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ABSTRACT 
 
This paper presents a new method to produce monodisperse 
supercooled refrigerant droplets, comparing the breakup 
mechanism to the Plateau-Rayleigh instability. Formulations of 
highly volatile species, HFA134a and HFA152a, are cooled to 
230K to form a steady unstable liquid column. The breakup of 
this column is shown to produce a monodisperse droplet stream 
through back illuminated high-speed imaging (BIHSI) near the 
tip of the liquid ligament.  Theoretical estimates of the most 
unstable surface jet oscillation frequencies disagree by an order 
of magnitude. The low surface tension of refrigerant jets may 
be responsible for the relative amplification of forcing 
frequencies to critical amplitudes when compared to the 
theoretical most unstable wavelength and frequency. Near the 
ligament, volumetric calculations from area projections should 
be corrected to account for the dominant axial oscillations 
rather than assuming spherical droplets. Ligament jet velocity 
estimates from projected droplet area are also shown to agree 
with experimental results. 
 
1. BACKGROUND 
 
Pulmonary diseases are regularly treated with pressurised 
metered dose inhalers (pMDIs). These devices allow for drug 
delivery through flash atomisation of a propellant solvent blend 
into micron sized droplets. Upon vaporisation, these produce 
respirable particles. Environmental conditions such as humidity 
have been shown to affect particle morphology, resultant from 
changes in the droplet’s thermodynamic behaviour [2]. 
Quantifying the vaporisation rates of these highly volatile 
propellants is therefore expected to assist device design.   
 
Measurements of droplet properties from atomised sprays, 
particularly droplet volume in situ are notoriously difficult. 
Classical laser-based techniques such as laser diffraction 
measurements or phase Doppler anemometry can give 
estimates of droplet diameter. However, these techniques 
should be limited to regions of lower density due to the inability 
in resolving multiple scattering events and relatively high noise 
levels with low light penetration. Furthermore, the typical 
refrigerant droplet size measured by such methods ranges from 
2–5µm [8] in pMDIs making changes in radii difficult to 
resolve. Finally spray conditions will vary depending on 
formulation and orifice geometry, meaning individual effects 
on droplet behaviour are difficult to predict [7]. Investigations 
into these types of droplets in controlled environments isolated 
from the spray can offer explanations as to the primary factors 
influencing droplet behaviour.  
 
Although analysing isolated droplets allows for simplified non-
intrusive measurements, challenges are presented when 
forming repeatable steady droplet streams of highly volatile 
compounds. Multi-phase mixtures tend to atomise liquid jets, 
hence liquid supercooling is necessary for monodisperse 
droplet breakup at low pressures. When designing a droplet 
generator, it is critical that the droplets produced are repeatable 
and statistically stationary. Analysis of their physical properties 
can then be conducted at any point of their trajectory. Tracking 

individual droplets through their entire lifetime with enough 
resolution is impractical or infeasible from an experimental 
standpoint especially when measuring small relative changes in 
properties. To date the analysis of isolated highly volatile 
supercooled refrigerant droplets is extremely limited. Research 
of singular refrigerant droplets has focused predominantly on 
resultant particles when either dissolved or suspended and the 
effects environmental conditions have on these [3]. 
 
This work presents a new facility to produce monodisperse 
supercooled refrigerant droplets. The droplet breakup 
mechanism is investigated and compared to modelling of the 
Plateau-Rayleigh instability. This instability is characterised by 
the growth of linear surface perturbations along a cylindrical 
liquid ligament [6]. BIHSI allows for the analysis of the 
ligament and produced droplets, quantifying the initial 
conditions of this facility and exploring the behaviour of the 
highly volatile refrigerants with low surface tension in the 
Plateau-Rayleigh breakup regime. 
 
2. EXPERIMENTAL METHODOLOGY 
 
We consider the initial conditions of HFA134a (Prime 
Refrigerant) and HFA152a (Shanghai Dazio Aerosol) droplets 
produced by the newly developed refrigerant droplet facility 
(RDF). The boiling temperature of these at atmospheric 
pressure are 247.1K for HFA134a and 249.1K for HFA152a at 
low velocities [4]. The RDF produces monodisperse droplets 
through the unstable growth of perturbations on the surface of 
a cylindrical liquid ligament. This is similarly described by the 
Plateau-Rayleigh instability whereby the breaking of a 
cylindrical jet into droplets reduces the total surface energy [6].  
 
