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Abstract
An effective Lagrangian Planar Interferometric Tracking (PIT) processor is proposed to track the size and path of multi-
ple droplets, with spray droplet diameters (20–150 µm) and volumetric concentrations ( ≈300 drops/cm3 ) consistent with 
industrial applications, produced by an ultrasonic atomiser in evaporating conditions. A test facility was developed where 
liquid droplets are exposed to a temperature gradient in a co-axial air flow, where the outer stream is preheated to the desired 
temperature (288–550 K). The PIT method builds on a TSI Global Sizing Velocimtery measurement technique and allows 
to detect, size and follow the path of droplets which were otherwise discarded or mis-analysed by the commercial software. 
The methodology was first tested under non-evaporating conditions, and multiple sources of errors, some common to most 
planar interferometric techniques, were identified and their order of magnitude and impact on final droplet measurement 
assessed. The main source of error is related to the out-of-plane motion of the droplets and the time they spend in the 
measurement volume. For non-evaporating conditions, measured data can be processed to filter out this source of error. In 
evaporating conditions, a novel method for assessing the impact of measurement error with respect to droplet evaporation 
and measurement timescales is defined. The PIT method allowed tracking of individual methanol droplets entrained within 
an airflow heated to 495 K and determining their size reduction under evaporating conditions. Measured droplet evaporation 
rates were then compared against those predicted by an iterative evaporation model, and a very good agreement was found 
between the modelled and measured estimates.
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1 Introduction

Droplet evaporation plays a crucial role in numerous 
industries, from pharmaceuticals to energy generation, and 
reliable, accurate measurements of this physical process 
are essential to develop empirically derived evaporation 
models and inform infrastructure design and implementa-
tion. For example, such models often define the required 
temperatures in a spray drying facility (Cotabarren et al. 
2018) or provide an estimate of the expected droplet size 
distribution at the point of ignition in combustion engines 
(Sazhin 2006). Thus, the importance of having accurate 
and applicable evaporation models for industry is apparent.

Though much fundamental research has been performed 
in combustion and spray applications and several empiri-
cal evaporation models have been produced to address 
droplet evaporation in generalised cases (Hubbard et al. 
1975) or for specific applications under relevant operating 
conditions for the vaporisation of fuel sprays (Abramzon 
and Sirignano 1989), their reliability and applicability to 
a broader range of scenarios are hindered by the accuracy 
and limitations of the measurements methods to acquire 
the data used in the model fitting process and validation.

Typical experimental methods involve the suspension 
of a single liquid droplet along a fibre, thus creating a sta-
tionary droplet that can be repeatedly sized in time through 
optical measurements (Strizhak et al. 2018). This method-
ology comes with an obvious limitation as the fibre acts 
as a conduit for heat conduction to the centre of the liquid 
droplet, thus affecting the measured evaporation process. 
To avoid the impact of droplet suspension fibres (Chau-
veau et  al. 2019), acoustic levitation approaches have 
been developed to fix the position of a droplet in space 
(Yarin et al. 1999). However, this single-droplet approach 
to measure evaporation is still subject to several limita-
tions, such as the difficulty to incorporate the effects of 
droplet volumetric concentration and multi-droplet inter-
actions (Labowsky 1976) and the effects of local and time-
dependent flow field variations, such as those present in 
oscillating flows (Sujith et al. 2000). With regard to fuel 
spray vaporisation, Sahu et al. (2018) observed that lower 
droplet evaporation rates are present at higher levels of 
droplet volumetric concentration. These observations are 
in agreement with theories developed for combustion of 
droplet groups outlined by Chiu et al. (1982), whilst Bal-
achandran et al. (2008) noted that the presence of acoustic 
oscillations enhanced droplet evaporation in a bluff body 
combustor.

Ideally measurements of the evaporation of free drop-
lets should be carried out for spray conditions consistent 
with those encountered in industrial applications, thus 
providing a thorough characterisation of the evaporation 

process occurring in the actual infrastructure used within 
a given industry. However, given the complexity of the 
flow dynamics within “realistic” spray evaporation pro-
cesses, measurements in such conditions are often simpli-
fied to the comparison of time-averaged droplet diameter 
profiles at two or more locations within the spray. Such an 
approach does not allow to assess the impact of individual 
droplet characteristics, such as size and velocity, on the 
measured evaporation rates.

In order for a measurement method to directly determine 
evaporation rates of individual droplets, the measurement 
technique must be able to detect, size and track each droplet 
in time and space. The process of droplet tracking is not 
a novel concept with techniques such as Particle Tracking 
Velocimetry (PTV) having been shown to be effective meas-
urement methods. However, these methods are not capable 
of providing a measure of droplet diameter and thus are not 
suitable in these instances. Relatively few techniques can 
provide a direct measurement of individual droplet size and 
velocity. These include Phase Doppler Anemometry (PDA), 
Digital Inline Holography (DIH), high-magnification Parti-
cle Tracking Velocimetry (PTV) and Interferometric Droplet 
Sizing (IDS). Whilst PDA can record the diameter of indi-
vidual droplets and has been used extensively to measure 
droplet velocity and diameter (Bachalo and Houser 1984; 
Sommerfeld 1998), it is inherently a point measurement 
technique and there is no evident way in which it can be 
used to make multiple measurements of the same droplet 
over time to determine the rate of evaporation. IDS tech-
niques, however, operate with a considerably larger measure-
ment volume (Kobayashi et al. 2000), where with the correct 
imaging frequency and imaging window dimensions for the 
given flow field velocities, a single droplet can remain in the 
measurement volume for multiple image captures (Kawa-
guchi et al. 2010). Both DIH and high-magnification PTV 
methods have been shown to be capable of effectively track-
ing and sizing droplets (Guildenbecher et al. 2016; Bau-
tista-Capetillo et al. 2014). However, the lower measurable 
droplet diameter is limited by optical resolution, determined 
by the optical setup used (Falgout et al. 2019; Lieber et al. 
2019). Thus, when observing the evaporation of smaller 
droplets within a flow, higher optical magnifications may be 
required, reducing the imaging field of view and time dura-
tion (thus number of diameter measurements) over which 
droplet evaporation may be measured (Chen and Guildenbe-
cher 2017). IDS techniques, however, require lower optical 
resolution in order to achieve ideal minimum measurable 
droplet diameters due to the measurement principles in use.

