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Abstract

The phenomenon of droplets impacting and evaporating on a hot surface is of interest in many areas of engineering.
Quantitative measurement of these processes provides great help to reveal the physics behind. A novel technique was
developed to quantitatively measure the volume evolution and contact diameter of an evaporating microdroplet on a
hot surface utilizing interference fringe scattering method. In this method, fine fringes produced by the interference of
two coherent laser beams was scattered by the droplet and projected onto a screen. The profile and volume of the
droplet can be derived from the spatial fringe spacing on the screen. The number of total fringes measurable on the
screen was used to determine the instantaneous contact diameter of the microdroplet. Validation experiments dem-
onstrated that the measurement errors are less than +5% and +1% for microdroplet volume and contact diameter,
respectively. By using this method, the dynamic of droplet impingement, evaporation and boiling using ethanol, pure
water and water solution of a surfactant (sodium dodecyl sulfate) with impact velocity of 7.5 m/s and diameters ranged

from 0.19 to 0.46 mm were investigated. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Knowledge of the impacting and evaporating be-
havior of individual droplets on a hot solid surface is not
only essential for the prediction of droplet impact
cooling, but also of interest in many areas of engineering
such as the study of combustion engines and fire safety
situations. In these applications, the dynamic behavior
of the impinging droplet and the heat and mass trans-
fer between a droplet and a hot surface are impor-
tant phenomena. A fundamental understanding of these
phenomena requires the ability to record the progressive
stages of deformation and evaporation of the droplet.
Various techniques have been developed to this end.
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High-speed cine film and short duration single shot
photography were often used in previous research.
These include the photographic studies of Wachters and
Westerling [1], Toda [2], Chandra and Avedisian [3],
Xiong and Yuen [4] and Qiao and Chandra [5]. Xiong
and Yuen [4] investigated the evaporation of liquid
droplets ranging from 0.07 to 1.8 mm with relatively low
velocity of 0.4 m/s, including water and various pure and
mixed hydrocarbon fuels on a hot stainless steel plate. A
strobe-video visual system is used to record the evapo-
ration process. Qiao and Chandra [5] studied droplet
boiling on a hot stainless steel surface using both
video and 35 mm cameras. Water and water solution of
a surfactant were used as test liquid. Droplets were
dropped from a hypodermic needle at 50 mm above the
test surface with a diameter of about 2 mm. They con-
cluded that heat transfer could be enhanced by adding
surfactant because surfactant reduces contact angle of
droplets and promotes nucleation of vapor bubbles and
cause foaming.
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Nomenclature

geometry constant

impinging droplet diameter

contact diameter

interference fringe spacing

liquid refractive index dependent constant
distance between droplet and screen
relative refractive index

total scattering fringes number

radial displacement from center of droplet
radius of droplet

droplet impinging velocity

Cartesian coordinate

S®ISINFTSoAS

=
<

v, ), )" local height of droplet, first-, second-order
derivative

Greek symbols

o angle

A wavelength

0 contact angle
Subscripts

e end

i incident

r refraction

] scattering, start

Laser interferometric techniques, which normally
provide higher accuracy than the photography tech-
niques, have been developed to measure the profiles of a
transparent object. However, previous optical methods
focused on the profiles of large objects, such as the di-
ameter of objects larger than several millimeters [6-8].
Xu et al. [9] developed a method, based on holographic
and shearing interferometry, to measure the profile of
liquid droplets on flat, horizontal glass substrates. Al-
though this method is simple in principle, great effort
and high precision in setting up are necessary. Further-
more, it is too difficult to heat the substrate by using this
method. In the reflection-interference method developed
by Guo et al. [10], the interference fringes must be
measured at a location that depends on the droplet’s
shape. Because an evaporating droplet may change its
shape, it is not feasible to implement this method. The
technique based on intensity developed by Thomas et al.
[11] is inaccurate in practice since the scattering intensity
is sensitive to the distortion of background scatter-
ing and wall reflection. In summary, a feasible opti-
cal method that is capable of measuring the profile and
volume of a deformed droplet during evaporation is
necessary.

