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ABSTRACT

The paint shop plant, as the largest energy consumer in the automotive manufacturing process, requires special attention to optimize energy
efficiency and thermal management, reduce environmental impact and diminish the total costs to improve marketability. The current review
covers the description of the automotive paint shop, recognition of the paint film layers, characterization of the paint spray applicators,
evolution of their technology’s advancement, explanation of the coating processes development, and investigation of the curing ovens
thermal procedure in an automotive production stage. After systematically recalling pioneering studies dealing with the coating techniques
and opening strategies, this paper focuses on reviewing recent findings conducted with improved modern methods in this subject area for
higher sustainability and efficiency. Critical performance factors in developing surface durability, corrosion protectivity, paint material
consumption, and environmental pollution are discussed. Focus is brought to the electrostatic spray-painting procedure flow physics under-
standing, particularly the complicated three-dimensional behaviors of paint droplets formation, distribution, control, and deposition on the
body in constructed spray plums. Then, the baking and drying process of the produced film layer in the curing oven is precisely reviewed.
The review additionally aids in the identification of knowledge gaps in the literature that should be addressed in future research.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0109376

NOMENCLATURE

BiW Body in white
DMA Dynamic mechanical-thermal analysis
DSC Differential scanning calorimetry
dp Paint droplet size
Di Droplet diameter
D Disk diameter

ED Electro-deposition
EPA Environmental protection agency
ERBS Electrostatic rotary bell sprayer
FTIR Fourier transform infrared
HVLP High-volume low-pressure

HS High solids
HVAC Heating, ventilation, and air conditioning

IR Infrared radiation
LES Large eddy simulation
LIC Line integral convolution
LPG Liquefied petroleum gas

MW2DCS Moving-window two-dimensional correlation
spectroscopy

mi Initial sample mass
mf Mass after painting-drying

mout Mass exits the nozzle
Ni Droplet numbers

OEM Original equipment manufacturer
PCA Principal component analysis
PCW Paint cure window
PDA Phase Doppler anemometry
RTO Regenerative thermal oxidizer
SMD Sauter mean diameter
SDV Shadow Doppler velocimetry
TAB Taylor analogy breakup
TE Transfer efficiency

TGA Thermo-gravimetric analysis
TT Transformed temperature

UBC Underbody coating
UV Ultraviolet
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VOC Volatile organic compound
VPS Virtual paint simulation

VCup Operating voltage of bell cup
VRing Operating voltage of control ring conductor

_VL Fluid flow rate
V1 Inner recirculation zone
V2 Outer recirculation zone
lL Viscosity of spray material
q Liquid density

qqm Charge-to-mass ratio
r Surface tension
x Bell cup rotary speed

I. INTRODUCTION

Automotive production is an energy-intensive and complicated
process that consumes lots of energy, raw materials, and water. Paint
film formation on the body in white (BiW) supplies vehicles with opti-
cal quality, aesthetic appeal, and physical features such as corrosion
resistance, mechanical protection, and weather protection. In automo-
tive manufacturing plants, the coating and curing processes are the
most energy-intense stages, which use the most shares of energy to
heat the booths and ovens. For that reason, deep consideration of the
painting and curing line processes and features lead to a remarkable
reduction in costs and energy (Roelant et al., 2008; Galitsky and
Worrell, 2008; Guerrero et al., 2011; and Rivera and Reyes-Carrillo,
2014).

The summarized timeline taken up by the automotive industry
toward progress and sustainability is depicted in Fig. 1. The revolution
in automotive industries was sparked in the 1940s with vehicle mass
manufacturing. A particular requirement to accelerate the painting
and curing process and improve paint film performance to achieve
higher durability and prevent corrosion was necessity by deployment
of electro-coating in the 1960s resulted in lower volatile organic com-
pounds (VOCs) values and dangerous air pollutants (Streitberger and
Dossel, 2008). Followed by reducing vehicle emissions in the 1970s
(Orsato and Wells, 2007) and the development of energy efficiency in
the 1980s (Galitsky and Worrell, 2008), better resource management
for recycling and remanufacturing in the 1990s and environmental
legislation in the 2000s had occurred (Mayyas et al., 2012), then
manufacturing moved toward sustainability as the main topic in

automotive original equipment manufacturers (OEMs). Finding new
technologies, e.g., Nitrotherm electrostatic painting in the paint shop,
improves the green footprint and the transfer efficiency (TE) of the
process (Spang, 2014).

The following discussions provide a historical evolution of auto-
motive painting and curing processes. Around a century ago, when
the automotive industry first emerged, vehicles were painted with a
varnish-like compound, then dried, sanded, and smoothed during the
coating processes. For each vehicle, reapplying these operations to cre-
ate several layers with shining surfaces required more than 40 days
(Akafuah et al., 2016). During the 1920s–1940s, using spray equip-
ment and stoving enamels based on alkyd resins, as a transition in
automotive painting technologies, significantly shortened coating and
drying time to less than one week. In the 1920s, Ford Motor Company
began employing nitrocellulose lacquer-based paints on automotive
production lines, which had a considerably shorter drying time and
better application for spray paint guns (Khanna, 2008). In the early
1930s, the development of “alkyd” enamel paints formed durable and
resistant film due to their molecular bonding reactions after spraying
and curing, which required less time to apply than lacquer systems
(Standeven, 2006). In the 1960s, General Motors introduced new
acrylic stoving enamels that were applied manually by spray gun and
baked in an oven with high durability, glossy finishes, and corrosion-
protective features, but uneven film thicknesses (Learner, 2000). In the
mid-1970s, applying cathodic electrodeposition (ED) paints by dip
coating operations (raised in the 1950s) resulted in greater corrosion
protection, more coating deposition at lower current, and superior
process reliability (Streitberger and Dossel, 2008; Besra and Liu, 2007).
In a relatively short period, around 25 years ago, automotive painting
processes and the paint liquid properties had evolved to reduce the
average amount of paint consumption (the amount of 9–16 kg for
reaching the thicknesses of �100–140lm), increase durability, and
improve quality (Prieto, 2010). Then, with the invention of the
computer-controlled spray guns, the deposited paint-to-paint atom-
ized ratio and the worker’s safety were improved (Liu et al., 2000). In
recent years, the electrostatic painting method has been commonly
implemented by using a high-speed rotary bell cup in automotive and
other similar industries for painting, which will be considered in the
present review comprehensively. The Nitrotherm electrostatic coating
method is also started to be employed for its higher coating transfer

FIG. 1. The revolution in the automotive manufacturing industry since 1940.
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efficiency (TE). Despite the improvements noted, the automotive paint
shop plant still consumes 30%–50% of the product’s total costs and is
the most expensive section (Bensalah et al., 2014). The majority of
these costs go toward painting booths, paint drying ovens, working
booths, pretreatment, heating, ventilation, and air conditioning
(HVAC) controller, and volatile organic compounds (VOCs) removal
systems. The removal of the over-sprayed paint particles and evapo-
rated solvents from painting booths and the treatment of emissions
caused by paint droplets, which are not deposited on target surfaces,
are equally expensive (Galitsky andWorrell, 2008).

In the following two paragraphs, the availability of the review
articles on automotive manufacturing with a particular focus on
industrial coating and curing processes is considered to prove the
necessity of conducting the present work. To date, a few reviews
have been published that primarily focus on automotive
manufacturing and coating procedures. Rivera and Reyes-Carrillo
(2016) reviewed the environmental effect of various available
painting technologies. Doerre et al. (2018) reviewed the automo-
tive conversion coating in the aspect of the chemical interactions
of material layers. Patel (2016) and Appah et al. (2019) presented a
short review of using electrostatic spraying just in agriculture pesti-
cides, emphasizing the optimum electrostatic parameters combina-
tion and the economic efficiency of the process, respectively.
Mayyas et al. (2012) described the main topics related to the sus-
tainability of the automotive industry, such as materials usage,
manufacturing technologies, and recycling strategy.

Other reviews that have been published earlier are more concen-
trate on the automotive industry in specific aspects of analyzing tech-
nologies of thermal spray, use of sustainable materials and green
composites (Koronis et al., 2013), recycling infrastructure sustainabil-
ity during the production process (Kumar and Sutherland, 2008),
applying multifunctional materials (Salonitis et al., 2009), technologies
applied in automotive assembly (Michalos et al., 2010) and energy
consumption, management, and recovery during the automotive pro-
duction (Chiara and Canova, 2013). According to the above evolution,
there are almost no articles devoted to the electrostatic coating and the
paint curing processes in the automotive paint shop plant.

The lack of the review paper’s existence on the industrial coating
and curing issue, with a particular look at the development of the elec-
trostatic spray-painting method for researchers, is obvious. It is essen-
tial to recognize the optimum range for various factors in numerical
studies of the electrostatic spray-painting process, such as the air–
liquid flow rate, particle charge, droplets size distribution, and the
breakup process, which will be covered by this work. Also, reviews in
the experimental works yield an in-depth understanding of the techni-
ques employed to capture the paint spray plum and surrounding air
pattern. Addressing these issues that their absence is deeply felt is cov-
ered here as a database for satisfying the demands of researchers. As
an introductory, the paint shop plant in automotive factories; the film
paint layers’ structure that is covering the vehicles; painting apparatus
evolution were reviewed.

The structure of this paper is as follows: Sec. II presents the gen-
eral description of the paint shop plant. Section III provides a detailed
explanation for automotive paint film layers recognition. Section IV
describes all available conventional spray-painting methods in detail.
Section V supplements the review of the electrostatic spray-painting
technique and strategies to reach energy efficiency sustainability in this

method. Finally, Sec. VI explains the automotive oven thermal curing
procedure.

II. AUTOMOTIVE PAINT SHOP PLANT DESCRIPTION

The automotive manufacturing plants are typically divided into
four major areas: the press shop, body shop, paint shop, and final
assembly. In the paint shop, the car body is cleaned, coated, and finally
cured. Pretreatment, conversion coating, electro coat, oven, base coat 1
and 2, flash off zone, clear coat, and final oven are the stages in which
the BiW traverses through a typical painting and curing line at the
paint shop, as shown in Fig. 2. Finally, five coating layers with various
functions and thicknesses cover the surface of the final products.

In the paint ovens, the wet paint-coated surfaces are converted to
a dry film, which consumes significant energy for air heating and cir-
culation. Each of the five coating stages aforementioned involves the
curing or drying process (Gerini Romagnoli, 2016). The vital convec-
tion ovens components are insulated walls and roof, heater boxes and
supply ducts that are nourished through the fans.

A. Automotive paint shop plant thermal energy
consumption

Figure 3(a) compares the share of energy consumption for each
area of a conventional automotive manufacturing plant (Oh and
Hildreth, 2016). However, these values are influenced by outdoor envi-
ronmental conditions and various production process typologies
adopted for manufacturing (Kiliç et al., 2018). The paint shop that
provides corrosion protection and a pleasant appearance to the BiW
consumes the largest portion of energy, �36%, during vehicle
manufacturing operations. In the paint shop, during the paint film
deposition and curing processes, the components of painting booths,
ovens, working booths, pretreatment, and VOCs removal system, in
order to consume the most portion of energy based on the D€urr’s anal-
ysis (Gerini Romagnoli, 2016), as shown in Fig. 3(b). The paint shop
in terms of energy management is handled by dedicated companies
due to its complexities, e.g., Taikisha, Eisenmann, D€urr, etc.
(Streitberger and Dossel, 2008). Figure 4 exhibits an evaluation of a
conventional automotive manufacturer’s electricity and natural gas
usage. The most natural gas is utilized to generate the necessary hot air
and hot water for the spray booth, oven, and pretreatment [Fig. 4(a)].
A small amount is also used to eliminate VOCs that were created dur-
ing the painting process. Electricity energy power is mainly used to
operate the fan motors, compressing air for atomizer, paint booths,
ovens, and secondary energy sources production. Additional electricity
usage, with a share lower than 5%, includes lighting, conveyors,
pumps, chiller, etc. [Fig. 4(b)] (U.S. Department of Energy, 2008;
Gerini Romagnoli, 2016).

B. Energy efficiency improvement strategies

Innovative strategies that were implemented to reduce the paint-
ing process complexity have been discussed here. As one of the best
approaches, the primer coating booth and curing oven are eliminated
by reformulating paint to reduce the paint shop energy consumption,
as shown in Fig. 5. An actuator is added to the base coat layer that
adopts for ultraviolet (UV) barrier and chip resistance for the E-coat
layer. Around 30% of the capital cost is saved when this strategy is
implemented (Streitberger and Dossel, 2008). Changes to the oven’s
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characteristics or design have also been suggested as viable energy-
saving measures.

Also, coating on a wet paint surface, the wet-on-wet (2-wet)
method, as an effective strategy, can eliminate the curing process

among paint film layers coating (BMW, Volkswagen, Seat), signifi-
cantly reduce the energy consumption and CO2 and VOC and
emissions. In recent years, an innovative approach based on wet-
on-wet-on-wet (3-wet) painting, using only one curing process after

FIG. 3. Energy consumption for (a) an overall conventional automotive manufacturing plant components and (b) paint shop facilities. Adapted from Giampieri et al., “A review
of the current automotive manufacturing practice from an energy perspective,” Appl. Energy 261, 114074 (2020). Copyright 2020 Author(s), licensed under a Creative
Commons Attribution (CC BY) License.

FIG. 2. Schematic illustration of the conventional automotive manufacturing paint shop plant.
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three layers deposition, was introduced via Ford and Mazda (Akafuah
et al., 2016) [Fig. 5(d)]. Also, in Fig. 5(e), the values of emitted VOC
and CO2 during these innovative strategies are compared. In compari-
son to solvent-based paint, water-based paint emits higher CO2 and
less VOC due to higher energy usage during the extended drying
period. But, the 3-wet method resulted in the best environmental
performance.

Alternative techniques of the infrared radiation (IR) due to
speeding up and the ultraviolet (UV) due to lower time and tempera-
ture requirement during curing are used as a substitute for conven-
tional curing techniques. Currently, UV curing is mainly utilized for
the painting of the vehicle’s plastic parts (Galitsky and Worrell, 2008).
The cost of the IR curing method is less than the UV curing approach,
which gives a 50% reduction in energy consumption. A hybrid of the

FIG. 4. Analysis of (a) natural gas and (b) electrical power consumption distribution in an automotive paint shop plant. Adapted from Giampieri et al., “A review of the current
automotive manufacturing practice from an energy perspective,” Appl. Energy 261, 114074 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Attribution
(CC BY) License.

