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It is known that even if process information at macroscale is fully accessible and
properly utilized in manufacturing, product and process performance may be still not
sufficiently assured. This may be due to the influence of phenomena at finer scales,
which are normally not measurable and thus unknown in operation. Besides, even if
such information is available, how to integrate it across scales is yet to be discovered.
In this work, an integrated process and product analysis methodology is developed via
a multiscale approach. This methodology can provide deep understanding of various
interrelationships across multiple scales of length and time, which could be essential
for substantial improvement of product and process performance. The methodology is
successfully applied to the analysis of the paint spray operation in automotive surface
coating, with the extension of the analysis from the macroscale of 1022–101 m and
100–102 s to the meso-macroscale of 1026–101 m and 1025–102 s. Model-based simu-
lation reveals various new opportunities for simultaneous improvement of coating qual-
ity, energy and material efficiencies, and environmental cleanness. � 2007 American
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Introduction

Polymeric material application in vehicle surface coating
is technically one of the most challenging tasks in automo-
tive manufacturing. In production, thin films of polymeric
materials are built on vehicle surface layer-by-layer through
a series of sophisticated, but highly automated operational
steps. Because of the lack of real-time information of certain
key process and product variables and a possession of insuffi-
cient knowledge about the correlation between process opera-

tion and product development, coating operational optimality
is always a real challenge. This has led to all-time serious
concerns of product quality, energy and material efficiencies,
VOC emission, and wastewater generation in the industry.

Of the multiple coating layers generated on vehicle sur-
face, the basecoat and clearcoat, known as the topcoat, are
most critical to coating appearance and durability. Each of
the two layers is developed in two consecutive operational
steps: spray and curing. Applying a wet layer of film on a
dry layer is known as a ‘‘wet-on-dry’’ procedure. In recent
years, a ‘‘wet-on-wet’’ procedure emerges, which asks for an
immediate spray of clearcoat on the wet basecoat and let the
two layers of wet thin films be baked together. Since the
wet-on-wet procedure omits basecoat curing, energy con-
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sumption can be reduced and the production rate can be
increased. However, this procedure makes quality control
more difficult.

In production, vehicle bodies on a conveyor move steadily
one-by-one through a spray booth. The booth air condition,
such as downdraft air flow, air temperature, and humidity, is
set for the effective use of paint material and the cleanness
of the work zone. If the design parameters (such as nozzle
size and type) are fixed prior to spray, the spray facilities,
such as spray bells and robots, still have a number of operat-
ing parameters to adjust, such as fluid flow rate, shaping air
velocity, and bell voltage and rotation speed. Paint material
properties, such as viscosity, temperature, and solid level, are
also critical to the final coating quality.

The operational complexity in paint spray is partially
reflected by the continuous movement of each vehicle when
paint is being applied, and the high production rate. More
fundamentally, the lack of online measurements of some key
product parameters, such as wet film thickness distribution
(i.e., coating topology, macroscopic) and local film behavior
(namely surface roughness, mesoscopic), adds additional dif-
ficulties in quality control of the production. Note that it is
usually required that the dry film thickness deviation (after
curing) be less than 10% of the specification. This is basi-
cally equivalent to less than 20% of deviation for the wet
film (before curing), if the paint solid level is around 50%.
Thus, without knowing the wet film thickness and its distri-
bution, an improvement of paint spray operation could be
very difficult, if not impossible. On the other hand, surface
roughness information (usually for an area less than 1026 m2

on a panel) can be critical to defect identification and pre-
vention. Hitherto, no technology for online measurement or
estimation of such localized film behavior has been reported.
Note that without knowing wet film development, the defect-
prevention-oriented proactive quality control can be hardly
addressed properly. Furthermore, the quality-constrained
material and energy efficiency issue cannot be sufficiently
addressed, because this relies largely on the knowledge about
the relationship between wet-film properties and material/
energy use, which is always unknown.

It has been recognized that even if the macroscopic infor-
mation at the length scale of 1022–101 m and the time scale
of 100–102 s is fully and properly utilized in process control,
it may not be sufficient for achieving some of the production
goals, such as high coating quality, low energy and material
cost, and/or waste minimization. Product development dy-
namics and process operation information at the finer scales
of length and time (i.e., mesoscale or even microscale) can
be critical for product quality assurance and process effi-
ciency improvement. The importance of this type of informa-
tion to production, however, has not been quite understood.
This renders a need of developing wet film modeling meth-
ods for characterizing film behavior at the multiscale. Multi-
scale modeling will facilitate broader and deeper analyses of
both process and product and an identification of effective
strategies for operational improvement.

