
Progress in Scale Modeling, an International Journal Progress in Scale Modeling, an International Journal 

Volume 3 Issue 1 Article 3 

2022 

A CFD-based scaling analysis on liquid and paint droplets A CFD-based scaling analysis on liquid and paint droplets 

moving through a weak concurrent airflow stream moving through a weak concurrent airflow stream 

Masoud Arabghahestani 
Institute of Research for Technology Development (IR4TD), University of Kentucky, mar243@uky.edu 

Nelson Akafuah 
University of Kentucky, nelson.akafuah@uky.edu 

Tianxiang Li 
Institute of Research for Technology Development (IR4TD), University of Kentucky, 
tianxiang.li@uky.edu 

Kozo Saito 
University of Kentucky, ksaito@uky.edu 

Follow this and additional works at: https://uknowledge.uky.edu/psmij 

 Part of the Automotive Engineering Commons, Chemical Engineering Commons, Mechanical 

Engineering Commons, and the Physical Sciences and Mathematics Commons 

Right click to open a feedback form in a new tab to let us know how this document benefits Right click to open a feedback form in a new tab to let us know how this document benefits 

you. you. 

Recommended Citation Recommended Citation 
Arabghahestani, Masoud; Akafuah, Nelson; Li, Tianxiang; and Saito, Kozo (2022) "A CFD-based scaling 
analysis on liquid and paint droplets moving through a weak concurrent airflow stream," Progress in 
Scale Modeling, an International Journal: Vol. 3: Iss. 1, Article 3. 
DOI: https://doi.org/10.13023/psmij.2022.03-01-03 
Available at: https://uknowledge.uky.edu/psmij/vol3/iss1/3 

This Research Article is brought to you for free and open access by Progress in Scale Modeling, an 
International Journal. Questions about the journal can be sent to journal@scale-modeling.org 

http://uknowledge.uky.edu/
http://uknowledge.uky.edu/
https://uknowledge.uky.edu/psmij
https://uknowledge.uky.edu/psmij/vol3
https://uknowledge.uky.edu/psmij/vol3/iss1
https://uknowledge.uky.edu/psmij/vol3/iss1/3
https://uknowledge.uky.edu/psmij?utm_source=uknowledge.uky.edu%2Fpsmij%2Fvol3%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1319?utm_source=uknowledge.uky.edu%2Fpsmij%2Fvol3%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/240?utm_source=uknowledge.uky.edu%2Fpsmij%2Fvol3%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=uknowledge.uky.edu%2Fpsmij%2Fvol3%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=uknowledge.uky.edu%2Fpsmij%2Fvol3%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/114?utm_source=uknowledge.uky.edu%2Fpsmij%2Fvol3%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uky.az1.qualtrics.com/jfe/form/SV_0lgcRp2YIfAbzvw
https://uky.az1.qualtrics.com/jfe/form/SV_0lgcRp2YIfAbzvw
https://uknowledge.uky.edu/psmij/vol3/iss1/3?utm_source=uknowledge.uky.edu%2Fpsmij%2Fvol3%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uknowledge.uky.edu/psmij
https://uknowledge.uky.edu/psmij
mailto:journal@scale-modeling.org


A CFD-based scaling analysis on liquid and paint droplets moving through a A CFD-based scaling analysis on liquid and paint droplets moving through a 
weak concurrent airflow stream weak concurrent airflow stream 

Category 
Research Article 

Abstract Abstract 
We conducted volume of fluids (VOF) multiphase model numerical simulations to obtain the 
interaction among all the major governing forces identified in our previous paper. Our numerical 
experiments are intended to assess the droplet generation process and the jetting behavior by 
providing specific input conditions, offering CFD as a tool to study scaling correlations instead of 
physical experiments. Water droplets that can represent waterborne paints were generated by piezo-
generated sinusoidal waveforms at the inlet of the nozzle. The governing forces included the external 
piezo-based wave-generation force, the inertial force of droplets, the inertial force of air, the viscose 
force of air acting on droplet surface, the viscous force of liquid, and surface tension force of 
droplets. The law approach-based scaling theory was applied to explain the significance of traditional 
pi-numbers, such as the Reynolds number, Strouhal number, Weber number, Capillary number, and Ω, 
in predicting the performance of the inkjet nozzle before introducing the operating conditions. 