FIG. 5. Evolution of different methods of the automotive painting process, as well as their impact on VOC and CO2 volume emissions. Adapted from Giampieri et al., “A review
of the current automotive manufacturing practice from an energy perspective,” Appl. Energy 261, 114074 (2020). Copyright 2020 Author(s), licensed under a Creative
Commons Attribution (CC BY) License.
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IR and convection ovens for heat-up and hold-on zones, respectively,
can be used as an efficient strategy for reducing energy consumption
and reaching a higher clear-coat quality (Giampieri et al., 2020).

During the spraying process, for suctioning the over-sprayed
paint, using a “dry scrubber” technology reduces energy consumption
and CO2 emission (Akafuah et al., 2016). The newly introduced tech-
nique works with cardboard EcoDry filters (D€urr, 2018) or high volt-
age (Swoboda et al., 2015) for the over-sprayed paint separation
process. The adoption of a more energy-efficient combustion process

is one of the energy-efficient solutions for VOC elimination (Trinh
andMok, 2016).

Despotovic and Babic (2018) developed the curing ovens perfor-
mance by the evolution of the influencing operating parameters. The
effective management of energy efficiency can be obtained in curing
ovens by the reduction of supplied airflow during downtime (Feng,
2019) or based on the required production (Taikisha, 2018). These
advancements resulted in significant economic saving in electric and
thermal energy by avoiding unnecessary heating and reducing the fan
speed (Feng et al., 2016).

C. Substitution of renewable energy resources

Recently, various renewable energy resources, such as solar ther-
mal and photovoltaic, wind, hydroelectric, geothermal, and landfill
gas, have been employed during automotive manufacturing for ther-
mal and electrical production (Oh and Hildreth, 2016; AMS, 2018).
The use of these resources drastically reduces harmful gas emissions.
Table I lists the ranges of the produced energy by the mentioned
renewable energy resources, noting the companies in which they have
been used.

Figure 6 schematically describes the heat cascade of the solar
thermal used in the paint shop plant. The usage of solar thermal tech-
nology in the paint shop by D€urr effectively reduced the energy cost
(Zahler and Iglauer, 2012). By using the Fresnel collector’s system, the
superheated water (400 �C) for delivery to curing ovens is produced
(Zahler and Iglauer, 2012). The oven is powered by superheated water
(220 �C), and the hot exhaust air (180 �C) from the oven is transported
to the regenerative thermal oxidizer (RTO) to burn the VOCs. The
stack heat of RTO is then warmed water for intermediate ovens
(110 �C) or preheated fresh air (115 �C) for the paint booth. A combi-
nation of the linear Fresnel collectors and micro-gas turbine technology
(Iglauer and Zahler, 2014) introduced innovative and efficient heat and
electric power generator resources for the painting process.
Furthermore, the usage of produced electricity by the gas turbine result-
ing in a 35% reduction in fuel combustion (Iglauer and Zahler, 2014).

TABLE I. Introduction of the renewable energy resources employed in automotive
manufacturing plants.

Renewable energy Manufacturers example

Solar photovoltaic Seat, Martorell facility (8MW photovoltaic
plant) (SEAT al Sol, 2018)

Nissan (4.75MW solar plant)
Solar thermal D€urr, EcoþPaintshop (Zahler and Iglauer,

2012)
Wind Nissan Mexico, Sunderland (6.6MW) and

Aguascalientes facility
BMW, Leipzig facility (20% of the energy

required) (BMW, 2010)
Ford, Dagenham facility, two turbines with

capacity of 3.6MW.
Hydroelectric Volkswagen, Chattanooga

BMW, Moses Lake facility
Geothermal Audi, Gyor: 60%–70% of the plant require-

ments energy (82GW h/y produced)
Landfill gas GM, four facilities in the USA: Use of landfill

gas as energy source of power plant boilers
Nissan Mexico, Aguascalientes facility

BMW, Spartanburg facility

FIG. 6. Schematic visualization of the solar thermal (Fresnel collectors) technology employed in the paint shop plant. Adapted from Giampieri et al., “A review of the current
automotive manufacturing practice from an energy perspective,” Appl. Energy 261, 114074 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Attribution
(CC BY) License.
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In addition, the RTO’s secondary heat recovery is used to heat or
cool air supply units.

III. AUTOMOTIVE PAINT FILM LAYERS RECOGNITION

Deposition of the paint film layers during the coating process, as
one of the main operations of automotive production, accounts for
roughly 10% of the entire cost, with energy usage accounting for 50%
of the total cost (Cl�ement et al., 2014). The paint deposition proce-
dures are a surface-based chemical reactions consequence. The paint
layers are sandwiched among the base metal and cover surface. As
shown in Fig. 7, the paint coverage on the modern automotive coated
surface includes five primary layers of conversion coat (mainly made
up of phosphates layer), electro-deposition (ED), underbody coat
(UBC) film, primer coat, and topcoat (base coat and clear coat). Each
of these paint layers has its own set of properties and thickness, as well
as finishing and protection functions (Ansdell, 1980), which will be
explained in Subsections IIIA–III E in detail. Before starting the coat-
ing process, the zinc film layer, which has the capability to promote
adhesion on the sheet metal and also provide corrosion resistance,
covers the sheet of the BiW.

A. Conversion coating process

The BiW, after entering to the paint shop, cleaning and rinsing,
being immersed primarily in degreasing and conditioning liquid, then
dipped in the phosphate salts and phosphoric acid dilute solution for
insoluble crystalline phosphates layer formation (Chang, 2011;
Akafuah et al., 2016; and Doerre et al., 2018). These sequences, as
shown in Fig. 8, are called the pretreatment process. An appropriate
setting of parameters in pre-phosphating stages, viz., dip-cleaning,
degreasing, de-rusting, and surface activation have a significant impact
on the morphology, uniformity, quality, and coating weight of the

phosphate deposited layer. The degreasing solution includes trisodium
phosphate, caustic soda, and sodium carbonate, consisting of knock-
off-degrease and dip sequence steps. The formed phosphate layer on
the metal provides corrosion resistance for the body, which is highly
dependent on the bath factors being in the recommended range
(Akafuah, 2013).

B. Electro-deposition (ED) procedure

In the electro-deposition process, the electrically charged paint
droplets are deposited on the car body that was dipped in the coating
solution tank. Nowadays, in industries, the cathodic configuration for
the body due to providing exceptional resistance is used (Streitberger
and Dossel, 2008). The vehicle body is grounded in this configuration,
while the bath gains a DC positive charge through the electrodes that
regulate the coating film thickness. The positively charged paint drop-
lets migrate toward the cathode (vehicle). In modern automotive
manufacturing, ED with SCGA solution (90% Zn–10% Fe) is com-
monly utilized (Akafuah et al., 2016). The electrocoat film, a firm
adherence and solids content layer with a thickness of around 20lm
in most current automotive industries, covers the body (Sankara
Narayanan, 2005). It must be mentioned that the ED stage as an envi-
ronmentally friendly process uses just 0.5% of solvent solution (Loop,
1978). Reducing the solution water caused the formation of hydroxyl
ions and charged paint droplets neutralization and precipitated them
to the vehicle (Nichols and Tardiff, 2016). Finally, the body, after the
pretreatment and ED processes, is sent to the curing oven. The steps
mentioned above can be followed in Fig. 8.

C. Underbody coating (UBC) film cover

Recently, acryl-urethane and polyvinyl chloride sealants have
been employed as a dampening coat stage to impart vibration

FIG. 7. Schematic description of the paint layers with their thicknesses in the automotive coating operation.
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deadening, chipping minimization and noise proofing (Tomalino and
Bianchini, 1997). These sealants are primarily applied in the hood, sur-
rounding and inside the doors, trunk, metal joints, and the back wheel
area of the car body. The underbody coating (UBC) that is generally
accomplished with robot arms supplies chipping prevention and anti-
corrosion (Tomalino and Bianchini, 1997).

D. Primer coat layer

The other three remaining paint layers of primer, base, and clear
are sprayed using the electrostatic rotary bell sprayers (ERBSs) or pneu-
matic atomizer. The primer coat layer, which improves paint appear-
ance, weather resistance and chipping protection, can be solvent-borne,
water-borne, or powder (Moore, 2017). The primer coat layer promotes
adhesion between the body surface and the basecoat. Recent improve-
ments in water-borne primers have resulted in their widespread adop-
tion. They cause considerably lower VOC emissions, thermoplastic
properties improvement, durability increment and a finish harden
(Poth, 2008). The primer coat’s hardness, elasticity, and adhesive proper-
ties (among ED lower and base coat lower layer) are usually controlled
(Misev and Van der Linde, 1998). The primer coating operations consist
of the interior and exterior coating that are usually implemented via the
manual operator and Robot arms, respectively. The interior and exterior
primer coat layer thickness are 20 and 25–40lm, respectively. This pro-
cess typically operates at 140 �C for around 30min.

E. Topcoat layers: Basecoat and clearcoat

The final topcoat layer consists of two layers of basecoat and
clearcoat. The clearcoat layer protects the body from corrosion, fading

by the UV light and environmental impacts and provides a smooth
and unblemished layer with esthetic appeal film (Akafuah, 2013). The
topcoat layers can be implemented in two methods of wet-on-wet
(with a middle short flash-off stage) or separate process (with a middle
curing oven stage). The typical time and temperatures needed for
implementation of this step are around 30–40min and 125 �C, respec-
tively (Wu et al., 2014). Three different basecoat forms that are used
can be named as the medium solids (MS) solvent-borne, high solids
(HS) solvent-borne, and water-borne (Pfaff, 2008). Because of the
environmental advantages, the waterborne type is preferred in the U.S.
car manufacturing industry. Up to now, 40 000 base coat colors are
known and around one thousand new colors also are added each year
(Streitberger and Dossel, 2008). The UV radiation absorption and
scratch-resistance of clearcoats are two crucial factors affecting long-
term car surface appearance. The UV radiation with wavelengths
ranging from 290 to 400nm can be absorbed (Gerlock et al., 2001).
The clearcoat of 1K-acrylic melamine is utilized commonly in the
automotive industry due to its low cost, higher resistance, lack of need
for hardening and performance balance (Noh et al., 2012; Dutt et al.,
2013).

IV. EVOLUTION OF COATING SPRAYERS TECHNOLOGY

The anti-chip, primer, base, and clear coat layers are applied by
spraying technique during the modern coating process. Therefore, rec-
ognition and advancement of the current employing atomizers are
crucial. Atomization is defined as the liquid disintegration to the dif-
ferent distribution of droplets (Liu, 2001) through a variety of causes,
e.g., aerodynamic, electrostatic, mechanical, or ultrasonic forces.
During the spraying system, droplets are immersed in a continuous

FIG. 8. Representation of the pretreatment and ED sequences for the BiW in (a) typical and (b) modern automotive paint shop plants. Adapted from Doerre et al., “Advances
in automotive conversion coatings during pretreatment of the body structure: A review,” Coatings 8, 405 (2018). Copyright 2018 Author(s), licensed under a Creative Commons
Attribution (CC BY) License.
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gaseous phase (Lefebvre and McDonell, 2017). Better atomization per-
formance is directly linked with a narrower droplet size dispersion
(Lee et al., 2012). The liquid breakup into droplets phenomena occurs
when the liquid and air impingements due to dominant centrifugal
forces in rotary atomization, electrostatic fields in electrostatic atomi-
zation, electromagnetic fields in electromagnetic atomization, or rapid
vibrations established by a piezoelectric transducer in ultrasonic atom-
ization. The terms (I) transfer efficiency (TE), (II) Sauter mean diame-
ter (SMD), (III) overspray capturing efficiency, (IV) spray plume
pattern dimensions, (V) atomization ratio, and (VI) paint film thick-
ness on target, as prominent criteria, are now taken into consideration
while evaluating the sprayer’s performance. The transfer efficiency
(TE) is expressed by dividing the deposited paint amount on the work-
piece after spraying by the total injected paint from the sprayer. The
Sauter mean diameter (SMD ¼

P
NiD3

i =
P

NiD2
i ) as a meaningful

parameter for droplet fineness is defined as a droplet diameter with a
similar volume ratio to surface area for the entire spray (Lefebvre,
1989). Di and Ni denote the droplet diameter and numbers in the i-th
size range, respectively. Also, the ratio of overspray captured to over-
spray entering the capturing system is called “overspray capturing
efficiency.”

Recently, in the automotive industry, high-speed rotary bell
sprayers or air spray guns are two main types of applicators used for
the coating. Both of these apparatuses can work in electrostatic or
non-electrostatic modes. However, the electrostatic rotary bell sprayer
(ERBS) is more common due to more efficient operation and higher
TE (Corbeels et al., 1992).

The overall purpose of the automotive coating is to achieve the
following desirable characteristics (Fettis, 1995):

(I) maximized coating TE without harming the appearance of the
paint film, (II) fast, robust and reliable performance while applying a
paint film in a short time (Arikan and Balkan, 2006), (III) a superclean
operation for minimizing defection of the paint on the surface, e.g.,
sags, mottle, solvent popping, and craters (Love et al., 2001).
Optimizing the sprayer’s technology leads to satisfying the above per-
formances to reach the uniform film, maximum overspray capturing
efficiency, and the highest TE with maximum production rate. A
strong demand exists to increase the overspray capturing efficiency to
reach less energy consumption, lower operational cost and minimum
environmental pollution because of, for instance, wet scrubbing and
water washing (Salazar et al., 1997; 2000). A comprehensive review of
the different sprayers in the industry can be beneficial in achieving the
intended goals during the spraying. Here, characteristics of the paint
spray applicators that includes conventional air sprayer, high-volume
low-pressure (HVLP) sprayer, air-assisted airless sprayer, airless pres-
sure sprayer, rotary bell sprayers, and electrostatic rotary bell atomizers
are described in detail.

A. Conventional air sprayers

Conventional air atomizers include high-volume low-pressure
and two-fluid sprayers. Despite producing a paint film that is accept-
able, these sprayers have a low TE and a high paint usage rate.
Numerous research had been implemented to recognize the atomiza-
tion control mechanisms and effective parameters for conventional air
sprayers (Kim and Marshall 1971; Kumar and Lakshmi Prasod, 1971).
Early contributions to investigate conventional air sprayers were
implemented by Nukiyama and Tanasawa (1939). They suggested an

empirical expression for the droplet size relation with liquid properties
and gas and liquid flow rates. Their work showed that liquid and gas
flow rates, viscosities and densities are the most influential factors
affecting the droplet size. More recent research has also confirmed
these findings, e.g., the thesis of Corber (2009). Janna (1976) published
one of the first research articles on design of the spray gun and droplet
atomization process. The shutter airless spray nozzle was used to spray
latex paint, water–glycerine mixtures, and water liquid. The impact of
nozzle size, paint surface tension, and viscosity, as well as hydrostatic
pressure, was analyzed. According to the developed empirical equa-
tions, an increase in the wall shear stress, liquid density and volumetric
flow resulted to a reduction in median droplet diameter. However, a
rise in the surface tension and viscosity of paint obtained a larger
median diameter.