A number of currently available IDS techniques such 
as Global Sizing Velocimetry (GSV) from TSI® use a 
double image system with short inter-capture interval to 
allow for measurements of droplet velocity along with 
droplet size (Pan et al. 2006). It stands to reason that this 
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methodology could be expanded across more than two 
image captures, providing not only the “instantaneous" 
droplet diameter and velocity, but also the variation in 
time of droplet velocity (acceleration), droplet trajectory 
and, pertinent to this study, the rate of change of droplet 
diameter. Indeed, these aspects have been addressed in a 
previous study by Kawaguchi et al. (2010). In their work, 
ethanol droplets were tracked over multiple frames from 
which the size reduction due to evaporation in a heated jet 
was measured. The authors then determined the evapora-
tion rate constant and estimated evaporation times, over 
measurement duration of up to 14 ms, for a very small 
number of individual droplets. More recently, a similar 
IDS tracking technique was proposed and implemented 
by Parant et al. (2021), where the time and position of 
dodecane droplets entering a methane flame and subject 
to rapid evaporation were estimated, though the presence 
of burnt gasses prevented direct measure of individual 
droplet size reduction over time. Despite the potential 
benefits of an interferometric tracking system, the litera-
ture describing its use, benefits and potential limitations 
is extremely limited.

In the current study, an in-house Lagrangian Planar 
Interferometric Tracking (PIT) processor, developed in 
MATLAB, in conjunction with an existing IDS technique, 
the Global Sizing Velocimetry (GSV) from  TSI®, is 
applied to a non-evaporating water spray to assess track-
ing performance and facilitate the observation of meas-
urement uncertainties. The PIT technique is then applied 
to a methanol spray in a heated coaxial air flow, where 
droplet evaporation is measured and compared with a 
modified empirically derived evaporation model.

1.1  Principles of interferometric droplet sizing

Interferometric droplet sizing techniques use both the 
reflected and refracted images from droplets to accurately 
determine their diameters. Figure 1 outlines the principles 
of IDS, displaying the interaction between the reflected 
and refracted light from a single droplet and the associ-
ated interference pattern at progressive degrees of camera 
defocus. The camera is set at a scattering angle, � , to the 
laser plane in order capture both reflected and refracted 
images, as shown in Fig. 2. The camera is then deliber-
ately defocused, so that the reflected and refracted images 
superpose, creating an interference pattern. The droplet 
diameter D is directly estimated from the fringe angular 
spacing, Δ� using Eq. 1, where � is the laser wavelength 
and X is a constant based upon the scattering angle and 
liquid refractive index.

Additionally, a slit aperture can be mounted in front of the 
camera lens optics to vertically compress interference pat-
terns, reducing the occurrence of pattern overlap (Kobayashi 
et al. 2000). Further information on the principles of Inter-
ferometric droplet sizing can be found in works by Hes-
selbacher et al. (1991) and Glover et al. (1995).

GSV is commercially available IDS package that incor-
porates these aspects along with an image processor capa-
ble of positioning and sizing droplets imaged using a win-
dowed Fast Fourier Transform (FFT)-based approach (Pan 
et al. 2006). Assessments of this technique through the 
use of a mono-disperse droplet generator have shown the 
method to be reliable, displaying standard deviations of 
less than 2 µm across a range of known droplet diameters 
(Davies et al. 2019).

(1)D = X ⋅

�

Δ�

Fig. 1  Diagram showing interaction of reflected and refracted light 
scattered from a single droplet, at various degrees of camera defocus

Fig. 2  Top-down view of a typical laser–camera–spray setup seen for 
IDS experiments
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2  Experimental setup

A custom-made optical rig was designed and employed to 
measure droplet evaporation rates using planar interfero-
metric droplet tracking under heated flow conditions (See 
Figs. 2, 3).

The optical rig has a squared cross section with side 
length of 150 mm and a height of approximately 900 mm. 
Four 150 mm by 120 mm fused quartz windows allowed 
optical access, whilst retaining heat within the test rig. An 
ultrasonic atomiser (Sonics atomiser) was used to produce 
droplets ranging from approximately 20–150 µm in diam-
eter, whilst a Harvard Apparatus PHD Ultra 70-3006 syringe 
pump was used to feed the working fluids (both water or 
methanol) to the atomiser at a rate of 200 ml/hour. The spray 
was injected into a coaxial heated air flow provided by a pro-
cess heater connected with a PID controller. Fitted in line, 
an Alicat-M gas flow meter allowed for precise control of air 
flow rates (75–200 slpm) and output temperatures (288–550 
K). To prevent overheating and damaging of the injection 
system, the atomiser was cooled down in between tests by 
an air flow (see Fig. 4). The temperature of both the cooling 
and heated air flows was monitored using two thermocouples 
at the corresponding inlets of the spray chamber. In addition, 
the temperature 300 mm beneath the atomiser nozzle tip was 
recorded by a thermocouple. For all tests, the heated air flow 
rate was 100 slpm, and for heated conditions the air tempera-
ture at spray chamber inlet was measured at 515 K, whilst 
the thermocouple located 300 mm downstream measured 
475 K. The temperature at the measurement volume (140 
mm downstream of the atomiser) was estimated to be 495 K 
by linear interpolation.

