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Heat transfer coefficients associated with drop-wise condensation are quite large. Because

the ensuing driving temperature difference is small, experimental determination of heat

transfer coefficient is a challenge. The statistical nature of droplet distribution in the

ensemble contributes to the intricacy of analysis and interpretation. Against this

background, the spatial distribution of temperature during drop-wise condensation over a

polyethylene substrate was measured using liquid crystal thermography (LCT)

simultaneously with actual visualization of the condensation process by videography.

Experiments were conducted in such a way that pendant drops form on the underside of the

liquid crystal sheet. Temperature variation at the base of the droplets, as small as 0.4 mm,

were satisfactorily resolved. The signature of the drop shape was visible in the LCT images.

The drop size distribution on the substrate was simultaneously visualized. Static contact

angles of water on polyethylene are measured and drop shapes were estimated via a

mathematical model for comparison. Using a one-dimensional heat transfer approximation,

heat flux profiles through individual droplets were obtained. The temperature profiles from

LCT combined with drop sizes from direct visualization provide sufficient data for

understanding the heat transfer mechanism during drop-wise condensation. Results show

that the measured heat flux as a function of drop diameter matches published data for large

drop sizes but fails for small drops where the thermal resistance of the LCT sheet is a limiting

factor. To a first approximation, the present work shows that drop size can be correlated to

the local heat flux. Hence, the average heat flux over a surface can be obtained entirely from

the drop size distribution.

KEY WORDS: drop-wise condensation, heat transfer, drop size distribution, liquid

crystal thermography

INTRODUCTION

When compared to heat transfer through liquid films, significantly higher heat
transfer coefficients are achievable in drop-wise condensation. Substantial saving in
material and energy can result if the presupposition of film-wise condensation, nor-
mally the basis for condenser design calculations, could be changed to drop-wise
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condensation. In an engineering device, the condition of drop-wise condensation is
realized by appropriately texturing or suitably modifying the surfaces exposed to
vapor [1–3]. There is a renewed interest in fully understanding the drop-wise mode
of condensation due to the possibility of engineering surfaces; namely, by physical and
chemical texturing as well as surface modification [4–6]. Complementary interest for
miniaturization and compactness of heat transfer equipment [7] is also to be addressed.

In spite of sustained research in the past decades, many issues related to heat
transfer during drop-wise condensation remain unresolved [1, 8]. This is mainly
because small changes in the surface morphology on a micro/nanoscale and, hence,
surface energy, lead to changes in the droplet distribution, affecting the ensuing
thermohydrodynamics. In addition, the overall mechanism of formation of a droplet
on an engineering surface involves varied length scales, from atomistic orders at early
phases of nucleation on one hand to scales affected by the body force distribution vis-
à-vis the surface tension forces on the other [9]. These changes can only be understood
when a multiscale modeling approach is adopted [10]. In addition, changes in contact
angles and the hysteresis phenomenon of the contact line remain as heuristic para-
meters in the predictive models. Frequently, sessile or pendant droplets on substrates
are modeled as hemispheres completely neglecting the dynamic contact angles that
appear in real-time operation [11]. Very high heat transfer rates (and therefore very
low temperature differential) coupled with the above factors also hinder generation of
repeatable experimental data. Thus, experiments that concern heat transfer during
drop-wise condensation are quite complex [1–3, 7, 8].

A common assumption in heat transfer analysis and the interpretation of experi-
mental data is the isothermal nature of the substrate on which condensation is taking
place. Quite often, the temperature gradient in the normal direction, recorded in the
bulk substrate by suitably located thermocouples, is extrapolated to determine the

NOMENCLATURE

A area, m2

D diameter, m
g acceleration due to gravity, m/s2

H, S, I hue, saturation, intensity scale
h heat transfer coefficient,

W/m2-K
hfg latent heat, J/kg
K1 constant
k thermal conductivity,

W/m-K
M molecular weight, kg/kmol
n number density, m-2

P pressure, N/m2

_Q heat transfer rate, W
q† heat flux, W/m2

~R gas constant, J/K-mol
R, G, B red, green, blue scale
T temperature, K
�T average temperature, K
t thickness, m