The facility consists of a centralised droplet generator with 
auxiliary components, compartmentalising the system such that 
the initial and environmental conditions can be individually 
controlled. An RDF simplified diagram is shown in figure 1. 
The droplet generator is comprised primarily of 2 chambers; an 
internal 50mL copper formulation chamber and a surrounding 
acrylic cooling chamber. The refrigerant is filled through a 
three-way valve (Beswick) into the top of the formulation 
chamber and can be released by a custom valve, immediately 
before the nozzle with aid from a nitrogen head pressure. 
Cooled 5cSt silicone oil (Sigma Aldrich) is pumped through a 
helical coil into the top of the cooling chamber. This encases 
and chills the formulation chamber. The helical coil amplifies 
mixing of the silicone oil to minimise thermal gradients. With 
the high thermal conductivity of the copper formulation 
chamber, an approximately constant temperature formulation 
can be achieved. This is estimated as the temperature of silicone 
oil exiting the cooling chamber due to the significantly larger 
relative flow rate when compared to refrigerant.  
 
Silicone oil is recirculated from the base of the cooling chamber 
into the heat transfer system. Here it is pumped through copper 
coils submerged in a dry ice (Air Liquide) and ethanol (Ajax 
Finechem) mixture. This remains at approximately the 
sublimation temperature of carbon dioxide, 194.7K [4], 
removing heat from the windings. Due to extreme temperatures 



 

 

 
Figure 1. Simplified diagram of RDS. 

 
and chemical compatibility, all tubing and seals are PTFE. The 
cooling circuit temperature is controlled with a bypass valve 
(Swagelok) allowing fluid to be diverted from the windings 
directly to the cooling chamber. Inlet and exit temperatures of 
the cooling chamber are monitored with K-type thermocouples. 
 
After cooling for a minimum of 5 minutes, a pressure head is 
applied to the formulation chamber, forcing liquid out of a 30G, 
150µm diameter hypodermic Luer lock needle (Nordson EFD, 
7018433). The small orifice facilitates the requirement of a 
pressure head as the frictional resistance in the nozzle exceeds 
the formulation hydrostatic pressure force. Pressure in the 
formulation chamber is varied with a pressure regulator (SMC, 
AW20-02H-C) and a bleed off needle valve (Swagelok) for fine 
adjustment. Pressure head was selected by matching theoretical 
jet radius profiles. This assumed Poiseuille flow through a 
cylinder as an initial condition and used Bernoulli’s equation 
inside the ligament. The static pressure was given by the surface 
curvature. Details of the jet radius calculation can be found in 
Rapp [6]. The system is replenished with formulation by 
initially filling refrigerant into a 50mL mixing chamber. Any 
desirable mixture of fluids can be prepared in this chamber. The 
mixing chamber connects to the formulation chamber via the 
three-way valve (Beswick), allowing for both refilling and the 
pressure head to be applied. Mixing and formulation chamber 
pressure can be monitored.  
 
Following liquid ligament formation from the droplet generator 
nozzle, droplets are able to fall 620mm into a heated counter-
flow contained within an 80mm square duct. The counter-flow 
volumetric flowrate is measured with a one inch flowmeter 
(VPFlowScope, In-line PN16) before entering a convective 
heater box with 3 separately controlled units. These three 
heaters are connected to a PID controller. This allows for the 
exit temperature of the heated box to remain at a set temperature 
of 433K, with typical fluctuations of no more than 1K. The 
heated air passes through an expansion section and flow 
straighteners. The temperature at the centreline of the duct exit 
is measured with a 1.5mm spherical K-type thermocouple to be 

320.1±0.5K. An elevated temperature increases vaporisation 
rate. It is critical that the counter-flow velocity be kept as low 
as possible, minimising interactions with the liquid ligament. 
 
The Plateau-Rayleigh instability and droplet formation were 
analysed through the use of BIHSI. A 137W, 30mm diameter 
LED (Cree, CXB3590) is pulsed using a MOSFET driving 
system, through a collimating aspherical condenser 50mm lens 
(Thorlabs, ACL5040U-DG15) with a focal length of 40mm and 
1500 grit to ensure a bright uniform background is achieved. 
The light exposure time was 8us. Ligaments and droplets were 
then captured by a high-speed camera (MotionPro, X3 M4) 
with a 105mm lens (Nikon, Micro-NIKKOR). A c-mount 
50mm extension tube (Thorlabs, CML50) and 27.5mm f-mount 
extension tube (Nikon, PK-13) combined with the 105mm lens 
to give a magnification of 1.22 or resolution of 14.6µm/px. The 
magnification was calibrated by imaging a 1mm calibration 
grid (Edmund Optics, 62-536), fitting linear lines to the edges 
of the grid lines and calculating the distances between them. 
Depth of field was maximised by utilising the highest f-stop, 
f#11, such that the contrast remained sufficient to distinguish 
the image from the background. Shutter time of the camera is 
set to less than the LED pulse so to reduce motion blur. By 
avoiding the rise and fall time of the large diode, approximately 
1.7µs, the same intensity can be achieved with shorter exposure 
times. A shutter delay of 3µs would therefore be appropriate, 
with 4µs of exposure giving a blurring of approximately 1/2px 
at typical operating conditions whilst minimising thermal load. 
10000 images of size 100x1280 were recorded at 10000Hz with 
timing controlled by a BeagleBone Black. Typical images of 
the droplets and liquid ligaments can be seen in figure 2. 
 