Multiscale modeling and simulation has become increas-
ingly attractive over the past decade. A number of general
modeling methodologies (e.g., the equation-free approach1,2

and the heterogeneous multiscale method3,4) have been pro-
posed. Most efforts are devoted to developing methodologies

applicable for specific engineering applications, including
crystallization, plasma spray, hard material, reactor, thermal
spray, etc.5–13 More recently, the issues of process optimiza-
tion and process control with respect to multiscale objectives
have also been investigated.14–17 These successful investiga-
tions have led to various new understandings of the target
product and/or process system that are not obtainable using
monoscale modeling methods. Needless to say, however, the
realm of multiscale modeling and simulation methodologies
and technologies needs further exploration. How to describe
multiscale phenomena using mathematical language, and
how to utilize the information properly in a holistic frame-
work remain as a mountaintop area.

In this article, an integrated process and product analysis
(IPPA) framework is developed via a multiscale modeling
and simulation approach. The multiscale system models that
can characterize simultaneously product and process dy-
namic behavior at the different spatial and temporal scales
enable a comprehensive analysis on the integrated process
and product system. Methods on the effective utilization of
multiscale information are then presented to derive desirable
process-product information at multiple scales. Model-based
simulation reveals various usually inconceivable opportuni-
ties for simultaneous improvement of product quality,
energy and material efficiencies, and cleanness of the work
zone. The efficacy of this methodology is demonstrated
by a successful application in an automotive paint spray
production.

Automotive Paint Spray and
Process Modeling

A typical paint spray booth is illustrated in Figure 1,
where three bells are mounted above the vehicle pathway
and two robots are on each of the two sides of the booth.
Vehicles on a conveyor move steadily through the booth
one-by-one to get painted. In paint spray, the emulsified paint
particles fly at a high speed, and most of them will reach the
target vehicle panels. Paint flow rate, shaping air velocity,
and electrostatic voltage are among the key spray parameters
under control. The booth air temperature and humidity, set
based on the paint material used, etc., are critical to the spray
operation. The downdraft of the booth provides a balanced
top-down airflow profile around the vehicle. An appropriate
air flow facilitates paint particles to land on the receiving
panels more readily. Those particles unable to reach the pan-
els will be carried by the flow of air to enter the water in
drain through the grids on the floor.

Hitherto, most automotive paint spray modeling efforts
have been empirical, with coating topology prediction as a
major concern. Filev introduced a Jacobian-matrix-based
data-driven model to estimate averaged dry film thickness on
each panel.18 The model, which assumes the paint flow rate
as the only factor determining film thickness, could be very
erroneous in dry film thickness prediction. A neural network
(NN)-based paint spray modeling approach introduced by
Lou and Huang allows an inclusion of much more input
information (including a set of paint spray parameters, booth
air parameters, paint property parameters, and vehicle panel
and conveyor parameters) for film topology prediction.19 The
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model can provide much detailed filmbuild information that
is critical to quality prediction and control. Two practical
NN models were then developed using industrial data by
Zhou and Li.20,21 However, the prediction of only dry-film
topology is a major deficiency of these models. Since the ini-
tial wet and the final dry film topologies could be very dif-
ferent, the traditional practice of adjusting spray parameters
based on dry film topology may be erroneous.20

The other spray process modeling is for predicting coating
defects caused by improper spray operation. Lou and Huang
developed a defect prediction and analysis model and a
defect prevention decision-making algorithm by resorting to
artificial intelligence and fuzzy logic techniques.22 This effort
led to successful applications in the analysis of five common
types of defects. However, the development of a reliable
data-driven model is always restricted by data availability.
Note that in real production, it is very difficult, if not impos-
sible, to collect complete, accurate, and sufficient data. It is
more difficult to collect data online when a model in applica-
tion needs to be updated periodically.

Development of first-principles-based spray models is
highly desirable, but very challenging. Ellwood and Bra-
slaw developed a finite-element model for an electrostatic

spray bell.23 Although air flow, electric field, and particle
trajectories were investigated in detail, the film formation
process was not studied. Shah et al. presented numerical
simulations for electrostatic powder coating.24 Gas flow,
electric field, and particle trajectories models were utilized
to investigate the effects of operational conditions (e.g.,
powder spray rate, electrostatic voltage, and air flow rate)
and particle size change on coating quality (i.e., coating
thickness uniformity) and transfer efficiency. The defi-
ciency of the approach is, however, an unrealistic assump-
tion - same particle size from the bell. Colbert and Cairn-
cross studied coating thickness profiles by predicting the
trajectories of individual particles between a bell-cup and a
receiving panel.25 An atomization model was involved and
different particle size distributions were considered. The
known studies provide valuable insights into the paint
spray process. However, the known research efforts were
restricted to the operation involving only one fixed spray
bell and a fixed small receiving plate, which made the
study much simpler. Moreover, only a static spray pattern
from one bell to a small plate was studied for transfer effi-
ciency investigation. A practical model should be devel-
oped using real operating conditions. Paint spray from mul-
tiple bells, interaction among bells, enhanced paint particle
collision effects due to multiple bell application, synchron-
ized oscillation of bells, receiving panel movement, etc.,
should all be taken into account. Furthermore, in a compre-
hensive IPPA, the information at multiple scales of time
and length should be utilized appropriately. In addition to
coating quality (e.g., coating topology and surface rough-
ness on panels), energy and material efficiency and envi-
ronmental concerns from the process should also be consid-
ered.