Keywords Keywords 
Scaling analysis, Numerical simulation, Inkjet printing, Ultrasonic pulsation atomizer 

Creative Commons License Creative Commons License 

This work is licensed under a Creative Commons Attribution 4.0 License. 

Cover Page Footnote Cover Page Footnote 
This is a fully-reviewed paper expanded from work that was presented at the 9th International 
Symposium on Scale Modeling (ISSM9), held in March 2022 in Naples, Italy. 

This research article is available in Progress in Scale Modeling, an International Journal: 
https://uknowledge.uky.edu/psmij/vol3/iss1/3 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://uknowledge.uky.edu/psmij/vol3/iss1/3


 
Progress in Scale Modeling, an International Journal, Vol. 3, Issue 1 (2022) Article 03-01-03, pp. 1–10 
https://doi.org/10.13023/psmij.2022.03-01-03 
 

 
© 2022 The Author(s).  This is an open access article published under the terms of the Creative 
Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution, and reproduction in any medium, provided that the 
original author(s) and publication source are credited and that changes (if any) are clearly indicated. https://uknowledge.uky.edu/psmij/ 

– 1 – 

A CFD-based scaling analysis on liquid and paint droplets moving 
through a weak concurrent airflow stream 

M. Arabghahestani *, N. K. Akafuah, T. X. Li, K. Saito 

Institute	of	Research	for	Technology	Development	(IR4TD),	University	of	Kentucky,	Lexington,	KY	
40506,	USA	

E-mails: masoud.arabghahestani@uky.edu (the corresponding author);  
nelson.akafuah@uky.edu (for contact) 

Received May 9, 2022, Accepted Jul 28, 2022 

Abstract	

We conducted volume of fluids (VOF) multiphase model numerical simulations to obtain the in-
teraction among all the major governing forces identified in our previous paper. Our numerical 
experiments are intended to assess the droplet generation process and the jetting behavior by 
providing specific input conditions, offering CFD as a tool to study scaling correlations instead of 
physical experiments. Water droplets that can represent waterborne paints were generated by 
piezo-generated sinusoidal waveforms at the inlet of the nozzle. The governing forces included 
the external piezo-based wave-generation force, the inertial force of droplets, the inertial force of 
air, the viscose force of air acting on droplet surface, the viscous force of liquid, and surface ten-
sion force of droplets. The law approach-based scaling theory was applied to explain the signifi-
cance of traditional pi-numbers, such as the Reynolds number, Strouhal number, Weber number, 
Capillary number, and Ω, in predicting the performance of the inkjet nozzle before introducing 
the operating conditions. 

Keywords: Scaling analysis; Numerical simulation; Inkjet printing; Ultrasonic pulsation atomizer 

 

Introduction	

Fine liquid droplets have a wide range of applications 
in various fields, including healthcare, automotive, 
coating, painting, food, combustion, microfluidic de-
vices and pharmaceutical industries [1–10]. Many of 
these droplets are produced by applying a liquid jet 
breakup process. Therefore, a complete understanding 
of the mechanics of liquid breakup to produce fine liq-
uid droplets is crucial for controlling the effective use of 
these fine droplets. However, the current understand-
ing of the mechanism of liquid breakup and atomiza-
tion is incomplete, causing a range of unfavorable re-
sults and making it difficult for researchers to find the 
root cause of these problems for improvement by find-
ing an effective cure. These unfavorable results include 
the generation of satellite drops, variation of droplet 
sizes, long ligament breakup lengths, droplet bouncing, 
and liquid jets. 

Researchers have searched various factors and con-
cluded that the atomization process is affected by the 
turbulent behavior of the flow, fluid properties, particle 

interactions, and, more importantly, the geometrical 
properties of the device used for the atomization [2, 3, 
11–13]. Because of the multiple factor complexity, 
some researchers turned to simpler atomizer designs 
and thoroughly studied the control mechanisms [1, 14–
17]. 