Laser illumination was provided by an EdgeWave 
IS-series high-speed laser (532 nm, 20 mJ pulse) with 
a TSI Laserpulse light arm and sheet optic redirecting 

and reforming the laser beam into a sheet with a thick-
ness of approximately 1.5 mm in the measurement region. 
A Phantom VEO 710 high-speed camera fitted with a 
Tokina 100 mm lens and slit aperture mounted at a scat-
tering angle of 60◦ was used for imaging. For all tests 
presented in this study, the lens aperture was set to f/5.6 
and a 1:1 magnification factor was used at a resolution of 
800×1024 pixels, resulting in a field of view measuring 
≈ 16 mm in width and 20 mm in height. The laser pulse 
frequency and camera framerate were set to 7 kHz syn-
chronised using a TSI Laserpulse Synchroniser 610036 
and TSI Insight 4G.

To control the positioning of the measurement volume 
an in-house software-controlled three-axes traverse was 
developed, allowing for the adjustment along the axial, 
y, and radial, x, directions of the measurement volume 
location and camera defocus, z csc � with a displacement 
resolution of 2.5 µm. This allowed the identification and 
optimal control measurement location, which is informed 
by local droplet concentration. On the one hand, a large 
droplet concentration is desired to increase dataset size 
and build statistics. On the other hand, it can result in 
overlap of multiple droplet interference patterns, with a 
reduced accuracy of the TSI Insight software to detect and 
size them. The data included in this work were obtained 
along the spray axis, 140 mm downstream of the nozzle 
tip, where the average droplet diameter and concentration 
were 41.4 µm and approximately 300 droplets per cm3 , 

Fig. 3  Sketch of the experimental setup. a SONICS atomiser, b cool-
ing air inlet, c heated air inlet, d heated air outlet thermocouple, e 
cooling air thermocouple, f laser sheet, g LASERPULSE light arm 
head, h laser sheet height (100 mm), i phantom VEO 710 camera, j 
measurement volume, l downstream thermocouple, k 3-axis traverse

Fig. 4  Sketch of the system used to heat the air and control its tem-
perature through thermocouples. a SONICS atomiser, b cooling air 
inlet, c heated air flow, d heated air outlet thermocouple, e cooling air 
thermocouple, f liquid spray, g measurement volume region, h down-
stream thermocouple. Lengths A and B being 300 mm and 140 mm, 
respectively
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respectively. This droplet concentration level reduced the 
likelihood of oscillation pattern overlap and allowed the 
capabilities of the proposed particle tracking methodol-
ogy to be fully tested. It should be noted that GSV meas-
urements have been shown to be reliable up to concen-
trations of 3,000 droplets per cm3 (Pan et al. 2006). The 
defocus displacement was optimised and set to 20 mm.

3  PIT processor

The developed PIT processor builds upon a pre-existing IDS 
technique, Global Sizing Velocimetry (GSV) produced by 
TSI, as a first-pass processor (from raw images the GSV pro-
cessor outputs the droplet size and 2-D position co-ordinates 

along with other parameters such as the intensity of interfer-
ence patterns, but does not provide any tracking details).1 
As shown in the block diagram of Fig. 5, the GSV data are 
given as an input to the PIT processor algorithm.

The PIT processing algorithm is broken down into three 
distinct steps, the first of which highlighted in blue within 
Fig. 5 uses only the data provided by GSV in the tracking of 
individual droplets. To track a droplet path, it is first neces-
sary to determine its position into two consecutive images. 
This process is carried out by matching a droplet already 
detected by GSV in the first image, Drop

1
 , to a droplet 

detected in the second one, Drop
2
 . The matching is made by 

searching for droplet of similar size to Drop
1
 in an inspection 

window, see Fig. 6, built in proximity of its initial location.
The exact dimensions of this inspection window are 

dependent on the local mean flow velocity and its fluctua-
tion due to turbulence levels; in this study the inspection 
window had a width of 0.4 mm and a height of 0.6 mm (0.2 
mm above the initial position and 0.4 mm below). Matching 
between Drop

1
 and different droplets found in the inspection 

window of the second image is made by finding the Drop
2
 

whose diameter deviates the least from that of Drop
1
 . The 

level of droplet diameter deviation is tuned with a threshold 
(e.g. ± 5%) that takes into account the measurement accu-
racy and potential evaporation over the time period between 
two consecutive images.

