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Abstract

The results of a series of experiments focused on investigation of the
heating and evaporation of suspended water droplets in a hot air flow (at
temperatures up to 800◦C) are described. The temperatures inside droplets
were estimated based on Planar Laser-Induced Fluorescence (PLIF) imaging.
The advantages and limitations of this method are investigated. Typical dis-
tributions of temperatures inside droplets at the initial stages of their heating
and evaporation are presented. These distributions at various cross-sections
are compared. They are shown to be strongly inhomogeneous during the
whole period of observation. A new model for heating and evaporation of a
suspended droplet, taking into account temperature gradient and recircula-
tion inside the droplet and the effect of a supporting rod, is suggested. It is
assumed that the heat transferred from the rod to the suspended droplet is
homogeneously distributed inside the droplet; its effect is modelled similarly
to the effect of external thermal radiation, using the previously developed
model for droplet heating in the presence of this radiation. It is shown that
a reasonable agreement between the model predictions and experimental data
can be achieved if the reduction of the ambient gas temperature due to the
presence of an evaporating droplet is taken into account. The effect of the rod
on droplet heating is shown to be most significant for ambient gas tempera-
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ture equal to 100 ◦C and becomes negligibly small when the gas temperature
reaches 800 ◦C.

Keywords:
Water droplets, droplet heating and evaporation, mathematical model,
model validation

Nomenclature

BM(T ) Spalding mass (heat) transfer number
c specific heat capacity
dh diameter of the rod
D diffusion coefficient
f function introduced in Equations (18) and (19)
h convection heat transfer coefficient
h0 parameter introduced in Equation (9)
k thermal conductivity
L specific heat of evaporation
Le Lewes number
ṁ

′′

d evaporation mass flux
Nu Nusselt number
pn parameter introduced in Equation (8)
P source term in Equation (4)
Pe Peclet number
Pr Prandtl number
q heat rate
q̇d heat spent on rising droplet temperature
qn parameter introduced in Equation (8)
R distance from the droplet centre
Rd droplet radius
Re Reynolds number
Sc Schmidt number
Sc contact area of the droplet and the rod
Sh Sherwood number
t time
T temperature
U velocity
vn eigenfunctions
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Vd droplet volume
Y mass fraction

Greek symbols
κ thermal diffusivity
κR parameter introduced in Equation (8)
λn eigenvalues
µ0 parameter introduced in Equation (8)
ρ density
χ coefficient defined in Equation (3)

Subscripts
a air
c centre
d droplet
eff effective
l liquid phase
p constant pressure
s surface
sup support (rod)
total total
v vapour phase or per unit volume
0 value at the beginning of a time step or initial value
∞ ambient

Superscripts
∗ modified Sherwood or Nusselt number
— average

1. Introduction

The importance of experimental studies and modelling of droplet heat-
ing/cooling and evaporation in engineering and environmental applications
is well known [1, 2, 3, 4]. The experimental studies of these processes have
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mainly focused on the application of non-intrusive laser-based techniques
such as Particle Image Velocimetry (PIV) [5], Stereo Particle Image Ve-
locimetry (Stereo PIV) [6], Interferometric Particle Imaging (IPI) [7], Laser-
Induced Fluorescence (LIF) [8], Particle Tracking Velocimetry (PTV) [9],
Shadow Photography (SP) [10], and Laser Induced Phosphorescence (LIP)
[11]. High-speed video-recording allows one to study these processes with a
high level of time resolution [12, 13]. An approach to estimating the droplet
evaporation rate has been described in [19]. Among previously-mentioned
technical approaches, LIF can be used to measure the temperature of heated
and evaporating droplets [11, 14]. In particular, a two-colour version of LIF,
based on the detection of the fluorescence signal on two separate spectral
bands, was devised to measure the volume-average temperature of droplets
in monodisperse streams [17] and sprays [38]. In [15, 18], this approach was
extended to the characterisation of the temperature distribution inside mov-
ing droplets, which highlighted the importance of internal liquid transport
and the Marangoni effect in the heating process of combusting droplets [16].

Experiments on the heating and evaporation of droplets have focused
either on stationary droplets supported by fibres [20] or on tandem of droplets
[21]. These experiments are essentially complementary. The main difficulty
in interpreting the first set of experiments is in the need to model the effects
of fibre, while in the case of the second set of experiments the effects of
interaction between droplets need to be accounted for [18].

One of the most advanced modelling approaches to the analysis of droplet
heating and evaporation is based on the Abramzon and Sirignano model [22]
for the gas phase and the analytical solutions to the heat transfer and species
diffusion (in the case of multi-component droplets) equations for the liquid
phase [3, 4]. In contrast to most models used in commercial and in-house
Computational Fluid Dynamics (CFD) codes, the effect of thermal radiation
on droplet heating and evaporation has been considered not as a surface
but as a volumetric processes [23]. Most of the models have been based on
the assumption that droplets are spherical; some attempts to generalise the
previously developed models to non-spherical droplets are described in [24].

