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Measurement of Transient Temperature Field
Within a Falling Droplet

QingZheng Lu ¤ and Lynn A. Melton†

University of Texas at Dallas, Richardson, Texas 75083-0688

Fluorescence shift thermometryhasbeen combinedwith droplet slicing imagingto capture imagesof the transient
temperature � eld within a 500-¹m-diam decane droplet falling into 370–420±C nitrogen. The temperature � eld
becomes almost homogeneous within 5–10 ms of entry into the hot ambient gas and rises toward the boiling point
of the liquid over 50–100 ms. The constraints faced in the design of such an experiment and the protocols required
for successful measurement of such temperature images are addressed.

I. Introduction

D ETAILED understandingof the processesthat govern the heat-
ing and evaporation of individual droplets is important to un-

derstand the heating and evaporationof fuel sprays, which are com-
posedof millionsof dropletsof varying sizes and velocities. Indeed,
calculations of the suitability of various spray nozzles and patterns
for use in combustors are often based on averages of the results
for individual droplet trajectories. The processes assumed to con-
trol the behaviorof individual droplets � nd their way, through these
averages,intopredictionsfor industriallyimportantcombustionpro-
cesses.

Droplet heating, evaporation,and combustion have been the sub-
ject of a variety of theoretical1 – 5 and experimental studies.6 – 9 The-
oretical studies often neglect the internal heat and mass transport
within the droplet, and, so far as is known to the authors,10 although
methods for measurement of the temperature of droplets have been
described,11 , 12 there have been no other measurements of the tran-
sient temperature � eld within a droplet.

This paper describes � uorescence-based experimental methods
that can be used to measure nonintrusivelythe transient temperature
� eld within heating and/or evaporating hydrocarbon droplets. The
temperature � eld is likely to be the key element in understanding
the droplet heating and/or evaporation processes: It incorporates
the internal transport processes that affect the surface temperature,
a major parameter in determining the droplet vapor pressure and
evaporation rate.

The combination of droplet slicing imaging (DSI), � uorescence
shift thermometry (FST), and restorationof DSI images, which has
been used in the presentwork, has been developedover a decade. In
this paper, the three techniquesare used together to capture temper-
ature images within a fallinghydrocarbondroplet that is undergoing
heating.

Prior experimental and theoretical work indicates that imaging
of the temperature � eld within the droplet is likely to give the most
reliable and interpretableresults.Wells and Melton argued that they
measuredthe temperatureof theouterportionof a fallingdroplet,the
skin temperature,by using a solutionwith very high optical density,
that is, the illuminating laser light was limited in its penetration
of the droplet to the outer quarter of the radius of a 220-l m-diam
droplet.13 Hanlon and Meltonused a much lower opticaldensity and
argued that their results yielded approximately a volume averaged
temperature.14 Zhang andMeltonreanalyzedtheHanlonand Melton
experiment and found that the imaging properties of the droplet
resulted in an optical weighting of the � uorescenceand consequent
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systematic errors in the inferred temperatures.15 They concluded
that estimation of a volume averaged temperaturewas likely to give
signi� cant systematic errors under transient conditions, and thus
they recommended that imaging of the droplet temperature � eld
was the method most likely to give reliable, interpretable results
that would lead to better understanding of droplet heating. In a
second paper,Zhang and Melton providedalgorithmsand programs
to correct the DSI images for the optical distortion caused by the
front-half of the droplet, which acts as a bad lens.16

Winter reported preliminary measurements of the temperature
� eld in a falling droplet.17 However, in that work, the droplet had
fallen suf� ciently far in the heated gas that the internal temperature
� eld appeared to be homogeneous,and no informationwas obtained
about the time-scale for establishmentof the homogeneous temper-
ature � eld.

This work is believedto be the � rst in which the transient,inhomo-
geneous temperature � eld in a falling droplet has been followed as
a functionof fall distance in the heated ambient gas. The droplet-to-
droplet reproducibilityof the system allows the images obtained on
separate droplets at increasing fall distances (fall times) to be inter-
preted as if they were a time sequence obtained for a single heating
droplet. It is hoped that the experimental methods developed will
prove useful to others interested in the heating and evaporation be-
haviorof dropletsand that, throughextensionsof this work, a clearer
understandingof the processesthat governdropletandsprayheating
and evaporation can be obtained.