Fig. 5  Flow chart showing  the interferometric droplet tracking pro-
cessor algorithm. (Blue) Droplet tracking from GSV droplet data, 
(purple) re-analysis of interference patterns incorrectly measured 
or unrecognised by GSV processor, (yellow) re-analysis of droplets 
backwards in time

Fig. 6  Two-frame composite GSV image, Image
1
 (green), Image

2
 

(magenta), with representation of inspection region (red) located 
about Drop

1
(x, y) . GSV measured droplet diameters annotated next to 

respective interference patterns

1 Pan et  al. (2006) describe the specific image processing methods 
deployed by the GSV processor.
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Having identified an individual droplet in two consecu-
tive frames the droplet position and diameter for the droplet 
in both Image

1
 and Image

2
 is recorded, and a droplet path-

line is created (this being a matrix containing the measured 
diameter, position, velocity and oscillation pattern intensity 
history). The following positions assumed by a droplet along 
its path are found with a similar droplet matching process 
as described above, where the inspection window is moved 
in proximity of the last droplet position detected. In this 
case, a second criterion, beside the droplet size deviation, is 
used to optimise the droplet matching. This accounts for the 
“projected” droplet displacement, and it is estimated from 
the velocity of the droplet between its two most recent detec-
tions. An allowable deviation from the “projected” position 
is set, this being based on the turbulent velocity fluctua-
tions within the flow and the uncertainty in droplet position 
measurement. Should there be more than one droplet meet-
ing the validation criteria, the one with least size deviation 
from the droplet in the previous frame is selected. It should 
be noted that the processor also ensures that an individual 
droplet measurement may only be present within a single 
pathline. The processing procedure is then the same for 
subsequent frames, with this ending when no valid droplets 
are discovered or the inspection window reaches the lim-
its of the image region. Once the pathline for a droplet is 
terminated (when a droplet exits the illumination plane or 
droplet oscillation pattern disappears or is incoherent due 
to signal attenuation, multiple oscillation patterns overlap-
ping or otherwise), the processor iterates through all droplets 
in all images that have not been already included within a 
pathline.

Though an effective measurement technique, GSV often 
can either incorrectly measure droplet sizes or not detect 

all interference patterns present in an image, as shown in 
Fig. 7, as is common among many IDS systems. Typically, 
only 50–75% of the interference patterns are measured, with 
the remaining patterns not passing signal-to-noise ratio 
threshold, or not being detected at all. In addition, a number 
of oscillation patterns are incorrectly measured, typically 
significantly underestimated, preventing them from being 
included within a droplet pathline  (Davies et al. 2019). 
These inconsistencies in droplet detection and sizing have 
an inevitable impact on the droplet pathline detection. To 
provide a more complete dataset, the PIT processor devel-
oped in this work re-analyses areas within an image where 
a droplet of a given size is expected to be according to its 
previous path. This extra analysis aims to correct mis-sized 
droplets by GSV or measure interference patterns that had 
been originally discarded/undetected by GSV. Thus, further 
image processing is required, which is highlighted in purple 
in the block diagram of Fig. 5.

Fig. 7  Example of incorrect measurement/detection of interference 
patterns. Imagen (Green), Imagen+1 (Magenta) and Imagen+2 (cyan)

Fig. 8  a Focused inspection window for interference pattern re-analy-
sis, b mean row pixel intensity vertically across the inspection region, 
c focused inspection region slice located about interference pattern 
vertical centre, d Mean Normalised Pixel Intensity (NPI) profile of 
Focused inspection region with Hamming taper, e FFT and spatial 
period identification (Fringe Spacing)
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For both mis-sized and undetected droplets, the PIT 
processor applies a focused inspection window about the 
predicted interference pattern position, as shown in Fig. 8a, 
determined by extrapolation. The vertical position of the 
interference pattern is then determined by analysing the 
mean pixel intensity of each row of the focused inspection 
window. The pixel rows containing the interference pattern 
are then vertically compressed by taking the mean of each 
column. The horizontal centre point of interference pattern 
within the 1-D mean intensity vector is determined through 
the use of a continuous wavelet transform as performed by 
Hardalupas et al. (2010, 2014). A taper is applied to this 
intensity vector before a Fast Fourier Transform (FFT) is 
used to determine the interference pattern spatial period, as 
shown in Fig. 8d.

As documented by Pan et al. (2006), the droplet diameter 
can then be determined through the use of Eqs. 1 and 2. At 
a 60◦ scattering angle, the fringe spacing is very marginally 
affected by the refractive index of the liquid in use, and as 
such, a generalised value of X = 1.129 has been used (Pan 
et al. 2006; Calabria and Massoli 2000). The fringe angular 
spacing, Δ� , can be expressed in terms of the lens magnifica-
tion after defocus (M), pixel size ( � ), defocussing distance 
( Δz ) and fringe spacing in pixels (n):

Based on this assumption, the droplet size can be calculated 
from the interference pattern fringe spacing as obtained from 
the FFT. Comparisons between diameter measurements of 
the same droplets by PIT and GSV show good agreement 
with a mean difference of less than 0.5 µm and a standard 
deviation of approximately 0.75 µm, which is within the 
expected measurement uncertainty of the system. The addi-
tional processing element developed in this work increases 
substantially the number of detection of a droplet along its 
path and therefore captures to a higher degree a droplet spa-
tio-temporal evolution and associated evaporation processes.

To further maximise the number of times, a single droplet 
was measured over time; image datasets were also subject to 
a backward analysis, where the same process as described 
above was implemented starting from droplets present in the 
last image and extrapolating their previous position moving 
backward in time (yellow block in Fig. 5).

4  Non‑evaporating spray

To assess the performance of the PIT processor and out-
line the potential errors present within the droplet history 
and position measurements, a sequence of 771 images were 
captured, with water being used as the atomising liquid. 

(2)Δ� =
M ⋅ n ⋅ �

Δz

This spray produced a profile of droplet diameters with a 
mean droplet diameter of 41.4 µm that can be approximately 
described as following a lognormal distribution ( � = 3.6, 
� = 0.4) and concentrations at the measurement volume of 
up to approximately 300 drops/cm3 . The mean radial and 
axial droplet velocities were measured by PIT to be 0.06 
m/s and 0.67 m/s, respectively. These tests were performed 
at atmospheric pressure and room temperature. Under these 
conditions, droplet diameter reductions due to evaporation 
are likely negligible,2 thus any trends in temporal droplet 
size evolution identified in the dataset is likely due to meas-
urement error.