This study focuses on the effect of convective heating of water droplets.
Planar Laser-Induced Fluorescence (PLIF) will be used to characterise the
temperature inside the droplets. In parallel, previously developed modelling
tools [3, 4] will be adapted to the specific configuration encountered in the
experiments, i.e. a stationary droplet suspended from hollow fibres (rods).
In contrast to the models described in [3, 4], in the model described in this
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paper, the effect of these rods will be taken into account. The effect of ra-
diative heating of droplets will be ignored at this stage, as the ambient gas
temperature in our experiments did not exceed 800◦C, with maximal temper-
atures of the walls of the enclosure being even less than this. As shown in our
previous papers (see [3] and the references therein), the effects of radiative
heating for these ambient gas and external wall temperatures are expected
to be small for Diesel fuel droplets [3]; one would expect a similar conclusion
for water droplets. Transient temperature fields of evaporating droplets for
various ambient gas temperatures and velocities and initial droplet radii will
be established experimentally and these experimental results will be com-
pared with the predictions of the model. The results of these investigations
are expected to be primarily used in designing efficient water based fire ex-
tinguishers, although their relevance to a wider range of engineering and
environmental application is anticipated.

2. Experimental setup and measurement technique

2.1. Experimental setup and air flow measurement

A general view of the experimental setup is presented in Figure 1. This
setup is designed to perform PLIF with the aim of measuring the tempera-
ture field inside suspended droplets, which are heated by forced convection.
The experiment was performed inside a transparent, heat-resistant (up to
a maximal temperature of 1,800◦C) cylindrical quartz pipe. The height of
the pipe was 0.3 m, while its inner diameter and thickness were 0.1 m and
2.5 mm, respectively. Three holes were drilled in the wall of the cylindrical
pipe at the same height and at relative angles of 90◦, in order to insert a
droplet, to illuminate it by a laser and to take photographs/images. A flow
of heated air was produced by the air heater (Leister LE-5000 HT; range of
temperatures 50-1,000◦C) and the air blower (Leister CH-6060; air velocities
in the range 0-5 m/s). The air heater was connected to the lower part of
the quartz pipe via a metallic pipe, in which a fine metallic net (with cell
size 0.7 mm) was inserted to generate grid turbulence and eliminate possible
swirls. This ensured that the flow remained uniform. To control the air flow
temperature, a type K thermocouple was placed inside the quartz pipe in
the vicinity of the water droplet. It was shown that the deviations of this
temperature from pre-set values of the air flow generated by air heater and
blower did not exceed 5◦C.
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PIV was used to characterise the air flow in the quartz pipe [5]. Our
approach is similar to the one described in [28, 10] in terms of sizes of trace
particles, geometry of the measurement volume, configurations of the injec-
tion of trace particles, and the optics used. TiO2 particles sized between 0.5
and 5 µm were used to follow the gas motion. To prevent particle cluster-
ing, the TiO2 powder was dried in a ‘Nabertherm’ muffle tubular furnace at
temperature 100◦C for 150 minutes. This ensured homogeneous seeding of
trace TiO2 particles into the flow. Using an air compressor, trace particles
were injected into hot air. The flow was illuminated using a double im-
pulse Nd:YAG laser Quantel EverGreen 70 (@532nm, 10Hz repetition rate,
30 mJ pulse energy). PIV images were captured by an ImperX IGV-B2020M
camera (2048×2048 pixels, 20 fps, 8 bits) equipped with a macro-objective
(Sigma DG 105 mm f/2.8 EX). The images were analysed using a classical
cross-correlation algorithm to obtain the velocity field in the flow [5]. Series
of 100-150 images were used for the analysis of the flow velocity. The typical
measurement errors were estimated not to exceed 2%. Velocity measurements
were performed for several sets of flow parameters (Ua, Ta).

An example of the distribution of the air velocity field inside the regis-
tration area in the quartz pipe, obtained using PIV, is shown in Figure 2.
As can be seen from this figure, the air velocity inside this area is rather
homogeneous which is essential for the experiment.

2.2. Generation and suspension of droplets

A Finnipipette Novus electronic one-channel metering tank with a meter-
ing step of 0.1 µl was used to generate droplets in a controlled and accurate
manner. The initial volume of generated droplets could be set in the range
5-30 µl using this system. This corresponds to droplet radii in the range
1-2 mm. The size of the droplet could be easily reproduced. Typically, the
variation in radii between two generated droplets was less than 0.03 mm.
Immediately after its generation, the droplet was placed at the end of a thin
holder (rod). Then, the holder and the attached droplet were moved with
the help of a motorized manipulator into the quartz cylinder through one of
the holes (Figure 1a). The velocity with which the holder was inserted was
close to 0.15 m/s and the droplet location was controlled with an error less
than 0.01 mm. The effect of the holder on the characteristics of droplet evap-
oration was investigated experimentally prior to this study. Thermocouple
seals were used in the experiments described in [31, 32, 33], quartz and car-
bide/silicon filament were used in the experiments described in [34, 35] and
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[36]. Three designs of droplet holder were considered: a Ni-Cr alloy wire,
a specialised porcelain tip and a hollow metal rod (made of medical steel
12X18H10 with inner and outer diameters equal to 0.5 mm and 0.8 mm). It
was observed that at a relatively high ambient temperature (Ta ≥ 500◦C),
the surface of the porcelain tip deformed and its structure changed. This
deformation could lead to a shift in the position of the droplet on the holder
which made the tip difficult to use for PLIF measurements. With regard to
the Ni-Cr alloy wire, it was seen to partially reflect the laser light, and the
droplet suspended from it was observed to assume a pear-like, rather than a
spherical, shape. These two factors led to non-homogeneous droplet illumina-
tion as shown in Figure 3. The best configuration for the PLIF measurements
used the hollow metal rod as a droplet holder.

The results of mounting the droplet on the metal rod are schematically
presented in Figure 4. Key parameters which will be used for the analysis of
the effect of support on droplet heating and evaporation are the temperature
of the rod and the contact area of the rod with the droplet.