Greek Symbols

� wavelength of light, m
� density, kg/m3

�
_

accommodation coefficient
� surface tension, N/m
� specific volume, m3/kg

Subscripts

avg average value
exp experimental
liq liquid
max maximum
min minimum
pix digitized pixel
sat saturation
sub substrate
total total value
vap vapor
w cooling water
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average temperature of the substrate [11, 12]. Subsequently, average condensation
heat transfer coefficients are determined. However, the inherent droplet size distribu-
tion on the substrate, which in turn is time dependent, results in surface temperature
fluctuations during the sequence of condensation, coalescence, and removal of the
drops. Such a variation of temperature/heat flux at the base of each condensing drop is
obvious when we consider a mechanistic model [13, 14]. Neglecting these details will
lead to an error in determining the real heat transfer coefficient.

Although the inherent time dependence of heat transfer in drop-wise condensa-
tion has been acknowledged in the literature, spatiotemporal determination of tem-
perature fluctuations is not straightforward. Need for such data generation is essential
to relate the droplet ensemble hydrodynamics to the consequent integrated thermal-
hydrodynamic process performance. Conventional thermometry (e.g., with thermo-
couples) cannot provide spatial information of temperature distribution. Moreover,
for measurements on mini/microscales (as in the case of individual condensing
droplets), spatial constraints and sensor intrusion thwarts the acquisition of primary
information at the desired level of accuracy. For this reason, liquid crystal thermo-
graphy (LCT) has been used in the present study. The spatiotemporal variation of
temperature (and therefore the heat flux passing through the surface in the normal
direction) can be obtained from LCT. The technique and methodology allows the
determination of the thermal behavior on the scale of a single condensate drop.

In the present work, the fluid considered is pure deionized water condensing
under controlled conditions on the underside of a polyethylene substrate. Study of
stand-alone polymer substrates as well as polymer-coated metal substrates subjected
to drop-wise condensation has immense practical engineering applications not only for
dedicated heat transfer applications but also for other engineering systems ranging
from compact polymer heat exchangers, contact lenses, thermal enclosures for horti-
culture applications, and dew formation on polymer food packages, to name a few
[15–18]. Videography and high-spatial-resolution LCT are simultaneously employed
to derive information on the condensing droplets. A specially designed experimental
setup enables in situ measurements of condensation over a suitably textured surface.
Results obtained are compared with the classical one-dimensional heat transfer for-
mulation of drop-wise condensation [12–14].

EXPERIMENTAL SETUP

The experimental apparatus has been designed to study drop-wise condensation
under controlled conditions on the underside of a substrate. A unique feature of the
designed apparatus is that it permits simultaneous visualization of the condensing
droplets and temperature measurement using liquid crystal thermography, both as a
function of time. As seen in Figure 1, the setup primarily consists of a main cylindrical
polycarbonate vacuum chamber of inner diameter 180 mm and length 110 mm. It is
closed from the two ends by specially designed flanges. The lower brass flange is fitted
with a �/4 optical viewing window (View A). The wavelength referred to in this
discussion is that of visible light. In addition, it also has an annular space around
this viewing windowwherein the working fluid inventory is stored. A circular, 1.5-mm-
thick mica strip heater (OD = 70 mm, ID = 40 mm) is attached outside this annular
space to give the necessary heat input, as detailed in the figure. The upper end of the
main vacuum chamber is sealed with a polycarbonate flange fitted with a transparent
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�/4 optical glass disk of 100mmdiameter and 8.0 mm thickness. Outside the glass disk,
a coolant passage of rectangular section (200 mm · 6 mm) is provided so that one face
of the glass disk can be subjected to constant temperature boundary conditions by
varying the temperature of the flowing coolant. The walls of the coolant passages are

Figure 1. Details of the experimental setup to study drop-wise condensation on the underside of a substrate.

(a) Photograph shows the details of the main condensing chamber; (b) exploded view of the condensing

chamber showing all the components. (c) Camera View A (refer (b)) from the bottom gives the actual

photograph of the condensing droplets, whereas Camera View B provides the RGB image of the TLC. (d)

Details of the peripheral systems of the setup. (Figure appears in color online).
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also made of transparent polycarbonate Makrolon� material. The whole assembly
chamber is made vacuum tight (,10-6 mbar) by doing the assembly with O-rings.