Integrated Process and Product
Analysis Framework

To identify pathways of achieving multiple objectives in
paint spray operation requires an integrated process and prod-
uct analysis (IPPA), which is based on multiscale characteri-
zation for the system. This type of analysis is very challeng-
ing since two subtle issues must be appropriately addressed.
One issue is about the functionality and applicability of the
models that the analysis is based upon. Another issue is
about the communication and coordination among the models
at the different scales. In this regard, the following tasks
need be accomplished before model development: (i) to allo-
cate the scale of each objective, (ii) to identify the relevant
process and product variables and their corresponding scales,
and (iii) to realize the need for different models.

Scale allocation of objectives

As stated earlier, for a given paint, the operation of paint
spray determines coating quality, energy and material use
efficiencies, and waste generation from the process (in spray
booth, for solvent-borne paint, the dominating environmental
concern is VOC emission). Figure 2 provides a multiscale
view of how the production objectives are related to process
and product parameters as well as material properties.

Figure 1. Paint spray booth sketch.

(a) The front view of the spray booth and (b) the close-up
view of the region between the bells and the vehicle roof.
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As shown, energy efficiency improvement is basically a
macroscopic issue. The booth air condition is reflected by the
settings of downdraft, air temperature, and humidity. These
settings determine directly or indirectly energy and material
use efficiencies, environmental quality, and coating quality.

Low paint transfer efficiency is equivalent to low material
use efficiency and more waste generation. On the other hand,
for the same material use efficiency, the paint particles reach-
ing the receiving panels may not land uniformly, which can
cause various coating quality problems. The time and length
scales in this regard are, to some extent, finer than that for
studying energy efficiency.

Coating quality needs to be described in a wider time and
length range. Film thickness and uniformity are always meas-
ured for each panel, which makes this a macroscopic issue.
On the other hand, some types of quality problems are very
much localized (e.g., surface roughness, craters, and fish
eyes) that need to be studied at the mesoscopic level. Note
that in this work, only the panel-based coating topology (or
simply coating topology) and localized surface roughness (or
simply surface roughness) are studied as the coating quality
indicators.

Identification of scale-sensitive process and
product variables

Based on the above analysis of production objectives, the
process and product variables critical to paint spray can be
identified, which are shown in Figure 3. It needs to be
pointed out that if paint material properties (e.g., viscosity,
and surface tension and its gradient) or paint formulation at
the molecular level are considered, the time and length scales
will be down to the microscale level. Note that, to simplify
the computation work, we assume these paint properties as
fixed parameters; thus, the time and length scales in the
range of 1029–1026 are not considered in this work, but this
issue will be tackled in future research. Note that Figure 3

embodies Figure 2 by incorporating the following informa-
tion: (a) the key process and product variables that are sym-
bolized and appeared in the place at appropriate time and
length scales, (b) the process and product performance crite-
ria (e.g., energy consumption, transfer efficiency, particle fly-
ing time, coating topology, and surface roughness) that are
listed in relevant objective blocks, (c) the arrows connecting
the variables and related criteria, and (d) the arrows connect-
ing various variables that show the cause–effect relationships
useful for model development.

Energy consumption can be characterized by three varia-
bles: the air velocity of the downdraft (vDD), the shaping air
velocity (vSA), and the applied spray bell voltage (Fb). These
variables determine the paint spray operation at the macro-
scopic level. The downdraft airflow is set for making the
paint overspray exit from the booth with the exhaust air
through the grids on the floor.26 The shaping air facilitates
the atomization of the paint from a bell-cup rotating at a
speed of 10–50 kRPM. It shapes paint particles moving to-
ward a receiving panel; otherwise, the particles would pri-
marily leave the bell-cup in the direction perpendicular to
the axis of the rotation. The applied bell voltage in the range
of 30–90 kV drives the charged paint particles flying to a
grounded receiving panel by the coulombic force. By provid-
ing higher electrostatic voltage, the coulombic force imposed
on particles is accentuated; thereby increasing the paint trans-
fer efficiency.

Paint transfer efficiency and particle flying time can be
determined based on particle dynamics at the mesoscopic
level, i.e., particle (flying) trajectory ~zið~tÞ and particle (flying)
velocity ~uið~tÞ, where the subscript i is the index of each par-
ticle. When the particles are sprayed, their velocities and tra-
jectories are controlled by the air drag force (related to the
air velocity around the particle, ~við~tÞ) and coulombic force
(determined by the electric field intensity around the particle,
~Eið~tÞ). By combining them with the particle size information
(denoted by the particle diameter, ~D

p

i ), the particle distribu-

Figure 2. Multiscale analysis of multiobjectives in paint
application.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 3. The identification of relevant multiscale
process–product parameters.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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tion (in flight or on the receiving panel) in terms of size,
location, and velocity can be determined.