The contact area of the droplets and metal rod (Sc) depended mainly on
droplet radii (Rd) which reduced during the evaporation process. Approxi-
mating this area by an ellipse, the values of Sc were estimated as:

Sc = πdhRd, (1)

where dh is the outer diameter of the rod equal to 0.8 mm. Typical time
evolution of Sc, inferred from (1), for Ua ≈ 3 m/s, an initial droplet volume
Vd ≈ 15 µl (Rd ≈ 1.53 mm) and Ta ≈ 300 ◦C is shown in Figure 5. Only the
initial part of this curve will be used in our analysis. More details about the
estimation of this area, based on Equation (1), can be found in the inserts
to Figure 5.

The temperatures of the surface of the rod were inferred from a series of
separate experiments using thermal images. It was shown that these temper-
atures increase during the heating process, reaching constant values. Typical
time evolutions of these temperature, inferred from the low inertia infra-red
imager measurements, for five ambient gas temperatures and Ua ≈ 3 m/s,
are shown in Figure 6. As in the case shown in Figure 5, only the initial
stage of droplet heating will be used in our analysis.

Infra-red imager Testo 885-2 was used in our analysis. This imager has
maximal resolution 640×480 pixels, minimal focal distance 0.1 m, frequency 9
Hz, measurement ranges: -30◦C to +100◦C, 0◦C to +350◦C, 0◦C to +650◦C,
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and +350◦C to +1200◦C. It has random errors 2◦C in the range 0◦C to
+350◦C and 2% in the range +350◦C to +1200◦C.

2.3. Measurement of the droplet temperature using Planar Laser-Induced Flu-
orescence Imaging

Planar Laser-Induced Fluorescence (PLIF) was used to determine the
temperature field inside heated and evaporating droplets. Rhodamine B was
selected as a temperature-sensitive marker for the measurements, since the
intensity of the fluorescent emission of Rhodamine B is known to depend
strongly on temperature [30]. The liquid solution used for the measurements
was prepared by dissolving Rhodamine B into distilled water at a concentra-
tion of 1 mg/l. This concentration is rather low. Therefore, in what follows
the term ‘water’ will refer to an aqueous solution of Rhodamine B. As men-
tioned earlier, the experimental setup for PLIF measurements is presented in
Figure 1. The excitation of Rhodamine B is performed using a double-pulse
Nd:YAG laser Quantel EverGreen 70 at 532 nm. The repetition rate of the
laser pulses was 10 Hz and the pulse energy was approximately 35 mJ. The
droplet was illuminated by a thin laser sheet crossing the droplet vertically
along its axis of symmetry. Laser optics incorporating cylindrical lenses were
used to create the laser sheet. Its width and thickness in the measurement
region were equal to 60 mm and 0.3 mm, respectively. Droplet images were
captured by an ImperX IGV-B2020M double-frame CCD video camera (im-
age resolution 2048×2048 pixel, 20 fps, and 16 bit depth). An objective
Nikon 200 mm f/4 AF-D Macro and a 10 nm bandpass interference filter
centred around 600 nm were mounted in front of the camera to visualize the
droplet fluorescence. The size of the registration region was approximately
25×25 mm. Before making the temperature measurements, it was necessary
to perform several tests and a calibration exercise under conditions suited to
droplet evaporation:

• Droplets were irradiated by repetitive laser pulses at a frequency of
10 Hz for two minutes.1 It was shown that the fluorescence emission
of Rhodamine B remained stable, which demonstrated that it was not
significantly affected by photo-bleaching under the conditions of the
experiments.

1This duration was sufficient for our experiments as in all cases the temperature field
was obtained during the droplet heat-up period which did not exceed 30 s.
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• A series of experiments was performed to establish the effect of the
presence of Rhodamine B on the evaporation lifetime of droplets placed
in the hot air flow. These experiments did not show any noticeable
difference in the lifetime in comparison with pure water droplets. The
maximal differences in lifetimes did not exceed 1.5% which was within
the margin of error of these measurements.

• Calibration was also required in order to convert the fluorescence sig-
nals into temperatures. This was achieved by inserting a miniature
platinum/platinum-rhodium thermocouple (type S, accuracy of ±1◦C,
diameter 100 µm, thermal delay time less than 0.1 s) into the centre of
the droplet immediately after its generation. The droplet radius used
for the calibration was 1.8 mm. The location of the thermocouple seal
inside the droplet was controlled using ultra-close-up imaging with the
help of a Photron SA1.1 high-speed camera equipped with a Navitar
macro-objective (the size of the registration region was 6×6 mm).

Figure 7a shows a typical calibration curve, obtained by plotting the
signal level of the PLIF camera as a function of the temperature measured
by the thermocouple when thermal equilibrium was reached. It appears that
the fluorescence signal reduces by about 2.5% when temperature increases by
1◦C in the range 20◦C−70◦C. This sensitivity to temperature is well in line
with previous results reported in the literature for Rhodamine B dissolved
in water [39]. It should be noted that the signal level displayed in Figure 7a
is averaged over a small area (not more than 0.5×0.5 mm) in the vicinity
of the thermocouple seal to improve the reliability of the calibration. Then
the droplet was placed in the hot air flow as described earlier. After about
4 to 25 s, the droplet temperature Td reached an equilibrium (Figure 7b).
This equilibrium temperature is a function of the ambient air temperature
Ta. Experiments were repeated for several values of Ta. Increasing Ta from
50◦C to 400◦C led to an increase in the equilibrium temperature from 10◦C
to 60◦C.