II. Experimental
A. Design Constraints

The experiment as carried out had to meet severe design con-
straints. These are discussed here to provide an overview of the
experiment.

For droplet temperature imaging, the fall tube and heater must
1)provideanalmost instantaneoustransitionfromroomtemperature
to an (ideally uniform) hot zone, where the droplet is heated while
it falls, 2) provide optical access to the falling droplet throughout
its trajectory, 3) minimize the accumulation of hydrocarbonvapor,
4) minimize turbulence, and 5) for oxygen-sensitive � uorescence
thermometers,providean oxygen-freeenvironment.Four of the � ve
conditions just listed for the fall tube and heater system are related
to the nitrogen � ow rate. A higher � ow rate provides a hotter and
more nearlyair- andhydrocarbonvapor-freeenvironment,but it also
leads to greater turbulence. Hence, the fall tube must be carefully
designed, and the nitrogen � ow rate must be carefully controlled to
meet these constraints.

The calculation of the temperature � eld within the droplet re-
quires that two pairs of images be ratioed pixel-by-pixel.Accurate
determination of these ratios requires that 1) droplet trajectories be
extremelyreproducible,that is, negligibleturbulence,and2) thedual
imaging optics be carefullyalignedand insensitiveto perturbations.

The choice of � uorescent thermometry molecule is also con-
strained. It must 1) be soluble in hydrocarbons,2) have a spectrum
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that changessigni� cantlywith temperature,3)be stronglyabsorbing
and � uorescing, and 4) absorb and emit in spectral regions that are
appropriate for laser excitation and charge-coupled device (CCD)
detection,respectively.Ideally, its � uorescenceintensityshouldalso
be insensitive to oxygen. As a further molecular constraint, Winter
and Melton18 found that the best reasonably uniform illumination
of a droplet (and thus, accurate determination of the temperature
� eld) is achieved when the droplet optical density [(DOD) equal to
absorbance across the diameter of the droplet] is approximately 1.

B. Chemicals
The 1,3-bis [1 0 -pyrenyl] propane (PYPYP) was obtained from

Molecular Probes, Inc., and was used as received. Decane (99+%)
was purchasedfrom Aldrich and was used as received.Nitrogen gas
(99.99%) was purchased from Air Liquide. Cobalt(II) sulfate was
purchased from Alfa Products.

C. Experimental Apparatus
In this work, two experimental techniques have been combined

to obtain the temperature � eld within a droplet:DSI18 , 19 and FST.20

For DSI, a thin laser sheet is used to illuminate the central plane of
a droplet, and the droplet images are recorded by a CCD camera,
commonly at a right angle to the incident laser beam. Hence, the
� ring of the laser, the droplet fall time, and the CCD exposure gate

Fig. 1 Block diagram of apparatus; top view of fall tube.

Fig. 2 Fall tube apparatus, side view.

must be synchronized. For FST, the � uorescence of the dopant in
alkane shifts to higher energy as the temperature increases, and the
ratio of the intensity in a band at the blue edge of the � uorescence
band to that in a band fartherto the red can be calibratedas a function
of temperatureand can be used as a noncontact thermometer.To use
this technique with falling droplets, the DSI � uorescence image of
the droplet is split into two imagesby a roof prismso that two images
are captured on the CCD. The light for one image passes through
a blue � lter, and the light for the other passes through an orange
� lter. A pixel-by-pixel ratio of the intensities in these two images,
in conjunction with the temperature calibration curve, yields the
spatially resolved temperature distribution within the droplet.

A block diagram of the experimentalapparatus is shown in Fig. 1
with the fall tube shown from the top. A side view of the fall tube is
shownin Fig.2. In thediscussionthatfollows,the x axis is horizontal
and parallel to the laser beam (+ x is away from the laser), the y
axis is horizontaland perpendicularto laser beam (+ y is toward the
CCD camera), and the z axis is vertical (+ z is down, the droplet fall
direction).

