the liquid—solid interface is
assumed to be infinitesimal; however, the actual inter-
rogated region at the interface is a finite value on the
order of one half the laser wavelength, A/2 [14]. The
laser source used has a wavelength of 632.8 nm; hence
the effective thickness of the liquid region whose tem-
perature is measured is on the order of 300 nm, which is
a very good approximation to the true interface tem-
perature. Even the smallest commercially available
thermocouple, in contrast, is several hundred microns in
diameter.

The temporal resolution for this technique is limited
only by the electronics in the system, including the
photodiode and amplifier response time, and the data
acquisition-sampling rate. The PD and amplifier re-
sponse time is on the order of 1 ps or less, while the

n (/= 632.8 nm) dn/dT (x1074 K1) k (W/mK) p (kg/m?) C, (J/kgK) or (x107° m?/s)
Water 1.331* -0.8* 0.607° 996.9° 4180° 0.146°
—-1.04¢

Glycerol 1.4735° -2.3d 0.292° 1256.7° 2380 0.0976°

F2 1.617¢ 0.036° 0.780¢ 3610¢ 557¢ 0.388¢

“Ref. [16].

®Ref. [19].

<Ref. [17].

dRef. [20].

°Ref. [18].
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maximum sampling rate of the data acquisition system is
114 Hz, corresponding to a temporal resolution of 8.8
ms, and represents the limiting factor in the acquisition
time. Higher temporal resolution can be achieved with a
faster data acquisition system. Sampling rates in excess
of 1 MHz (1 ps resolution) should be possible with no
alteration to the setup, though the time scale of the
HeNe laser intensity fluctuations should be character-
ized at higher sampling rates.

The spatial resolution of the technique is limited by
the spot size of the laser beam at the interface. The
spatial profile of the HeNe laser beam is Gaussian, and
has a diameter of 0.85 mm at the laser exit. A quartz lens
with focal length /' = 100 mm is used to reduce the beam
spot size at the interface. The beam diameter at the lens
focal point was measured using a knife-edge technique
and found to be 100 um, while the calculated Raleigh
range for this beam/lens system is ~7 mm [21]. The beam
spot size at the liquid—glass interface elongates due to
the high incident angle f5; (55°-60°), resulting in an el-
liptical spot size roughly 90 pm x 180 pm.

The volume of liquid dispensed from the micropi-
pettor is 40 pl, with this volume chosen to provide a
small droplet with adequate coverage of the beam spot
when dropped. The nominal fall distance of the droplet
is 1 cm, which was kept consistent by placing the mic-
ropipettor in a mounted holder. To minimize the tem-
perature drop of the liquid in the pipettor once removed
from the liquid container, the micropipettor tip is stored
in the heated liquid reservoir for a minimum of 10 min
before starting the experiment, and the time between
removing the micropipettor from the liquid bath and
dispensing the drop is less than 5 s. Three cases have
been conducted for both water and glycerol: AT, =0,
25, and 45 °C, where AT; is the initial temperature dif-
ference between the liquid and substrate at room tem-
perature. The AT, = 0 °C test is performed to validate
the measurement and assess system noise, as there is
almost no temperature change during this measurement.

The time of impact can be accurately determined
from the reflectivity signal, which decreases dramatically
when the droplet contacts the prism. The reason is that
the difference An, between the refractive indices of air
and liquid is much greater than the refractive index
change An of liquid as it cools after impinging on the
window, e.g., for water, An, = 0.33, while An =~ 0.0045
for AT, =45 °C. The curve in Fig. 3a depicts the de-
tector voltage as the water droplet strikes the interface
for AT, = 45 °C. The large reflectivity at time ¢ = 0 re-
sults from the air-glass interface; near t =2 s, the
droplet strikes the surface, and the reflectivity drops
significantly because the refractive index of water is
much closer to that of F2 (n = 1.617). On this scale, it is
impossible to accurately monitor the cooling curve of
the droplet, and the vertical scale must be expanded to
observe the time-dependent interface temperature.