Two configurations, shown in Figure 8, were used in the experiments to
characterise the temperature field inside the droplet. In the first configura-
tion, the laser light sheet is perpendicular to the holder axis; while in the
second configuration, it is parallel to this axis. For the first configuration,
the holder is at 90◦ to the direction of motion of the motorized manipulator.
This approach allowed us to obtain the distribution of temperature in two
perpendicular cross-sections. Otherwise, the setup (laser and PLIF camera)
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parameters remained the same for both configurations. The capturing of
images started when the droplet was installed at the axis of symmetry of the
cylindrical enclosure (see Figure 1). Typically, 100 to 1,000 images of the
evaporating droplet were taken during each experiment. This number de-
pended on the initial droplet sizes and the temperature of the air flow. The
previously obtained calibration curve, was used to reconstruct instantaneous
temperature distributions in water droplet cross-sections.

As follows from the experimental studies, significant errors can occur
when the positioning of the droplet relative to the laser sheet is not per-
fectly controlled and optimised (Figure 9). In the first case presented in
Figure 9, the laser sheet does not cut the suspended droplet along its axis
of symmetry. In this case, due to inhomogeneous droplet illumination and
the temperature field, the actual temperature distribution inside the droplet
cannot be described adequately. In the second case shown in Figure 9, the
situation is even worse, because the laser sheet almost touches the edge of
the droplet at a single point. This leads to a background droplet illumination
and temperatures, inferred from the analysis of our data, which turned out
to be 3-10 times larger than actual temperatures. In the third case shown in
Figure 9, the droplet is cut along its axis and no noticeable refraction of the
laser ray is observed. In these conditions, the temperature field inferred from
PLIF measurements is very close to the actual one. With regard to the prob-
lem of droplet position, it should be emphasized that two-colour LIF (2cLIF)
methods, based on a ratio of the signal intensities detected on two bands,
could be more robust [15, 18]. In 2cLIF measurements, disturbances in the
signal which may originate from many factors in the experiments (changes in
the shape of the droplet, in the droplet position relative to the laser beam, in
the concentration of the fluorescent dye, etc.) are mostly eliminated in the
intensity ratio as disturbances affect the two detection bands in an almost
identical manner. In this investigation, since measurements were based on a
single band of detection, special care was taken to operate in perfectly con-
trolled conditions, where the only changes in the signal intensity were due to
the variation in liquid temperature:

• The energy of the Nd:YAG laser and diaphragm of the CCD video
camera remained fixed during the experiments.

• Since the concentration of Rhodamine B increases during droplet evap-
oration, PLIF results were used only at the initial stage of droplet heat-
ing and evaporation until the temperature distribution inside droplets
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stabilised. It was established experimentally that droplet radius during
this period decreased by less than 5% 2

• If the location of the droplet shifted by more than 0.05 mm from the ini-
tial position during the experiment then the results of this experiment
were excluded from the analysis.

With these precautions, measurement errors are expected to be minimal
and mainly due to image noise and calibration. In Figure 7b, values of droplet
temperature, inferred from PLIF and thermocouple measurements, are com-
pared in the case Ta = 100◦C and Ua = 3 m/s. Although there were visible
deviations between the temperatures estimated by these two approaches, the
results from PLIF can be considered reliable for the estimation of droplet
temperatures with errors limited to 2-3◦C during the heating phase.

3. Results

The temperature distribution inside the droplet immediately before it was
introduced into the stream of hot air is shown in Figure 10. As one can see
from this figure, this distribution is almost homogeneous as expected, which
provides indirect evidence of the reliability of the experimental technique used
in our analysis. The velocity of transfer of the metal support into the stream
of hot air was approximately 0.15 m/s, and the process of its transfer to the
centre of the chamber (see Figure 1) took about 1.25 s. The experimental
measurements started at the time instant when the droplet reached the axis
of symmetry of the chamber. This time instant is referred to as t = 0.

The temperature fields in vertical cross-sections of a heated and evapo-
rating droplet in a flow of hot air, obtained using the PLIF methodology,
are shown in Figure 11. Three temperatures of air flow were used. The tem-
perature fields are shown for 2 perpendicular cross-sections: cross-section
parallel to the direction of a holder (upper images) and cross-section perpen-
dicular to the direction of a holder (lower images). During the whole period

2Additional experiments were performed to investigate the effect of changes in the
concentration of Rhodamine B in droplets on the calculated temperature field during
their evaporation. It was found that a reduction in droplet size by less than 10% leads to
a change in Rhodamine B luminosity of not more than 5-6%. This variation of the LIF
signal corresponds to changes of not more than 3◦C in the temperatures estimated based
on the calibration of the PLIF method (Figure 7). Thus the variation in Rhodamine B
concentration has an effect that is comparable to the measurement uncertainty.
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of droplet heating and evaporation, shown in this figure, the inhomogeneous
distribution of temperature inside droplets can be clearly seen. This effect is
particularly strong for higher temperatures (see Figure 11b,c).

As can also be seen in all images shown in Figure 11, droplets are heated
from two opposite sides: from the side of the oncoming flow of hot air and
from the side of the holder. This shows that the effect of a holder cannot be
ignored when modelling this process; this will be discussed later in the pa-
per. The convective heating of the lower part of the droplets by the oncoming
flow of hot air can be clearly recognised based on the observed temperature
fields. The thickness of the heated layer inside the droplets gradually in-
creased which led to the formation of a more homogeneous distribution of
temperature inside the droplet which is consistent with the results of mod-
elling of similar processes [3]. Comparing Figures 11a,b,c it can be seen that
the duration of the heating process decreases with increasing ambient gas
temperature.