1. Timing
The timing of the devices is conceptuallysimple:A pulse forces a

droplet out of the droplet generator and, after a variable delay time,
the CCD camera exposure is gated on, and the YAG laser � res. The
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Fig. 3 Timing of pulses.

virtually instantaneous� uorescence is captured, the CCD exposure
is gated off, the data are transferred to the controller computer, and
the experiment is repeated as required.However, the YAG laser had
a � xed 1-Hz cycle for � ring its � ashlamps, and thus the implemen-
tation of the timing sequence required that the other parts of the
apparatus be synchronized to the YAG laser. The droplet generator
was driven by a 40–50 V pulse, 1–2 ms in duration. The minimum
exposure time for the CCD was 100 ms. To minimize background
from the heater incandescence, a shutter that was open for 10 ms
(triggered by a 5-V, 10-ms pulse) was placed in front of the CCD
system; the laser � red 2–3 ms after the triggeringof the shutter.The
experiment was repeated after a delay of 9 s. Figure 3 shows the
timing sequence.

2. Light Source and Excitation Optics
The output from the fourth harmonic (266 nm) of a Q-switched

Nd:YAG laser [full width at half maximum (FWHM) 10 ns, about
2 mJ/pulse] was re� ected by dielectricmirrors (266 nm 45 deg, CVI
Laser) and then focused by a quartz cylindrical lens ( f = 8 cm)
into a thin sheet. The cylindrical lens was mounted on a dual-axis
(x and y) translation stage (Lansing) that could be adjusted with
micrometersto align the laser sheet to thedroplet.The FWHM of the
YAG 266-nmlaser sheet in the y directionwas 50–60 l m [measured
by scanningthe laser beam acrossa thin metal slit positionedin front
of a laser power detector (ScienTech; MA10)].

Some of the green 532-nm light remained in the 266-nm beam,
even after the laser beam had passed through the wavelength sepa-
ration prism. Although the intensity at 532 nm was much less than
that at 266 nm, the scattered 532-nm light interfered with the de-
tection of the PYPYP � uorescence, which peaked at 498 nm. A
1-cm quartz cell � lled with CoSO4/H2O solution (240 g/l, bandpass
230–400 nm) was placed in the laser pathway as a � lter, and the
interference from the 532-nm light was eliminated.

3. Fall Tube and Heater
The fall tube used was similar to that used by Hanlon and

Melton,14 but it was redesigned and rebuilt to allow for cleaning

of the optical components and replacement of the frits. The fall
tube apparatus consisted of two square channels (see Figs. 1 and 2),
the outer tube was aluminum (outer dimensions 3.8 £ 3.8 £ 15 cm,
3 mm thick), and the inner one was quartz (1.2 £ 1.2 £ 17 cm,
1 mm thick). Each of three sides of the outer tube had a narrow
slot (1 £ 10 cm) covered by a quartz plate (1.8 £ 10.6 cm, 2 mm
thick) that was clipped to the aluminum wall and that providedopti-
cal access, whereas near the top of the fourth side, there was a hole
(1.2 cm diameter) where the heater outlet was inserted. The alu-
minum outer tube had insulation (outer dimensions 5 £ 5 £ 15 cm)
made of machinable ceramic plates (McMaster–Carr Company).
The top of the fall tube had a square ceramic cover (4 mm thick)
with a hole (3 mm diameter) at the center for droplet entry. The
bottom of the fall tube had a square ceramic plug (20 mm thick).
The top end of the inner tube � tted into a 2-mm-deep groove in
the top cover, and the conical bottom end of the inner tube � tted
into the central hole of the bottom ceramic plug. A water-cooled
cylindrical brass stage (50 mm diameter 45 mm height) sat on the
cover of the fall tube; it had a hole (3 mm diameter) along its axis.
The cooling stage and fall tube were clamped together so that they
could be aligned and subsequentlymoved as a unit.