1.0 -—\
o Air-glass interface
2 09 -
> N
§ | —— Droplet impinging on the glass
T 081
® Liquid-glass interface
2 07 - —
Q
=
0.6 1 ‘
0 10 20 30 40 50
(a) Time, ¢ (s)
72 —~
0 35 I3
o 0.70 - 30 5
> I .
g oes 25 §
3 066 - - 20 2
e 155
5 0.64 A o
3 062 r 10 2
3 3
S 060 5 g
(0]
0.58 - 0~
0 30 60 90 120 150
(b) Time, # (s)

Fig. 3. (a) Measured signal—full scale and (b) measured signal
and corresponding interface temperature difference for water at
ATy, =45 °C.

The detector voltage change and the corresponding
temperature change from Eq. (8) for water at AT, =45
°C are shown in Fig. 3b for a period of 160 s. The time
scale is adjusted such that 1 = 0 corresponds to droplet
impingement. The rapid temperature change, which
happens at the beginning of the droplet impinging on the
substrate, cannot be accurately captured using the slow
sampling rate meter, hence the data for the first eight
seconds are taken from the faster buffered meter and the
balance of the readings are from the slow meter. As can
be seen, the temperature drops rapidly in the first 40 s,
and then asymptotically approaches zero as ¢ ap-
proaches 120 s.

The interface temperature measurements for water
from the buffered meter for AT, = 0, 25, and 45 °C are
shown in Fig. 4. Note that a general feature of the
measurement technique is a smooth, low-noise signal.
The data are presented as collected from the meter: no
smoothing or averaging is performed, and the results are
repeatable. The case for ATy = 0 is shown in Fig. 4, and
is illustrative, as the droplet experiences hydrodynamic
motion only. The measurement system correctly records
a negligible temperature change during this measure-
ment in Fig. 4, which is expected.
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Fig. 4. Interface temperature difference for water droplet on the
F2 prism.

The cases for ATy = 25 and 45 °C exhibit an abrupt
temperature increase as the droplet first strikes the prism
at t =~ 0 s, followed by a cooling curve that decreases
with time. Interestingly, for A7, = 45 °C in Fig. 4 there
is a small temperature fluctuation of ~2 °C roughly 40
ms after the liquid impinges upon the substrate. This is
likely some artifact associated with the complex hydro-
dynamics of the droplet deformation and flow as it
strikes the surface [2,3,6,7]. The temperature history in
the first second of the two curves differs somewhat in
shape, and may be due to slight variations in the droplet
impingement site on the prism with respect to the laser
interrogation region.

Also to note from the results is that the maximum
temperature recorded from the technique is less than the
temperature of the liquid, which is expected. In Fig. 4,
for example, the maximum AT at the water—glass in-
terface is ~18 °C for AT, =25 °C, and ~32 °C for
ATy, = 45 °C. Heat flows from the hotter liquid to the
solid at the interface upon contact, and thus the liquid
near the interface is cooled by heat conduction into the
glass substrate. Since the thermal penetration depth is
much smaller than the size of both the droplet and
substrate during the impingement process, the assump-
tion of two semi-infinite bodies is applicable and the
initial interface temperature rise can be given by [22,23]:

(\/ kpC,),
JRrCon + (G, (10)

or, rearranging,

A]}nt . bl
ATy~ b+ b, (1)

A]}nt =

where by and b, are the effusivities (kpC,)"/* of liquid and
glass, and AT, is the interface temperature change.
Referring to Table 1 for the thermal properties of water
and F2 glass, Eq. (11) yields AT, /ATy = 0.56, which

corresponds to AT, = 14 °C for ATy = 25 °C, and 25 °C
for ATy =45 °C, which is slightly lower than the mea-
sured results for the first few hundred milliseconds in
Fig. 4. A possible reason for this may be the internal
flow and deformation of the droplet that brings hotter
liquid from the top of the droplet towards the interface
during impact, which is not accounted for in the simple
conduction model above.