Based on the produced various spray patterns, nozzles in conven-
tional sprayers are classified into different categories, such as flat spray,
full cone, or hollow cone. Full-cone nozzles produced the largest size
distribution of droplets, followed by flat-spray and hollow-cone noz-
zles at the same rate of air and liquid (Andrade et al., 2012). The size
of the droplets is usually increased when the liquid flow rate increases
and reverses (Schick, 2006). Also, the droplet size has an inverse rela-
tion with the air pressure. Similarly, droplet size and spray angle are
inversely proportional; a higher spray angle results in a smaller droplet
size dispersion (Schick, 2006; Lefebvre and McDonell, 2017). The air
velocity is undoubtedly the most critical component influencing the
Sauter mean diameter (SMD) value in conventional air sprayers.
Lefebvre and McDonell (2017) for pre-filming nozzles estimated that
the SMD was proportional to the air density to the power of 0.6. For
the liquids with low viscosity, the air velocity is inversely proportional
to the SMD, emphasizing the need to work at the highest possible air
velocity (Lefebvre and McDonell, 2017). However, due to decreasing
the TE by growing the air pressure, determining the optimum air pres-
sure value is required. Evaluating the interactions among influential
parameters is essential to achieve thorough conclusions on conven-
tional air sprayers.

1. Twin-fluid atomizer air sprayers

Figure 9(b) illustrates a typical cap within the primary functions
of an air spray atomizer. These air sprayers contain a paint orifice, pri-
mary and secondary air orifices and shaping air holes that affect the
atomization mechanism (Hicks, 1995). The liquid that exits from the
paint nozzle (V� 5m/s) is encountered the air orifices in two direc-
tions. The different orientations of primary and secondary orifices
cause twice disintegration happening for droplets during the spraying.
These spray guns generally operate at the liquid and air pressure of up
to 0.5 and 0.3MPa, respectively. The shear layer close and on the sur-
face of the target induced an overspray phenomenon [Fig. 9(a)], which
prevented small droplets with low axial momentum from adhering to
the surface in this sort of sprayer. Although this air sprayer type pro-
duces a smooth finish, but it has a low TE rate (�20%) when com-
pared to other sprayers (Plesniak et al., 2004).

Kim and Marshal (1971), in their experiment for the twin-fluid
atomizer, by using the curve-fitting method, obtained the correlation
for droplet size. The correlation among various parameters after the
improvement of the nozzle design was discussed. Hicks and Senser
(1995) developed a numerical model for the prediction of trajectory
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and deposition of paint droplets generated by the air sprayer. They
assessed the velocity of turbulent air effect on the trajectories of the
droplets and TE. They concluded that the droplets with a size range
smaller than 120lm induced a meager TE rate. Domnick et al. (1994),
Morikita and Taylor (1998), and Kwok (1991) employed the phase
Doppler anemometry (PDA), shadow Doppler velocimetry (SDV) and
hot wire and a pitot tube technique in their experiments, respectively,
to assess the spray gun and air cap design effect on droplet velocities,
spatial distributions and size. Flynn and Sills (2001) modeled paint
droplet breathing-zone concentrations. However, they were unable to
predict the TE and paint particle size distribution. To fitting the size
distribution of droplets in the mentioned experimental during various
operational conditions, the Rosin–Rammler, log kernel, or
Nukiyama–Tanasawa distributions were employed in numerical
modeling (Movahednejad et al., 2010). Ye et al. (2002) described the
air flow among the nozzle and target by consideration of the air and
droplet interaction. The initial conditions of droplets and air enabled

the spray cone pattern determinations over the pneumatic atom-
izer and the produced film. Computational fluid dynamics (CFD)
was also used by Fogliati et al. (2006) to predict paint droplet tra-
jectories and deposition distributions on rectangular target plates.
Recently, Li et al. (2019) investigated the shaping air holes pressure
and intersection in pneumatic atomizers as the two most impor-
tant parameters. They found that an increase in the distance
between the intersection and the paint hole causes the droplet size
becomes larger and leads to more overspray. Also, by growing
shaping air hole pressure, the spray distribution on the target
became narrow, and the ovality pattern increased.

2. High-volume low-pressure devices

In comparison to the sprayers stated above, high-volume low-
pressure (HVLP) devices direct paint to target at lower air pres-
sure. This performance of these sprayers resulted in a lower

FIG. 9. Typical sprayer’s structure: (a) conventional air sprayers, (b) twin-fluid atomizer air sprayers, and (c) HVLP devices.
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overspray phenomenon [Fig. 9(c)]. Darroch (1997) introduced air
conversion spray guns and turbine-driven systems as two types of
HVLP devices. HVLP spraying technology leads to higher TE and
produces a finish with higher quality, but operating of coating pro-
cess by it is not easy. In HVLP systems, low air inertia causes
uneven finish, higher paint usage, and more time-consuming with
a lower rate of production. In 2002, the low-volume medium-pres-
sure spray was invented to solve the issues of HVLP and provide a
faster finishing time with a higher TE (Shilton et al., 2002). Figure
10 presents the infrared thermographic visualization of the spray
generated by the HVLP sprayer, reported in reference Akafuah
et al. (2010). They announced that by increasing the liquid flow
rate from 100 to 400 cc/min, the spray angle opens up, the SMD
linearly grows, and a progressively denser core is obtained.

B. Airless pressure sprayers

Airless pressure sprayers are utilized for a wide range of coating
applications due to their higher TE, which is the result of high fluid
pressure. The paint is atomized when the paint is pushed through a tip
with a diameter of�0.18–1.2mm at very high pressure (8.0–52MPa).
However, airless pressure sprayers generally form a sharp edge with a
fan-shaped spray pattern, enabling precise spray targeting rarely uti-
lized in automotive industries [see Fig. 11(a)]. Settles (1997) provided
a basic understanding of ligament and droplet formation over airless
pressure sprayers by considering a flow as quasi-two-dimensional.
Xing et al. (1998) investigated the correlation between the orifice
diameter and the SMD in airless pressure applicators. They found that
when paint viscosity increased, the size and distribution of droplets
widened. Airless pressure sprayers are mostly employed in

FIG. 10. Infrared thermographic images of the HVLP atomizer, with growing liquid flow rate at a constant air pressure of 0.4 MPa. Expansion and necking explanation along
the short axis. Reproduced with permission from Akafuah et al., “Infrared thermography-based visualization of droplet transport in liquid sprays,” Infrared Phys. Technol. 53(3),
218 (2010). Copyright 2010 Elsevier.

FIG. 11. Structure of conventional (a) airless pressure sprayers, and (b) airless sprayers with air assistance.
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applications that require huge volumes of a coating, such as automo-
tive undercoating (Plesniak et al., 2004). Plesniak et al. (2004) consid-
ered the influential critical factors on the airless pressure sprayer’s TE.
They reported the TEs between 70% and 95% for this sprayer. Ye et al.
(2013) numerically and experimentally investigated the operating
parameters on ship painting with an airless pressure sprayer by focus-
ing on the droplet’s integral sizes and velocities, using the PDA
method. They reported the TE values of 55% for the longest painting
distance. The airless pressure sprayer’s problems include coarse atomi-
zation, overspray wastage, operating hazards, and nozzle clogging.
Nevertheless, airless pressure sprayers are still commonly utilized in
industrial coatings applications, especially for waterborne paints.

C. Air-assisted airless sprayers

Developing sprayers with the combination of them to reach
higher TE, less paint usage, and compliance with US Environmental
Protection Agency (EPA) regulations started in the 1970s (Love,
2001). Air assisted airless sprayer is the combination of an HVLP and
airless pressure sprayers that have the best features of high TE and
high production rate [see Fig. 11(b)]. The pressurized paint is injected
by an airless pump and complemented by a small quantity of air injec-
tion from an air nozzle horns. The liquid paint and assistant air pres-
sures are in the ranges from 4.8 to 6.2MPa and 0.10 to 0.20MPa,
respectively. These sprayers provide a smooth finish, medium produc-
tion rate range, and higher spray TE due to lower overspray. Among

the scarce literature about these sprayers, Ye et al. (2015) reported
numerical and experimental results on a basecoat material to evaluate
the TE on a dynamic target while changing the assisting airflow. The
airless gun’s numerical and experimental results for TEs were 86% and
88%. However, for the air-assisted gun, these values are 78% and 77%,
respectively. Ye and Pulli (2017) tested a complex geometry workpiece
and an inclined atomizer alignment while spraying by the pneumatic
atomizer.

Then, Qian et al. (2018) designed a new sprayer in combination
with a multi-orifice nozzle to produce uniform ultrafine coatings.
Figures 12 visualized the velocity contours (frame I) and spatial drop-
let spray pattern (frame II) between sprayers with single-hole nozzle
spray [Fig. 12(b)] and multi-orifice nozzle spray [Fig. 12(c)], which are
compared in their studies. The modification in the total spray pattern
for the multi-orifice case is evident. The multi-orifice nozzles of fan
gas and auxiliary gas are able to distribute the droplets in a wider area,
decrease the central pressure, and overspray phenomenon alleviation,
especially in the central spray. Also, Chen et al. (2019), by their multi-
orifice spray nozzle, examined the created film quality on the spherical
and flat surfaces. They found that a spherical surface has a higher paint
deposition rate with more expansive paint film and as well as lower
film thickness. Recently, Wang et al. (2020) designed a novel double-
nozzle air spray gun structure that works based on the double jet
Coanda effect. The double-nozzle obtained an 85.7% increase in the
effective coating width compared to the single-nozzle air spray gun,

FIG. 12. (a) Schematic of multi-orifice nozzle structure. Comparison of velocity contours (frame I) and droplets spatial distributions (frame II) for the air-assisted airless sprayer
with (b) single-hole nozzle and (c) multi-orifice nozzle [X-Y plane (left), X-Z plane (right)]. Reproduced with permission from Qian et al., “A new spray approach to produce uni-
form ultrafine coatings,” J. Nanotechnol. 2018, 8978541. Copyright 2018 Author(s), licensed under a Creative Commons Attribution (CC BY) License.
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considerably enhancing the spraying efficiency. The small and large
values of L (distance among the centers) and h (angle between the
axes) of two paint holes cause more concentrated paint in the central
area (rhombus shape) and side regions (concave shape), respectively.

D. Rotary bell sprayer

The rotary bell sprayer’s introduction and development was a
revolution in paint shops to reach a higher production rate (Toda
et al., 2012). Because of the higher TEs, lower paint-air consumption,
and more consistent spray pattern, they preferred the air spray atom-
izer. The original rotary bell sprayers were only used for primer coat-
ings due to poor atomization efficiency (Fig. 13), but the electrostatic
or Nitrotherm electrostatic generation of these sprayers are used in a
wide range of applications. Figure 14 reveals the significant differences
in the infrared thermographic images of the spray directions around
the ERBS by increasing the bell rotational speed and shaping airflow
rate (Darwish Ahmad et al., 2018). The strong effect of these two criti-
cal parameters is apparent, and a dramatic reduction in the radial
divergence of the spray plum pattern is evident during the growth of
the mentioned parameters. The bell rotational speed, shaping airflow
rate, high voltage setting, and liquid flow rate can be specified as the
four key operating factors while using the ERBSs. The efficient opera-
tion of the ERBSs depends on the many parameters that will be
described and analyzed in detail in Sec. VA, as the main subject of this
review focuses on it.

E. Coating sprayers transfer efficiency (TE) range

The transfer efficiency (TE) is defined by dividing the deposited
paint amount on the workpiece after spraying by the total injected
paint from the sprayer and formulated as a TE ¼ ðmf �miÞ
�100=mout , where mi, mf , and mout are the initial sample mass, mass
after painting-drying, and the mass exits the nozzle, respectively
(Pendar and P�ascoa, 2019a). Figure 15 shows the range of the TE for
the various discussed spraying system. However, the TE is so sensitive
to the following items (Lee et al. 2012): (I) operating parameters, e.g.,
speed and distance of target (Plesniak et al., 2004; Tan, 2001), shaping
airflow pressure, bell cup rotational speed for a rotary atomizer
(Pendar and P�ascoa, 2019a; 2020a; 2021), (II) technologies of finishing

spray, (III) characteristics of the body surface, (IV) air conditions of
spray booth (relative temperature, velocity and humidity), and finally
(V) characteristics of liquid paint coating. For instance, the TE per-
centage is being reduced during the coating of complex and small bod-
ies due to the growth of the overspray phenomenon.

Based on the discussion conveyed by an expert in the automotive
painting industry (Ye et al., 2003), the values of actual TEs are substan-
tially lower than what is reported in published literature. In Fig. 15,
according to the literature data, the TE for the ERBS, which is appro-
priate for the automotive coating, has the highest value, �55%–95%.
However, other literature states that for a real coating, this value
scarcely approached 60% (Poozesh et al., 2017). Finding a solution for
increasing the TE, while maintaining a high-quality finish to avoid the

FIG. 13. Typical structure of common rotary bell sprayer.

FIG. 14. Infrared thermographic images of the ERBS Spray at various bell rota-
tional speeds of (a) 20 kRPM and (b) 50 kRPM, for a fixed paint flow rate of 0.1
LPM and different shaping air flow rates of 50, 150, and 250 LPM. Reproduced with
permission from Darwish Ahmad et al., “Schlieren visualization of shaping air during
operation of an electrostatic rotary bell sprayer: Impact of shaping air on droplet
atomization and transport,” Coatings 8, 279 (2018). Copyright 2018 Author(s),
licensed under a Creative Commons Attribution (CC BY) License.

FIG. 15. Approximate transfer efficiencies (TE) for different paint spraying technolo-
gies. Data collected from Toda et al. (2012); Plesniak et al. (2004); Tan (2001); Ye
et al. (2015); Tricou and Knasiak (2005); and Poozesh et al. (2017).
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economic burden, environmental pollution, VOC emissions, paint
sludge produced, and overspray is vital. A one percent increment in
the TE can save millions of dollars per year in paint shop material uti-
lization costs.