Connections for evacuation, pressure transducer, and temperature sensor are
provided on the main chamber wall. Condensing vapor temperature is measured with
calibrated K-type thermocouples (National Instruments�) of accuracy� 0.05�C, after
calibration, which is placed centrally in the chamber at a distance of 25 mm from the
side wall. The condensing chamber pressure is measured by an absolute pressure
transducer (M/s Honeywell�, accuracy 0.1%FS, NIST traceable calibration, range
0–1.2 bar). Online data acquisition with 16-bit PCI-4351 card (National Instruments�)
connected to a PC has been carried out.

A color CCD camera (Basler� A202KC resolution: 1024 · 1024) is used to
capture the LCT images (View B) and a Sony digital camera with CCD sensor is
used for capturing the actual optical video images of the condensing surface (View A).
A diffuse white light source with controllable output is used for illumination.

EXPERIMENTAL METHODOLOGY

Calibration of TLCs

Liquid crystals supplied by M/s Hallcrest�, in microencapsulated form, dis-
playing the full RGB color spectrum are used in the present study (the nominal
identification of the crystals by the supplier is ‘R40C5W’; i.e., Red Start at 40�C
with a bandwidth of 5�C, bandwidth being defined as the blue start temperature
minus the red start temperature [19]). These crystals respond to changes in tem-
perature by changing their color. They have chiral (twisted) molecular structures
and are optically active mixtures of organic chemicals turning from colorless (black
against a black background) to red at a given temperature (called the event
temperature) and, as the temperature is increased, passing through the other colors
of the visible spectrum in sequence (orange, yellow, green, blue, violet) before
turning colorless (or black) again at a higher temperature, called the clearing
temperature. The color changes are reversible; on cooling, this color change
sequence is reversed. Thus, the local spatial temperature distribution can be cap-
tured by a digitizer (e.g., a CCD camera with a frame grabber card) and suitably
quantified in 8/16-bit pixel-specific information. This pixelized response, corre-
sponding to the local temperature, is usually available in the form of the three
primary colors: red, green, and blue (RGB). To relate these to temperature, the
color response needs to be reduced to a single value. This step is accomplished by
converting the pixel-level RGB values to the HSI (hue, saturation, and intensity)
and choosing the hue parameter to scale with temperature. The important reason
for the choice of hue as the discriminating parameter is the fact that it is practically
independent of light intensity or illumination [20].

A polyethylene sheet (70 �m thick) coated with the encapsulated liquid crystals is
attached on the lower surface of the top optical window. Drop-wise condensation
takes place directly on the polyethylene sheet. Before commencement of the drop-wise
condensation experiments, in situ calibration was carefully conducted under con-
trolled conditions. It is important to perform the calibration in situ so that identical
lighting conditions exist during calibration and the main experiments. To allow for
minor changes in surface quality and the light source, calibration is repeated after two
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full runs of the experiment. Calibration of the LCT sheet was performed as follows.
Without the evaporator heater power, water was circulated using a high end kelvimat
(HAAKE� DC10K20; accuracy � 0.1�C) at controlled temperature steps between
the operational bandwidth of the LCT sheet. A precalibrated Pt-100 thermocouple
(accuracy � 0.05�C) placed on the substrate was used as the reference. A region of
interest (ROI) was selected for constructing the calibration curve. Although the
minimum size for a given ROI is a single pixel, a size greater than one pixel was utilized
to statistically account for noisy pixels. Considering scatter in the hue values, the
nominal hue value was based on the median of the hue distribution. A fifth-order
polynomial was used to fit the calibration data relating hue and temperature as
measured by the thermocouple [20, 21]. Figure 2 shows a sample calibration curve
drawn between hue and the operating substrate temperature; the corresponding
recorded RGB images of the ROI by the color CCD camera (Basler�-A202KC) are
also shown. Subsequent experiments have been carried out under identical conditions
of illumination with identical laboratory environmental conditions. Following the
procedure given by Hay and Hollingsworth [22], the overall accuracy of the measure-
ment process is estimated to be 0.42�C. This is about 6%of the useful range of the LCT
and compares well with other reported experimental data on capsulated LCT studies
[21, 23]. It includes uncertainty in the primary thermocouple sensors, sensitivity of hue
calculation from RGB values, and standard error estimate of curve fitting.