The heater was a quartz tube (2.4 cm o.d., 15 cm long), � lled
with � re brick fragments and heated externally by a cylindrical ce-
ramic � ber heater (Watlow; 12 cm long, 550 W at 120 V; Model
VC401E120A). The heater was covered by a layer of ceramic � ber
insulation (Kaowool, 10 cm thick), and the heater and insulation
were encased in a metal sheet. A 220-V variable transformer was
used to supply electric power to the heater; under typical operating
conditions,110–130 V was supplied to the heater. Two quartz frits,
one on the heater outlet and the other on the side of the inner tube
that faces the heater, diffused the nitrogen � ow. In this manner the
major portion of the heated nitrogen heated the chamber between
the inner and outer tubes, and the minor portion � owed downward
through the inner tube to purge hydrocarbonvapor and ambient air
from the inner tube. The ambient temperature inside the fall tube
was measured with a digital thermometer (OMEGA; HH82) with
J-type iron-constantanthermocouple that could be inserted into the
fall tube from the bottom.

The assembled fall tube and heater, the droplet generator, and
the solution reservoir were mounted on a high-quality laboratory
jack (three orthogonalhinges, 400-lb capacity Newport; M280), so
that they could be moved vertically (z direction) and smoothly as a
single unit. All optical devices are kept on a � xed table. The droplet
imaging at different fall distances was accomplished by adjusting
the jack up or down and by changing the delay time.

The total nitrogen � ow was measured and controlled with a ro-
tameter (Matheson, tube 605). The ceramic plug at the bottomof the
fall tube had � ve holes for nitrogen � ow; the central one was for the
inner tube, and the four others were for the outer tube. One or more
of the four outer holes could be blocked to manipulate the ratio of
nitrogen � ow in the outer tube to that in the inner tube. At a total
� ow rate at 15 ml/s, with three outer holes blocked, the � ow rate
through the inner tube was 6.2–6.6 ml/s, as measured with a soap
� lm � owmeter (AllTech; 25 cm3 ) and a stopwatch. The full length
of the inner tube was 17 cm, and thus at this � ow rate, the inner tube
was purged in approximately 3 s, one-third of the 9-s interval be-
tween droplets. An ambient atmosphere free of hydrocarbonvapor
was provided for each droplet. This � ow rate had little effect on the
stability of the droplet position for fall distances up to 20 mm, but
it caused variability in the droplet trajectory for greater distances.

In this apparatus, the maximum ambient temperature in the in-
ner tube was 420±C; under those conditions the temperature in the
outer tube was 570±C, which approached the melting temperature
of aluminum (650±C). A subsequent apparatus was constructed of
stainless steel.

4. Droplet Generator
The simple and reliable dropletgeneratorused is shown in Fig. 4.

The generator body was made of a copper ring (2.5 cm o.d., 1.8 cm
i.d., and 0.8 cm long). A glass window was epoxied to one side of
the copper ring, and a miniaturepiezoelectricbuzzerelement (Radio
Shack; catalog number 273-064) was epoxied to the other side. At
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Fig. 4 Piezoelectric disk droplet generator.

the top of the ring, a piece of copper tubing(3-mm o.d., 1.5 cm long)
is soldered to the ring as the solution inlet. It was connected with
metal tubing (plastic tubing is porous to oxygen) to the glass so-
lution reservoir. The droplet nozzle was a straightenedMicroTorch
welding tip with a laser-drilledruby ori� ce (Smith Corporation;part
number 129-124-03,ori� ce 279 l m). It was attached by means of a
� are � tting soldered to the bottom of the ring. The tip of the droplet
generatorwas inserted into the central hole of the cold stage, and an
O-ring was used to make a seal that is suf� cient to preventhot nitro-
gen in the fall tube from traveling upward. (Such an upward � ow of
hot nitrogen would heat the droplet generator and cause additional
turbulence in the fall tube.) The droplet generator was clamped to a
two-axis (x and z) Newport M423 translation stage.

The height of the solution level in the reservoir relative to the
droplet generator nozzle was critical for proper droplet production:
The former had to be 2–3 mm higher than the latter. The reservoir
was placed on a small jack, and its height could be adjusted. The
PYPYP/decane solution in the reservoir was purged with nitrogen
to remove dissolved oxygen.

A voltage pulse of approximately45 V was suf� cient to produce
droplets. Slightly higher voltages yielded satellite droplets. With a
nozzle ori� ce of 279 l m, decanedropletsof approximately500 l m
diameter were generated.