The initial post processing of the droplets to binarise the image 
and identify droplets is given below: 

1. Image normalisation and background subtraction. 
2. Otsu threshold [5]. 
3. Droplet numbering by a raster scan. 
4. Droplet filling. 
5. Closing of the ligament, ensuring droplet detachment. 

 
A post processed and raw image sample are shown in figure 2. 
To determine droplet velocity the following method was used: 

1. Crop binarised image to exclude ligament. 
2. Cross-correlation of image frame n and n+1. 
3. Find centreline, the maximum column intensity of 2. 
4. Find droplet translation, maximum on centreline of 2. 
5. Calculate mean droplet translation and velocity.  

 
This assumes droplet velocity is constant and uniform over the 
small interrogation window. Droplet spacing is determined in a 
similar manner except an autocorrelation is used rather than a 
cross-correlation for step 2. Additionally, a Gaussian fit is used 
in step 5 to find the mean. Gaussian fits use a nonlinear least 
squares method.  Volume is estimated with both spherical and 
ellipsoid geometries, whereby a Gaussian is fit to the volume 
distribution of droplets calculated from the area projection. 
Volume is used rather than radius as it aids in separating the 
doublets from the singlets. To determine theoretical jet velocity, 
a cylindrical column jet with radius	𝑅#$% and length equal to the 
mean droplet spacing was equated to a droplet with a mean 
ellipsoid volume. This can then be compared to the mass 
discharged. 
 
Once the initial droplet conditions are characterised, the 
mechanism responsible for the droplet breakup is investigated. 
Small perturbations become unstable as the energetically 
favourable surface profile is of droplets rather than a cylindrical  
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Figure 2. Breakup of liquid ligament of a) HFA134a and 
b) water. c) Post processed water image. 
 
column if 𝜆 > 2𝜋𝑅*, where 𝜆	is the wavelength of the 
perturbation. Assuming the ligament radius is equivalent to the 
nozzle inner diameter, observed when imaging the ligament, a 
theoretical critical time and perturbation wavelength can be 
obtained in equations 1 and 2. This is developed from the 
Plateau-Rayleigh stability of the liquid column [6].  
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		𝜆 = 9.01𝑅#$%             (2) 
 

Here 𝑓 is the frequency of the perturbation, 𝑇, 𝜌 and 𝛾 are the 
temperature, density and surface tension of the ligament 
respectively. This model assumes the fluid is inviscid, surface 
waves are initially small, and velocity of the surface waves are 
equal to the jet velocity. Density and surface tension were taken 
from NIST [4]. This critical time and wavelength both 
correspond to the most unstable wave, which results from the 
greatest exponential growth of the initial perturbation and based 
off the dispersion relation for liquid column [6]. 
 
3. RESULTS 
 
Measurements of 10000 images for each of HFA134a, 
HFA152a and water were analysed to determine the initial 
conditions of the droplets produced by the RDF. An elevated 
pressure was required for water to ensure ligament stability. For 
water no heat was applied to the counter-flow. This was largely 
blocked as a beaker was utilised to collect the liquid so that a 
comparison could be made between the droplet jet exit velocity 
estimate and an experimental value. The experimental 
conditions and results are summarised in table 1. Reynolds 
number does not account for the counter-flow velocity of 
0.268±0.013m/s. Dimensionless numbers describe the ligament 
and use theoretical jet velocity based off ellipse volume and a 
jet radius of 150µm. 𝑊𝑒; > 4 and	𝑊𝑒%,; < 0.2, indicating that 
the breakup mechanism is within the jetting Rayleigh regime 
[1]. This is verified by ligament behaviour, particularly for the 
refrigerants, where surface instabilities are observed to amplify 
and pinch off, forming droplets in figure 2.  
 