Figure 2. (a) Typical calibration curve of the liquid crystal sheet relating the substrate temperature to the hue

scale. (b) The picture shows the RGB images obtained during the calibration step. These are further

processed to get the HIS images. (Figure appears in color online).

HEAT TRANSFER DURING DROP-WISE WATER CONDENSATION 189

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
K
h
a
n
d
e
k
a
r
,
 
S
a
m
e
e
r
]
 
A
t
:
 
0
5
:
5
9
 
5
 
A
u
g
u
s
t
 
2
0
0
9



Experimental Procedure

The condensing chamber is assembled with a small quantity of liquid inventory
kept in the annular space at the lower portion of the apparatus. The chamber is then
evacuated by a turbo-mechanical combo vacuum pump. A fraction of water flashes to
vapor that fills up the chamber. The evacuation process is continued for several
minutes to ensure complete removal of noncondensable gases in the chamber. At
this stage it is ensured that the absolute pressure in the chamber is equal to the
saturation pressure of the working fluid at the chamber temperature. Any operating
temperature-pressure of the working fluid can be obtained by a suitable combination
of coolant water temperature (flowing in the upper rectangular passage) and the heat
input to the chamber by the circular heaters placed below.

Condensation in the form of pendant drops commences almost immediately
after evacuation is initiated. Hence, it is not possible to capture the liquid crystal
thermographs in the initial phase of nucleation and droplet growth. Nucleated drops
grow in size by direct condensation of the vapor and then by coalescence with the
neighboring drops. Once the weight of the drop exceeds a certain threshold value, it
falls back into the reservoir. An open virgin space is created at this location where fresh
condensation is initiated. Thus, after the passage of a few minutes, a dynamic steady
state of evaporation and condensation is established in the apparatus. The relevant
data, namely, LCT images and condensations patterns of drops, have been acquired in
the present work after quasi-steady-state is reached wherein growth of drops is
primarily dominated by coalescence.

Data Reduction

The overall data reduction scheme applied to LCT images and condensation
patterns at dynamic steady state is shown in Figure 3. Part (a) highlights the physical
model considering a single condensing drop on the substrate. At a given instant of
time, View A provides the actual photograph of drops distributed over the surface of
the substrate, as recorded by the digital camera. The number density of drops as a
function of diameter can be obtained from these data. View B is the corresponding
liquid crystal thermograph of the substrate, as recorded by the color CCD camera. The
instantaneous spatial distribution of temperature on the substrate is known via the
TLC calibration curve. The color-to-temperature conversion scheme is explained in
Figure 3b. It shows the actual image (View A), RGB image (View B), corresponding
distribution of hue (and therefore the corresponding temperature, from Figure 2), and
hue contours (temperature contours) over a selected area of the substrate, viz. region
of interest. Individual condensing droplets and their corresponding base temperature
distributions during condensation are clearly brought out with this approach.

For a given thermograph and its complementary photograph of the condensa-
tion pattern, heat transfer calculations can be carried out at the scale of a drop as well
as the scale of the area imaged by the camera. The data reduction scheme adopted in
this work for the two scales is as follows:

� Substrate level:

(a) Calculate the net heat flux from the entire substrate to the cooling water supply by
assuming a one-dimensional heat transfer approximation.
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(b) Calculate the heat transfer coefficient during drop-wise condensation by the net
heat transfer rate obtained in step (a) and dividing it by the applicable degree of
subcooling ( �Tvap � �Tsub), where �Tsub is the space-averaged temperature on the
polymer substrate, as estimated from the liquid crystal thermograph.