F. Summary for coating sprayers operational features

Table II classified the operational parameters, spray and film fea-
tures for different types of coating atomizers considered in the current
work. As is obvious, there are several appropriate alternatives to con-
ventional air sprayers, which allow to achieve significantly higher
transfer efficiency percentages with better film quality. Sprayers based
on the rotary bell or airless pressure technologies may present transfer
efficiencies�96% and they are followed by other atomization

technologies, such as the high-volume low-pressure devices and the
air-assisted airless sprayers, that are able to reach transfer
efficiencies�90% (see Table II). However, we should keep in mind
that the transfer efficiency is quite sensitive to the operational varia-
bles, such as the distance between the spray nozzle and target, and the
reported transfer efficiencies usually lack a standardized method or a
clearly defined procedure for its calculation (Poozesh et al., 2018). It is
interesting to note that, independently of the sprayer technology usage,
the spray booth conditions are similar, with low air velocities below
1m/s and temperatures close to room temperature (�20–25 �C).

Most of these sprayers use low working pressures, commonly less
than 1MPa, except the airless pressure atomizer systems, which con-
trarily operate with such high values of�52MPa. Furthermore, the
conventional air sprayers are associated with painting film thicknesses

TABLE II. Classification of the operational parameters, spray and film features for various coating sprayers considered in this study.

Atomizer Typical operational parameters in different studies

Conventional air sprayers � Transfer efficiency: 20%–40% in Heitbrink et al. (1996); 25%–45% in Poozesh et al. (2017)
� Spray booth air velocity: 0.5m/s in Poozesh et al. (2017)

� Air pressure: 0.2–0.4MPa in Poozesh et al. (2017)
� Spray booth temperature: 21–23 �C in Poozesh et al. (2017)
� Liquid flow rate: 600–800 cm3/min in Poozesh et al. (2017)

� Application viscosity: 210–240mm2/s in Poozesh et al. (2017)
� Range of droplet size distribution: larger than 100 lm in Andrade et al. (2012); 100–400 lm

in Corber (2009)
� Film thickness: 240–400 lm in Lefebvre and McDonell (2017)

Twin-fluid atomizer air sprayers � Transfer efficiency: 15%–20% in Poozesh et al. (2017)
� Air pressure: 0.101–0.507MPa in Lefebvre (1992); up to 0.3MPa in Poozesh et al. (2017)

� Liquid pressure: up to 0.5MPa in Poozesh et al. (2017)
� Gas flow rate: 0.83–5 cm3/min in Ochowiak et al. (2018)
� Spray booth temperature: 26.85 �C in Fogliati et al. (2006)

� Liquid flow rate: 180 cm3/min in Fogliati et al. (2006); 166.67–833.33 cm3/min in Ochowiak
et al. (2018)

� Application viscosity: 30–80mm2/s in Broumand et al. (2022)
� Range of droplet size distribution: 50–200 lm in Lefebvre (1992)

� Film thickness: 100–300 lm in Lefebvre (1992)
High-volume low-pressure devices (HVLP) � Transfer efficiency: at least 65% in Heitbrink et al. (1996); 65%–87% in Gatano (1997)

� Spray booth air velocity: 0.11–0.15m/s in Heitbrink et al. (1996)
� Air pressure: 0.24–0.4MPa in Poozesh et al. (2017); up to 0.4MPa in Adornato (2015);

0.05–0.63MPa in Akafuah et al. (2009)
� Liquid pressure: up to 0.4MPa in Adornato (2015)
� Liquid temperature: up to 50 �C in Adornato (2015)

� Liquid flow rate: 200 cm3/min in Adornato (2015); 86–162 cm3/min in Flyyn et al. (1999)
� Application viscosity: 40–93mm2/s in Flynn et al. (1999)

� Range of droplet size distribution: 40–150lm in Adornato (2015)
� Film thickness: 25.4–30.48 lm in Joseph (2009); 8–14 lm in Luangkularb et al. (2014)

Airless pressure sprayers � Transfer efficiency: 72%–97% in Plesniak et al. (2004); 70%–97% in Poozesh et al. (2017)
� Spray booth air velocity: 0.1m/s in Ye et al. (2013); 0.7m/s in Poozesh et al. (2017)

� Air pressure: 10–20MPa in Plesniak et al. (2004); 8.0–52MPa in Poozesh et al. (2017)
� Liquid pressure: 8.0–52MPa in Poozesh et al. (2017)

� Liquid flow rate: 300–1500mm3/min in Poozesh et al. (2017)
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considerably larger when compared with other more sophisticated
atomizers. However, we verify that the more advanced atomizers are
able to produce paint films with very low thicknesses in ranges of only
a few tens of micrometers.

In addition to the factors presented in Table II, an additional
aspect that should be considered in the painting process is the pollu-
tants emission to the adjacent atmosphere. Independently of the type
of atomizer, any automotive coating process is associated with pollu-
tants emissions, commonly called volatile organic compounds (VOCs)
(Li et al., 2013). During the coating process, VOCs easily evaporate
and are released into the atmosphere, mainly originating from the
organic solvent commonly used to dilute the paint (Yano et al., 2019).
The downdraft airflow, which originates from the spray booth ventila-
tion system, presents an essential role in VOCs removal, transporting
the paint particles and VOC contained air into the drain system (Li
et al., 2013). To reduce the solvent content of the paints and, in conse-
quence of that, reduce the VOCs emission, studies have been per-
formed to develop water-based paints and powdered paints (Kim,
2011). Although waterborne paints are not fully organic solvent-free,
they are a type of coating that can easily be implemented in conven-
tional air sprayers, airless and air-assisted airless systems, electrostatic
and HVLP spraying devices, and are associated with low VOC emis-
sions (McMinn et al., 1993).

V. ELECTROSTATIC SPRAY TECHNIQUE

In this section, the electrostatic spraying method and its applica-
tion in various areas will be reviewed in detail. In the 1940s, Ransburg
was the first to introduce the electrostatic coating technique in the

United States (Tilney, 1953). Currently, various types of electrostatic
sprayers, including air sprayers, airless sprayers, air-assisted sprayers,
and rotary sprayers, are available for using in different applications.
One of the advantages of the electrostatic spraying method is the abil-
ity to wraparound round-shape and complex geometries. Several pat-
ents and investigations, such as Roger and Sames Machines
Electrostatiques (1962), Hines (1966), Demeter and Villamos
Automatika Intezet (1970), and Bienduga and Wagner Systems, Inc.
(1995), have proved the ease with which paint particles are applied to
vehicles by using this coating approach. During the electrostatic spray-
ing process, the electrically charged droplets leave the nozzle’s output,
facing a provided electric field between the spray gun and the target
that compelled them toward their final destination. As a result, a uni-
form film layer with a high TE and significant paint savings formed on
the surface.

The theories of the electrostatic spraying procedure and its vari-
ous applications were described in references Kelly (1994) and Okuda
and Kelly (1996), respectively. Hayati et al. (1987), Jaworek and Krupa
(1999), and Jaworek (2007) were among the first who described the
electrostatic spraying mechanisms and followed formed jet, micropar-
ticle and nanoparticle. The usage of the electrostatic spraying method
in the automotive and aerospace industries, agriculture practices, dis-
infection processes, and pharmaceutical companies for equipment
product finishing, pesticide and crop dusting, saliva-disease-carrier
droplets removal and pill covering, respectively, have been progres-
sively expanded in recent years (see Fig. 16).

Electrostatic spraying is used in agriculture to protect crops from
pest infestation and increase production [see Fig. 16(b)] (Martin and

TABLE II. (Continued.)

Atomizer Typical operational parameters in different studies

� Application viscosity: 50–500mm2/s in Poozesh et al. (2017)
� Range of droplet size distribution: 65–85lm in Ye et al. (2013)

� Film thickness: 10–75 lm in Ye et al. (2013)
Air-assisted airless sprayers � Transfer efficiency: �78% in Poozesh et al. (2017)

� Spray booth air velocity: 0.3m/s in Ye et al. (2015)
� Air pressure: 0.10–0.20MPa in Poozesh et al. (2017)
� Liquid pressure: 4.8–6.2MPa in Poozesh et al. (2017)

� Liquid flow rate: 122.39–164.88 cm3/min in Ye et al. (2015)
� Application viscosity: 150–900mm2/s in Felstein and Lum (1993)
� Range of droplet size distribution: 10–15lm in Ye et al. (2015)

� Film thickness: 12.7–25.4 lm Felstein and Lum (1993); 8–35 lm in Ye et al. (2015)
Rotary bell sprayer � Transfer efficiency: 76%–96% in Guettler et al. (2017)

� Spray booth air velocity: 0.3m/s in Mark et al. (2013) and Guettler et al. (2017); 0.2m/s in
Poozesh et al. (2017)

� Air pressure: 0.06–0.20MPa in Poozesh et al. (2017)
� Spray booth temperature: 23 �C in Guettler et al. (2017) and Poozesh et al. (2017)

� Liquid flow rate: 100–400 cm3/min in Akafuah et al. (2009); 150–300 cm3/min in Poozesh
et al. (2017)

� Application viscosity: 150–360mm2/s in Poozesh et al. (2017)
� Range of droplet size distribution: 10–50 lm in Akafuah et al. (2009); 4–100lm in Guettler

et al. (2017)
� Film thickness: 15–40lm in Guettler et al. (2017); 5–50 lm in Mark et al. (2013)
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Latheef, 2017; Patel et al., 2015). Recently, system parameters investi-
gation has been analyzed suitably, implementing the droplets charging
process for the influential impact of pesticides on substrates (Appah
et al., 2019). Disinfections with an electrostatic sprayer provided effi-
cient and quick decontamination. This important application of elec-
trostatic sprayers makes them useful, particularly during the recent
coronavirus (COVID-19) epidemic [see Fig. 16(c)] (Cadnum et al.,
2020; Pendar and P�ascoa, 2020b). Also, electrostatic powder coating
techniques are increasingly used in the pharmaceutical industry due to
the higher film quality on tablets, replacing previous technologies
(Yang et al., 2017; Yang et al., 2020). The formed film coats provide
drugs physical or chemical protection frommoisture, light, mechanical
stress, taste masking, gastrointestinal tract irritation, and aid easier
identification of patients [see Fig. 16(d)] (Fernandes et al., 2019). The
wraparound effect of the charged droplets minimizes off-target deposi-
tion and improves spray efficiency in the application mentioned above.

The usage of the electrostatic spraying technique as a fundamental and
crucial application in the automotive industry [see Fig. 16(a)] will be
discussed in the following.

Here, in order to enhance the readability and improve connectiv-
ity in the narration of the story, we introduce the main stated concept
of each subsection of the present section. The idea, advantages,
employment mechanisms, and applications in other areas of the elec-
trostatic spraying method are addressed at the outset of this section. In
Subsection VA, overall literature consideration on electrostatic coating
with a focus on three key aspects, including (a) droplet formation, dis-
integration, and transportation, (b) electrical charging process, and (c)
droplet size distribution of spray, is implemented. In Subsection VB,
the ERBSs design and corresponded formed spray using various bell
size and rim patterns (smooth or serrations), hybrid shaping air nozzle
combination and angles, and the external electrode structures are
described. Also, an automotive spray booth (an enclosure area for

FIG. 16. Different applications of the electrostatic spraying technology: (a) automotive industries: charged paint droplets are harmonized and form a high-quality uniform film on
the body, (b) agriculture practices: charged droplets adsorption on the leaf surface, (c) disinfection processes: spreading sanitizer on the polluted surface, and (d)
Pharmaceutical companies: covering film coats on tablet surface.
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electrostatic spray coating implementation) is characterized. Then, in
Subsection VC, the strategy of various force interactions on sprayed
droplets and their influence on the complicated turbulence airflow is
reviewed. Furthermore, detection of airflow patterns, constructed vor-
tical structures, and paint droplet path is analyzed. The presence of dif-
ferent designs of the external conductor is assessed. In Subsection VD,
an examination of the produced spray size distribution effect on the
paint film quality is accomplished. The most influential parameters on
the droplet size distribution range are introduced. Explanation of liq-
uid droplets traveling process and the paint disintegration stages (crite-
ria for the film, ligaments, and droplet formation) in electrostatic
spraying is covered in Subsection VD1. Subsection VD2. summarizes
various experimental approaches for particle size assessment, e.g.,
shadowgraphy, and infrared thermography, for particle size assess-
ment. Different data processing methods used for the experimental
spraying are also introduced. The breakup process after disintegration
and its various detection modes, besides the sprayed droplets evapora-
tion process, are considered in Subsection VD3. The ionization and
charging mechanisms of droplets during the electrostatic spraying are
explained in Subsection VE. Finally, various electric charging method-
ologies and external electric field manipulation are described in
Subsection VE1.

A. Literature review of electrostatic coating by rotary
sprayers

Deep literature analysis of studies about coating processes during
the spray painting by using the electrostatic rotary bell sprayers
(ERBSs) is mandatory to enhance their TE and reduce material cost.
ERBSs usage in the automotive and aerospace have been rapidly devel-
oped in recent years because of their exceptional atomization perfor-
mance and high TE, up to 90% in ideal conditions (Pendar and
P�ascoa, 2019a). New complex designs of the ERBS due to the produc-
tion of the uniform film with appropriate spatial atomization charac-
teristics are broadly used in the automotive coating industries. Using
them leads to a significant material cost and environmental hazard
reduction (Akafuah et al., 2016). These rotary sprayers are rarely used
in a powder industry and spray drying (Kuhnhenn et al., 2018).

Here, the theoretical, numerical, and experimental investigations
about the electrostatic rotary bell atomizers have been described.
These investigations mainly focus on three main areas of (I) droplet
formation, disintegration, and transportation (Ellwood and Braslaw,
1998; Viti et al., 2010; Pendar and P�ascoa, 2020a; and Guettler et al.,
2020), (II) electrical charging process (O’Rourke and Amsden, 2000;
Viti et al., 2010; and G€odeke et al., 2021), and (III) droplet size distri-
bution of spray (Frost, 1981; Liu et al., 1998; Wilson et al., 2018;
Darwish Ahmad et al., 2018; 2019; and Oswald et al., 2019).

Hines (1966) measured the sizes and specific charges of the atom-
ized droplets via single-jet rotating cups during the electrostatic spray-
ing process at the Ford company. His findings were the basis of a
qualitative understanding of various operational parameters on the
quality of the obtained paint film. Bell and Hochberg (1981) imple-
mented the first major complicated examination of metallic electro-
static painting. They correlated a power-law relation for the mean
droplet size as a function of the rotational speed, bell cup voltage, liq-
uid viscosity and flow rate. Ellwood and Braslaw (1998) used a two-
phase flow model to simulate external electrostatic spraying. They

concluded that the electric field and charge-to-mass ratio play an
important role in droplets’ atomization, trajectory, and deposition
rate.