In this research, the evaporation of a microdroplet on
a hot surface is visualized and measured by an improved
optical method [12]. In this method, very fine parallel
fringes produced by a Mach-Zehnder interferometer are
projected onto the base of a droplet. The fringes scat-
tered by the deformed droplet are enlarged and formed
on a screen. Through geometrical optics approach, the
profile of a droplet can be derived from the spatial fre-
quency of the scattering pattern on the screen. By as-
suming the droplet is rotationally symmetric about its
vertical centerline, the volume of the droplet is obtained
from its profile. Finally, the evaporation process is an-
alyzed by processing the recorded series of the scattering
pattern.

2. Geometrical optics approach

The schematic diagram of the optical system is shown
in Fig. 1 where a microdroplet was located at the top
surface of a quartz cylinder and illuminated by parallel
interference fringes produced by a Mach-Zehnder in-
terferometer. The scattering rays from the microdroplet
were projected onto a screen where the deformed fringe
pattern was recorded by a CCD camera. The reflection
from the interfacial surface between the microdroplet
and the substrate was negligible because of little differ-
ence in the refractive index between quartz and working
liquid.

By using geometrical optics approach and assuming
the microdroplet is a segment of a sphere as shown in
Fig. 2 (In fact, this assumption is not necessary as in-
dicated later.), the following equation can be derived
[12]:
sin o

= )1/2 (1)

(1 = 2mcos as + m?

x|~

where r, R, o are shown in Fig. 2 and m is the relative
refractive index of liquid.

If /R is less than 0.58, a linear function of o, with a
maximum error of +£10% can be expected. If #/R is
greater than 0.58, or the contact angle is higher than 35°,
an extension of this method is also proposed [13]. For a
water droplet on a glass substrate, the maximum r/R is
0.24 [14]. Thus, the non-linear error drops to less than
1% and Eq. (1) leads to:

% — ko, or % = kAo, 2)
where k is a constant, which depends on the liquid re-
fractive index, and Ar = h is the fringe distance.

Considering two fringes and noticing that L > Ax
and Ax > h (see Fig. 3), the relation between Ax and
Awg can be written as:
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Ax
Aas ~ T (3)

where Ax is the projected fringe spacing and L is the
distance between the microdroplet and the screen. Sub-
stituting Eq. (3) into Eq. (2), the radius of the micro-
droplet can be calculated as:

hL 1 hL
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KA A ST K “)
«—Substrate Screen
—
1 \4— Enlarged Droplet &
== <
<l 2 [ ——
y [ —— 3
L <

Fig. 3. Relation between Aoy and Ax.

where the constant ¢ is determined by the optical con-
figuration. This is the equation for calculating the radius
of a spherical-cap-shaped droplet on a transparent
substrate. It is shown that the fringe spacing on the
screen is inversely proportional to the radius of the
spherical-cap-shaped droplet. Because the spacing of
incident fringes is uniform, i.e. 4 is a constant, and the
radius of the curvature remains unchanged along
the whole spherical segment, the scattering fringes on the
screen have a uniform spacing. Therefore, the average
fringe spacing, Ax, can be used to calculate the radius R.

Eq. (4) can also be extended to measure the local
curvature of a non-spherical droplet, which is commonly
encountered in practice. If the droplet is a non-spherical
segment, it is expected that the spacing of the scattering
fringes on the screen vary accordingly. Let us consider
a non-spherical droplet shown in Fig. 4. Fringes 1 and 2
intersect the droplet at points P, and P>, respectively. If
the difference between the local radius of curvatures R;
and R, is negligible, i.e. Ry =~ R, ~ R, Eq. (4) is still valid
under this assumption. This assumption is reasonable

Fig. 4. Non-spherical droplet.
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because the droplet curvature changes smoothly in
practice and segment P,—P; is very small since the inci-
dent fringe spacing is one order of magnitude smaller
than the droplet contact diameter. Similarly, R; =
Ry =~ R’ can also make the validity of Eq. (4). Hence, the
local radius of curvature of the whole droplet can be
derived from the spatial frequency of the scattering
fringes on screen.