Here, we numerically studied the inkjet printing 
mechanism for the following reasons. The inkjet print-
ing concept has been a subject of study for many re-
searchers since its first introduction in the 1950s. This 
concept contributed to realizing inkjet printing tech-
nology and creating digital images. As the technology 
has been continuously improved, its broader applica-
tions to other fields became possible, including Micro-
Electro-Mechanical Systems (MEMS), spray dryers, 
electronic industries, and coating and painting indus-
tries [4, 5, 14, 18–25]. Various attributes associated 
with this technology, for example, require further stud-
ies on the generation mechanism of on-demand drop-
lets and providing more and easier control over the 
properties of droplets. Such studies include the ultra-
sonic pulsation atomizer (UPA) [3] and the 
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ultrasonically driven cavitating atomizer (UCA) [14]. 
Quality control in the generation of droplets de-

mands accurate size droplets without satellite droplets. 
Castrejon-Pita, et al. studied the factors affecting the 
liquid breakup and presented the required conditions 
for the generation of droplets from liquid ligaments us-
ing scaling analysis [26]. Eunjeong, et al., Qi, et al., and 
Fromm all investigated the droplet filaments and the ef-
fective factors in controlling their properties using nu-
merical simulations [27–29]. 

These previous studies helped us understand the 
control mechanism of inkjet printing technology. The 
study conducted numerical experiments to test the ef-
fect of six different physical forces on the generation of 
the inkjet droplets described in our previous study and 
evaluate the role of each of five pi-numbers formed 
from these six different forces [3]. The traditional 

experimental approach in scale modeling is to design 
scale model experiments to validate assumptions based 
on which scaling laws were developed [30, 31]. Due to 
the difficulty associated with precision control experi-
ments of inkjet droplet flow dynamics, it would be a 
great help if we could find a way to use numerical ex-
periments to evaluate the role of identified physical 
forces in the production of fine liquid droplets. Some 
previous examples use a combination of scale and nu-
merical modeling: Kuwana, et al. on the steel teeming 
process, T. Ghosh, et al. on coal mining safety, Nakamura, 
et al. on micro-diffusion flames, and Kumar, et al. on de-
veloping a new device to capture fine coal particles 
[32–35]. 

In our study here, we first numerically simulated the 
performance of the UPA inkjet nozzle and created jet-
ting behavior diagrams to predict the fluid dynamical 
performance of the droplet generation nozzle based on 
the properties of the working liquid. Then, we con-
ducted numerical scaling analysis to understand the 
role of physical forces acting on the inkjet droplet dy-
namics with the jetting behavior diagrams. A CFD 
model was developed based on the volume of fluids 
(VOF) method using ANSYS FLUENT 19.1 commercial 
software package. 

Simulation	

The inkjet nozzle used in this study is the UPA nozzle 
presented in our previous study [3], and an isometric 
view of that is illustrated in Fig. 1. The nozzle consists 
of a liquid flow inlet, shaping airflow inlet, liquid injec-
tion nozzle, and a shear duct to keep the shear force of 
the air on the liquid ligament. The liquid velocity is con-
sidered to have a sinusoidal waveform, and different 
wavelengths have been considered to account for the 
effects of the pulsation frequency on the jetting behav-
ior diagram. However, the air inlet velocity is consid-
ered to have constant values in the working range to 
study the effects of the inertial force of air on the jetting 
behavior diagram. 

Simulation	domain	
Fig. 2 demonstrates the computational domain de-

signed for this study. The domain includes the inlets, 
the shear duct and the area between the nozzle and the 

Nomenclature	

𝐶𝑎 Capillary number  𝑈 𝑡  Inlet velocity in terms of time 
𝑓 Pulsation frequency  𝑈  Amplitude of sinusoidal inlet velocity 
𝑝 Pressure  𝑊𝑒 Weber number 
𝑅 Nozzle radius  Ω Omega number 
𝑅𝑒 Reynolds number  𝜎 Surface tension 
𝑆𝑡 Strouhal number  𝜇 Viscosity 
𝑈 Velocity magnitude  𝜌 Density 

 

 