Im (1999; 2001; 2004) investigated the technical challenges of the
ERBSs. They reported the size and velocity of the atomized water-
borne paint droplets in various operational parameters, including liquid
and shaping air flow rate, bell cup rotational speed, and high-voltage
setting. Their results illustrate that the bell cup rotational speed is a
dominant parameter, and increasing it produces finer droplets and
reduces the spray cone diameter. The spray pattern was also strongly
influenced by the paint flow rate and high voltage setting. Higher elec-
tric voltage resulted in denser and more uniform dispersion in the
spray cone core. The higher values of liquid and shaping air flow rate
caused widening and narrowing of the formed spray cone pattern,
respectively. Figure 17 confirms the effects of mentioned key operating
parameters on the overall spray pattern generated by the ERBS (Behr
Eco-bell 55mm diameter, a serrated edge, designated 55S), which were
photographed with the SLR camera with an exposure period of 33.3ms
(Im et al. 2001). In Im et al. (2001; 2004) research team studies,
although the electrical charging process, especially the effect of imple-
menting the external charging electrodes to provide a reliable electric
field were considered precisely (see Fig. 17), the breakup and coales-
cence of droplets and their interaction with air remain ambiguous.

Bell and Hochberg (1981) developed an empirical relationship
between the main influential operational parameter and the mean
droplet size (�Dp) during the spraying by the ERBS to establish a mean
droplet diameter,

�Dp ¼ f ðVCup; x; _VL; lLÞ ¼ CV�0:2
Cup x�0:7 _V

0:4
L l�0:2

L : (1)

This empirical relationship is founded on the bell voltage (VCup),
bell cup rotary speed (x), fluid flow rate ( _VL), and viscosity of the
spray material (lL), as key factors mentioned in Fig. 17. The constant
(C) relies on the employed bell cup geometry (Colbert, 2007).

A detailed list of the available empirical correlations related to the
effective parameters on the mean droplet size produced by the rotating
disk atomizers are presented in reference Ahmed and Youssef (2012).
This information can be helpful for getting an in-depth understanding
of the mentioned issues and redesigning the conventional apparatus.
For instance, Kayano and Kamiya (1978) developed a correlation for
the mean droplet sizes produced by a rotating disk as follows:

d32 ¼ 2:0D�0:69x�0:79 _V
0:32
L l0:65L r0:26q�0:2: (2)

Ye et al. (2003; 2005), in their numerical simulation of the ERBS, eval-
uated the TE and paint film pattern on the target without taking into
account the interaction among droplets. For particle size and trajectory
measurement, they used particle sizer of Spraytec Fraunhofer-type.
Domnick et al. (2005; 2010) used the CFD tool to examine the electro-
static spray painting with internal and external charging methods. Viti
et al. (2010) applied the finite element method combined with the
Lagrangian approach for analyzing paint droplet trajectory influenced
by the electric fields. They concluded that the presence of a space
charge affects the TE and paint film thicknesses. Then, Toljic (2010)
three-dimensionally simulated the electrostatic spraying and found
that increasing the average charge-to-mass ratio enhanced the TE. In a
spray with a broader size distribution, larger droplets carried more
charge, resulting in a higher TE.
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Inkpen and Melcher (1987), Fukuta et al. (1993), and Im et al.
(2004), after investigating the factors that can be the reason for color
change, stated that the aluminum flakes distortion with the paint dur-
ing the pass to the target is the main reason. Using ERBSs with metal-
lic paints facing with the apparent color changes problem. To
minimize aluminum flake distortion, setting the optimal range of the
bell cup rotational speed for producing fine droplet sizes with suffi-
cient high air velocity to retain flake orientation is essential. Striking a
balance between the metallic paints’ color quality and the TE persists
for ERBSs. Their TEs were around 65%, considerably lower than the
TE of a normal ERBS’s procedure 90% (Im, 1999). The traverse of the
spray guns can be considered in the CFD simulation in two ways:
using a dynamic mesh method (Toljic et al., 2012; 2013) or static inte-
gration (Domnick et al., 2006; Dominick and Thieme, 2006; and Toljic
et al., 2011). Toljic et al. (2012; 2013) determined the paint film thick-
ness on the moving body during the electrostatic painting process
using a commercial CFD solution. They revealed that higher film
deposition uniformity in the moving body is obtained compared to
stationary ones and strongly modified the TE values and the deposi-
tion profile. Colbert and Caircross (2005) reported that the accumula-
tion on edge increased when a deposition at the flat body with a ring
model was employed. During the electrostatic coating process,
dynamic targets influenced the deposition processes, resulting in the
formation of a boundary layer on the workpiece. Mark et al. (2013)
simulated the electrocoating process for car fenders and plates as a
dynamic target by coupling the airflow field, electric field, and droplet
charging process. Zuzio et al. (2018) and Yu et al. (2017) developed an
Eulerian–Lagrangian coupling model to have a more accurate

transition between two phases. They examined the accuracy of spray-
ing process simulation on a planar liquid sheet and diesel complex
dynamics spray, respectively. Ray et al. (2019) developed a generic
model for predicting droplet evaporation rate, fluid ligament diameter,
and droplet size of water and clearcoat using a rotary bell atomizer.
These models allowed for the development of the nozzle parameter
and minimized the evaporation amount, following air pollution reduc-
tion as a desired goal.

Figure 18 illustrates the map of overall effective factors on the
atomization and deposition rate in the electrostatic coating process by
the high-speed rotary bell sprayer. In the electrostatic spray coating by
rotary bell sprayers, five primary areas must be considered: geometric
setup, paint liquid characteristics, electric field structure, bell cup rota-
tional speed, and shaping air flow properties. Based on the investiga-
tion of literature, the parameters of bell rotary speed, shaping airflow
rate, high voltage setting, and liquid flow rate, in order, are the four
key operating factors (significantly manipulated the spray plum struc-
ture) while using the ERBSs (see Fig. 17), deeply considered in our
paper. However, the efficient operation of the ERBSs depends on bal-
ance between several parameters like the geometric structure of the
spray booth, workpiece, ERBS (e.g., bell cup diameter, angle and rim
pattern, electrode structure) (see Fig. 18) and coating environmental
conditions are vital in determining the TE, spray spatial distribution
and formed film thickness, quality and uniformity.

The mathematical formulation for electrostatic spraying includes
the Eulerian (airflow and electric field) and Lagrangian (paint droplets)
models. The compressible Navier–Stokes equations are used for air-
flow field computing. The numerical modeling of the most critical

FIG. 17. Parametric analysis of four key operating factors on spray pattern produced by ERBS (Behr Eco-bell 55 mm diameter, serrated edge, designated 55S): (a) high volt-
age setting (60–90 kV), (b) bell rotational speed (20–50 kRPM), (c) shaping airflow rate (120–180 l/min), and (d) liquid flow rate (100–250ml/min). Reproduced with permission
from Im et al., “Visualization and measurement of automotive electrostatic rotary-bell paint spray transfer processes,” J. Fluids Eng. 123, 237 (2001). Copyright 2001 ASME.
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procedures of droplets traveling, evaporation and breakup processes
description, electric field modeling and formed paint film construction
have been described in this section.

B. Structure of ERBS and description of spray booth

The conventional designed ERBS that is commercialized by
SAMES (SAMES Technology, 2019) (see Fig. 19), faced different mod-
ifications during recent decades. Some researchers looked at the ERBS
design as a crucial effective parameter in coating quality and TE. The

ERBSs are differentiated by a wide range of bell cup diameters, ranging
from 20 to 70mm, and a high rotational speed of up to 70 kRPM.
Tanasawa et al. (1978), Panneton (2002), and Kazama (2003) com-
pared the formed spray plume pattern and paint film quality via vari-
ous atomizer structures that are operating under different conditions.
Honma et al. (1999) investigated these shaping air nozzles design in
the ERBS by examination of the number and size of the nozzles to
redirect the path and velocities of disintegrated paint droplets. Then,
Guettler et al. (2017) examined a hybrid bell atomizer consisting of 60
shaping air nozzles, half perpendicular to the bell edge and others with

FIG. 19. (a) The PPH 308 model of the high-speed ERBS photograph is produced by SAMES-KREMLIN, (b) detailed visualization of the ERBS’s dimension and boundary con-
ditions, and (c) operation condition. Reproduced from Pendar, M. R. and P�ascoa, J. C., “Numerical analysis of charged droplets size distribution in the electrostatic coating pro-
cess: Effect of different operational conditions,” Phys. Fluids 33(3), 033317 (2021) with the permission of AIP Publishing LLC.

FIG. 18. Map of crucial factors influential on the electrostatic coating process efficiency, using high-speed ERBSs.
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a given angle of 45�. Their numerical and experimental results demon-
strated that the secondary shaping air nozzles (arranged at 45�)
strongly impacted the airflow field around the sprayer. Toljic et al.
(2010) visualized the electric field between the added planar electrode’s
structure and analyzed the dependency of the sprayed droplet size on
their charge. Their findings also revealed that the radius in direct con-
tact with the planar electrode had an exponent of two. Domnick
(2010) analyzed the size distribution of paint droplets using bell geom-
etries with cross-wise and straight serrations in various operational
conditions. The term “serrations” refers to a machined line that
extends� 1–2mm from the cup’s outer edge and is intended to create
ligaments when paint drips over the bell edge and prohibits it from
escaping the bell cup as a film. Both of the mentioned serrated bell
cups produced a bimodal distribution of droplet size with lower maxi-
mum size values than bell with no serrations. Pendar and P�ascoa
(2020a) examined droplet size distribution while changing the bell cup
dimeter. They reported that enlarging the cup’s diameter reduces the
size distribution of the droplets. Pendar and P�ascoa (2022a) added the
high-voltage retractable blades or high-voltage adjustable control ring
as a conductor to the ERBSs to manipulate the spray pattern. Their
invention has advantages of higher coating transfer efficiency,

reduction of losses of the liquid or mixture dispensed, and less envi-
ronmental impact.

An automotive spray booth is an environmentally controlled
enclosure area required during spray coating to improve the TE of
the final coat. It includes handling systems for: (I) directing and
removing float paint particles called overspray, (II) capturing
VOCs, and (III) controlling humidity, temperature (monitoring
through a tight operational window), and cleanliness (using dust
and insect filters). As shown in Fig. 20, a typical automotive spray
booth contains robot arms, sprayers (here, ERBSs are used), an
intake air supplier and sliding rails in the portion above the floor
grating. The part under the floor grating of the spray booth
includes a water pond, air exhauster, return sluice and scrubber
tube. A minimum downward air velocity in a booth’s upper section
of�0.5 m/s (100 fpm) is commonly used (Mitchell, 2020). The
coating process in the modern spray booth designs is implemented
using high-speed electrostatic rotary bell spray guns (ERBSs) or
high-volume-low-pressure spray guns (HVLP). The ERBSs are
mostly used for manual spraying for automatic painting with robot
assistance, and the HVLP sprayers are commonly used for manual
spraying.

FIG. 20. Schematic representation of
an automotive spray booth assembly.
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C. Paint-air flow pattern and forces in ERBS

The influence of the force interaction on the paint droplets, the
complicated airflow, and paint droplet trajectories pattern during the
electrostatic spraying in the ERBS is a critical issue that needs to be
considered. The schematic representation of these forces interaction
on droplets is shown in Fig. 21.

The strategy of how various forces interact on the spraying paint
droplets will be explained following. The distributed paint liquid sheet
over the rotary bell cup surface is subjected to extreme centrifugal
force due to high rotational speed and breakups into the smaller distri-
bution of droplets after the formation of ligaments. Then the high-
speed shaping airflow that exits from the nozzles, and the electric
forces as dominant powers, alongside the other forces, e.g., gravity,
Stokes drag and evaporation, manipulate and direct the paint droplets
of spray plum cloud around the bell cup to reach the maximum TE.
The air flow patterns trajectory constructed by the ERBSs operations
(as shown in the left sub-frame of Fig. 21) are divided into four main
behaviors of (a) shaping airflow stream, (b) outside toroid�shape air
vortices, (c) inside toroid�shape air vortices, and (d) trapped air vorti-
ces. Paint droplets path are also divided into four primary categories of
(e) paint droplet toroid-shape vortex, (f) larger size of paints droplet
trajectory, (g) smaller sizes of paint droplet trajectory and (h)
rebounded droplet from the body with the circular pattern.
Recognizing the mentioned air-paint flow patterns and forces interac-
tion is valuable for researchers and designers to project and introduce
a more optimum version of ERBSs.

Due to the high-speed operating conditions of the ERBSs and
resultant flow with high turbulence, the examination of the re-
circulated vortical structures that play a vital role in the paint path is

crucial (Pendar and Roohi, 2015). Yasumura et al. (2011a) considered
the re-circulating flow around the ERBS during their numerical simu-
lation. They showed that the inner re-circulation draws smaller drop-
lets to the radial direction, preventing them from adhering to the body
surface. The cross-sectional axial streamline patterns during the elec-
trostatic spraying using various conductors are shown in Fig. 22
(Pendar and P�ascoa, 2022a). In this figure, the line integral convolu-
tion (LIC) technique (Stalling and Hege, 1997) is implemented for bet-
ter visualization. The high-voltage adjustable control ring [Fig. 22(b)]
and retractable blades [Fig. 22(c)], which are added as a conductor to
the ERBSs, manipulate and optimize the re-circulation airflow pattern
around the sprayer’s head compared to conventional ones. The airflow
velocity decreased significantly in the blocked region inside the spray
plum and accelerated close to the bell cup. Pendar and P�ascoa (2022a)
declared that the electric field, during the use of the same sprayer, does
not have an influential effect on the vortical patterns. The inner (V1)
and outer (V2) recirculation zones and vortical breakdown mecha-
nisms are also represented. In the higher bell cup rotational speed, the
length of the recirculation zone becomes more extensive, and the
attachment position moves upstream (Stevenin et al., 2015; Pendar
and P�ascoa, 2020). These evaluations provide helpful information
about the airflow pattern for designing a new ERBS generation, which
will be more efficient.