Comparing the effects of the holder on droplet heating for cross-sections
parallel and perpendicular to the direction of a holder, it can be seen that in
the first case the effect of the holder is much weaker than in the second case.
This effect is attributed to the length of the contact lines. This length is less
than 0.8 mm in the first case and more than 3 mm in the second case.

Note that some caution is needed when interpreting the results shown in
Figures 11 due to the limitations of the methodology used in our experiments.
For example, one can clearly see the differences in temperature distributions
in cross-sections I and II. This difference is related to the fact that when the
plane of the laser knife contains the metal support (see Figure 8, II), laser
illumination near the droplet surfaces (droplet-support and droplet-ambient
air) becomes slightly reduced, while this illumination near the droplet cen-
tre becomes slightly enhanced. This leads to the appearance of unphysical
temperature gradients in the relevant areas of the droplet, as can be seen
in Figures 11. The thickness of these areas turned out to be 0.22-0.4 mm
near the droplet interface and less than about 0.2 Rd near the droplet centre;
these areas can affect the distribution of temperature in other areas inside
droplets.

These effects turned out to be much weaker for the case when the plane
of the laser knife is perpendicular to the directions of the metal support (see
Figure 8, I). In this case the thickness of the region near the droplet inter-
face, where spurious enhancement of the temperature was observed, was just
0.01-0.03 mm. This region was eliminated from our analysis. The quantita-
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tive distributions of temperature inside the droplets for this cross-section are
presented in Figures 12 and 13. The modelling of the time evolution of the
temperature distribution inside the droplets will be based on the results for
this cross-section shown in these figures.

4. Model

4.1. Droplet heating

The droplet heating model is based on the assumption that droplets are
spherical and their surfaces are heated by convection. The effects of ther-
mal radiation are ignored. The heating process is assumed to be spherically
symmetric and the effect of temperature gradient inside droplets is taken
into account. The contribution of droplet support (the rod) will be treated
as an additional homogeneous source of heat (the details will be discussed
later). The effects of evaporation on droplet heating will be discussed in the
next subsection. The relative velocity between droplets and gas and related
recirculation inside droplets are accounted for by the Effective Thermal Con-
ductivity (ETC) model, replacing the liquid thermal conductivity kl with the
effective thermal conductivity [3]:

keff = χkl, (2)

where the coefficient χ varies from about 1 (at droplet Peclet number Ped(l) =
Red(l)Prl < 10) to 2.72 (at Ped(l) > 500) and can be approximated as:

χ = 1.86 + 0.86 tanh
[
2.225 log10

(
Ped(l)/30

)]
. (3)

Liquid fuel transport properties and maximal liquid velocity near the surface
of the droplet are used to calculate Ped(l).

Note that the ETC model was developed to predict, reasonably accu-
rately, the average surface temperatures of droplets, which primarily con-
trol their evaporation rates, but not the distribution of temperature inside
droplets. This model is expected to provide crude predictions of the general
trends in the distribution of temperature inside droplets but not the details
of this distribution (e.g. the details of the recirculation inside droplets).

These assumptions allow us to write the equation for temperature inside
droplets (T ) as

∂T

∂t
= κ

(
∂2T

∂R2
+

2

R

∂T

∂R

)
+ P (R), (4)
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where
κ = keff/(clρl) (5)

is the effective thermal diffusivity, cl is specific liquid heat capacity, ρl is
liquid density, R is the distance from the centre of the sphere, and the source
term P (R) usually takes into account the radiative heating of droplets. In
our model the effects of thermal radiation are ignored but this term will be
retained to take into account the effects of support to be discussed later.

This equation is solved subject to the following initial and Robin bound-
ary conditions:

T |t=0 = Td0(R), (6)

h(Ta − Ts) = keff
∂T

∂R

∣∣∣∣
R=Rd−0

, (7)

where Ts = Ts(t) is the droplet’s surface temperature, Ta = Ta(t) is the
ambient air temperature.

Assuming that the solution T (R, t) is a twice continuously differentiable
function in the whole domain and h =const, this solution can be presented
as [3]:

T (R, t) =
Rd

R

∞∑
n=1

{
pn
κRλ2

n

+ exp
[
−κRλ2

nt
](

qn −
pn
κRλ2

n

)
− sinλn
|| vn ||2 λ2

n

µ0(0) exp
[
−κRλ2

nt
]

− sinλn
|| vn ||2 λ2

n

∫ t

0

dµ0(τ)

dτ
exp

[
−κRλ2

n(t− τ)
]

dτ

}
sin

[
λn

(
R

Rd

)]
+ Ta(t),

(8)
where:

pn =
1

R2
d || vn ||2

∫ Rd

0

(RP (R)) sin (λnR/Rd) dR,

λn are solutions to the equation:

λ cosλ+ h0 sinλ = 0, (9)

|| vn ||2=
1

2

(
1− sin 2λn

2λn

)
=

1

2

(
1 +

h0

h2
0 + λ2

n

)
,

qn =
1

Rd || vn ||2

∫ Rd

0

T̃0(R) sin

[
λn

(
R

Rd

)]
dR,
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κR =
keff

clρlR2
d

, µ0(t) =
hTg(t)Rd

keff

,

h0 = (hRd/keff)−1, T̃0(R) = RTd0(R)/Rd. The solution to Equation (9) gives
a set of positive eigenvalues λn numbered in ascending order (n = 1, 2, ...).
Proof of the convergence of the series in (8) is given in [3].

The term proportional to dµ0(τ)
dτ

in the integrand of (8) was shown to be
small and it was ignored in our calculations.