The greatest source of uncertainty in the instantaneous 
measurement of droplet size is due to the thickness of the 
laser sheet and the transit time and path across the measure-
ment volume taken by the droplet (i.e. out-of-plane velocity, 
W). All these variables directly affect the droplet defocus, 
which is assumed by the processor to be constant at a par-
ticular point in an image (i.e. perfect 2D plane with zero 
thickness). As shown in Eqs. 1 and 2, a droplet measured 
size is proportional to the actual defocus, and therefore, 
any uncertainty in defocus directly affects the measured 
diameter. From geometrical considerations (see the sketch 
in Fig. 9), the maximum defocus deviation, z′ , from the pre-
scribed 2D constant value, can be estimated from Eq. 3,

where Lt is the laser sheet thickness, � = 60◦ for GSV.
In time-resolved droplet sizing, the droplet defocus uncer-

tainty can result in a non-evaporating droplet apparently 

(3)z� = ±

Lt

2
⋅ sec �

Fig. 9  Droplet camera orientation resulting in droplet defocus uncer-
tainty. Blue droplet representing the processor assumed defocus and 
grey droplets representing potential extreme defocus positions

2 Estimations made using a droplet evaporation model mentioned in 
greater detail in subsequent sections is <0.2 µm over 10 ms for a 20 
µm diameter droplet.
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increasing or decreasing in size, depending on the drop-
let out-of-plane direction. In the case of a droplet moving 
towards the camera, +W , the actual defocus will decrease as 
it travels through the laser sheet. Conversely, when moving 
away from the camera ( −W  ) the actual defocus increases. 
The effect of the droplet out-of-plane motion and defocus 
impact on droplet size can be determined using Eqs. 1 and 2, 
where it is apparent the error in proportional droplet surface 
change from initial droplet diameter ( D

0
 ) to final droplet 

diameter ( Df  ) due to change in actual defocus, E; Eq. 4. E 
is only a function of the radial position of the droplet within 
the image, droplet out-of-plane direction ( ±W ) and the laser 
sheet thickness, and independent of droplet diameter. Table 1 
shows the estimated error in final-to-initial droplet surface 
area ratio at the image centreline for relevant laser sheet 
thicknesses. (Note: these values may change for different 
optical setups).

(4)E =

D2

f

D2

0

Figure 10 shows the variation in the measured final-
to-initial droplet external surface area ratio, against their 
corresponding mean radial positions for water droplets 
at a temperature of 300 K. The dashed lines indicate the 
theoretical maximum potential error magnitude, E, due to 
defocus for three possible laser thicknesses, Lt=1, 1.5 and 
2 mm. The experiments were run with water, and taking 
into account the temperature, the size of the image window 
and measurement timescale, no significant evaporation is 
expected for these conditions (i.e. no variation in Df∕D0

 ). 
However, according to Fig. 10 the variation in measured 
droplet surface from its initial value can vary between 5 
and 20%. It is clear that the apparent increase or decrease 
in final-to-initial external surface area ratio closely follows 
the variation in the theoretical error due to droplet defocus 
with radial distance.

Figure 11a, b illustrates how the out-of-plane velocity, 
W, magnitude and direction affect the droplet measurement 
as droplet transit through the laser sheet. In the case of the 
two droplets with a decreasing defocus, +W  , shown as dark 
blue and light blue in Fig. 11a, they will both experience the 
same level of defocus, resulting in an erroneous proportional 
droplet diameter change. However, the darker droplet will go 
through this process in a shorter time and therefore exhibits 
an erroneous higher rate of droplet surface area variation as 
line gradients depict in Fig. 11b.

It is possible to correct for the measurement error due to 
the variation in the droplet defocus across the measurement 
volume when the out-of-plane droplet direction is known. In 

Table 1  Calculated proportional droplet surface area change due to 
out-of-plane velocity at image centreline

Effective laser sheet thick-
ness (mm)

E [+W] (%) E [−W] (%)

0.25 − 2.47 2.53
0.50 − 4.88 5.13
1.00 − 9.52 10.52
2.00 − 18.14 22.16

Fig. 10  Final-to-initial droplet surface area ratio for non-evaporating 
spray, markers showing experimental data. Dashed lines showing 
expected error due to defocus variation with laser thickness transit for 
sheet of thickness: 2 mm (blue), 1.5 mm (red), 1.0 mm (green)

Fig. 11  a Diagram showing three droplets (dark blue, light blue and 
red) transiting laser sheet thickness due to their out-of-plane velocity, 
W, where +Df  shows direction of increasing defocus, b proportion 
droplet surafce area versus time for the three droplets
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non-evaporating conditions, droplet out-of-plane direction 
can be determined by observing whether measured droplet 
diameter increases or decreases with time.3 This is well elu-
cidated in Eq. 5:

where D′

0
 is the measured droplet diameter at t = 0 , D

0
 is 

the actual initial droplet diameter at t = 0 , D and D′ are the 
actual and measured droplet sizes at t, where 0 < t < t

total
 , 

t
total

 being the time taken for the droplet to completely transit 
the laser sheet thickness. As no appreciable droplet diameter 
change is likely in the experimental conditions described in 
this section, the actual droplet surface area should not vary 
over time. Rearranging Equation 5 into 6, it is clear that the 
error associated with defocus variation due to out-of-plane 
motion will manifest as a linear increase or decrease in drop-
let diameter with time.4

As E, D′

0
 , t

total
 and t are known values it is possible to remove 

this linear error through subtraction. It should be noted that 
this error subtraction is applicable only to droplets, which 
could be tracked across the entire control volume thickness, 
between the front and back faces of the laser sheet. This pro-
cess can be monitored by checking the intensity of the light 
scattered signal of the same droplet at different instances, as 
this will display an increase (decrease) as the droplet moves 
towards (away from) the mid-section of the laser sheet thick-
ness (i.e. the laser sheet intensity has a gaussian-like distri-
bution across its thickness).