Droplet profile y(x) can be reconstructed from the
measured curvatures. The differential equation govern-
ing the relationship between the local radius of curva-
ture R(x) and the local height y(x) is:

REY| = (14927 =

The radius of curvature R(x) is obtained through inter-
polation of experimental data.

Eq. (5) can be solved numerically if the boundary
conditions, y(0) and »/(0), are known. Without losing
generality, the starting point of the droplet profile can be
surmised as x; = 0 and y; = 0. To determine )'(0), let us
consider a typical scattering pattern of a droplet as
shown in Fig. 5. In addition to the fringe spacing, the
total fringe number, n, is another important parameter,
which means the droplet covers # fringes. Therefore, the
span of the droplet is:

X. = nh (6)

0 (5)

Because the ending point of the profile is coplanar with
the start point, we have the following boundary condi-
tions as a supplement:

xg =0, »=0
{xe = nh7 Ye = 0 (7)

Eq. (5) can be solved by fourth-order Runge-Kutta
method with giving an initial value y/(0). The calculated
Y. may not be zero, so the initial y/(0) is iterated in the
numerical calculation until the above boundary condi-
tions are fulfilled. The volume of the droplet can be
calculated by integrating the revolved solid along the
centerline of the profile.

3. Experimental apparatus and calibration

The schematic diagram of the experimental appara-
tus is illustrated in Fig. 1. It consists of a Mach—Zehnder
interferometer, a quartz cylinder with its heating, tem-
perature controlling system and a CCD camera behind
the screen. A microdroplet was placed on the substrate
where the fringe pattern of the incident beam was gen-
erated by the two-beam interference. A 15 mW He-Ne
laser was used as the light source. The screen was lo-
cated at 324 mm from the substrate and the images on
the screen were recorded by a Sony digital video camera
TRV-900E. The detailed parameters of the test facility
and conditions are shown in Table 1.

Based on current parameters, the accuracy of the
method is analyzed. The measured contact diameter is
discrete and the step is the spacing of the interference
fringes e.g., 45 pm. If there are total n fringes, the av-
erage measurement error is 1 — (n/(n+0.5)). If n =5,
the average possible error is 9%. The accuracy can be
improved by using fine fringes, which can be produced
by the laser of short wavelength. The measurable mini-
mum volume is determined with the minimum contact
diameter and maximum measurable radius of curvature.
The minimum contact diameter is 225 um if n = 5 for
an acceptable accuracy. The maximum measurable ra-
dius is limited by the possible minimum spacing of the
fringes on the screen. Because there is a beam stop of
14 x 8§ mm to attenuate the high intensity incident
beams (see Fig. 5), the minimum area of scattering
pattern should be as twice as the area of the stop in
order to remove the image of the stop by interpolating
the fringes surrounding it. Thus the minimum spacing of

Table 1

Parameters and conditions
A L m ¢ h Tambient RH
(pm) (mm) (pm)  (°C)
0.6328  324.0 1.34 250 45 20 60%

NXe,Ye)

V=0.5uL

Fig. 5. A typical scattering pattern of a droplet.
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the fringes on the screen is 14 mm/n and the maximum
radius of the droplet is Ry. = (nhL/14k). If n =15,
Ruax = 2.08 and the minimum volume is 2.48 x 1073
mm?, the diameter of corresponding sphere is 36 um.

3.1. Calibration of diameter of contact circle

As indicated by Eq. (7), the span of the droplet or the
diameter of the contact circle, x., is used as a boundary
condition to reconstruct the droplet profile and to cal-
culate the volume and x. is derive from Eq. (6). The
assumption to use Eq. (6) to calculate x. is that the edge
of the droplet is located just at the centers of two bright
fringes. However, the edge of a droplet is located ran-
domly on the substrate during impingement and evap-
oration. Furthermore, most liquids, particularly those
with high wettability, have very gradual changes in their
profiles near the solid-liquid contact line. This causes
difficulty in experiments in clearly observing or accu-
rately measuring the contact edge. Therefore, calibration
experiments to improve Eq. (6) are necessary.