Fig. 1. Isometric view of UPA atomizer used in this
study [3, 36, 37]. A continuous liquid flow was pro-
vided at the liquid inlet shown on the left hand side
with solid red arrow and air was provided through an
annular area surrounding the circular nozzle to stabi-
lize the production process of well-regulated droplets
coming out from the outlet of the nozzle on the right
hand side of UPA. The diameter and length of shear
duct attached to the hollow needle can be determined
based on the type of liquid, velocity of the droplet and
the airflow rate to optimize the steady flow of quality
droplet generation at the end. 
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targeted substrate to capture the droplets' properties. 
This domain encompasses the relevant region inside 
the nozzle and up to 3.2 mm and 1.23 mm outside the 
nozzle in the axial and radial directions. Volume cells of 
down to 25 microns were generated to obtain accepta-
ble accuracy of the results. The cell quantity was in-
creased in the areas with higher intensity gradients and 
mass transfer to capture the physics more accurately. 
The cell shapes were modified around the edges with 
sharper angles to capture the gradients better. Multiple 
computation grids with various cell sizes were gener-
ated to ensure the independency of the results from the 
computation grid. We found that a computational grid 
with 21,067 cells captured the physics with high accu-
racy while optimizing the computation time, suitable 
for this study. 

Simulation	details	
As mentioned before, the liquid inlet velocity was as-

sumed to be in the form of a sinusoidal wave. This is an 
effective method to reduce the size  of the droplets 
without decreasing the nozzle radius or increasing the 
shaping air velocity. For the liquid inlet velocity to the 
nozzle, we proposed Eq. (1), where 𝑓  represents the 
pulsation frequency. Both 𝑈  and 𝑓 were changed 
to study their effects on the atomization process and 
the droplets’ quality. 

𝑈 𝑡 |𝑈 𝑆𝑖𝑛 2𝛱𝑓𝑡 | (1) 

Based on these considerations, the Volume of Fluid 
(VOF) model available in ANSYS FLUENT software was 
used to simulate the effects of different factors on the 
nozzle's performance. No further details are provided 
here since our previous study offers the numerical sim-
ulation method and validation of the code [3]. 

To simplify the model, the following assumptions 
were considered. 
1. The internal liquid and air flows are laminar. 
2. All phenomena are axisymmetric. 
3. Airflow is treated incompressible due to low Mach 

number. 
4. The liquid transport properties are constant. 

5. Atomization occurs at the standard atmospheric 
conditions. 

6. Evaporation of the liquid ligament and droplets can 
be neglected for our relatively short droplet dynam-
ics simulation period at the standard room temper-
ature condition. Due to this assumption, the use of 
the energy equation becomes unnecessary. 

7. The computational model was assumed to be 2-D 
based on assumption 2. 

Scaling	analysis	

After creating the numerical model and successfully 
simulating fluid dynamics of the droplet formation and 
transport behavior, we were interested in numerically 
studying the effects of all significant parameters that in-
fluenced this phenomenon. A traditional scale-model-
ing approach to this task will be a well-designed exper-
iment that can satisfy the accuracy of the numerical 
simulation and the seven assumptions employed in sec-
tion “Simulation details” for the numerical model calcu-
lations. 

This experiment is difficult, so a validated numerical 
model like the current one can do this task systemati-
cally. First, we select a key parameter while keeping the 
rest of the parameters constant to numerically assess 
the effects of the key parameter on the fluid dynamics 
of the generated droplets. Then we change the key pa-
rameter and repeat the numerical calculations by fol-
lowing the same procedure for another factor. There 
were a total of six key parameters (major forces) to be 
assessed in conjunction with the performance of the 
inkjet nozzle and the process of breaking up the liquid 
ligament. 

This numerical experiment has merit over scale-
model experiments regarding time and consistency. 
Still, it has limitations associated with assumptions em-
ployed for calculations and governing equations that 
the numerical model uses may not precisely capture the 
mechanism of the phenomena of concern. Thus, physi-
cal experiments, no matter how simple they are, are ir-
replaceable by numerical models. A direct presentation 
of nature is only possible by physical experiments, 

 

Fig. 2. a) Overall view of the grid generated for the numerical model. b) A detailed figure of the finer mesh near the
liquid injection nozzle and along the trajectory of droplets. 
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through which observers may access the secret mys-
tery of nature by their direct observations. 