5. CCD Camera and Imaging Optics
Droplet images were taken with a two-dimensionalCCD camera

(Photometrics; STAR I). It was mounted on a combined translation
stage that includeda dual-axisstage (Newport,M400) for horizontal
motion (x –y direction) and a single-axis stage (Newport, M423)
for vertical motion (z direction). To magnify the droplet images, an
aluminumcamera tube (black painted,20 mm i.d., length adjustable
from 190 to 210 mm) was used. At the fall tube end, an achromatic
lens (Oriel, model 42525, focal length 60 mm, 1 in. diameter) was
mounted, and at the CCD end the camera tube was connected to the
CCD with a bayonet mount.

The optical magni� cation of the lens/camera tube system was
3.1. The image distance S2 was the 200-mm camera tube length
plus 35 mm (distance of the CCD imaging chip from the bayonet
holder), and the object distance (lens to droplet) S1 was 75 mm;
S2/S1 = 3.1. This was con� rmed by imaging a grid of known
spacing.The CCD chip had 384 £ 576 pixels,each 23 £ 23 l m. The
imageofa dropleton theCCD chipwas68–70pixels(approximately
1600 l m) in diameter; this number of pixels is suf� cient to resolve
the temperature distribution within a droplet.

A biprism [fused silica, 50 mm diameter, 1.7-deg base angle (the
angle between the � at side and either angled side), Atlantic Indus-
trial Optics; antire� ection coated, CVI Laser] in front of the CCD
lens converted the droplet image into two images. The bandpass
� lters were immediately behind the biprism. The 1-in.-diam � lter
assembly consisted of two semicircular interference � lters (CVI
Laser): one centered at 450 nm (blue band) and the other centered

Fig. 5 Sealed cuvet used for temperature calibration.

at 550 nm (orange band), both with 70-nm FWHM bandpass. The
biprismand the combined� lter were mounted in a singleholder that
maintained their positions parallel to and coaxial with each other.
Because the � lters blocked both UV and red wavelengths, the back-
ground that resulted from the YAG and the heater incandescence
was signi� cantly reduced.

An electricshutter(Uniblitz,100-2B,1-in.aperture) was attached
to the biprism–� lter assembly, in front of the biprism. The shutter
was opened and closed in 10 ms, which was 1

10 th of the 100-ms
minimum exposure time of the CCD, and thus the shutter reduced
the heater incandescencethat was detected by the CCD by approx-
imately a factor of 10. The shutter also isolated the prism and � lter
from the heat of the hot fall tube, a necessity because the bandpass
of the interference � lters is sensitive to temperature. Even so, to
protect the prism and � lter from heat, a small fan always circulated
air between the shutterand fall tube and kept the temperaturebehind
the shutter below 32±C.

6. Cuvet for Temperature Calibration
The apparatus is shown in Fig. 5. One side of the sealable quartz

cuvet was painted black except for one small hole (about 0.5 mm
diameter). Because the 1 £ 10 ¡ 4 M PYPYP/decane solution was
optically thick for distances greater than 1 mm, most of the � uores-
cence originated near the front face of the cuvet, so that the small
hole was set close to the side into which the laser sheet entered.

D. Droplet Solution and Choice of FST System
1. Choice of Concentration

Winter and Melton18 showed that for reasonablyuniform illumi-
nationof theequatorialsectionof a droplet,the DOD (equal to molar
absorptivity £ concentration £ diameter) of the droplet should be
approximately unity. The molar extinction absorptivity of PYPYP
in decaneat 266 nm, asmeasuredon a UV/Vis spectrometer(Hitachi
U-2000), was about 8 £ 104 l/mol ¢ cm. Thus, with a 500-l m-diam
droplet,DOD =1 required that the PYPYP concentrationshould be
2.5 £ 10 ¡ 4 M, which was close to the saturation limit of PYPYP in
decane (about 2.7 £ 10 ¡ 4 M). In addition, at concentrations close
to 5 £ 10 ¡ 4 M, exciplex formation may occur between pyrene moi-
eties on different PYPYP molecules.21 Therefore, a concentration
of 1 £ 10 ¡ 4 M (DOD =0.4) was used.