Thus, considering one-dimensional heat transfer through the entire system, the
instantaneous local heat flux through a unit pixelized area on the substrate is calculated as:

q¢¢pix ¼ ð _Qpix=ApixÞ ¼ kglass � ðTpix � TwÞ=tglass ð1Þ

The net heat transfer from the individual droplet and the entire substrate, respec-
tively, to the cooling water can be estimated as:

_Qdrop

��
exp
¼

I
drop base area

q¢¢pixdApix ð2Þ

_Qtotal

��
exp
¼

I
total substrate area

q¢¢pixdApix ð3Þ

Figure 3. (a) The schematic shows the overall scheme for the estimation of the local heat transfer coefficient

for drop-wise condensation occurring on the underside of the substrate. ViewA provides the direct picture of

the drop, whereas View B provides the liquid crystal thermograph. (b) The figures shows the series of

operations employed for data reduction. The image of condensing droplets is obtained fromCameraViewA,

and the corresponding TLC RGB image is simultaneously obtained from Camera View B. The latter image

provides the spatial hue distribution on the selected portion of the substrate, the contours of which can be

transformed into spatial temperature distribution from the hue-temperature calibration curve. (Figure

appears in color online).
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The average temperatures of the base area of individual pendant drops and the
complete condensing substrate (in the experiments, Asub ¼ Aglass) are estimated respec-
tively by area averaging the local pixel temperatures on the substrate, as follows:

�Tsub ¼
1

A

� � I
total substrate area

Tpix � dApix ð4Þ

�Tdrop ¼
1

A

� � I
drop base area

Tpix � dApix ð5Þ

The average condensation heat transfer during drop-wise condensation is a direct
manifestation of the combination of interfacial resistance to condensation of vapor on the
drop surface and the diffusional resistance the droplet offers. Knowing the mean conden-
sing vapor temperature inside the chamber, the steady-state average drop-wise condensa-
tion heat transfer through the polymer substrate can be estimated as:

�hexp ¼
_Qtotal

��
exp

Asubð �Tvap � �TsubÞ

 !
ð6Þ

� Droplet level:

(a) Isolate individual droplets on the substrate; i.e., through respective complemen-
tary images of Views A and B.

(b) Calculate heat transfer rate from the base area of the individual droplet to the
coolant and compare it with the one-dimensional heat throughput for an indivi-
dual droplet. The latter accounts for interfacial heat transfer resistance, diffusion
resistance through the droplet, and constriction resistance due to droplet curva-
ture. The droplet geometry is assumed to be hemispherical, as confirmed with
static contact angle measurements of pendant droplets on the surface. Dynamic
contact angles could not be measured with this setup.

A one-dimensional model that takes into account heat transfer through indivi-
dual droplet has been described bymany authors (e.g., see Carey [12] andGraham and
Griffith [13]). Considering interfacial resistance, drop curvature resistance, and diffu-
sional resistance, the average heat transfer through the base of the droplet is given by:

ð �Tvap � �TdropÞ ¼
2 _Qdrop

��
model

hi � � �D2
drop

þ
�Tvap � �Tdrop

� �
Dmin

Ddrop
þ

_Qdrop

��
model

2kliq � � �Ddrop
ð7Þ

where the interface heat transfer coefficient hi is given by:

hi ¼
2�
_

2� �_

 !
h2fg

�Tvap�liq

M

2� ~RTvap

 !0:5

ð8Þ
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Thus, we can compare Eqs. (2) and (7) to validate the modeled and experimen-
tally observed heat throughput across an individual droplet. In fact, if the complete
range of droplet distribution is also estimated by the experiments then the total heat
throughput from the substrate can be modeled as:

_Qtotal

��
model
¼ � � ð �Tvap � �TsubÞ

2

� � ZDmax

Dmin

nD �D2 � ð1�Dmin=DÞ
ð1=hi þD=4klÞ

� dD ð9Þ

Equation (9) can be compared with experimental estimation of the total heat
throughput; i.e., Eq. (3). In the present experiments, due to limitations in optics, the
smallest droplet that we could digitally measure with 99% confidence level was of the
order of 0.4 mm. It is much larger than the minimum diameter of the drops that can
possibly grow for a given wall subcooling [12]; namely,