As to the role of experiments, it is noteworthy to 
mention that S. Poozesh recently addressed the emer-
gence and surge of data-driven modeling as a new op-
portunity to leverage experimental data in model de-
velopment, in comparison to the traditional first-prin-
ciple-based scale modeling, which attempts to find pi-
numbers made up of physical forces and energies that 
govern the phenomenon of concern and proper corre-
lations between pi-numbers [36]. The law approach is 
available to accomplish the first aim, while scale model 
experiments achieve the second aim. His mention of 
data-driven modeling, such as artificial intelligence, can 
be added as a new tool to scale modeling [38]. 

These six different forces include: (1) the inertial 
force of air (𝐹 ), (2) the inertial force of liquid (𝐹 ), (3) 
viscous force of air acting on droplet surface (𝐹 ), (4) 
viscous force of liquid (𝐹 ), (5) surface tension force of 
liquid (𝐹 ), and (6) the dynamic pressure force (flow os-
cillation force) (𝐹  ) which causes oscillation of liquid 
flow. Applying the law approach scale modeling theory 
[38], the following five independent non-dimensional 
numbers (pi-numbers) can be formed from these six 
different forces. They are, for example, according to the 
law approach theory, 𝜋 𝐹 /𝐹  , 𝜋 𝐹 /𝐹  , 𝜋
𝐹 /𝐹 , 𝜋 𝐹 /𝐹 , 𝜋 𝐹 /𝐹  and presented in equa-
tion (2). 

Theoretically, the above five independent pi-num-
bers (principal pi-numbers) are sufficient to study the 
performance of the inkjet nozzle. However, the Capil-
lary number, Ca defined as the ratio of (v  iscous drag 
force)/(surface tension force) and the Strouhal number, 
St, defined as the ratio of (flow oscillation force)/(iner-
tial force of liquid), can be added as auxiliary pi-num-
bers, since the viscous drag force in the Ca number and 
the flow oscillation force in the St number are a func-
tion of the Re number. These two pi-numbers will inter-
est inkjet nozzle design engineers and researchers. The 
Ca number and the St number can be respectively de-
scribed with the principal pi-numbers as follows: 𝐶𝑎
𝜋 𝜋 , 𝑆𝑡 𝜋 / 𝜋 𝜋 𝜋 . 

𝜋 𝐹 /𝐹
Inertial force of air

Inertial force of liquid
𝜌𝑈𝑅
𝜌𝑈𝑅

 

𝜋 𝐹 /𝐹
Inertial force of liquid

Viscous force of air
𝜌𝑈𝑅
𝜇

 

𝜋 𝐹 /𝐹 𝑅𝑒
Inertial force of liquid
Viscous force of liquid
𝜌𝑈𝑅
𝜇

 

(2) 

𝜋 𝐹 /𝐹 𝑊𝑒
Inertial force of liquid
Surface tension force
𝜌𝑈 𝑅
𝜎

 

𝜋 𝐹 /𝐹 Ω
Flow oscillation force
Surface tension force
𝑓 𝜌𝑅
𝜎

 

𝐶𝑎
Viscous drag force

Surface tension force
𝜇𝑈
𝜎

𝜋 /𝜋  

𝑆𝑡
Flow oscillation force
Inertial force of liquid

𝐹𝑅
𝑈

𝜋 / 𝜋 𝜋 𝜋  

In the above equations, 𝜌  is the density of the liq-
uid/air flow (Kg/m3), 𝑓 is the frequency of pulsations 
(kHz), 𝑈  is the inlet velocity of the liquid/air flow 
(m/s) (characteristic velocity chosen in this work), 𝑅 
is the nozzle radius (m) (characteristic length chosen in 
this work), and 𝜎  is the surface tension of the liquid 
flow (N/m). To test the effectiveness of our numerical 
experiments, we selected the following two cases: Case 
1 dealt with droplet generation with no pulsation, while 
Case 2 dealt with the liquid flow with pulsation to gen-
erate the flow oscillations. 

Case	1:	The	liquid	flow	without	pulsation	
With this assumption, the Strouhal and Ω numbers 

will not affect the numerical calculations, and Case 1 is 
controlled by five pi-numbers: π1 through π4 as princi-
pal pi-numbers and the Ca number as auxiliary pi-num-
ber. We created three different graphs, Re (π3) vs. Ca, We 
(π4) vs. Ca, and π1 vs. π2, to analyze the effects of the 
governing forces, the inertial force of air and liquid, the 
viscous force of air and liquid, and the surface tension 
force of the liquid. 