2. Oxygen Quenching of Fluorescence
In principle, FST systems other than PYPYP could have been

used,and severalFST systemsthat are insensitiveto oxygenquench-
ing (a problem with PYPYP14) have been studied. However, all of
the FST systems that are insensitive to oxygen are also much less
soluble in decane, and their use would have resulted in DOD val-
ues that were unacceptably small.20 If oxygen was present within



LU AND MELTON 99

Fig. 6 Selected spectra of PYPYP as a function of temperature and
transmission curves of interference � lters.

or around the PYPYP/decane droplet, darker zones could be seen
on the image, similar to those described by Winter and Melton.18

Typically, when the nitrogen � ow through the fall tube was started,
the droplet image intensity was low, and as the oxygen was purged
out of the fall tube, the intensity increased to a steady-state value.

3. FST Spectra and Band Ratios
The PYPYP excimer emission spectrum is in the wavelength

range 360–650 nm, with the maximum intensity at about 480–500
nm. The excimer band shifts to shorter wavelength (blue shift) as
the temperatureincreases,thebasis forFST.Temperature-dependent
� uorescence spectra of PYPYP and the approximate transmission
curves for the two interference � lters are shown in Fig. 6. Spectra
are at 26, 90, and 170±C (from the right) and are normalized so that
the maximum value is 1. Transmission curves are not normalized;
the ordinate shows the fractional transmission of the � lters.

The blue band and orange band � lter bands, centered at 450 nm
and550nm, respectively,were chosen to maximize the temperature-
inducedchange in the relativeratio (RR) (see Sec. II.F.) while main-
taining comparable,that is, within a factor of 2–3, intensity levels in
both bands.A narrowerbandpassfor the � lters would yield a steeper
slope of RR vs T , that is, a more sensitive FST, but the decreased
intensity would have made the experiment infeasible.

E. Basic Operation Procedures
1. Purging with Nitrogen

To eliminate (potentially irreproducible) � uorescencequenching
effects associatedwith unknown concentrationsof oxygen,nitrogen
� ows were used to purge oxygen from the system. The PYPYP
solution was purged by bubbling nitrogen through the solution, and
a small purging � ow was maintained during a set of experimental
runs. The empty droplet generator was purged with nitrogen, � lled
with purged solution, and inserted into the cold stage. A nitrogen
� ow was used to purgeoxygenfrom the fall tube and was maintained
for the duration of the experiment.

2. Alignment
Alignment of the laser sheet to illuminate the equatorial plane

of the droplet is crucial. The initial alignment was carried out with
the heaters off and the biprism/� lter assembly removed.The droplet
generatorwas aligned so that the droplets fall through the cold stage
and fall tube with the minimum lateral movement. The laser time
delay, laser sheet position, and camera tube optics were then set so
that the falling droplet was illuminated, and the droplet was imaged
on the CCD with the (single) droplet image on the midportion of
CCD. With good alignment, the lateral deviation of droplet images
as a function of fall distance was less than two droplet diameters
over a fall distance of 7 cm.

The laser sheet was then aligned so that it illuminated the equa-
torial plane of the droplet. This was carried out by adjusting the
laser sheet position relative to the droplet, taking CCD images, and

Fig. 7 Images as a function of distance of laser sheet from equato-
rial plane of droplet; lighter-gray-scale areas are higher � uorescence
intensity.

comparing those images with ideally centered images, a technique
� rst described by Winter.22 The droplet surface acts like a lens, and
it bends the incident rays. If the laser sheet slices exactly through
the equatorialplane of the droplet, the droplet � uorescencemakes it
appear that the droplet is illuminated nearly homogeneously.When
the incident laser sheet is offcenter, increasing deviations appear.
Figure 7 shows a series of such images, which were captured under
conditions in which internal circulation was negligible.

Once the laser sheet was aligned with respect to the droplet, the
biprism/� lter assembly was replaced, and the biprism/� lter assem-
bly prism was rotated so that the dual images appear at the same
horizontal positions on the CCD monitor. It was dif� cult to replace
the assembly exactly, and invariably the images fell on slightly
differing sets of pixels each time the assembly was adjusted. For
this reason, the RR (see Sec. II.F.) was adopted for analysis of the
images.