D. Spray size distribution produced by ERBS

The generated size distribution of droplets by operating the
ERBSs has a considerable impact on the TE and formed paint film
quality on the target surface. The smaller size of droplets produces

FIG. 21. Schematic representation of
automotive electrostatic spray coating pro-
cedure using an ERBS system.
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better finish quality with the lower TE due to the stronger effect of air
drag forces on them, which disturb and deviates their paths. In other
words, fine droplets are evolving a dry spray over time (Di Domenico
and Henshaw, 2012). Flakes, which can be applied to paint formula-
tions to improve the esthetic appearance and color flopping of a sur-
face, are likewise incompatible with very fine droplets (Basu et al.,
2010). The droplet with larger sizes produces uneven and rough film
thicknesses, usually with the higher TE due to higher momentum and
lower drag forces of droplets. The droplet size distribution is mainly
determined by atomization performance, which is controlled both the
finish quality and the TE (Kwok, 1991). The most dominant parame-
ters affecting the droplet size distribution while operating the rotary
bell atomizer are the inlet liquid properties and flow rate, air inlet flow
rate, cup or disk design configuration, and the bell cup rotational
speed. Based on the published work, the inlet liquid flow rate and the
rotational speed are the most influential parameters on the range of
the droplet size distribution during atomization (Ray et al., 2015).

In the following, the effect of mentioned factors on the spray size
distribution brought in related references will be discussed. Some basic
studies dealing with the ERBSs have considered the droplet size by
changing the cup rotational speed and paint flow rate (Hinze and
Milborn, 1950; Frost, 1981; Liu et al., 1998; and Ellwood and Braslaw,
1998). They reliably confirmed the reduction of droplet size distribu-
tion by increasing the rotational speed while growth by enhancing the
volumetric paint flow rate, albeit less pronounced. Growth in the paint
viscosity generally raises the spray’s SMD, contributing to a liquid flow
rate decrement (Schick, 2006; Lefebvre and McDonell, 2017).
Yasumura et al. (2011b), through numerical simulation of the ERBS,
realized the impressive impact of electric voltage on the medium
paint droplet size (dp � 10–40lm) and shaping air on the small (dp
< 10lm) or large (40lm < dp) size of the paint droplet. Ahmed and
Youssef (2012) analyzed the effect of non-dimensional parameters of

the Reynolds number, Weber number, and flow coefficient on the
droplet size range, in other words, the SMD. Ahmed and Youssef
(2014) presented a comprehensive evolution on the disk and cup geo-
metrical optimization effect on the SMD and velocity of droplets.
Many experimental research, such as those by Liu et al. (2012) and
Ahmed and Youssef (2014), focused on the size of the droplets formed
during the disintegration process and the transition between the film,
ligament, and droplet modes. Ye and Domnick (2017) proposed a set
of comparative results of the droplet dynamics impact of various
atomizers, namely airless gun, pneumatic air spray gun and a high-
speed rotary bell in terms of size distributions. In the case of the rotary
bell atomizer, significantly finer droplets were obtained (average diam-
eter of �15lm), which deposited mainly near the spray pattern cen-
ter, compared to the airless gun (average diameter of�310lm).
Wilson et al. (2018) experimentally visualized the formation of the lig-
ament and droplets. They showed that the SMD and ligament sizes
decrease around one quarter at a very high rotational speed. Darwish
et al. (2019) examined the droplet size distribution by applying a 3D
mapping style for a rotary bell sprayer and revealed that the size ranges
increase by enlarging the lateral distance. Shen et al. (2019) investi-
gated the non-Newtonian droplet disintegration phenomenon.
Oswald et al. (2019) showed that the elongational resistance affected
the disintegration process inside the bell cup atomizer. They men-
tioned that the complicated nature of droplet size prediction during
numerical stimulation of spraying still needs more attention.

1. Droplets formation, transportation, and deposition
in ERBS

The injected paint’s travel in electrostatic spraying is divided into
three stages: (I) inside the bell (film, ligament and droplet formation)
(Fig. 23), (II) transport distance, and (III) target deposition. Inside and

FIG. 22. Visualization of re-circulating
flow around various ERBSs system,
shown by the LIC method: (a)
Conventional ERBS system, (b)
ERBS with high-voltage adjustable
control-ring and (c) ERBS with high-
voltage retractable blades. Reproduced
from Pendar, M. R. and P�ascoa, J. C.,
“Numerical analysis of charged droplets
size distribution in the electrostatic coat-
ing process: Effect of different opera-
tional conditions,” Phys. Fluids 33(3),
033317 (2021) with the permission of
AIP Publishing LLC.
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near the bell cup, three prominent phenomena of paint atomization,
ionization and electrical charge occur. During the transport phase, the
shaping-air interaction with turbulence flow, the electric field effect on
the atomized droplet, and primary and secondary breakup processes
are the main phenomenon (Im et al., 2001). In numerical modeling of
the ERBSs, the charged droplets’ trajectory is described by solving a set
of differential equations based on Newton’s law to determine their
velocity and position of them at each instant, detailed in Pendar and
P�ascoa (2020a). In the final stage, the downdraft flows that affect the
droplets’ position and paint film features are considered on the target
body surface.

Inside the cup, the produced sheet disintegrated into the
detached sheet fragment due to aerodynamic waves imposition. Under
the influence of surface tension, these fragments transform into liga-
ments, which then breakup into droplets. Then, in the mechanism of
second ligament production, liquid flows from a torus around the cup
periphery in the form of elongate curved ligaments that disintegrate
into the non-uniform droplets at a longer distance from the cup.
Finally, the droplets hit the target and produce a uniform film on the
body surface. Numerous studies have been devoted to determining cri-
teria for film, ligament, and droplet formation mechanisms. Hinze and
Milborn (1950) and Fraser et al. (1963) defined dominant mechanisms
condition and reported empirical correlations to determine the transi-
tion point between them. Kamiya and Kayano (1972) obtained a rela-
tion for the maximum diameter of the droplet during sheet-type
disintegration in a rotating disk. Dombrowski and Lloyd (1972) exam-
ined the effect of liquid viscosity on the droplet formation and size dis-
tribution over the rotary bell atomizer. Frost (1981) analyzed the
ligament formation on the rotating disk and developed the available
criteria for the ligament’s construction. Kawase and De (1982) were
the first who examine the mechanisms of the droplet formation on
spinning disks while non-Newtonian liquids were consumed.
Domnick and Thieme (2006) revealed that when the bell cup rota-
tional speed increased, the fragment pattern became less consistent.
Based on the experimental data, Liu et al. (2012) investigated ligament
and droplet formation mechanisms and correlated an equation
for droplet size over a broad range of operational conditions.

Liu et al. (2013) implemented a mathematical model to predict the
critical parameter of the wavelengths, the unstable growth rates, the
breakup times, the film lengths, and the droplet sizes, which were vali-
dated by the experimental data. Shen et al. (2019), in their experiment,
analyzed the evaluation of the wall film formation inside the rotary
bell cup surface with a series of snapshots that were taken by a high-
speed photographic camera (Fig. 24). Moore (2017) evaluated the
transition disintegration process, from paint ligaments to droplets,
during using of serrated and non-serrated rotary bell cups in various
paint flow rates. They proved that in a high paint flow rate, the ser-
rated bell cup retains regular spacing between the ligaments (frame II
in Fig. 25), while the non-serrated shows more random spacing and
irregular ligament length (frame V in Fig. 25). For both serrated and
non-serrated cups, higher paint viscosity produces longer and more
stable ligaments, which delays the disintegration into droplets (frames
III and VI in Fig. 25).

2. Practical techniques for spray droplet size
assessment

This part summarizes the available experimental approaches for
assessing particle size distribution when atomizing by a rotary sprayer,
e.g., shadowgraphy, infrared-thermography-based and high-speed
imaging-phase Doppler interferometry techniques. The shadowgraphy
technique utilizes a pulsed laser (freeze motion) to backlight the spray
plume to take non-blurred images via synchronized cameras to obtain
data on the size and velocity of sprayed droplets. Akafuah et al. (2010)
developed the infrared-thermography-based method for qualitative
characterization and visualization of the paint spray flow field and
evaluated it during the operation of the high-speed rotary bell and
HVLP sprayers. In this method, which is widely used in the recent
works, e.g., Darwish Ahmad et al. (2018; 2019), a uniformly heated
background acts as a thermal radiation source, and the infrared inten-
sity is captured by an infrared camera as a receiver, proving the attenu-
ation in the image as a result of the spray existence. Recently,
Dhivyaraja et al. (2019) characterized the dynamical features of the
sprays as well as the drop size and velocity spectra using high-speed
imaging and phase Doppler interferometry method, respectively, in
their experimental study of swirl atomizer.

In the following, an example of the implemented experiment for
droplet size determination has been conveyed. The droplet size distri-
butions histograms of a non-serrated rotary bell cup sprayer were

FIG. 23. Schematic view of the paint film, ligament, and droplet formation pro-
cesses around the bell cup rim.

FIG. 24. Paint film propagation inside the rotary bell cup surface, a series experi-
mental snapshot (xbell ¼ 30kRPM, m:

paint ¼ 400ml=min). Reproduced with
permission from Shen et al., “Primary breakup of a non-Newtonian liquid using a
high-speed rotary bell atomizer for spray-painting processes,” J. Coat. Technol.
Res. 16, 1581–1596 (2019). Copyright 2019, Springer Nature.
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compared with a standard pneumatic atomizer for an automotive
basecoat in Fig. 26 (Moore, 2017). The results were obtained for the
paint and airflow rate of 360ml/min and 465 slpm, as well as bell cup
with diameter and spinning of 65mm and 20 kRPM. The shadow-
graphy technique is used for obtaining the droplet size distribution

(Berg et al., 2006), which can be fitted precisely through gamma distri-
bution (Keshavarz et al., 2016). To simpler convey the information
contained in the spray droplet size ranges, single metrics, such as the
arithmetic mean diameter and Sauter mean diameter (SMD), are used.
The polydisperse pattern distribution with the arithmetic mean

FIG. 25. Experimental shots of the transition disintegration process (ligament to droplets) for serrated and non-serrated bell cups. From Moore, J. R., Protective Coatings.
Copyright 2017 Springer Nature. Reproduced with permission from Springer Nature.

FIG. 26. Size distribution of paint droplets sprayed from typical automotive: (a) rotary bell atomizer and (b) pneumatic atomizer, implementing a gamma distribution to fit the
data. From Moore, J. R., Protective Coatings. Copyright 2017 Springer Nature. Reproduced with permission from Springer Nature.
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diameter of 21.5lm was obtained for the pneumatic atomizer. While,
for the rotary bell atomizer, the monomodal distribution with a mean
diameter of 55.8lm was reported (Moore, 2017). Domnick (2010)
and Pendar and P�ascoa (2020a) similarly observed a monomodal dis-
tribution of droplet size for a using non-serrated rotary bell cup
sprayer, while Basu et al. (2010) and Domnick (2010) described
bimodal distributions for serrated bell cup sprayer at the higher rota-
tional speed.

Figure 27 compared the predicted SMD in various bell cup rota-
tion speeds and paint flow rates using a smooth or serrated rotary bell
cup sprayer (Moore, 2017; Domnick, 2010; and Pendar and P�ascoa,
2020a). Domnick’s results using viscoelastic paints produced larger
droplet sizes than predicted by Tanasawa’s Newtonian model in both
cases. Nevertheless, all considered references agree that the rotational
speed of the bell cup is the dominant parameter for the droplet size
control. The results of Domnick’s study contradict Tanasawa’s predic-
tion that serrated cups would generate smaller droplets than smooth
bell cups. The difference in the atomization mode, summarized by
Ahmed and Youssef (2012), can be considered the reason for this dis-
crepancy. The rate of increase in SMD with increasing flow rate is
identical when the result of Domnick (2012) for a smooth cup is plot-
ted alongside Tanasawa’s predicted values.

3. Droplets breakup and evaporation process

The breakup process during the operation of the rotary sprayer is
one of the most important phenomena that must be considered.
Inside the head of rotary bell cup, the ejected liquid paint is subjected
to the extreme centrifugal force due to the rotational speed, breakups
into the smaller droplet size distribution after film and ligaments for-
mation. Generally, in spray modeling, the droplet breakup process is
divided into primary and secondary modes. In primary breakup, the
condition of droplets, like diameter and angle at the point, will start to
be determined. In other words, in an aspect of the experiment, the

breakup process inside the rotary cup is divided into droplet deforma-
tion, rim formation, rim expansion, and rim breakup (Jackiw and
Ashgriz, 2021). During the transport phase of droplets from the bell
cup to the target, the secondary breakup process is a prominent phe-
nomenon (Im et al., 2001). This process explains the decomposition of
the big droplets via normal stresses (instability of Rayleigh–Taylor)
and also by stripping of the very small particles (instability of
Kelvin–Helmholtz). Recently, in an estimate for primary breakup dur-
ing the electrostatic spray modeling, the Rosin–Rammler
(Yd ¼ exp ð�d=�dÞn) and Chi-squared approaches have been used
broadly to model the distribution of the initially injected droplets dur-
ing the electrostatic spray modeling (Pendar and P�ascoa, 2020a). The
Rosin–Rammler model generates a more acceptable droplet distribu-
tion that matches the experimental distribution (Pendar and P�ascoa,
2020a). Many previous numerical studies for spraying, like Osman
et al. (2015b), ignored using the primary breakup model and ejected
different droplet size ranges from the presumed multiple injection
points in the rotary bell sprayer by trial-and-error and then compared
with experimental results. The capability and strength of different effi-
cient secondary breakup models of the Reitz–KHRT Hybrid (Bellman
and Pennington, 1954), Reitz–Diwakar (Reitz and Diwakar, 1986;
1987), Pilch–Erdman (Pilch and Erdman, 1987), Taylor analogy
breakup (TAB) (Tanner, 1997) and modified TAB (Pendar and
P�ascoa, 2020a) are examined for breakup process during the electro-
static spraying in reference Pendar and P�ascoa (2020a). They showed
that the modified table model, which applied a non-linear turn to
account for the large viscosity droplet, is in a better agreement with
the experimental data. Pendar and P�ascoa (2020a) proved that the sec-
ondary breakup model has a minimal effect on overall spray form but
a more pronounced impact on the droplet size distribution and SMD.

Huang et al. (2000) modeled breakup procedures that the smaller
size of droplets produced in a rotary cup atomizer. Saha et al. (2012)
examined the breakup modes of liquid emitted from a hollow cone
nozzle generated by the pressure-swirling vehicle. They were

FIG. 27. SMD predictions for various (a) bell cup rotational speed and (b) paint flow rate. Adapted with permission from Pendar, M. R. and P�ascoa, J. C., “Atomization and
spray characteristics around an ERBS using various operational models and conditions: Numerical investigation,” Int. J. Heat Mass Transfer 161, 120243 (2020a). Copyright
2020 Elsevier.
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considered the liquid primary and secondary breakup modes precisely.
Andersson et al. (2013), as the main question in their research, consid-
ered whether the Taylor table model could be used in droplet size pre-
diction during the spraying with a rotary bell sprayer. They found that
the original table model can capture the overall shape of spray plume
and the droplets size distribution, but with overestimation of viscous
fluids breakup in higher rotational speed, resulting in so small par-
ticles. Shen et al. (2017) struggled with the primary liquid breakup
process, film formation and propagation on the rotary bell inner sur-
face while operating a high-speed rotary bell sprayer. Stefanitsis et al.
(2019) and Kim et al. (2010) modified the breakup process by simulat-
ing the application of diesel spraying.