To estimate the critical time, or time between droplet break-off 
events, droplet spacing is divided by the droplet velocity. Close 
to the nozzle this is expected to represent the inverse frequency 
of the surface waves, provided the damping effects around the 
nozzle tip are small. When comparing the experimental results 
to the theoretical estimates, critical times for refrigerants are in  

Property Water HFA134a HFA152a 
Temperature [K] 292±1 230±1 230±1 

Surface Tension [Nm] 0.0729 0.0181 0.0196 
Pressure Head [kPa] 175 40 32 

Ellipse Volume [mm3] 0.0683 0.0160 0.0174 
Droplet Velocity [m/s] 0.871 2.46 3.07 

EXP Droplet Spacing [µm] 1480 837 859 
TH Droplet Spacing [µm] 676 676 676 

TH Jet Velocity [m/s] 2.28 2.65 3.52 
EXP Jet Velocity [m/s] 1.91 - - 

EXP 𝑡,-$. [s] 1.70E-3 3.40E-4 2.80E-4 
TH 𝑡,-$. [s] 1.39E-3 3.34E-3 2.75E-3 

𝑅𝑒; =
𝜌#$%𝑈#$%,.O𝑅#$%

𝜇#$%
 165 577 714 

𝑊𝑒; =
𝜌#$%𝑈#$%,.OC 𝑅#$%

𝛾#$%
 5.33 41.6 49.9 

𝑊𝑒%,; =
𝜌QR
𝜌#$%

𝑊𝑒;  0.00583 0.0319 0.0519 

𝑂ℎ; =
U𝑊𝑒;
𝑅𝑒;

 0.0140 0.0109 0.00963 

𝐹𝑟 =
𝑈#$%,.O
U𝑔𝑅#$%

 7050 9560 16900 

Table 1. Droplet and jet properties at ligament tip. TH is 
theoretical and EXP is experimental. 
 
disagreement. Estimates for water on the other hand are 
significantly improved. The experimental critical time for water 
may be half of the given value as during droplet detachment 
from the ligament two droplets or perturbation wave maxima 
appear to coalesce as seen in figure 2. Consequentially, the 
droplet spacing would reduce to 740 µm, and the critical time 
to 85E-4s. Disagreement from the theoretical value is likely 
attributed to the reduction in jet radius and short liquid 
ligament, which was limited by jet velocity and hence the 
maximum pressure the facility can safely operate at.  
 
Larger discrepancies for the refrigerant droplets critical breakup 
time can be possibly explained by the low surface tension of the 
liquid having two effects. The first is a significant increase in 
the ligament length on the order of centimetres rather than 
millimetres for water. With the elongated ligament, external 
fluctuations will have an increased probability of influencing 
the stream-wise surface perturbations. Secondly reduction of 
the Laplace pressure will increase the relative strength of 
constant external forces. This could allow for easier 
manipulation of the surface profile and larger initial 
perturbations. Critically these are nonlinear interactions which 
are not captured by the simple linear surface perturbation 
modelling. Nonetheless, the modelling [6] suggests that 
perturbation wavelengths greater than the jet circumference, 
471µm, are unstable. Therefore, forced unstable perturbations 
may grow to the critical magnitude faster than the most unstable 
waves, especially for thin jets.  
 
Another effect to consider is a damping in the ligament where 
the frequencies of the fluctuations are manipulated near the 
nozzle tip. It is not possible to measure the small surface 
fluctuations upstream with the current experimental setup. 
Additionally, changes in the mean jet ligament radius need to 
be considered as per equation 1. Currently the resolution is 
insufficient to accurately measure the jet radius, particularly 
with the superimposed oscillations. Nonetheless, observation of 
figure 2 and the movies associated with the droplet evolution 
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and breakup, indicate that the dominant breakup appears to 
reside in the Plateau-Rayleigh breakup regime. 

 
Figure 3. Volume probability density function (PDF). Solid 
lines represent a Gaussian ellipsoid volume fit. 
 
Interestingly a distribution of the volume approximated with a 
spherical assumption appears to deviate from a singular 
Gaussian profile and instead represents the combination of 
possibly multiple different droplet sizes or geometries as can be 
seen in figure 3. To determine whether there is in fact multiple 
droplet sizes a joint probability density function of droplet 
aspect ratio and volume as a sphere was investigated. For all 
cases there was a clear relationship between the aspect ratio of 
the droplet and the area, hence it was possible that the area 
distribution was due to some geometric effect or surface 
oscillation. From observations of droplet behaviour, there 
appears to be significant axial oscillations, where the vertical 
length of the droplet compresses, forcing an expansion in the 
transverse plane. If it is assumed that the oscillations in the 
transverse plane are axially symmetric then the volume can be 
approximated by an ellipsoid with transverse minor axis length 
𝑏 and lengthwise major axis length	𝑎. Taking the aspect ratio 
𝑅[\	as the ratio of droplet height to width, where the height is 
that from the top most pixel to the bottom most and width the 
left most pixel to right most, an expression for volume	𝑉, in 
terms of the aspect ratio and projected area	𝐴, can be readily 
derived below. 
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The fact that the volume collapses with significantly reduced 
error onto a singular Gaussian profile, suggests that the 
assumption of transverse oscillations being axially symmetric 
is reasonable. A consequence of this result is that the facility is 
producing a monodisperse droplet stream as desired, which is 
critical when analysing the vaporisation. In reality the droplet 
geometry is more likely to represent something far more 
complex than a simple ellipsoid, however the strong collapse 
suggests that this is a close approximation, modelling the 
oscillation well. Further accounting for the shape may reduce 
the standard deviation or spread of droplet volumes, if the effect 
of shape on the volume is random. 
 