Dmin ¼
4 � �liq � � � Tsub

hfg Tsat � Tsubð Þ

� �
ð10Þ

Equation (10) yields Dmin of the order of 0.01 mm. Hence, a large fraction of small
drops couldnotbe imaged in thepresentwork.Becausea largeportionof the totalheat flux
is carried by droplets of small diameters, the verification of Eq. (9) with respect to Eq. (3)
couldnotbe conducted.Thisnonavailabilityof thedroplet distribution function, especially
in the lowerdroplet size range, is indeedageneric problem in experimental investigationsof
drop-wise condensation [1–3]. A practice that circumvents this difficulty is to assume a
suitable distribution function of the small-sized drop in such a manner that it fits the
experimental heat throughput. In this article we restrict our attention to single droplets in
the range of ,0.35 mm to Dmax. The maximum diameter is a direct manifestation of the
ratio of surface tension to the gravitational body force; i.e., the Bond number defined as:

Dmax ¼ K1
�

gð�liq � �vapÞ

 !0:5

ð11Þ

For the present experiments, Dmax was obtained to be 4.73 mm � 0.02 mm, which
givesK1= 1.732 in Eq. (11).

RESULTS AND DISCUSSION

Drop shapes, condensation patterns, and LCT images during condensation are
reported in the following sections. Of interest is the comparison of heat transfer rates
calculated from drop-wise condensation patterns over the polyethylene surface of the LCT
sheet,with thoseobtained fromtheone-dimensional simulationof the condensationprocess.

Contact Angle Measurements

Contact angles of static pendant droplets of water on polyethylene substrate
were measured by a goniometer. The sample images of drops are shown in Figure 4.
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It can be clearly seen that there is considerable static contact angle hysteresis
with increasing inclination of the substrate. The pendant drop shape can be con-
veniently estimated by a simple two-dimensional representation of the Young-
Laplace equation; the numerical scheme for solving this equation is outlined in
Appendix 1. Though the droplet contact line was assumed to be pinned in the
calculations, this is not true for real surfaces. It can be seen that the droplet does
not remain pinned to the surface as the inclination of the substrate is increased from
the horizontal. For a horizontal substrate, the contact angles justify the use of a
hemispherical geometry in the one-dimensional heat transfer model. However, it
requires the assumption that dynamic contact angles realized during the time-depen-
dent condensation process would be identical to those recorded under static
conditions.

Heat Transfer through Individual Drops

Figure 5a shows the liquid crystal thermograph of a single droplet of diameter
2.96 mm condensing on the polyethylene substrate at a vapor saturation temperature
of 41.1�C. In the LCT image, regions of high heat transfer rates appear as locations of
relatively high temperature; for example, the blue ring in Figure 5a. Lower tempera-
tures transit toward green and red. The hue distribution over the base of the droplet is
shown in Figure 5b. Figure 5c shows the variation of heat throughput through the
mid-plane passing through the single drop as identified in Figure 5a. Also shown in
Figure 5d are examples of other isolated droplets recorded during the experiment.
Figures 6a and 6b show a pair of adjacent droplets, condensing at vapor saturation
temperature of 40.3�C, and the associated hue distribution on the base area. Figures 6c
and 6d depict the instantaneous heat transfer rates through planes passing through
these individual drops.

Figure 4. (a) Static contact angle of a pendant water droplet of 20 �L on a polyethylene substrate. The

substrate is made to incline from the horizontal to study the effect of contact angle hysteresis. (b) Estimated

droplet shapes generated with the assumption that the advancing front remains pinned are compared with

the actual shape recorded in an experiment. (Figure appears in color online).
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Many interesting qualitative features can be noted from the data in Figures 5 and 6.

(a) Iso-hue lines (i.e., isotherms) can be clearly seen on the base area of the condensing
pendant droplets. Thus, for a given temperature difference between the glass plate
and the condensing vapor, the varying degree of droplet thermal resistance due to
its changing thickness is clearly manifested as temperature distribution over the
base of the drop.

(b) Maximum heat transfer rate appears near the apparent contact line of the pendant
droplet. This is the zone where the thickness of the droplet is lowest, thus indicat-
ing the least thermal resistance.

(c) Immediately circumscribing the apparent contact line of the pendant drop there
exists an adsorbed liquid thin film, which increases the thermal resistance to heat
flow.

(d) The central portion of the drop poses the maximum heat transfer resistance.
(e) Smaller drops have a lower thermal resistance per unit area than larger drops.