In the calibration experiments, the droplet image
under a microscope and the corresponding scattering
fringe pattern were recorded almost simultaneously. The
detailed experimental set-up can be found in Jia [13].
The recorded image and fringes of a droplet are shown
in Fig. 6. The contact diameter of the droplet measured
from the image is assumed to be the actual diameter.
Comparisons of the actual and calculated diameters by
Eq. (6) are shown in Table 2, where # is the total number
of fringes. It is found that the calculated diameters are

smaller than the actual diameters. This is because the
edge of the droplet was not located exactly on the bright
fringe. If the total number of fringes is compensated by
two, one for each side, the difference between the cal-
culated and actual diameters is acceptable. Accordingly,
a compensated total fringe number is used in the profile
reconstruction and volume calculation. The radius of the
new segment was obtained by using the extrapolation
method.

3.2. Calibration of volume measurement

The volume measurement was calibrated by mea-
suring a water droplet with known volume on the
substrate. Tiny water droplets were delivered onto the
substrate by means of a 0.5 mm? capacity Hamilton
microsyringe. Because the surface tension of water is
high, a spherical water droplet on the needle’s tip can be
transferred to the substrate entirely. The syringe was
thus used to measure the nominal volume of droplets.
Since the CCD camera was turned on before a droplet
was put onto the substrate, a series of fringe patterns
were recorded. Because a water droplet evaporates
slowly at room temperature, it is reasonable to calibrate
the method with the volume calculated from the first
frame after the initial deformation. The calibration re-
sult is shown in Fig. 7. It is found that the discrepancy
between the measured volume and nominal value is
+5%. This method is thus adequate in engineering ap-
plications. The remaining error may be caused by
asymmetry of the droplet.

Fig. 6. Image and fringes for same droplet with volume = 0.3 mm®.

Table 2
Comparisons of actual and calculated diameters
Volume (mm?) D by image (mm) h (mm) Xe = hn (mm) Error (%) Xe =h(n+2) (mm) Error (%)
0.3 1.845 0.114 1.596 —13.5 1.824 —1.1
0.3 1.721 0.049 1.590 -7.6 1.689 -1.8
0.5 2.142 0.049 2.037 —4.9 2.136 —0.2
0.5 1.965 0.049 1.888 -39 1.987 1.14
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4. Measurement of transient droplet evaporation

In most previous experimental studies, the impinging
droplets were produced by a hypodermic syringe. The
droplet diameters in those studies were larger than 1
mm, and the droplet velocities were around 1 m/s, in
general. In spray cooling, microdroplets (d = 30-300
um) impact the hot surface with high velocity (¥ = 5-10
m/s).

In the experiments, high velocity microdroplets were
produced by a vibrating orifice mono-disperse droplet
generator (TSI model 3450). By using a 20 pm orifice

Single Droplet :
Generator

Electromagnet
Shaker

under 3.75 mm?/s liquid feed rate and 20 kHz vibrating
frequency conditions, mono-dispersed droplets with a
diameter of 71 pm and a velocity of 7.5 m/s can be
produced. A blocker driven by an electromagnet shaker
was used to select the number of droplets impinging on
the surface as shown in Fig. 8. Normally, the top edge of
the blocker was located in the path of the droplet
stream, thus no droplet can reach the substrate. Once a
short pulse with known duration applied to the input of
the electromagnet, the blocker released the stream path
and the selected number of droplets can impinge onto
the substrate. Because of high droplet impinging fre-
quency and relatively low blocker reciprocating speed, it
is difficult to select only one droplet impacting on the
substrate. Therefore, several sequentially impinged mi-
crodroplets will coalesce to form a large droplet on the
substrate. Fortunately, because the time interval of
impingement and coalescence is in milliseconds range
which is at least two order of magnitude shorter than the
evaporation time (in several hundreds of milliseconds or
larger). Therefore, the heat transfer and evaporation can
be considered to take place well after the coalescence has
been completed. The initial volume of the coalesced
droplet can be calculated by the number of droplets
arrived on the substrate during the pulse duration. It can
also be measured directly by the newly proposed method
as described previously. Of course, if a precise camera
shutter with a short duration of 1/10,000 s (It has been
commercial available.) or a low frequency droplet gen-
erator can be used, single microdroplet impingement can
be obtained.