A comparison between the theoretical jet velocity and an 
experimentally measured value in the case of water is made. 
Measurements for the refrigerants are not possible due to their 
extreme volatility. From table 1 the two values are observed to 
agree with reasonable accuracy. Some error is expected to be 
introduced as the modelling of droplet volume will introduce 
error. Therefore, for future experiments, estimating the 
ligament flow rate through droplet volume and spacing is 

reasonable. Further, no corrections are made to the volume to 
account for doublets or satellite droplets. In the case of 
doublets, the spacing of these droplets will also be 
approximately doubled and so these will have minimal effects 
on the mean spacing from the Gaussian fit for droplet volume 
and spacing. For satellite droplets the volume is small compared 
to that of the primary droplet, resulting in a small under 
prediction of the jet velocity which is what is observed. Exact 
influences of each geometry cannot be determined unless a drop 
by drop analysis is completed. 
 
4. CONCLUSIONS 
 
A method of producing supercooled monodisperse refrigerant 
droplets is presented, exploiting the Plateau-Rayleigh 
instability to allow for droplet breakup into a heated counter-
flow. Using BIHSI, initial conditions of the droplets at the 
ligament tip were quantified, critical for the future analysis of 
their behaviour. These droplets appear to exhibit dominant 
axisymmetric oscillations which need to be considered when 
determining an initial droplet volume. Whilst fundamental 
theoretical estimates of the perturbation frequencies responsible 
for droplet breakup disagree with experimental approximations, 
differences are likely attributed to the low surface tension of the 
refrigerants, with closer agreement for water. Finally estimates 
of the jet ligament velocity are in reasonable agreement with 
experimentally measured values, with a slight under prediction 
likely a result of excluding satellite droplets. 
 
REFERENCES 
 
[1] van Hoeve, W., Gekle, S., Snoeijer, J.H., Versluis, M., 

Brenner, M.P., & Lohse, D. (2010). Breakup of diminutive 
Rayleigh jets. Physics of fluids, 22(12), 122003. 

 
[2] Ivey, J.W., Bhambri, P., Church, T.K., Lewis, D.A., 

Mcdermott, M.T., Elbayomy, & S., Vehring, R. (2017) 
Humidity affects the morphology of particles emitted from 
beclomethasone dipropionate pressurized metered dose 
inhalers. International Journal of Pharmaceutics, 520(1-2), 
207–215. 

 
[3] Ivey, J.W., Bhambri, P., Church, T.K., Lewis, D.A., & 

Vehring, R. (2018). Experimental investigations of particle 
formation from propellant and solvent droplets using a 
monodisperse spray dryer. Aerosol Science and 
Technology, 52(6). 702–716. 

 
[4] National Instiutute of Standards and Technology. (2018) 

NIST Chemistry WebBook. Available from: 
<https://webbook.nist.gov/chemistry/>. [27 August 2019] 

 
[5] Otsu, N. (1979) A Threshold Selection Method from Gray-

Level Histograms. IEEE Transactions on Systems, Man, 
and Cybernetics, 9(1), 62–66. 

 
[6]  Rapp, B. E. (2016) Microfluidics: Modeling, Mechanics 

and Mathematics, William Andrew. 
 
[7] Smyth, H.D.C. (2003) The influence of formulation 

variables on the performance of alternative propellant-
driven metered dose inhalers. Advanced Drug Delivery 
Reviews, 55(7), 807–828. 

 
[8] Wigley, G., Versteeg, H. & Hodson, D. (2002) Near-orifice 

PDA measurements and atomisation mechanism of a 
pharmaceutical pressurised metered dose inhaler. 18th 



 

 

Institute for Liquid Atomization and Spray Systems 
Conference Europe, Zargoza, Spain, 9–11 September. 