Fig. 3 presents the jetting behavior diagrams of the 
nozzle in terms of Re-Ca, and Fig. 4 does that in terms 
of We-Ca. These two graphs separate the conditions 
with which the nozzle could produce monodispersed 
droplet stream. The blue dots represent the tests with 
monodispersed droplet streams, while the orange dots 
represent cases with satellite droplets or long liquid lig-
aments/spray; this process was repeated for all other 
graphs presented in this work. To plot these two graphs, 
the air velocity, surface tension, liquid, air densities, 
and the geometric properties of the nozzle were as-
sumed to be constant. To obtain a sufficient number of 
data to establish a clear trend, the liquid inlet velocity 
was changed from 0.25 m/s to 5 m/s, and the viscosity 
was changed from 𝜇   up to 10𝜇  . Note that the air 
velocity chosen for these tests was 10m/s due to its op-
timum value to produce droplets from the working 
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liquid of the desired diameter, even under an increasing 
liquid viscosity. 

Figs. 3 and 4 show that three principal pi-numbers 
govern the jetting process without oscillation and air 
inertial forces. As shown from the data in Fig. 3, there is 
a maximum Re number for each Ca number with which 
condition the nozzle can generate a stream of monodis-
persed droplets. For example, suppose the viscous 
force is kept constant while increasing the Re number 
by increasing the inertial force of the liquid. In that case, 
the surface tension force of the working fluid needs to 
be changed not to produce satellite droplets. An in-
crease in the Ca number decreases the maximum Re 
number, a maximum inertial force at which the breakup 
occurs. 

Fig. 3 shows that the Ca number has less influence on 

the atomization process in higher Re number regions. 
Note that the range for which the nozzle can generate 
monodispersed droplet streams in higher Ca numbers 
is very narrow since the nozzle's performance de-
creases significantly for working liquids with higher 
viscosity. Fig. 4 presents this information with a differ-
ent scale. The Re-Ca graph can also be shown in a We-
Ca graph since the surface tension was assumed to be 
constant. 

Shaping air influences the quality of droplets [39]; 
therefore, we focused on observing its effects for deter-
mining the ideal air velocity that can produce monodis-
persed droplet stream. The following section assesses 
the impact of shaping air velocity on the atomization 
process with two principal pi-numbers, 𝜋   and 𝜋  , 
which count on the effects of the inertial force of the 

 

Fig. 3. Jetting behavior diagram separating the regions with monodispersed droplet stream and satellite droplets
droplet generation/ligament in terms of Re and Ca numbers. 

 

 

Fig. 4. Jetting behavior diagram separating the regions with monodispersed droplet stream and satellite droplets
droplet generation/ligament in terms of We and Ca numbers. 
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liquid, the inertial force of the air, and the viscous force 
of the air. 

Fig. 5 presents the jetting behavior diagrams of the 
nozzle in terms of the two pi-numbers, 𝜋  and 𝜋 . The 
liquid inlet velocity was changed from 0.5 m/s to 5.67 
m/s, and the air velocity was changed from 0 to 20 m/s 
to study its effects on the atomization process, while the 
air and liquid viscosities, surface tension, and air and 
liquid densities were kept constant. As shown in Fig. 5, 
the nozzle cannot produce quality droplets without 
having shaping air (𝜋 0). 

Fig. 5, unlike Re-Ca and We-Ca graphs, shows a tran-
sition area boundary between the two regions as a solid 
line due to uncertainties in the atomization process and 
the numerical assumptions or simply due to the hard-
ship of separating the quality of the droplets qualita-
tively. Fig. 5 shows that for each specific 𝜋   number, 
there was a minimum and a maximum shaping air ve-
locity to control the atomization process and ensure the 
generation of monodispersed drops. The minimum air 
velocity increases with an increase in the inertial force 
of the liquid. In contrast, the change in the maximum air 
velocity is much more significant, as shown in Fig. 5. For 

higher liquid inertial forces, the production of quality 
droplets becomes less influenced by the shaping air, 
and the average shaping air velocity required to pro-
duce quality droplets is lower. There may be a mini-
mum liquid inertial force to generate a droplet stream 
due to the nozzle surface's wettability effects. 