Scattering
Fringes Pattern

~——— Mirror

-

Quartz
Substrate

-a—Mirror

Laser Beams

Fig. 8. Experimental set-up for droplet impingement.
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Using above set-up, quantitative measurements of
the transient impinging and evaporation processes for
droplets of different liquids on a quartz substrate with
different surface temperatures were performed. Ethanol,
pure water and a water solution of a surfactant with
different concentrations were used. The surfactant used
is sodium dodecyl sulphate (SDS), obtained in powder
form from Riedel-de Han AG. The surfactant solutions
were prepared at least 1 h before the experiments to
minimize the presence of dissolved gases. Before the
concentration of the surfactant solution was changed,
the droplet generator had been cleaned with alcohol,
distilled water and compressed air.

For an ethanol droplet with an initial volume
of 4.2 x 1073 mm?, which was resulted from 22 micro-
droplets’ coalescence within 1.1 ms, impacting and
evaporating on the quartz substrate with a surface
temperature of 70 °C, 14 frames were recorded. Fig. 9

0:27:20:20

0:27:20:24

shows some frames of the recorded fringe pattern at
different times. Using the newly developed method the
droplet profile, volume and contact diameter can be
calculated from the fringe patterns directly. The mea-
surement results are shown in Fig. 10. It was found that
the contact diameter of the ethanol droplet on the quartz
surface kept in constant for a very short period (about
1 ms) and then gradually reduced with time while the
contact angle was almost remained unchanged. Fig. 9
also indicates that the shape of the contact line of an
ethanol droplet is not circular in shape, which may cause
some measurement error if the contact shape was as-
sumed circular. To quantify the error, the measured
initial volume was compared with the nominal initial
volume that was calculated by the droplet diameter and
the number of droplets impacting on the substrate dur-
ing the pulse duration. In Fig. 10 the measured initial
volume of the ethanol droplet is 4.2 x 1073 mm? but the

0:27:20:18

0:27:20:22

L 0:27:21:02.

Fig. 9. Fringe pattern series of an ethanol droplet (7 = 70 °C).
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Fig. 10. Volume, diameter and profile evolution for an ethanol
droplet (T = 70 °C).

calculated initial volume (including 22 ethanol droplets
with 71 pm in diameter) is 4.12 x 103 mm?, which gives
a measurement error about 2%. By also considering the
error in droplet diameter measurement, the total mea-
surement error for current case lies in £5%. It is possible
to further improve the measurement accuracy with this
kind of very complex shape by illuminating the droplet
with two fringe generation systems. Each system is sim-
ilar to the current proposed system but with different
fringe direction and wavelength which will form or-
thogonal grid-like fringes. This fringe generating system

is similar to a commonly used transmitting unit in 2-D
laser Doppler anemometry.

Experiments were also conducted to investigate the
effect of adding surfactant. One thousand ppm surfac-
tant concentration was used and the droplet initial vol-
ume of 1.1 x 1072 mm? was chosen. The temperature of
quartz surface was 100 °C and a total of 23 frames were
recorded. Fig. 11 shows the measurement contact dia-
meter, volume and droplet profile evolution. It is found
that the evaporation process can be divided into three
regions as shown in Fig. 11. Region I is constant volume
heating up (less than 10% change in volume) because the
droplet must absorb heat to reach evaporation temper-
ature. Region II is constant contact diameter evapo-
ration during which the droplet contact diameter
remains constant while the contact angle decreases until
it reaches its minimum value. Region III is the contact
diameter starting to decrease (10% less than the initial
diameter). During this period the contact angle remains
unchanged and, it is therefore, also called constant
contact angle evaporation. This region is also very short
when evaporating a water droplet. For an ethanol
droplet (see Fig. 10), only regions I and III can be ob-
served because of its high wettability.