The value of h is related to the Nusselt number via the relation

h =
Nuka
2Rd

,

where ka is air thermal conductivity.
Solution (8) cannot be applied to modelling the whole process of droplet

heating, but rather to modelling its heating during a short time step ∆t.
The effect of evaporation in Solution (8) is taken into account by replacing

Ta with:

Teff = Ta +
ρlLṘde

h
, (10)

where L is the latent heat of evaporation, the value of Ṙde is the change in
droplet radius due to evaporation, estimated from the droplet evaporation
rate during the previous time step (see next section). Rd and h are assumed
constant in the analytical solution, but are updated at the end of the time
step ∆t.

4.2. Droplet evaporation

The mass flux of evaporating droplets (in kg/m2) is estimated as [3]:

ṁ
′′

d =
Daρtotal

2Rd

ShBM , (11)

where

Sh =
ln(1 +BM)

BM

Sh0 (12)

is the Sherwood number, Da is the diffusion coefficient of vapour in ambient
gas (air), ρtotal is the density of the mixture of vapour and gas,

BM =
Yvs − Yv∞

1− Yvs
(13)
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is the Spalding mass transfer number, Yvs and Yv∞ are fuel mass fractions
near the surface of the droplets and in the ambient gas. Sh0 is the Sherwood
number in the absence of evaporation. It takes into account the relative
velocity of droplets and gas. For stationary droplets Sh0 = 2. The value of
Yvs is calculated based on the Clausius-Clapeyron or Antoine equations (see
[3, 4] for the details).

Droplet evaporation affects their heating via the modification of the Nus-
selt number:

Nu =
ln(1 +BT )

BT

Nu0, (14)

where

BT =
cpv(Ta − Ts)

L(Ts)− (|q̇d|/(4πR2
dṁ

′′
d))

(15)

is the Spalding heat transfer number [3], q̇d is heat spent on rising droplet
temperature.

For stationary droplets, BT and BM are linked via the following equation:

BT = (1 +BM)ϕ − 1, (16)

where

ϕ =

(
cpv
cpa

)
1

Le
, (17)

Le = ka/(cpaρtotalDg) is the Lewis number, and Nu0 = 2.
For moving droplets, Sh0 and Nu0 are estimated from the correlation [22]:

Sh0 = 1 + (1 + ReSc)1/3 fc(Re), (18)

Nu0 = 1 + (1 + RePr)1/3 fc(Re), (19)

where Re, Sc and Pr are Reynolds, Schmidt and Prandtl numbers, respec-
tively (Re is based on droplet diameter), fc(Re) = 1 at Re ≤ 1 and fc(Re) =
Re0.077 at 1 < Re ≤ 400. Equation (19) approximated the numerical results
obtained by a number of authors for 0.25 < Pr < 100 with an error less than
3% [3].

For moving droplets, the right hand side of Equation (17) needs to be
multiplied by (Sh∗/Nu∗), where Sh∗ and Nu∗ are modified Sherwood and
Nusselt numbers, respectively. In this case an iteration process would be
required. As shown in [3], in most engineering applications this ratio is close
to 1, and we will use (17) for both stationary and moving droplets.
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Note that the formulae for Sh0 and Nu0 presented above are based on the
assumption that droplets are perfect spheres and do not take into account
the contributions of the rod. Unfortunately, the effect of the rod on these
numbers has not been investigated to the best of our knowledge.

4.3. Effect of droplet support

As follows from the experimental observations described earlier in the
paper, a droplet’s support plays an important role in its heating. A rig-
orous approach to the modelling of droplet heating in the presence of this
support would need to be based on three-dimensional modelling of the fluid
dynamics/heat transfer problem, taking into account both the droplet and
its support. Although possible in principle, we will focus on a much simpler
model which will allow us to obtain a less accurate but reliable estimate of
this effect.

We ignore the effect of the support on the shape and surface area of the
droplet. This assumption has been widely used in the previous studies and
its validity can be inferred from the experimental observations described in
the previous sections.

The rate at which heat is supplied by the support to the droplet is esti-
mated based on the following simple expression:

q =
kw(Tsup − Tc)

Rd

Sc, (20)

where kw is the thermal conductivity of water at the average droplet temper-
ature, Tc is the temperature at the centre of the droplet, Tsup is the surface
temperature of the support pipe (rod), measured experimentally (see Figure
6), Rd is the droplet radius, Sc is an estimation of the contact area between
the droplet and pipe, based on Equation (1). All parameters in (20) are time
dependent and this equation can be applied during short time steps. The
values of Rd and Tc will be taken from the results of calculations based on
Solution (8). kw will be estimated at each time step based on the average
temperature inside the droplet.

We assume that heat supplied to droplets through the supporting pipe
is homogeneously distributed throughout the whole droplet volume. In this
case, heat supplied per unit droplet volume can be estimated as:

qv =
3kw(Tsup − Tc)

4πR4
d

Sc. (21)
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t(s) Ta = 100 ◦C Ta = 300 ◦C Ta = 500 ◦C Ta = 800 ◦C

0 30 30 30 30
5 57 99 164 267
15 61 122 205
30 63 138 229

Table 1: Rod temperatures at various times, measured experimentally (see Figure 6), and
gas temperatures. The results for gas temperatures 100, 300 and 500◦C were obtained
experimentally, while the results for 800◦C are extrapolated from the results for 500◦C.