Figure 5. (a) and (b) The figures show the TLC-RGB image of an isolated pendant droplet (D= 2.96 mm)

during drop-wise condensation process, at vapor saturation temperature of 40.3�C, and its corresponding

hue contour plot. Images have been recorded after steady state has been attained. (c) The heat transfer rate at

a plane passing through the middle of the droplet is shown as a function of position. (d) Examples of hue

profiles of three other isolated droplets of smaller sizes. (Figure appears in color online).
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The above observations are in agreement with the one-dimensional heat transfer
model described previously.

Figure 7 shows the computed heat transfer rates through individual droplets as a
function of drop diameter and degree of subcooling. Equations (7 through 9 have been
used for the purpose. Following the literature [12, 24, 25], the accommodation coeffi-
cient for water has been taken to be unity. The computations have been performed at
average vapor saturation temperature, �Tsat = 41.0�C.1 The degree of subcooling
( �Tvap � �Tsub) is varied from 0.4 to 2.0�C, as shown in Figure 7. Two bands of computed
data are shown; one set corresponds to results obtained by neglecting the thermal
resistance of the polyethylene substrate, whereas the other set corresponds to the case
wherein this thermal resistance is included in the one-dimensional heat transfer model

Figure 6. (a), (b) The figures show the TLC-RGB image of two adjacent pendant droplets during the drop-

wise condensation process and the corresponding hue contour plot at vapor saturation temperature of

40.3�C. Images have been acquired at steady state. (c), (d) Heat transfer rate through plane #1 (Drop A) and

plane #2 (Drop B) is presented as a function of position. (Figure appears in color online).

1The change in thermophysical properties of water between the temperature range 39�C� �Tsat � 42�C
is such that the heat flux estimate through the droplets is not substantially affected in this small range; the

ensuing difference is minor and cannot be highlighted on a log-log scale used in Figure 7. Therefore,

representative calculations have been shown at an average saturation temperature of 41.0�C.
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(represented by thick set of lines). When the thermal resistance due to the polyethylene
sheet is not considered, heat flux passing through the droplets drastically increases
with decreasing droplet diameter; i.e., the maximum heat flux passes through the
smallest diameter droplets. The inclusion of the thermal resistance due to the poly-
ethylene sheet severely decreases the overall heat transfer, as shown in Figure 7. This
deterioration effect is the most for smaller-sized droplets. Thus, for the present
experiments, low thermal conductivity of the polyethylene sheet results in a large
reduction in heat transfer through the smaller droplets.

The individual thermal resistances that constitute the overall thermal resistance
are shown in Figure 8. It is clear from this figure that below a droplet diameter of about
0.5 mm, the thermal resistance due to the polyethylene sheet exceeds that of the
diffusive resistance of the droplet. In addition, the interface heat transfer coefficient
and the added thermal resistance due to the curvature of the droplet are not significant
constituents in the overall thermal resistance. The curvature resistance becomes sig-
nificant for extremely small droplets. For diameters beyond ,1.5 mm, the major
resistance is due to the conduction within the droplet.

Figure 7 also shows the experimentally obtained heat flux through individual
droplets. As stated previously, the minimum droplet diameter that could be measured

Figure 7. The figure shows heat flux variation over the base area of a drop as a function of the drop diameter.

Experimental heat transfer rates through isolated droplets (A–J) have been determined from LCT data. The

simulation at Tsat = 41.0�C is (i) without and (ii) with the thickness of the PE substrate taken into account.

Although the highest heat flux passes through the small drops, the thermal resistance due to small droplets

diminishes with decreasing diameter (see Figure 8), and the resistance due to the PE foil starts dominating,

thereby hindering heat transfer through the smaller diameter droplets.
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in the present experiment was of the order of 0.4 mm, whereas the maximum droplet
sizes were about 4.73 mm in diameter. In this range, Figure 7 shows data for 10
representative droplets isolated on the substrate; relevant details of these 10 droplets
(indexed A through J) are also shown in Figure 7. As can be seen, deviation from the
predicted values becomes greater as the droplet size; that is, the thermal resistance
through the drop decreases. Data reduction for droplets below about 0.5 mm would
not have resulted in meaningful conclusions because thermal resistance of the poly-
ethylene sheet is dominant below this diameter. Moreover, for very small droplets, the
temperature differences and geometrical length scales are too small to be resolved by
the present technique as highlighted by Wang et al. [26]. Reasonable accuracy is
obtained with the one-dimensional model of heat transfer for larger sized drops.