For the interface temperature measurement with
glycerol, the experimental procedure is identical to that
for water, and similar results are obtained as shown in
Fig. 5, except for the case for AT, = 0. Unusually large
voltages fluctuations were observed just after the glyc-
erol droplet strikes the dry substrate at ATy, = 0. The
reason is that, due to its extremely high viscosity at room
temperature, the impinging glycerol droplet does not
remain in perfect contact with the substrate as it spreads
quickly along the surface during impact, but rather en-
trains small air bubbles that are trapped at the interface.
These air bubbles alter the reflectivity of the interface,
resulting in significant fluctuations in the output voltage.
These bubbles can also be observed visually by scatter-
ing of the laser beam in the droplet several seconds after
the droplet comes to rest. Because of buoyancy, the
bubbles at the interface will slowly move upward and the
intensity of the reflected laser beam at the photodiode
will decrease as the air bubbles are replaced by glycerol.
It takes about 15 min for the bubbles to leave the in-
terface and produce a gas-free contact at the liquid—glass
interface. To test the stability of the system without the
effect of bubbles, a compromise is made. First a droplet
of glycerol is placed on the glass surface and allowed to
rest for 30 min until all bubbles leave the surface. Then a
second droplet at room temperature (A7, = 0 °C) is al-
lowed to fall onto the first, and the reflectivity signal
observed. No significant signal change is recorded, as
shown in Fig. 5.

40

Fig. 5. Interface temperature difference for glycerol droplet on
the F2 prism.
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As glycerol is heated to higher temperature, e.g.,
AT, = 25 and 45 °C, the viscosity and surface tension
of glycerol are reduced dramatically, such that bub-
ble entrainment is virtually eliminated. For glycerol at
AT, = 25 and 45 °C the results (Fig. 5) are similar to
those for water, and also exhibit an abrupt temperature
increase as the droplet first strikes the prism at t =0 s,
followed by a monotonically cooling curve. The re-
corded maximum interface temperature rises, ~18 °C for
ATy =25 °C, and ~27 °C for AT, =45 °C, are also
higher than the predicted initial interface temperature
from the thermodynamic analysis in Eq. (11) for glyc-
erol, i.e., AT, = 11 °C for AT, = 25 °C, and 19 °C for
ATy =45 °C.

4.2. Numerical model

A simple 1-D model is developed to compare with the
experimental data. Although an analytical solution for
this problem exists [24], it is based on infinite series and
transcendental functions that must be evaluated nu-
merically anyway. Also, flexibility in boundary condi-
tions was desired. For these reasons, a simple numerical
solution was adopted. When the droplet impinges on the
horizontal prism surface, the droplet and prism are as-
sumed to be in perfect thermal and physical contact. For
1-D heat conduction, the interface temperature and heat
flux are then continuous at the interface [25]:

L=T,
f o, 0T, cat the interface (12)
"ox T fox

where 7; and 7, are the temperatures of the liquid and
prism, and & and k, are the thermal conductivities of
liquid and prism, along the direction x normal to the
interface, all respectively.

Such a model is applied to predict the interface
temperature. Assuming 1-D heat conduction between
two slabs placed in contact at time ¢ = 0, the mathematic
model in the rectangular coordinate system is (for ¢ = 0):

T, 1 0T,
Lt 1
axz or, ot ( 3)

(2), (),
ox ), ox /,,
where T is temperature, x the direction normal to the
interface, ar the thermal diffusivity, and ¢ time. Here
i =1, 2 represents the substrate and liquid, and T;y and
L; are the initial temperature and thickness, respectively.
The interface is located at x =0, and the interface
boundary conditions are represented by Eq. (12).

The 1-D conduction model above does not cap-
ture the complicated internal flow hydrodynamics, e.g.

35
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o
: 20 A
<
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5 T
0 1 2 3 4 5 6 7 8
Time, 7 (s)

Fig. 6. Comparison of measurement and simulation for water
on fused silica window for AT, = 35 °C.

spreading and recoiling, associated with the droplet
impingement, nor does it accurately capture the 2-D
nature of heat conduction. For short times near the
beginning of impingement, however, 1-D heat conduc-
tion dominates the interface temperature change, for the
thermal penetration depth in this case is much smaller
than the droplet diameter, and the heat transferred into
the substrate is by conduction only. The model is solved
using an implicit finite volume scheme with L, = 0.5
mm, L, = 9.53 mm, a uniform grid spacing Ax = 10 pm
for both region 1 and 2, and a time step At = 10 ps.
Both the measured interface temperature change and
the simulation results for water on a 10 mm thick flat
fused silica window with ATy = 35 °C are shown in Fig.
6. (The modeling was done for earlier experimental re-
sults using a flat window and AT, = 35 °C.) The trend is
similar for #< 0.4 s, except that the measured interface
temperature is somewhat higher than the simulation
results. As discussed in the preceding part of this section,
it may be due to the internal flow and deformation of
the droplet during impingement. For times greater than
2-3 s, the measurement temperature drops more rapidly,
which is attributed to 2-D conduction in the substrate.