Now that we observed the behavior of the droplets 
and the nozzle’s performance with different dimen-
sionless numbers, it is worthy to briefly analyze how 
this changes the average diameter of the droplets as 
well since this factor is important for various applica-
tions of inkjet nozzles and could be helpful to under-
stand the mechanisms behind this process. The trend of 
droplet diameter could be more easily observed by an-
alyzing the nozzle’s performance for each different in-
fluential parameter as it is provided in our previous 
work [3], but it is still helpful to provide some of the 
data to have a better understanding of the droplet di-
ameter change with these dimensionless numbers. Ta-
ble 1 shows the droplet diameters for some of the tests 
presented in Fig. 3 to Fig. 5. Note that Table 1 focuses 
on providing the droplets diameters only for the cases 
that the nozzle produced a complete stream of 

 

Fig. 5. Jetting behavior diagram separating the regions with monodispersed droplet stream and satellite droplets
droplet generation/ligament in terms of Pi1 and Pi2 numbers. 

 

Table 1. Droplet diameters for some of the tests presented in Fig. 3 to Fig. 5 with no pulsation and viscosity of 𝜇 . 

Rel	 Rea	 Pi1	 Pi2	 Wel	 Ohl	 Cal	 Droplet	Diameter	

24.88	 248.8 0.049 1394.6 0.35 0.02 0.01 70 μm 

74.64	 248.8 0.016 4183.8 3.12 0.02 0.04 76 μm 

74.64	 124.4 0.008 4183.8 3.12 0.02 0.04 74 μm 

74.64	 373.2 0.025 4183.8 3.12 0.02 0.04 65 μm 
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monodispersed droplets. As it can be observed from the 
data in this table, Re, 𝜋 , 𝜋  and We numbers does not 
affect the droplet sizes significantly if the pulsation fre-
quency and liquid viscosity are assumed to be constant 
as the maximum change was less than 17%. This per-
centage will be presented, for when the liquid viscosity 
and pulsation were changed, later in this work. 

Note that, in all the cases provided in this table, the 
liquid viscosity was assumed to be 𝜇  and the data for 
higher viscosity fluids will be presented later to com-
pare those with those of pulsating flow. 

Case	2:	The	liquid	flow	with	pulsation	
This case includes the form of sinusoidal waves in 

liquid inlet velocity and studies the effects of the pulsa-
tion frequency on the droplet generation. Fig. 6 shows 
Re (𝜋 ) vs. St. The interactions among the inertial force 
of liquid, viscous force of liquid, and flow oscillation 
force was calculated by keeping all other forces con-
stant. Fig. 7 shows Re vs. Ω2 (𝜋 ), where the interactions 
of the inertial force of liquid, the viscous force of liquid, 
surface tension force, and flow oscillation force was cal-
culated by keeping all other forces constant. 

Figs. 6 and 7 present the jetting behavior diagrams of 
the nozzle under the conditions that the air velocity, 
surface tension, liquid and air densities, and the geo-
metric properties of the nozzle are constant, while the 
liquid inlet velocity was changed from 1 m/s to 5 m/s 

 

Fig. 6. Jetting behavior diagram separating the regions with monodispersed droplet stream and satellite droplets
droplet generation/ligament in terms of Re and St numbers. 

 
 

 

Fig. 7. Jetting behavior diagram separating the regions with monodispersed droplet stream and satellite droplets
droplet generation/ligament in terms of Re and Ω2 numbers. 
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and the liquid viscosity from 𝜇  up to 10𝜇 . 
Fig. 6 shows that there is a maximum St number for 

each Re number for which the generation of uniform 
droplet stream is possible. The maximum frequency is 
relatively low for high Re numbers, while it increases 
with a decrease in the Re number. This data is useful to 
generate smaller droplets with relatively low liquid 
droplet speeds (i.e., low inertial forces of liquid). For 
very low Reynolds numbers, e.g. Reynolds numbers 
lower than 10 (e.g., high viscosity working liquids, such 
as industry paints), the range of frequencies that can be 
used is minimal as it can be seen for lower Re numbers 
in both Figs. 6 and 7. This confirmed that generating 
droplets using higher viscosity working liquid was 
more challenging and required specific frequencies. 
Note that generation of monodispersed droplet stream 
was possible without frequency in most cases except 
when the viscosity was very high (7𝜇 ), for which there 
was a minimum frequency (10KHz) required. Fig. 7 
shows this information in terms of Re and Ω2. The data 
in the two graphs of Figs. 6 and 7 can easily be con-
verted to each other since the surface tension was as-
sumed to be constant in all cases. 