3. Droplet Images Required
To provide appropriate images for the ratios required (see

Sec. II.F) both room temperature and elevated temperature (of
the gas) images must be recorded. Room temperature images were
recorded at z = 15 mm. After the room temperature images were
recorded, the heaters were turned on, and the laboratory jack was
adjusted to move the fall tube apparatus in approximately5-mm in-
crementsfrom z =5 to 70mm and, thus, obtain images at a sequence
of fall times.

F. Image Processing
For image processing, the orange and blue CCD images were

savedseparatelyas 100 £ 100 pixel arrays.The averagebackground
was subtracted, and the binary format images were converted to
American Standard Code for Information Interchange(ASCII) for-
mat. Typical signals were 200–500 counts per pixel in the droplet
image, with backgroundlevelsof approximately50 countsper pixel.

A determinationof the pixel that de� nes the edge of each droplet
image was necessary to prepare the images for pixel-by-pixelratio-
ing, and this determination introduced some arbitrariness into the
procedure.Uncertainties of 1 pixel were routine; uncertainties of 2
pixels were much less common.

Four � les were processed to yield one temperature � eld image
for a droplet. At ambient temperature T, the integrated intensity
of the orange band (515–585 nm) at pixel (i, j ), E1(T , i, j ), was
divided by the integrated intensity of the blue band (415– 485 nm),
E2(T , i, j ), to form the ratio R(T , i, j ) = E1(T , i, j ) / E2(T , i, j ).
The RR(T , i, j ) is

RR(T , i, j ) = R(T , i, j ) / R(RT, i, j ) (1a)

RR(T , i, j ) = [E1(T , i, j ) / E2(T , i, j )]/ [E1(RT, i, j ) /

E2(RT, i, j )] (1b)

RR(T , i, j ) = [E1(T , i, j ) / E1(RT, i, j )]/ [E2(T , i, j ) /

E2(RT, i, j )] (1c)
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where RT is room temperature. As shown in Eq. (1c), for images
processed in this manner, the pixel-to-pixelvariations in sensitivity
were ratioed out.

The spherical surface of a droplet refracted the outgoing � uores-
cence and distorted the image recorded by the CCD camera. Zhang
and Melton16 analyzed the optics of a droplet and the formation of
laser droplet-slicing image; they provided a package of programs
to partially restore the image. The best procedure for processing
the images was to restore each image using the Zhang and Melton
programs and then calculate RR(T , i, j ) using the restored images.
The use of restored images made it clear that, becauseof the lensing
effects of the droplet (center portion the image was expanded, outer
portion was compressed), only the inner 60% of the droplet image
yielded interpretable temperature measurements.

Once the image of RR(i, j ) had been calculated, it was converted
to a temperature image T (i, j ) by use of a lookuptable derivedfrom
the temperature calibration curve (Fig. 8).

G. Temperature Calibration
The temperaturecalibrationwas carriedoutwith exactly the same

optics and data processingthat was used for the actual droplet imag-
ing. The inner fall tube, cold stage, and top ceramic cover were re-
moved, and the cuvet assembly was inserted vertically into the fall
tube, its black side toward the CCD camera. The top of the fall tube
was coveredwith two pieces of half-squareceramic plates.With the
same light source and optics (lens, biprism, and � lters) as used for
droplet imaging, dual images of the small hole were obtained from

Fig. 8 Temperature calibration: RR vs T.

Fig. 9 Restored images of temperature � eld within 0.5-mm-diam droplet as a function of fall distance in 400±C nitrogen.

RT to the maximum droplet temperature expected (normal boiling
point for decane = 174±C) with 40 min allowed for equilibrationat
each temperature.The intensitywas calculatedas the average(back-
ground subtracted) intensity for a 10 £ 10 square of pixels from the
central portion of each image.