D 2

D 2
0

=

1
D2

D2
0
± E

ttotal
· t (5)

(6)D�2
= D�2

0
±

E ⋅ D�2

0

t
total

⋅ t

Figure 12 shows examples of corrected droplet diameter 
variation with time for five water droplets at 18◦ C, which 
fully transited through the laser sheet thickness. After cor-
rection, droplet diameter measurements display a similar 
random error, irrespective of their diameter, which varies 
within a range of ± 2 µm, as shown in Fig. 12. This error 
is likely due to signal noise, aliasing, attenuation and the 
multiple scattering of light, which all affect the interference 
pattern intensity.

These aberrations of the interference patterns can be 
caused by the overlap of two droplets fringes or by drop-
lets sitting out of the illumination plane further scattering 
the refracted/reflected light from a droplet, both resulting in 
inconsistencies in the droplet size measurement. This meas-
urement uncertainty is common to all standard IDS measure-
ment techniques, including both GSV (Davies et al. 2019) 
and the current PIT method discussed in this work. Direct 
comparison of droplets measured either with GSV or PIT 
indicated that the two methods produce consistent meas-
urements with similar uncertainty levels. The uncertainty 
in measurement can be improved by increasing the spatial 
resolution of the camera and optics.

The proposed tracking method is not only capable of fully 
resolving droplet pathlines and therefore assesses measure-
ment uncertainty, but can increase significantly the number 
of valid interference pattern measurements in comparison 
to standard GSV processor. As an example from a sam-
ple sequence of 771 images, the standard GSV processor 
detected and measured 31,510 interference patterns of which 
23,541 passed the PIT validation criteria and were used in 
the tracking of droplets. An additional 11,100 interference 
patterns were detected through the PIT processor that had 
been either miss-sized or undetected by the standard GSV 
processor. These 11,100 interference patterns had their 
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Fig. 12  Examples of droplet diameter time evolution

3 In evaporating conditions, it is not sufficient to determine the out-
of-plane direction through observing the droplet diameter change. 
The authors of this paper propose that the change in interference pat-
tern width could be used to determine the direction of droplet out-of-
plane motion, as is explained by Damaschke et al. (2002, 2005) and 
Kawaguchi et al. (2010). This would allow for the removal of defocus 
error in evaporating sprays. This idea was tested as part of this study, 
though the relatively large pixel size (20 µm) for the optics selected 
did not allow to spatially resolve the variation in time of the interfer-
ence pattern width as droplets cross the measurement volume. Similar 
problematics were also reported by Sugimoto et al. (2006) when try-
ing to determine the out-of-plane velocity from the rate of change of 
interference pattern width. They then reported that a stereoscopic IDS 
method would offer a more viable solution for defining droplet out-
of-plane velocity.
4 Though not within the scope of this study, it stands to reason that 
the gradient associated with erroneous droplet diameter increase is 
proportional to the droplet out-of-plane velocity; thus, analysis of the 
apparent diameter change could be used to determine droplet 3-com-
ponent velocity in non-evaporating conditions.
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diameter and position determined and then included into 
a droplet pathline as part of the tracking data. This equates 
to a 47.3% increase in valid interference patterns being 
included in droplet tracking through the use of the PIT pro-
cessor. From this set of images, a single droplet was tracked 
over a sequence of 182 images (26 ms) with 118 of the 182 
interference pattern measurements being made by the PIT 
processor.

5  Evaporating spray

Having identified and analysed different sources of measure-
ment error present in a non-evaporating spray, the PIT pro-
cessor was then applied to a methanol spray in a heated 
coaxial air flow. To select the experimental conditions, a 
series of preliminary tests were carried out. The measure-
ment window position is approximately 155 mm from the 
heated air outlet, ym , (see Fig. 4) and as such should be 
located within the hydrodynamic entrance region ( ym

RH

≈ 1 , 
where RH is the hydraulic radius). A hot wire anemometer, 
RS PRO DT-8880 was used to determine the local air veloc-
ity magnitude in proximity of the measurement region. The 
recorded mean air velocity at the measurement position was 
0.63 m/s. This is in agreement with the droplet axial veloci-
ties obtained using PIT, which are normally distributed 
about a mean of 0.66 m/s with a standard deviation for the 
entire volume of 0.25 m/s. These levels of local velocity 
fluctuations and turbulence are consistent with the unsteady 
nature of the flow present within the inner mixing region of 
the expanded annular coaxial flow (Ko and Chan 1978, 
1979).