The average heat transfer coefficient estimated by using Eq. (6) is found to be
sensitive to the extent of subcooling; namely, the vapor-to-substrate temperature
difference. Specifically, for an increase in the average condensing vapor temperature,
heat transfer coefficient increases from 4470W/m2K at 40.6�C to 5650W/m2K at 41.1
and 7580 W/m2K at 42.1�C.

In this study we have focused our attention only on a horizontally placed
substrate. It should be noted that, for an inclined substrate, the condensation pattern
is dominated not only by coalescence of drops but also by the subsequent instability
resulting in drop sliding/rolling motion down the inclined surface of the substrate. The
sliding/rolling droplet wipes away portions of substrate area, subsequent to which
fresh nucleation is initiated on the freshly wiped areas. This temporal wiping action of
the unstable drops, superimposed on regularly condensing droplet patterns, leads to
intricate local heat transfer mechanisms. The sliding/rolling droplet motion is also

Figure 8. The variation of net thermal resistance of the substrate-droplet combined system (see inset) and its

various components with the droplet diameter is shown. Below a droplet diameter of about 0.4 mm, the

thermal resistance due to the PE sheet dominates the overall net resistance. Above a droplet diameter of 1.5

mm, droplet conductance is the dominating parameter. (Figure appears in color online).
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affected by surface type and roughness, contact line dynamics, apparent contact angle
hysteresis, etc. The ensuing phenomena is strongly time dependent; new timescales
have to be addressed under such conditions.

CONCLUSIONS

The use of liquid crystal thermography for detecting the spatial temperature
profile of individual condensing pendant droplets of pure water on a horizontally
placed transparent polymer substrate has been attempted. Clear drop-wise condensa-
tion of water was achieved on this surface. Vivid isotherms on the condensing droplet
base could be distinctly observed. Both normal light videography and liquid crystal
thermography could be performed simultaneously in the uniquely designed test
section. The local and average heat transfer coefficients on the substrate were esti-
mated by data reduction and were found to be broadly comparable with the one-
dimensional heat transfer approximation. The periphery of the droplet base line was
seen to provide the path of least resistance for heat transfer. Average heat transfer rate
increased with increase in subcooling and saturation pressures. The principal finding
of the study is that it is adequate to image drop-wise condensation patterns on a
surface. These images can be used to estimate local and average heat transfer coeffi-
cients by including the relevant thermal resistances between the condensing vapor and
the subcooled substrate. Microscale measurement of small temperature differences
continues to be a challenge for accurate estimation of heat transfer during drop-wise
condensation. In this context, although liquid crystal thermography stretches the limit
of spatial resolution to microscales, below this limit, temperature differentials are too
small for correct and repeatable experimental determination and, therefore, applica-
tion of numerical means becomes necessary.
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APPENDIX 1

The Young-Laplace equation

2�m ¼
��

�
g � yþ B ðA1Þ

is solved in two dimensions with the mean curvature given by [8]:

�m ¼ �
1

2

y¢¢

1þ y¢2
� �3

2

0
B@

1
CA ðA2Þ

Here B is the excess pressure inside the drop. Thus, the governing equation for a
pendant drop is

d2y

dx2
¼ � 1þ dy

dx

� �2
 !3

2
y

l2
þ B

� �
ðA3Þ

with the boundary conditions at a starting point:

yðx ¼ 0Þ ¼ 0

dy

dx
ðx ¼ 0Þ ¼ � tan 	

ðA4Þ

Equations (A1)–(A4) can be generalized to stable pendant and sessile drops on inclined
surfaces. Here the appropriate component of acceleration due to gravity is utilized,
depending on the orientation of the drop. In addition, it should be noted that bound-
ary conditions employing unequal advancing/receding angles would yield drop shapes
that lack geommetrical symmetry.

The second-order ordinary differential equation with boundary conditions is
solved along with the constraint of a given droplet volume using a fourth-order Runge-
Kutta scheme. The solution of the governing equation yields the droplet profile.
The model assumes that the drop is pinned at the line of contact. This may not always
be true and the advancing point may move with substrate inclination.
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