5. Experiment uncertainty

The accuracy of both the liquid and glass refractive
indices and their temperature coefficients significantly
affects the measured temperature accuracy. Values of the
refractive indices of F2 and glycerol and their tempera-
ture coeflicients are reported in the literature with neg-
ligible uncertainties; however, the reported refractive
index temperature coefficient for water, dn;/dT, reported
can vary by up to 14%. The measured temperature un-
certainty associated with dn;/dT reaches a maximum
when AT is a maximum, ie., ATy =45 °C in this
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work. The corresponding uncertainties are 6.3 °C for
ATy =45 °C.

During the experiment, it is assumed that the mea-
sured photodiode voltage depends only on the interface
temperature change; however, factors such as laser in-
tensity drift, vibration of the optical components, noise
in the photodiode and amplifier, and deviation in the
beam incidence angle will also cause a voltage fluctua-
tion in the measured signal. Among these factors, the
largest contribution arises from the intensity drift in the
HeNe laser, which is inherent in such lasers. A Coherent
laser power analyzer was used to measure the laser in-
tensity over a 3-min interval, and a drift of 0.1% was
recorded. To quantify this variation, along with the
others above, an isothermal interface was established
using a water droplet at room temperature and mea-
sured over a 3-min period. The voltage fluctuation
AV | Vy was ~0.31%, which corresponds to a temperature
change of 0.5 °C. A more stable laser source, e.g., a
thermoelectrically cooled laser diode, can reduce the
laser fluctuations, and improve the measurement accu-
racy accordingly.

The uncertainty in the angle of incidence, «, also
contributes to the measurement uncertainties. The mir-
ror is mounted on a rotational stage with a scale un-
certainty of +1/24°. Accounting for the initial alignment
of the stage to obtain a reference angle, the uncertainty
in the incidence angle is taken to be 40.5°, which cor-
responds to a temperature uncertainty of 0.1 °C. The
extinction ratio of the linear polarizer is less than 1073;
therefore, uncertainty due to any unpolarized light in the
beam can be neglected. The HeNe laser output power is
5 mW, and the light intensity at the interface is ~2.0
mW. The linear absorption coefficient of water is on the
order of 1073 cm™!, therefore liquid heating by the laser
beam can be neglected.

Considering the above sources of the uncertain-
ties, the computed root-sum-square uncertainty for the
measured temperature for water is 6.3 °C for AT, = 45
°C and 3.5 °C for ATy =25 °C. The main uncertainty
source for water is the refractive index temperature co-
efficient, rather than the experimental configuration it-
self. If the uncertainty in the temperature coefficient is
removed, the final measurement uncertainty is estimated
to be 0.5 °C.

For glycerol, the bubbles formed at the glycerol-glass
interface near room temperature are a source of error in
addition to those discussed above, however, the effect of
the bubbles are insignificant at higher temperatures, e.g.,
T =50 °C.

6. Conclusions

This work presents a laser-based technique to mea-
sure the transient interface temperature for a liquid

droplet impinging on a glass substrate. Thermoreflec-
tance is used to monitor changes in the liquid and sub-
strate refractive indices at the interface, from which the
temperature variation is determined. The volume of the
droplet is 40 pl, and initial temperature differences of 0,
25, and 45 °C have been tested, with a temporal reso-
lution of 8.8 ms and a spatial resolution of 180 um. The
experimental setup is simple, inexpensive, and reliable,
and is capable of measuring fast temperature changes
with high temporal and spatial resolutions. Solidifica-
tion and evaporation of droplet during impingement
may also be possible to investigate with this technique
with minor modification.
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