At the end of the evaporation (region III), the thin
water film shrinks. This kind of evaporation may en-
hance heat transfer since the ratio of the heat transfer
area to the thickness increases during the evaporation
process. In the modeling of dropwise evaporation, this
result must also be taken into consideration as the
contact angle was assumed to be constant in the past
mathematical models [15,16]. Comparison between the
actual profile and an arc shows that droplets were al-
most shaped as spherical cap during evaporation. This
result is very useful to simplify the modeling of dropwise
evaporation. As shown in Fig. 12, the dynamic aspect
ratio is nearly constant for ethanol, but the change in the
dynamic aspect ratio is very large for the case of water
solution droplets.

The concentration of surfactant may increase during
droplet evaporation, which may affect the refractive
index of the working fluid and the liquid-solid contact
angle. The refractive indices of water solution with dif-
ferent surfactant concentrations were measured by using
a Carl Zeiss Abbe refractometer (accuracy: 0.0005). It
was too difficult to identify any change in refractive
index for a surfactant concentration less than 1000 ppm.
Even when the concentration increases to 100,000 ppm,
its refractive index changes to 1.3435, which is only 1%
higher than that of pure water (1.3327). Therefore,
constant refractive index of the water solution of SDS
during the measurements has always been assumed.
Qiao and Chandra [5] have measured the equilibrium
contact angle of water and surfactant solution on a
stainless steel surface. It is 90° for pure water; adding
100 and 1000 ppm of surfactant reduces the contact
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Fig. 11. Evaporating of a surfactant solution droplet (1000
ppm by weight) on a quartz surface (¥ = 0.012 mm?, T = 100
°C).

angle to 55° and 20°, respectively. However, the receding
contact angle for water was measured to be approxi-
mately 10° and was not altered by surfactant addition.
Therefore, the reduction of contact angle during evap-
oration (see Fig. 12) may be caused by both evaporation
of water and concentration increasing of surfactant.
To evaluate the measurement capability of the new
method, evaporation of droplets with different initial
volumes was also studied. The initial volume was
changed with adjusting the width of the input pulse to

—~ 353
Eo %0 q — 0.053mm® (1000ppm)
T 1 —&—0.034mm® (1000ppm)
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Fig. 12. Spreading ratio evolution of surfactant solution
droplets (1000 ppm by weight) with different initial volumes
(T =100 °C).
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Fig. 13. Volume evolution of surfactant solution droplets (1000
ppm by weight) with different initial volumes (7 = 100 °C).

the electromagnet shaker. The results are shown in Fig.
13. The evaporation curves for different volumes of same
composition show similar trends.

5. Conclusion

A novel optical method to measure the contact di-
ameter, profile, and volume of a liquid droplet evapo-
rating on a hot solid substrate was developed. With the
geometrical optics approach, the contact diameter and
droplet profile can be derived from its scattering pattern.
The contact diameter is related to the total number of
scattering fringes and the profile is related to the spatial
frequency. By assuming the droplet is axis symmetric,
volume can be derived from the profile. The minimum
measurable volume is 2.48 x 10~ mm?, which equals to
the volume of a sphere with a diameter of 36 pm. An
accuracy of £1% for the contact diameter measurement
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and +5% for the volume measurement has been
achieved. Further improvement in resolution is possible
by using short wavelength lasers or smaller fringe
spacing. The behaviors of evaporating ethanol and
water microdroplets were investigated. Based on exper-
imental data, it was found that the evaporation process
could be divided into three regions namely, constant
volume heating up, constant contact diameter evapora-
tion, and constant contact angle evaporation. The
reduction of contact angle during evaporation may be
contributed by both the dynamics of rapid evaporation
and the concentration variation of surfactant. This
provides useful information in modeling the dropwise
evaporation process.
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