This allows us to formally consider the additional effect of heating droplets
via fibers (rods) in terms of a source term in Eqs. (4) and (8) by assuming
that

P (R) =
3kw(Tsup − Tc)

4πclρlR4
d

Sc. (22)

The time evolution of the temperature of the rod for various gas temper-
atures was inferred from Figure 6, some results of which are based on Table
1.

4.4. Effect of thermal swelling

When calculating droplet radius we took into account the conservation of
mass of a liquid droplet during its swelling. This leads to the condition:

Rd(T ) = Rd(T d0)

(
ρ(T d0)

ρ(T )

)1/3

, (23)

where

T =
3

R3
d

∫ Rd

0

R2T (R)dR (24)

is the average droplet temperature. This adjustment of the droplet radius
was performed at the end of each time step.

5. Model predictions versus experimental data

From observation of Figures 12 and 13 one can see that the distribution
of temperatures inside droplets is rather complex and rather different in
different directions relative to the holder. Moreover, the shapes of droplets
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Ta= 100 ◦C Ta= 300 ◦C Ta=500◦C Ta= 800 ◦C

T0 19◦C 25◦C 32◦C 39◦C

Table 2: The initial droplet temperatures at various gas temperatures.

in all cases are far from spherical. At the same time, the model described in
the previous section is based on the assumptions that droplets are spherical
and heat is transferred from the support homogeneously to the whole volume
of the droplet. Finally, the Effective Thermal Conductivity (ETC) model, on
which our new model is based, is not designed to predict accurate distribution
of temperatures inside droplets (it does not take into account the effects
of vortices directly). Thus, we cannot expect close agreement between the
experimental data shown in Figures 12 and 13 and the model predictions.
The best we can hope for at present is the prediction of the correct trends
in the time evolution of the temperature distribution inside droplets.

When analysing the data shown in Figures 12 and 13 we considered t = 0
s as the initial time instant when the first measurement took place. This time
instant is different from the one used in Table 1 where t = 0 s corresponds
to the time instant when the droplet with the rod is introduced into the hot
gas flow. As mentioned earlier, the difference between these time instances
is reasonably small (about 1.25 s) and it will be ignored in our analysis when
estimating the temperature of the rod based on Table 1.

Observing Figures 12 and 13 one can see that the radial distribution of
temperatures inside the droplets has unphysical features at t = 0 s, which
include formation of minimal temperatures between the droplet centres and
droplet surfaces, and larger temperatures near the droplet surface at Ta =
500◦C than at Ta = 800◦C. The reasons for these observations are not clear.
In our analysis it is assumed that the droplet temperatures are homogeneous
at t = 0 s and calculated based on averaging of the temperatures at various
distances from the droplet centres obtained in two directions. This led us to
the initial droplet temperatures shown in Table 2.

The contact areas between droplets and the rod were calculated based on
Equation (1) and Table 1 using interpolations.

At first the calculations were performed for the same gas temperatures
as in Figures 12 and 13. The predicted rate of droplet heating in this case,
however, turned out to be considerably faster than the one observed exper-
imentally. This was attributed to the fact that in our model the effects of
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droplets on the ambient gas were ignored. The effect of reduction in the
ambient gas temperature behind the droplets was clearly demonstrated in
[40]. Also, the reduction of gas temperature in other areas in the vicinity of
droplets was demonstrated in the figures shown in [40], although it is difficult
to quantify this reduction.

Keeping in mind the above-mentioned observations we attempted to find
reduced gas temperatures for which the model predicts droplet temperatures
reasonably close to those observed experimentally and shown in Figures 12
and 13. The level of reduction was found through trial and error and the
results are shown in Figure 14.

In Part (a) of this figure, temperatures inside the droplets versus the
distance from the droplet centre at four time instants (0 s, 4 s, 8 s and 12
s) are shown for ambient gas temperatures equal to 100◦C. Symbols show
experimental results obtained in two directions shown in Figures 12 and 13;
solid and dashed curves show model predictions assuming that ambient gas
temperature is equal to 85◦C, ignoring and taking into account the effect of
the rod, respectively. In Part (b) the same results as in Part (a) are shown,
but at four time instants (0 s, 1.5 s, 3 s and 6 s) for ambient gas temperatures
equal to 300◦C (gas temperature equal to 200◦C was used for modelling). In
Part (c) the same results as in Parts (a) and (b) are shown, but at four time
instants (0 s, 0.9 s, 1.8 s and 3.2 s) for ambient gas temperatures equal to
500◦C (gas temperature equal to 400◦C was used for modelling). In Part
(d) the same results as in Parts (a) (b) and (c) are shown, but at four time
instants (0 s, 0.9 s, 0.9 s and 1.5 s) for ambient gas temperatures equal
to 800◦C (gas temperature equal to 700◦C was used for modelling). The
droplet volumes in all cases were 15 ml which corresponds to Rd = 1.53 mm.
Observed and predicted temperatures increase with time in all cases.

The plots are shown taking into account the effects of the rod (dashed
curves) and ignoring these effects (solid curves). As one can see in all these
plots, in all cases the predicted droplet temperatures increase with time in
agreement with experimental data. Also, in all cases the predicted increase
in temperatures inside the droplets with increase in the distance from the
droplet centre is consistent with the results of experimental observations.

As can be seen from Figure 14a, for Ta =85◦C the effect of the support
leads to a noticeable increase in the rate of droplet heating, as expected.
In Figure 14b, for Ta =200◦C this effect is also clearly visible although it is
weaker than in the case when Ta =85◦C, as expected. As follows from Figures
14c and 14d, the effect further reduces for Ta =400◦C and Ta =700◦C, which
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is attributable to the increased level of heating by the hot ambient gas. Note
that the period of time during which the droplet is heated reduces from 12 s
for Ta =85◦C to 1.5 s for Ta =700◦C.