The rates of droplet evaporation obtained from the pro-
posed PIT method under realistic evaporating conditions are 
compared against those derived from a methanol-adapted 
droplet evaporation model (Davies 2022). This is an itera-
tive model developed by Lefebvre and McDonell (2017), 
which accounts for the change in droplet diameter, D, and 
droplet surface temperature, Ts , over a short time period, dt. 
In addition to calculating the steady state evaporation rate, k, 
commonly described by the D2 law of Eq. 7, this model also 
accounts for the initial “heating up period” where the droplet 
surface temperature increases when subject to high ambient 
temperatures. The evaporation model was adapted to metha-
nol by using fuel-specific curves to account for the variation 
with temperature of the vapour pressure (Arce et al. 1997), 
thermal conductivity (Touloukian et al. 1970), vapour and 
liquid specific heat (Strömsöe et al. 1970; Khasanshin and 
Zykova 1989), latent heat (Majer and Svoboda 1986) and 
density (Vogel and Weiss 1982).

For a flow with an ambient air temperature of 495±10 K, 
the model predicts that all droplets of applicable diameters, 
≤ 250 µm, would have reached a stable surface temperature 
for the given air and droplet velocity conditions. As such, 
according to the model, the rate of surface area reduction, � , 
should be constant for all droplets within the measurement 
volume, with a predicted steady state evaporation constant 
of 43.3 ± 2.5 µm2/ms.

For this study, a total of 28 repeat tests were performed 
with 770 images captured in each test (21,560 images in 
total). From these images, a total of 24,343 individual drop-
lets were identified and tracked. The measured droplet mean 
diameter for the total dataset was 62.36 µm.

To accurately assess the change in droplet diameter in 
evaporating conditions, the contribution of the error due to 
droplet defocus on the rate of reduction in the final to initial 
surface ratio must be considered. According to Eq. 5 and its 
time derivative, Eq. 8, the accuracy of the measurement for 
a given laser sheet thickness increases when the actual rate 
of droplet evaporation, � , is significantly larger than the error 
due to the rate of change of defocus, E

t
total

 . This condition can 
be achieved when the total residence time of a droplet within 
the measurement volume, t

total
 , is large. In essence, the capa-

bility of the PIT technique to accurately determine the drop-
let diameter reduction due to evaporation is limited by the 
actual evaporation rate of the droplets in comparison with 
the defocus error, E, and the duration for which they reside 
within the measurement volume.

In this study, the ratio, � , Eq. 9 between the measured rate 
of change of proportional droplet surface area and the rate 
of change due to the defocus error, is considered to assess 
the measurement accuracy.

A comparison between the model predicted droplet surface 
area reduction rate and that measured by PIT is shown in 
Fig. 13. The data points are colour coded based on the value 
of � , which takes into account their residence time in the 
laser sheet. As mentioned above, larger values of � cor-
respond to a lower impact of the defocus error. These data 
points (green and blue, 𝜓 > 1 ) are scattered around the 45◦ 
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line indicating a reasonably good agreement between the 
experiments and the model. However, when 𝜓 < 1, several 
data points exhibit variation well outside of the reference 
lines (±50%). In particular, points with negative reduction 
rates are indicative of an increase in droplet diameter which 
is completely nonphysical and are mainly due to the droplets 
degree of defocus increasing in time as they cross the control 
volume. It is worth mentioning that none of the droplets 
associated with a lower percentage error, 𝜓 > 1, are char-
acterised by a negative and nonphysical surface reduction 
rates. Agreement between the model and measurements does 
not seem to increase significantly with increasing value of 
� , though it should be noted that the sample size of droplets 
with values of 𝜓 > 1 is very low. From the 24,343 individual 
droplets tracked by PIT, only 166 have measurement to error 
ratios greater than one, 0.68% of the total dataset.

For the 166 droplets with 𝜓 > 1 , the mean and standard 
deviation of the evaporation rate constant, � , were 41.74 
µm2/ms and 15.28 µm2/ms, respectively, with data points 
following a normal distribution. Despite the large standard 
deviation due to the errors outlined previously, the mean 
evaporation constant as measured by PIT compared rela-
tively well with the value predicted by the model, 43.3 ± 
2.5 µm2/ms.

The data were further analysed to identify those drop-
lets with small out-of-plane velocity component. These 
droplets did not fully traverse the laser sheet thickness, but 
entered at the top of the measurement volume, traversed 
the full vertical height of the image ( ≈ 20 mm), and then 

left at the bottom of the measurement volume. As the mag-
nitude of out-of-plane velocity for these droplets is small, 
their measured droplet diameter is subject to minimal error 
due to change in defocus. As would be expected, droplets 
having sufficiently small out-of-plane velocities were seen 
to predominantly be droplets with higher axial momentum. 
The combination of larger droplet diameters, most of which 
were in excess of 150 µm, and low measurement volume 
residence times, meant many of the droplets fully transiting 
the measurement volume height did not show any significant 
size variation. From the current experiments only six drop-
lets fitting the criteria mentioned above were observed. The 
diameter time evolution of these droplet is shown in Fig. 14. 
For all of them, a clear decay in droplet diameter with time is 

Fig. 13  Model experiment comparison of proportional droplet sur-
face area reduction rate, d

dt

(
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)

 . Marker colour showing ratio of pro-
portional droplet surface area reduction rate to expected due to rate of 
change of defocus, � , (blue—square) � ≥ 2 , (green—diamond) 
1 ≤ 𝜓 < 2 , (red—circle) 𝜓 < 1 . Solid central line showing perfect 
agreement between model and experiment, dashed lines showing a 
deviation from the model prediction by ± 50%
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Fig. 14  Droplet diameter change with time for six droplets transiting 
the measurement volume height

0 5 10 15 20 25 30 35 40
Time (ms)

0

500

1000

1500

2000
D

02  - 
D

2  (
m

2 )
Model
Model  25%

Fig. 15  Droplet surface change with time due to droplet evaporation 
for droplets with residence time greater than 20 ms. Reference lines 
in representing the model predicted �

Model
 (Solid) ± 25% (Dashed)



 Experiments in Fluids (2022) 63:167

1 3

167 Page 12 of 14

seen, much greater in magnitude than the apparent random 
variation due to noise.