The lack of available studies focusing on the evaporation phe-
nomenon in the ERBS’s operation is evident. The droplet evaporation
and heat transfer to the atmosphere during the electrostatic spraying is
considered in studies of Shrimpton and Laoonual (2006) and
Arumugham-Achari et al. (2015). Brentjes et al. (2020) investigated
the implementation of the electric charge and its effect on the droplet’s
evaporation process. They reported a significant increment in the cool-
ing rate and the TE, which becomes almost double. Droplet energy
balance evolution for evaporation modeling during spraying is
explained in reference Pendar and P�ascoa (2021). Recently, Ranz and
Marshall heat transfer approach (Ranz and Marshall, 1952) has been

broadly employed to evaluate the droplet’s mass due to the evapora-
tion process. The temperature of the droplets is computed by solving
energy and enthalpy equations, which are presented in detail in
Dbouk and Drikakis (2020).

E. Electric field and droplets charging process

The proper performance of the droplet charging process and
electric field creation and dispersion are key challenges in using the
ERBSs. As recently published studies of electric field effect on the spray
coating by the ERBSs, references Ye et al. (2005), Domnick et al.
(2005), Colbert (2007), Toljic et al. (2011), and Pendar and P�ascoa
(2019a; 2019b; 2020a) can be mentioned.

The mechanisms of droplet charging as a primary factor in con-
trolling the spray pattern are described in reference Ellwood and
Braslaw (1998). Higashiyama et al. (1999) compared the spray pattern
when charged and uncharged droplets were atomized from the airless
nozzle. According to Im et al. (2001), proper electric field application
greatly improves coating efficiency. During the spraying process, Ye
et al. (2002) imposed a corona charge mechanism. Their findings
reveal a significant dependence of the particle size on the space charge.
B€ottner and Sommerfeld (2002) coupled electric field with continuous
airflow field in a two-dimensional static symmetric sprayer simulation.

FIG. 28. Representation of deposited droplets pattern at various operating voltage and charge-to-mass ratio: ERBS combined with high-voltage control ring as an external con-
ductor (two first row) and conventional ERBS (third row). Reproduced from Pendar, M. R. and P�ascoa, J. C., “Numerical analysis of charged droplets size distribution in the
electrostatic coating process: Effect of different operational conditions,” Phys. Fluids 33(3), 033317 (2021), with the permission of AIP Publishing LLC.
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By analyzing the trajectory of particles, they discovered the significant
impact of the electric space charge on them. Im et al. (2004) revealed
that the pattern of spray plume is so sensitive to the charge-to-mass
ratio and the electric force. They stated that the TE of the ERBS under
the voltage of zero, �80 and �90 kV reaches about 44%, 90%, and
94%, respectively. They also showed that reaching very high values of
shaping airflow rate (up to�300 l/min) or rotational speed (up to
�50 kRPM) leads to a decrease in the TE value. Toljic et al. (2011)
considered various charge-to-mass ratios of droplets with different
sizes and found that they had a substantial impact on the produced
film by increasing the TE. Osman et al. (2015a) ejected various droplet
size ranges from multiple points that receive specific charge values.
Dastourani et al. (2018) developed a mathematical approach for the
electro-spraying procedure simulation in the cone jet using the
OpenFOAM framework. The fundamental flow behavior of the spray-
ing in the ERBS with the presence of an electric field and the positive
impact of voltage setting was investigated by Pendar and P�ascoa
(2019a; 2020a). Figure 28 compared the constructed paint film of two
cases of the conventional ERBS and in combination with a high-
voltage ring conductor. Before the discussion, it must be mentioned
that the mass, momentum and energy conservation, and thickness
equation of the formed paint film during the numerical simulation of
the ERBS operation were described in reference Pendar and P�ascoa
(2021). Pendar and P�ascoa (2021) proved the significant effect of the
charge-to-mass ratio, voltage, and appropriate external electric charge
implementation (high-voltage ring) in droplet deposition rate. Adding
a ring conductor around the ERBS increased the TE value by roughly
10%. Their results show that the moderate charge-to-mass ratio
(qqm � �1mC=kg) obtained the maximum TE. Higher values of the
charge-to-mass ratio have a negative impact on the TE.

1. Various electric charging methods

An external or internal methodology can accomplish the electric
charging of paint droplets during the electrostatic coating process. In
the internal (direct) approach [see Fig. 29(a)], the supplied high DC
voltage to the applicator, in the range of �20 to �90 kV, charge the
paint before atomizing. In the external (indirect) method [see Fig.
29(b)], the high voltage is applied to a forward-facing electrode series
(Domnick and Scheibe, 2003; 2006) or control-ring (Pendar and
P�ascoa, 2021) or retractable blades (Pendar and P�ascoa, 2022a) with a
circular pattern around the sprayer. Here is the case around the rotary
bell cup of the ERBS. The air around the bell cup ionized in this
approach, which then charged the paint droplet passing through this
region. The internal and external charging methods are ideal for
solvent-based and water-based paints due to low and high conductivi-
ties (voltage leakage) of solvents, respectively. The internal method
obtains higher TE values compared to the external ones. The following
are the most recent patents on innovative charging methods that have
been published. Domnick et al. (2006) manipulate the electric field
pattern by adding external symmetric corona needles to the ERBS.
They found that the implemented modification positively affects the
TE and film deposition thickness on the curved object of the car’s rear
part. Wang et al. (2006) and after more than one-decade, Terebessy
and Sumitomo Chemical Co Ltd. (2019) invented a spray gun com-
bined with circular electrodes to produce and direct a uniform circular
cone spray. Nolte et al. (2019) disclosed an electrodes assembly in an

electrostatic atomizer that generates discharge currents flowing over a
housing surface. Induction charging manner has been recognized as
the most suitable way for enhancing deposition and coverage of
charged atomized droplets, compared to charging by conduction, tri-
boelectrification and corona methods (Appah et al., 2019). Cooper
and Es Product Development LLC (2021) invented a spray dispersal
feature that decreases the paint cloud suspending time during the
spraying process. Their system includes a nozzle for atomizing and
charging the liquid. Brentjes et al. (2021) presented a novel approach
for estimating the particle’s charge in numerical modeling of high-flow
rate charged sprays to reach balanced induction around the sprayer
nozzle. Their geometry was selected based on the concept first released
by (Ellwood and Braslaw, 1998), an electrostatic bell atomizer with a
cylindrical induction tube around it.

VI. AUTOMOTIVE OVEN THERMAL CURING
PROCEDURE INVESTIGATION

Over the years, with the increase in vehicle mass production, the
need of faster paint curing time, as well as improved paint film quality
in terms of corrosion and visual appearance durability, has grown
(Streitberger and Dossel, 2008; Giampieri et al., 2020). The final paint
film quality is highly dependent on the paint curing process. However,
automotive paint curing ovens are responsible for high energy con-
sumption. Thus, it became significantly important to study and further
optimize the automotive paint curing ovens, considering both poten-
tial energy savings and improved paint film quality (Despotovic and
Babic, 2018). Taking it into account, this section of the present study
focuses on automotive paint curing ovens and drying systems that
need more attention. Curing ovens are widely used in various other
applications, e.g., shortbread baking, coke, and baking bread
(Buczynski et al., 2016; Kokolj et al., 2017). Rao and Gopinath (2013)
concluded that paint curing ovens consume over 20% of the total
energy used in the paint shop. When the oven is not curing vehicles,
during the startup and setback, more than 25% of the energy is wasted.
The management and recovery of thermal energy utilization in the
automotive manufacturing industry is a powerful strategy for present-
ing a more efficient production process. Ovens, dryers, furnaces, and
boilers are common heat waste sources that must be minimized
(Giampieri et al., 2020). Table III summarizes the temperature range
of different mentioned heat sources during the automotive
manufacturing process, which are classified based on various pro-
cesses. The efficiency of the curing process in the automotive paint
shop oven mainly depends on three factors of (I) curing time, (II) heat
transfer rate, and (III) temperature distribution (Nazif, 2019). When a
corrosion-protective paint film layer is exposed to heat below or above
the prescribed temperature, it either remains crude or over-cures.
Because of that, the main challenges in the paint curing oven process
are controlling the curing temperature and optimizing the energy con-
sumed in the process (Ajah and Ejiogu, 2019). To satisfy the require-
ments of the paint curing process for the newly released vehicle, the
manufacturer attempts to modify, retrofit, or redesign the oven facili-
ties (Yu, 2013; Svejda, 2011). In this scenario, considering the oven’s
performance under various operational conditions is critical to recog-
nize its temperature distribution which directly impacts the final paint
quality (Geipel and Stephan, 2005). The duty of ovens is to supply the
required heat while maintaining the optimal oven length (Streitberger
and Dossel, 2008). The automotive ovens are usually over fifty meters
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long. A BiW is heated using convection, conduction, and radiation
heat transfer modes through panels, nozzles, and hot air. The most
prevalent forms of heat loss in the automotive oven are waste gas loss,
wall loss, stored heat, and entrance radiation loss (Niamsuwan et al.,
2015), all of which can be controlled to reach the lowest values. The
burners in the majority of automotive ovens consume fossil fuels like
natural gas and liquefied petroleum gas (LPG) (Niamsuwan et al.,
2015; Despotovic and Babic, 2018).

A. Numerical modeling of curing oven

This part focuses on automotive paint ovens analysis in terms
of numerical modeling. Automotive ovens are rarely studied
numerically in the literature for the following reasons: (I) high
computational costs of CFD simulation due to complicated

geometry of vehicle and oven, (II) complex physical phenomena,
(III) different scale of transient flows, and (IV) implementation of
moving mesh with multiple bodies in the long oven (Rao and
Teeparthi, 2011; Rao, 2013). A thorough numerical investigation
of the turbulence flow behavior of thermo-fluid-solid coupling is
essential to ensure the increment of the oven’s efficiency and pre-
cise assessment of baked paint quality. Several authors simplified
the process during the implementation of different numerical
approaches in analyzing the automotive painting curing process.
Ye et al. (2009) and Yu (2013) studied the automotive paint curing
process in an oven by performing CFD simulations with the
FLUENT commercial software. Ye et al. (2009) obtained results
for the distribution of local temperature gradients on a vehicle
body, which can be helpful for developing paint film predicting
models, and Yu (2013) reported the instantaneous temperature of

FIG. 29. Schematic representation of
(a) internal and (b) external charging
processes during the electrostatic
coating.
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the vehicle body surface at different heating and cooling zones for
a preliminary oven design. The obtained validated results identi-
fied critical information and possible changes that should be
implemented to optimize the oven design. By using a different
approach, Zelder and Steinbeck-Behrens (2009) studied the auto-
motive paint curing process using the virtual paint simulation
(VPS) commercial software. They analyzed the time-dependent
temperature and paint viscous behavior to plot an oven curve for
each location or provide contour plots on the BiW surface.
Posteriorly, Domnick et al. (2011) modeled the drying process of
the automotive water-based paint films. They used a developed
physical model of FLUENT software that treats mass and heat
transfer of a ternary mixture on a substrate. On the other hand,
Albiez et al. (2011) used Abaqus software to study the aluminum
alloy thermomechanical characteristics changing during the coat-
ing and curing processes. They obtained the temperature field on
the chassis surface for different instant times and analyzed the
influence of the transient temperature on several chassis’ mechani-
cal parameters. To obtain an efficient simulation technique, Wu
et al. (2013) presented a methodology based on approximating the
transient convective field with intermittent steady-state solutions.
They showed this method reduces the grid quality dependency and

allows acceptable results in less computational time. An innovative
and alternative approach was developed and applied by Rao and
Teeparthi in 2011. They introduced a dual solver, semi-
computational method and considered the arrangement and the
position of nozzles in a distinct heat-up zone of the oven to obtain
a steady-state profile and map of temperature over the full BiW
during the transient heat transfer (Rao and Teeparthi, 2011).
Then, Rao (2013) reconstructed the equations for automotive
paint ovens exactly in the same manner as they performed in the
heat exchangers. As the complex flow pattern in the oven is dis-
tributed in all directions, it would be tough to incorporate it into a
basic exchanger assessment. In several articles (Shrivastava and
Ameel, 2004; Bielski and Malinowski, 2005; Mishra et al., 2008;
and Rao, 2013), the transient behavior of three-stream or multi-
stream heat exchangers are used in many applications, i.e., auto-
motive, aerospace, and chemical industries during the curing oven
simulation. Later, Vasudevan (2018) modeled the paint curing
process in convective ovens and determined the heat transfer coef-
ficients for the three-dimensional CFD simulations. To analyze
which variables are more prevalent during the car paint oven oper-
ation, Despotovic and Babic (2018) presented a simple mathemati-
cal method for modeling energy flows in the curing oven. Their

TABLE III. Temperature range running in various heat sources inside automotive manufacturing plants.

Process Temperature (�C) Use Potential recovery

Boiler exhaust �230–300 (Giampieri et al., 2020) Hot steam generation � Economizer for boiler feed-water
preheating.

� Restoration of blowdown steam
or hot water.

� Combustion air preheating with
heat wheel.

Regenerative thermal oxidizer �170–200 (Giampieri et al., 2020) Thermal oxidation � Hot water generation for cooling
and warming.

� Combustion of air preheating
with heat wheel.

Paint curing oven �130–180 (Streitberger and Dossel, 2008) Paint curing after the
coating process

� Hot water generation for heating
and cooling.

� Combustion air preheating with
heat wheel.

� Air heating for solid desiccant
cooling.

Flash off drying booth �70–90 (Streitberger and Dossel, 2008) Paint drying � Hot water generation for heat
pumps, absorption cooling and liq-

uid desiccant.
� Air heating for solid desiccant

cooling and space heating.
Chilled water �40–45 (Giampieri et al., 2020) Air-conditioning for

paint cooling process
�Warm water for liquid desiccant,
space warming and heat pumps.

� Air preheating for space
warming.