III. Results and Discussion
A. Temperature Calibration

The calibration curve, RR(T ) vs T , is shown in Fig. 8. The two
sets of data points show results obtained with independent runs on
successive days. The graph shows modest curvature, and, indeed,
there is no theoretical reason to expect that it should be linear. Flu-
orescence shift thermometers, which are highly robust (insensitive
to perturbations in the environment, excitation and collection op-
tics, etc.) have limited sensitivity and dynamic range. The average
slope for Fig. 8 is 3.1 £ 10 ¡ 3 / ±C. The uncertainty in the individual
points (2s, 90% con� dence level) is approximately §0.02. Thus, the
minimum resolvable temperature difference is approximately 6±C
(slope/2s).

B. Images of Droplets
Figure 9 shows the temperature � eld as a functionof fall distance

within the heated fall tube. The droplet velocity is approximately
1.8 m/s (=1.8 mm/ms). The temperature in the fall tube was not
homogeneous, and the temperature indicated on each image is the
measured gas temperature at that point in the fall tube. The inten-
sity images were restored by the procedures given by Zhang and
Melton,16 and RR (i, j ) was calculated from the restored images.

As already stated, � uorescence from an equatorial plane of the
droplet is excitedby the laser sheet, and the � uorescenceimage that
actually reaches the CCD camera plane is signi� cantly distorted
by refraction. The central portion expands almost linearly, and the
� uorescence originating in the outer 40% of the droplet radius is
compressed into a narrow shell at the edge of the DSI image. Accu-
rate restorationof the inner 60% of the original� uorescencepattern
is straightforward; restoration of the outer 40% is dif� cult at best,
and with less than excellent signal to noise, as was the case in this
work, it is impossible.

The diameter of the raw images remains constant, within a res-
olution of 1–2 pixels, as a function of fall distance in the heated
zone. However, Wells and Melton13 argued that thermal expansion
must be taken into account when using the diameter of a heating
droplet to assess the amount of evaporation.If the droplets that have
fallen 70 mm are assumed to have an average temperatureof 150±C,
then the liquid phase density will have dropped by about 15% from
the RT liquid density,23 and thus a constant diameter implies a 15%
reduction in the droplet mass, that is, 15% evaporation.
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The temperature � eld images in Fig. 9 show no evidence of inter-
nal circulation.18 Rather, they show a generally homogenous core,
which rises in temperatureas thedropletfalls throughincreasingdis-
tance, that is, increasing time, in the heated nitrogen. At z = 5 mm
the core temperatureis already in the 50–75±C range; at z = 35 mm,
it is 75–100±C; and at z = 70 mm, it is 100 –125±C. The surface
temperature,which could not be imaged, is, of course, higher.

Zhang and Melton argued that, if the CCD camera were placed
at an angle other than 90 deg to the plane of the laser sheet, then
the near side of the image could be accurately restoredat the cost of
less informationabout the far side of the droplet.16 After the images
shown in Fig. 9 were obtained, such imaging experiments were
attempted. The CCD camera was placed on a tiltable platform, and
the axis of the camera tube was elevated 30 deg, as recommended
by Zhang and Melton.16 Initial images were obtained as a function
of fall distance in the heated tube, but substantial imaging problems
(primarily associatedwith the proper focusing of the vertical image
plane in the droplet) were never resolved.

The RT droplets have fallen approximately 20 mm through the
cooling stage when they reach the heated zone, and the Winter
and Melton18 results would suggest that they already have a well-
established internal � ow� eld at the time that they enter the high
temperaturezone.Thus, the likely existenceof a prior internal � ow-
� eld coupled with the inability to capture the temperature � eld near
the surface make these images problematic for spray modeling pur-
poses. It may be necessaryto adapt techniquesthat probe the surface
region speci� cally.24 It is hoped that others interested in the droplet
and spray area will be able to use the apparatus, techniques, and
results from this work to better resolve the issues surrounding the
rapid heating of droplets generated in a fuel spray.

IV. Conclusions
The experiments described in this paper ended prematurely, and

consequently a full range of investigations of the transient heating
behavior of falling droplets was not conducted. The sequences of
droplet images that were analyzed indicate that heat transfer into
the center of the droplets is suf� ciently rapid that careful calcula-
tion of internal circulation effects is not necessary; this conclusion
should be investigatedunder a wider range of initial conditions.The
experimental section describes the constraints and adaptations that
led, ultimately, to a working apparatus, and it is hoped that others
will � nd that this work makes similar measurements easier to carry
out.
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