6. Conclusions

The results of applications of the Planar Laser Induced Fluorescence
method to the analysis of temperature distribution in suspended water droplets
in a flow of hot air (at temperatures up to 800◦C) are described. The advan-
tages and limitations of this method are investigated in detail. The analysis
is focused primarily on distributions of temperature at the initial stages of
droplet heating and evaporation. These distributions are compared at vari-
ous cross-sections.They are shown to be strongly inhomogeneous during the
whole period of observation. Various factors affecting these distributions,
including the effects of the supporting rod, are investigated.

A new model for heating and evaporation of a suspended droplet is sug-
gested. This model takes into account temperature gradient and recircula-
tion inside the droplets, using the Effective Thermal Conductivity (ETC)
model, and the effect of the rod from which the droplet is suspended. It
is based on the previously obtained analytical solution to the heat transfer
equation inside the droplet in the presence of thermal radiation, with the
Robin boundary condition at its surface, and the assumption that the heat
transferred from the rod to the droplet is homogeneously distributed inside
the droplet. The effect of this heat is modelled similarly to that of the ex-
ternal thermal radiation, using the previously developed model for droplet
heating in the presence of thermal radiation.

It is shown that a reasonable agreement between the model predictions
and experimental data can be achieved if the reduction of the ambient gas
temperature due to the presence of an evaporating droplet is taken into ac-
count. The effect of the rod on droplet heating is shown to be the most
significant for ambient gas temperature equal to 100◦C and becomes negli-
gibly small for gas temperature equal to 800◦C. The results allowed us to
identify correctly the trends in temporal and spatial evolutions of droplet
temperatures, but not the details of the temperature distribution inside the
droplets.
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Figure Captions

Fig. 1 Scheme (a) and a general view (b) of the experimental setup; the
insert shows an image of a droplet used in the analysis and a typical distri-
bution of the temperature field inside it.

Fig. 2 An example of the air velocity distribution inside the registration
area in the quartz pipe, obtained using the PIV method, for Ua ≈ 3 m/s and
Ta ≈ 20◦C.

Fig. 3 Images of water droplets mounted on a hollow rod (left) and Ni-
Cr wire (right) and the corresponding temperature field obtained using the
PLIF method for Vd ≈ 20 µl and Ta ≈ 300◦C at the time instant t ≈ 0.5 s.

Fig. 4 A general view and schematics of a droplet supported by a hallow
metal rod.

Fig. 5 The time evolution of the contact area between the evaporating
droplet and the metal rod, inferred from Equation (1); Ua ≈ 3 m/s, Vd ≈ 15
µl (this corresponds to droplet radius Rd ≈ 1.53 mm) and Ta ≈ 300 ◦C. The
triangles show the time instants when the contact areas were estimated.

Fig. 6 The time evolution of the temperature of the metal rod (holder)
for five ambient gas temperatures and Ua ≈ 3 m/s.

Fig. 7 Results of calibration of fluorescence signal based on comparison
with the results of thermocouple measurements (top); temperatures at the
centre of the droplet versus time inferred from PLIF and thermocouple mea-
surements for droplet volume Vd ≈ 15 µl, radius Rd ≈ 1.53 mm, velocity and
temperature of ambient air equal to Ua ≈ 3 m/s and Ta ≈ 100 ◦C, respec-
tively (bottom).

Fig. 8 Schematic of PLIF measurements: 1 - droplet retainer; 2 - droplet;
3 - fast thermocouple; 4 - light sheet; 5 - measuring area. The laser ‘knife’
is perpendicular to the direction of the droplet holder (I) or parallel to it (II).
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Fig. 9 Temperature fields obtained for various illuminations of droplets
by a laser ‘knife’ for droplet volume Vd ≈ 15 µl and temperature of ambient
air equal to Ta ≈ 20◦C.

Fig. 10 Temperature distribution in a water droplet immediately before
its introduction into a stream of hot air in the cross-sections shown in Figure
8 (left) and the relevant temperature profiles in the horizontal (upper plots)
and vertical (lower plots) directions; specific directions are referred to as 1-4;
ambient air temperature in the experiments was equal to 20◦C.

Fig. 11 (a) Temperature distribution in a water droplet for two cross-
sections shown in Figure 8 for Ua ≈ 3 m/s, Vd ≈ 20 µl, Rd ≈ 1.81 mm and
Ta ≈ 100 ◦C for four time instants starting with t = 2 s. (b) The same as
Figure 11a, but for Ta ≈ 300◦C for four time instants starting with t = 1
s. (c) The same as Figures 11a and 11b, but for Ta ≈ 500◦C for four time
instants starting with t = 0.5 s.

Fig. 12 (a) Temperature profiles in the horizontal (left plots) and vertical
(right plots) directions for cross-section I, shown in Figure 8, for Ua ≈ 3 m/s,
Vd ≈ 15 µl, radius Rd ≈ 1.53 mm and Ta ≈ 100◦C for four time instants. (b)
The same as Figure 12a, but for Ta ≈ 300◦C.

Fig. 13 (a) The same as Figures 12a and 12b, but for Ta ≈ 500◦C. (b)
The same as Figures 12a, 12b and 13a, but for Ta ≈ 800◦C.

Fig. 14 Temperatures inside the droplets versus the distance from the
droplet centre at various time instants and ambient gas temperatures (see
the text of the paper). The droplet volumes in all cases were 15 ml which
corresponds to Rd = 1.53 mm.
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