Exhaust ventilation air �23–26 (Carel, 2017) Air-conditioning for
the painting process

and building

� Air precooling or preheating.
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simple model could determine which parameters, such as air or
car body temperature, affect the operating conditions of the oven.
The method had the ability to specify the desired temperature for
redesigning the available oven. To simulate the heat-up zone of the
car wax oven, Nazif (2019) used a simple turbulence model of real-
izable k-e and compared the results with experimental measure-
ments. As a result, they improved the oven’s energy efficiency by
up to 25% in measured air temperature by changing the geometry
and optimizing the airflow circulation. A deep analysis of thermal
management and energy efficiency was performed by Giampieri
et al. (2020) to reduce energy consumption during the curing pro-
cess of the automotive paint shop. In 2022, Pendar and P�ascoa
(2022b) conducted a comprehensive numerical evaluation of con-
jugate heat transfer in an automotive paint oven. They imple-
mented an efficient algorithm under the framework of the
OpenFOAM package using the large eddy simulation (LES) turbu-
lence method (Pendar and P�ascoa, 2022c) for modeling unsteady
heated airflow behavior. They reported significant energy effi-
ciency improvements by applying low-cost optimization of the
intake hot flow rate and redesigning the oven’s heat-up, holding,
and cooling zones.

B. Experimental techniques for automotive curing
oven analysis

The experimental analysis of the automotive curing oven in the
operational mode is expensive, unpredictable, and time-consuming. Due
to that, there is a lack in the literature of experimental works focusing on
the automotive paint curing process inside an oven. As we will see, the
experimental works reported in the literature just deal with simplified
cases evaluating some characteristics of the paint curing/drying process.
Okazaki et al. (1974) performed one of the pioneer practical works by con-
ducting drying experiments on coated films using hot air. Gupta (1990)
used dynamic mechanical-thermal analysis (DMA) to characterize the
cured state of a coating on a steel substrate. Later, Saure et al. (1994; 1998)
started using Fourier transform infrared (FTIR) spectroscopy techniques
to experimentally analyze the drying behavior of polymeric coatings, a
technique that later on kept being used by other researchers. In addition
to using FTIR spectroscopy, Vessot et al. (1998) studied the air convective
drying and curing of polyurethane-based paints by applying differ-
ential scanning calorimetry (DSC) and thermo-gravimetric analy-
sis (TGA). In order to control the quality and drying time of a
curing process, Schabel et al. (2004) proposed a new experimental
technique for monitoring the progression of the concentration
profiles within a paint film during the drying process. Geipel and
Stephan (2005) studied the convective drying of coated paint layers
on steel substrates by gravimetric experiments and FTIR measure-
ments. Later on, Seubert and Nichols (2010) experimentally stud-
ied the curing of automotive epoxy clearcoats, and Brinckmann
and Stephan (2011) performed laboratory-scale experiments to
validate a software that simulates the drying process of automotive
water-based paints. They monitored the temperature and weight of
the paint film under different flow conditions and tracked the
evaporation of the organic solvents. Posteriorly, Chen et al. (2014)
experimentally studied the curing process of automotive paint by
using the moving-window two-dimensional correlation spectros-
copy (MW2DCS) method combined with the principal component
analysis (PCA). However, due to the several difficulties in

performing experiments in an oven, they considered a curing pro-
cess without temperature effect and just let the paint dry. Choi
et al. (2016) also performed experimental studies but on a com-
bined near-infrared curing system with a convective oven to opti-
mize the system’s operation. The study of Vasudevan (2018) also
focused on the paint curing process in convective ovens. They
reported the values of transient residual weight and temperature
that were achieved during the paint curing process at the top of the
paint layer and the bottom of the metal substrate. Recently, Agha
and Abu-Farha (2021) proposed an experimental method for cap-
turing the curing-induced effects in adhesively bonded joints.
Moreover, Sukhodolya et al. (2021) discussed the paint curing
mechanisms through an analysis of thermomechanical curves.

C. Description of automotive convection oven

The paint drying process in an oven can be performed in two dif-
ferent ways: continuous or batch. Continuous ovens are more advanta-
geous for large-scale production, like the automotive curing oven line,
since they provide greater efficiency with lower operational costs per
unit. In the continuous ovens, the produced car chassis are traversed
through carriers with sleighs with a specific velocity. These carriers
consume a significant part of the energy that is produced in the oven
(Despotovic and Babic, 2018). This problem can be considered the
main disadvantage of the continuous oven.

In the automotive industry, convection ovens, which employ
heated air to warm the vehicle surface and, with thermal conduction, dry
the paint film, are the prevailing choice for paint curing (Talbert, 2007).
This type of oven, due to its operation principle, are capable of dealing
with complicated vehicle configurations (Streitberger and Dossel, 2008).
Proper ventilation, temperature and humidity adjustment in the curing
oven as fundamental parameters play an essential role in the esthetic and
physical quality of the final coated product (Gerini Romagnoli, 2016).
The conveyor’s speed is another critical parameter that significantly
influences the final painting quality (Cavalcante et al., 2020).

As demonstrated in Fig. 30, the oven includes three zones: (I) the
heat-up zone, which is designed to heat the body, (II) the holding
zones, which keep the body at a constant temperature, and (III) the
cooling zone, where the vehicle body is cooled down. In the heat-up
zone, heat is released to raise the temperature of the produced chassis,
with the respective coating, to a temperature eligible for baking condi-
tions (Nazif, 2019). This means that the vehicle body is heated to a
temperature that leads to the vaporization of the paint solvent. The
solid form bonds at the molecular level providing the paint curing. For
heating the vehicle bodies, the heating zones either have heated walls
to transfer heat to the body by radiation, or nozzles and panels, such
as the ones demonstrated in Fig. 31, that blow hot air to the vehicle
body (Rao and Teeparthi, 2011). In the heat-up zone, in the first
instants of the paint curing process, the paint layers are still wet, and
thus, it is necessary to use a transfer mechanism completely free of
dust to ensure the high quality of the final painting (Ashrafizadeh
et al., 2009). After this step, the car passes over a holding zone in
which the car chassis stands in order to complete the baking process
that started in the previous stage. To finalize the process, the chassis of
the vehicle moves to a cooling zone where it is cooled down to the
environment temperature (Nazif, 2019; Rao and Teeparthi, 2011).

Figure 32 illustrates the map of the overall effective factors on the
curing and drying process. In the curing, three primary areas must be
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considered: (I) geometric setup, (II) thermal transformation, and (III)
operational conditions (Niamsuwan et al., 2015; Rao and Teeparthi,
2011; and Mehdipour et al., 2010). The operational conditions are
defined by air temperature, air velocity components, air flow rate, and
BiW traverse speed. Typically, the conveyor speed is about 4–5m/min
(Mehdipour et al., 2010), while the air temperature usually varies
between 190 and 220 �C, with flow velocities ranging from 14 to 18m/s
(Rao, 2013). Usually, these are the conditions that can be changed
and established in an easier way. On the other hand, the geometric

setup includes the position of the supply air nozzles, air panels and
aspiration air ducts, as well as their and the oven’s dimensions
(Nazif, 2019). Supply air nozzles are usually positioned on the
walls of the oven (Rao and Teeparthi, 2011) but might also be
placed on the floor (Rao, 2013) or the roof (Ye et al., 2009). Besides
that, automotive ovens usually present lengths of a few hundred
meters (Yu, 2013; Rao and Teeparthi, 2011). Once the oven is fab-
ricated, these positions cannot be modified and thus, must be stud-
ied and defined before the oven implementation. Furthermore, we

FIG. 30. Schematic representation of
oven geometry configuration with all
heat up, holding and cooling zones.

FIG. 31. Schematic representation of position of hot air nozzles’ s components: base and wall.
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have the thermal transformation conditions, which include the
heating transfer, cooling transfer rate, and aspiration flow rate,
which will be highly influenced by the operational and geometric
conditions (Ashrafizadeh et al., 2009; Cavalcante et al., 2020). For
example, cooling times of 13.90min in the cooler zone and
14.55min in the building can be used to obtain an optimal cooling
transfer rate (Yu, 2013).

D. Quality control of paint curing process

The heat transfer rate, temperature achievement, and heating
time are crucial factors in the curing process of the continuous

oven. Many deficiencies in the paint film quality are the conse-
quence of the under-curing or over-curing phenomenon
(Ashrafizadeh et al., 2009). The consideration of the paint cure
window (PCW), which is a helpful feature of the automotive paint
curing process, is vital. Figure 33(a) represents a schematic of a
typical PCW. The PCW defines the range of the temperatures for a
determined heating time and these tolerances specify the desired
curing temperature and time (Prendi et al., 2015). In this frame,
we also observe the transformed temperature (TT)-designed curve,
which is the transformed temperature (TT) curve. The calculation
of this curve and its analysis against the PCW is a common
approach used to check the quality of the cured paint film

FIG. 32. Map of effective variation on the curing and drying process.

FIG. 33. Schematic representation of (a) a typical paint cure window (PCW), and (b) optimal curing operational conditions of primer coat layer. From Wonnemann, H.,
Automotive Paints and Coatings. Copyright 2008, John Wiley and Sons. Reproduced with permission from John Wiley and Sons.

Physics of Fluids REVIEW scitation.org/journal/phf

Phys. Fluids 34, 101301 (2022); doi: 10.1063/5.0109376 34, 101301-32

VC Author(s) 2022

https://scitation.org/journal/phf


(Mehdipour et al., 2010). Primer, base, and clear coatings are
applied one by one for various functions after sealing and under-
body coating (Rivera and Reyes-Carrillo, 2014). Following the
application of the primer coat, a curing procedure is carried out
under ideal conditions, as shown in Fig. 33(b) (Wonnemann,
2008).

Usually, this curve is obtained by measuring the temperature
history at critical points of the vehicle body. When the TT curve
enters from the AB line side and exits from the BC line side, as rep-
resented in Fig. 33(a), the paint curing process is considered
acceptable. On the other hand, for any other TT curve that does
not pass through the PCW properly, the final paint quality will not
be acceptable (Ashrafizadeh et al., 2009). The PCW also defines
the maximum and minimum temperature that may be applied to
the paint film (Xiao et al., 2006). If the paint film reaches a temper-
ature above the maximum temperature, the paint film will be con-
sidered overbaked or “burned-out” independently of the curing
time. On the other hand, if the paint film does not achieve a tem-
perature higher than the minimum temperature, regardless of the
curing time, the paint will be underbaked (Mehdipour et al., 2010;
Ashrafizadeh et al., 2009). Therefore, to obtain a good paint qual-
ity, it is mandatory that the paint film reaches a temperature within
the temperature range defined by the PCW (Giampieri et al.,
2020). However, if the time is not enough for the TT curve to cross
the AB line, the paint film will reach an undercure state. On the
other hand, if the cure time is excessive and the TT curve crosses
the line CD, the paint film will be overcured (Ashrafizadeh et al.,
2009). Xiao et al. (2006) proposed a new cure window based proac-
tive QC approach for car topcoat curing. Their methodology
assessed film curing quality using dynamic process-product
models.

VII. CONCLUSIONS AND SUGGESTIONS

The main objective of this work is to review available studies in
the literature on the automotive electrostatic spray-painting process
and thermal procedure in a curing oven, initiating a detailed consider-
ation of the paint shop plant description, coating film layers recogni-
tion, and various paint spray applicators’ technology characterization.
The focus is on introducing ways to improve coating flow physics rec-
ognition, better thermal management of manufacturing processes,
lower paint curing energy cost, higher coating transfer efficiency, and
increase paint film uniformity, quality and aesthetic appeal in automo-
tive paint shop plants. The following conclusions can be drawn:

1. The review clarified that the paint shop plant consumes the
largest portion of energy during vehicle manufacturing opera-
tions. Due to energy saving and obtaining defects-free products,
effectively controlling humidity and temperature of the air in
the paint booths and ovens, which are two major energy con-
sumers, is fundamental.

2. The basic concepts of paint atomization, coating layers compo-
sition, film formation processes, and film uniformity and thick-
ness control have all been explored. The current paper provided
an up-to-date review of innovative coating and curing techni-
ques and technologies to be of value to industrial practitioners
and researchers to improvements in manufacturing technolo-
gies and paints.

3. In the automotive paint shop’s electrostatic painting applica-
tion, the charged droplets’ rebounding, off-target deposition,
impinging, and drift inefficiencies have been reduced and spray
efficiency enhanced due to the wraparound effect and substrate
attraction.

4. The induction charging method has been identified as the most
appropriate way for enhancing deposition and coverage of
charged droplets, compared to charging by conduction, tribo-
electrification, and corona manners.

5. Controlled delivery of charged paint droplets by using various
surrounded conductors, in contrast to a conventional sprayer
where the electrode material is embedded in a gun aperture to
charge droplets, is one useful field of interest in the automated
electrostatic coating system.

6. The deposition TE and the droplet size distribution of modern
sprayer technologies and designs, as well as their potential for
usage in the automotive coating in various terms, were
discussed.

7. The optimum combination and accurate sets of parameters, as
established by the researchers (discussed here), are essential for
efficient electrostatic spraying and continuous curing
operations.

8. The applications of electrostatic spraying in various fields, e.g.,
agriculture area, medical sector (disinfection), food processing,
pharmaceutical, and automotive industries, were highlighted in
this review.

9. From the review, among all operational parameters in the elec-
trostatic coating by ERBSs, bell rotary speed, shaping airflow
rate, high voltage setting, and liquid flow rate, in order to signif-
icantly manipulated the paint spray shape and the vortical air-
flow structure.

10. The paint film quality is highly dependent on the paint cure
in the automotive oven. It is significantly influenced by the
oven’s operational conditions, thermal transformation, and
geometric parameters. From the literature review, we con-
clude that the conveyor speed, inlet air temperature, airflow
rate, and positioning of the inlet air nozzles are essential
parameters for achieving an ideal and uniform surface tem-
perature that will promote the proper paint cure. After
attaining the desired uniform curing surface temperature,
controlling the cooling transfer rate is vital to achieving an
optimal final paint film quality.

The review provided in this paper is expected to improve
comprehension of the entire coating and curing processes, which
still require attention, resulted in new ideas for energy efficiency,
heat recovery, saving materials, and renewable energy practices.
The four issues of a systematic validation for the realistic geome-
tries and dynamic targets, experimental methods, fundamental
understanding of the interaction among the effective parameters,
and standardized methods to achieve realistic deposition TEs all
deserve investigation in future research. Future works could also
focus on deploying smart coatings, superior coating techniques,
and devices to reach desired paint film properties or functionali-
ties, e.g., superhydrophobicity, sound-proofing, vibration damp-
ing, self-healing, self-sensing, high gloss, durability to corrosion,
UV light exposure and abrasion.
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