Figure  15 shows the change between the initial and 
instantaneous droplet surface area over time. Assuming the 
droplets are in steady-state evaporation, the rate of change 
in droplet surface area should be constant, in accordance 
with the D2 law. The data shown in Fig. 15 are in reason-
able agreement with this model, as the rate of droplet sur-
face decrease is characterised by a nearly linear variation 
with time. The evaporation rate constant of these droplets 
was found to agree within a ±25% margin with that derived 
from the prediction model, a considerable reduction from 
the ±50% deviation in results shown in Fig. 13. This clearly 
indicates that as the expected error due to the droplet defo-
cus is reduced, the agreement between measurements and 
model improves.

The variation in evaporation rates displayed in Fig. 15 
may not be only a result of the described measurement error .  
A proportion of the variation might be related to air flow 
temperature fluctuation and the presence of convection (not 
accounted for in the simple model). As previously described, 
a turbulent flow region is expected within the measurement 
volume and has been confirmed by the variation in droplet 
velocities observed through PIT measurements. Indeed, the 
recorded velocities of the six tracked droplet reported in 
Fig. 16 show a considerable difference from the mean flow 
velocity (0.6 m/s). In such a flow regime, the slip velocity 
between the gas and liquid phases could fluctuate and there-
fore have an impact on the convection coefficient. To estimate 
the extent to which slip velocity and convection effect the 
evaporation rate, an additional factor based on droplet Reyn-
olds and Prandtl numbers (Lefebvre and McDonell 2017) 
was incoorperated into the evaporation model. For a range 

of slip velocities, 0.01-0.3 m/s, the increase in predicted 
evaporation rate was observed to be between 5 and 30%, 
respectively. This increase is consistent to the variation in 
evaporation rates observed in Fig. 15. The air flow tempera-
ture fluctuation observed in this study could introduce an 
additional uncertainty in evaporation rate, the magnitude 
of which is estimated to be approximately 6%. In order to 
fully understand the influence of flow parameters on drop-
let evaporation rate, detailed measurements of individual 
droplet velocity and temperature histories would be required.

6  Conclusion

In this work, a Lagrangian Planar Interferometric Tracking 
(PIT) processor based on high-speed planar interferometric 
imaging has been developed. Initially using the TSI Global 
Sizing Velocimetry, GSV, droplet diameters and positions 
within the image window were determined. From these ini-
tial data, individual droplets are identified and tracked over 
multiple frames through a combination of validation factors. 
In the event that the GSV processor incorrectly analyses an 
interference pattern, the PIT processor uses a targeted Fast 
Fourier Transform to re-analsyse image regions, thus allow-
ing to further track individual droplets. The PIT method 
allowed to increase the number of valid droplet measure-
ments by 47.3% as compared to those identified by the GSV 
processor.

From observing droplet diameter change over time, an 
inherent measurement uncertainty within all planar inter-
ferometric droplet sizing (IDS) techniques became appar-
ent. Uncertainty in the actual droplet defocus, dependant 
on droplet out-of-plane velocity and laser sheet thickness, 
resulted in considerable diameter measurement uncertainty. 
This uncertainty increases with laser sheet thickness, though 
even for relatively thin sheets the effects are noticeable, and 
for instance, the estimated diameter measurement uncer-
tainty when using a 0.5-mm-thick laser sheet is ±5%. With 
the use of PIT, this measurement uncertainty is seen to mani-
fest as an erroneous increase or decrease in droplet diam-
eter over time. This aspect was tested on experimental data 
obtained in non-evaporating conditions, and it was found 
that the measured droplet diameter showed a variation in 
time in agreement with that predicted by the defocus error 
source identified in this work.

The removal or reduction in error associated with the 
change in defocus distance can be resolved simply by deter-
mining the direction of droplet out-of-plane travel which 
could be performed using three potential methods:

• In non-evaporating conditions, droplet out-of-plane 
direction can be determined by the apparent increase 
or decrease in a tracked droplets diameter, this being 
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shown in this paper to be effective. This method also 
potentially allowing for the determination of droplet 
out-of-plane velocity, though this was not tested as part 
of this study.

• In both non-evaporating and evaporating conditions, 
the change in oscillation pattern length may be used 
to determine the out-of-plane direction, though this 
method is sensitive to optical spatial resolution and was 
not found to be practical given the hardware used in this 
study.

• In both non-evaporating and evaporating conditions, a 
stereoscopic PIT method could be used to determine 
droplet out-of-plane velocity/direction.

PIT was seen to be capable of tracking methanol droplets 
transiting a 16 × 20 × 1.5 mm measurement volume, in 
ambient air temperatures of 495 K. On initial inspection 
of the measured evaporation rates, considerable variation 
is seen, due to the outlined error resulting from the droplet 
out-of-plane velocity.

By analysing droplet data effected to a lesser degree by 
the outlined error, the PIT system was seen to detect the 
evaporation rates of heated methanol droplets with good 
agreement to a model modified for methanol. PIT meas-
ured droplets were seen to have evaporation constants within 
±25% of the model prediction. A significant proportion of 
observed difference in measurement and model outcomes 
could be attributed to complex droplet–flow interactions not 
accounted for by the basic model.
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