Now we can look at the changes in droplet diameter 
with respect to these dimensionless numbers again to 
have an understanding of the trend. Again, the trend of 
droplet diameter could be more easily observed by an-
alyzing the nozzle’s performance for each different in-
fluential parameter as it is provided in [3], but it is still 
helpful to provide some of the data to have a better un-
derstanding of the droplet diameter change with these 
dimensionless numbers. Table 2 presents the droplet 
diameters for some of the tests presented in this paper 
with a focus on the effects of omega number and mainly 
to understand these effects for higher viscosity work-
ing fluids. The maximum percentage of change in drop-
let diameter for the data presented in Table 2, was 
about 69%, which is much higher than the same per-
centage for the data presented in Table 1. This shows 

the significant effects of liquid viscosity and pulsation 
frequency on droplet diameters generated from the 
nozzle. By analyzing the data in this table further and 
comparing the data in the 3rd and 6th rows in this table, 
we notice about 58% difference in droplet diameter by 
only introducing pulsation frequency as the only di-
mensionless number that is different is Omega. This 
emphasizes on the importance of pulsation frequency 
(with the right wave form) in reducing the droplet size 
without reducing the nozzle’s radius. This is very im-
portant as many industry applications require smaller 
droplets but reducing the nozzle’s radius can have neg-
ative effects such as nozzle clogging, depending on the 
application. 

Note that Table 2 focuses on providing the droplets 
diameters only for the cases that the nozzle produced a 
complete stream of monodispersed droplets. 

Conclusions	

Conclusions from this study are summarized as fol-
lows. 
(1) We conducted CFD modeling to assess the perfor-

mance of the UPA inkjet atomizer under various 
working conditions working with waterborne 
(WB) paints as the working liquid. The aims of this 
study are to understand the effects of the effective 
parameter on the nozzle's performance, especially 
using higher viscosity WB paints as the working 
liquid. This will help improve the nozzle's perfor-
mance and provide precision control over the 
quality of the generated droplets, improving the 
transfer efficiency of the atomization process and 
reducing material waste. 

(2) We conducted scaling analysis to analyze the cor-
relations between single monodispersed droplet 
stream and satellite droplet jetting conditions and 
provide jetting behavior diagrams to predict the 
performance of the inkjet nozzles under different 

Table 2. Droplet diameters for some of the tests with higher viscosity fluids. 

Rel	 Wel	 Ohl	 Cal	 Omega	 Droplet	Diameter	

14.93 3.12 0.12 0.21 0 81 μm 

29.86 3.12 0.06 0.1 0 65 μm 

74.64 3.12 0.02 0.04 0 76 μm 

10.66 3.12 0.17 0.29 0.15 57 μm 

14.93 3.12 0.12 0.21 0.22 55 μm 

74.64 3.12 0.02 0.04 0.15 48 μm 

74.64 3.12 0.02 0.04 0.29 52 μm 

74.64 3.12 0.02 0.04 0.59 62 μm 

74.64 3.12 0.02 0.04 0.88 69 μm 
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conditions. Our scaling analysis showed that there 
are six influential forces responsible for control-
ling the quality of the droplets and the perfor-
mance of the process, eventually forming five in-
dependent pi-numbers. These six forces are the in-
ertial force of air, the inertial force of liquid, vis-
cous force of air acting on droplet surface, the vis-
cous force of liquid, surface tension force of liquid, 
and dynamic pressure force (flow oscillation 
force). 

(3) We showed how to analyze the interactions among 
all these six independent governing forces and 
generate a very narrow and monodispersed drop-
let stream from the nozzle for each condition. 

(4) Finally, we obtained the jetting behavior diagram 
of the UPA nozzle for different conditions by iden-
tifying five independent pi-numbers (principal pi-
numbers) with significant effects on the nozzle's 
performance. This diagram can significantly help 
engineers and researchers to efficiently and effec-
tively design their desired inkjet nozzles that can 
satisfy their aims. 
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