On the receiving panels, the deposition of particles
shapes the film. The deposition process can be characterized
by the film thickness information, h(x,y), at different length
scales. From the thickness information, mesoscopic surface
roughness and macroscopic coating topology can be quanti-
fied.

Model needs

The first two steps above suggest that two types of mod-
els should be developed for IPPA in paint spray: (i) the
multiscale spray system models that reveal the relationship
among the process and product variables, and (ii) the per-
formance models that correlate the process-product varia-
bles with performances. A complete model framework is
shown in Figure 4, which lists all the related models and
their connections.

Multiscale Paint Spray Model. The paint spray model
consists of two sets of models (see the rectangular boxes in
Figure 4): (i) the macroscopic spray booth condition models
(i.e., the air flow profile model and the electric field distribu-
tion model), and (ii) the mesoscopic particle flying and parti-
cle collision models. In addition, three model integration
approaches are developed to generate multiple information
(see those rectangular boxes with one corner cut in Figure
4): (i) an approach to coupling (macro) continuous phase
models with (meso) discrete phase models, (ii) an approach
to developing coating topology (macro) from a static spray
pattern, and (iii) an approach to generating surface roughness
(meso) from a static spray pattern.

In the spray booth, the downdraft velocity, vDD, and the
shaping air velocity, vSA, determine the air velocity profile,
v(z, t). The bell electrostatic voltage, Fb, determines the elec-

tric field intensity E(z, t). Here z is the spatial index for the
paint booth and t is the time; both are at the macroscopic
level. A multiscale strategy is needed to transform the mac-
roscopic information of the operating conditions to the meso-
scopic particle-position-based operating conditions, ~við~tÞ and
~Eið~tÞ, which are respectively the air velocity and electric
field intensity around particle i at time ~t.

The mesoscopic modeling focuses on the description of
the paint particles of microns in size. A particle flying model
describes the particle trajectory, ~zið~tÞ, and the particle flying
velocity, ~uið~tÞ, for a given particle i with diameter ~D

p

i . Since
multiple bells are utilized, particle collisions during flying
are modeled as well. Note that particle diameter and total
particle numbers are changed due to collision.

With the above models, the detailed information of the
particles (e.g., sizes, numbers, trajectories, and flying time)
can be obtained, and the wet paint film thickness dynamics
on the receiving panel can be derived. Note that due to the
computational limitation, both the spray bells and receiving
panel are set with a fixed location in modeling. Thus, the re-
sultant spray pattern is essentially static. Therefore, an
approach is needed to use the static pattern to construct a
coating topology by considering spray bell horizontal oscilla-
tion and panel movement. On the other hand, surface rough-
ness needs to be generated from the information of the par-
ticles constructing that static spray pattern.

Performance Models. The performance models are
shown in the rectangular boxes with rounded edges in Figure
4. For paint spray, an energy consumption model can be con-
structed mainly based on the power used for maintaining the
required booth air downdraft. A material efficiency model
can be built based on the paint transfer efficiency, which is
determined by the final locations and sizes of the particles
simulated. An environmental quality model can be created
by using the average flying time of the particles unable to
land on the receiving panel. The product quality model is
established by quantifying macroscopic coating topology and
mesoscopic surface roughness. These performance models
are all quantified by the related key process and product vari-
ables.

Integrated Process and Product Modeling

The automotive paint spray system to be modeled in this
study is sketched in Figure 1. For the purpose of demonstrat-
ing the modeling methodology, only the paint spray by three
bells and the vehicle roof as the receiving panel are consid-
ered. As discussed above, IPPA for paint spray needs two
types of models, i.e., the multiscale paint spray model and
the system performance evaluation model. Each category
consists of a number of submodels at different scales as
delineated below. Since the models generate the process and
product information at multiple scales, methods for commu-
nicating and coordinating multiscale information are devel-
oped and elaborated as well.

Macroscopic booth condition models

The booth-condition process model set includes a booth
air flow profile model and an electric field distribution
model; both are at macroscale of time and length.

Figure 4. Model framework for IPPA of paint spray.
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Booth Air Flow Model. The model can be readily devel-
oped by utilizing the well-known conservation equations for

mass and momentum, together with the standard k–e turbu-

lence model (see Eqs. T1–T6 in Table 1).23–25 Note that the

air in the spray booth is assumed to be static initially, then

fresh air begins blowing downward from the booth ceiling.

The air flow is interfered by the shaping air flow near the

spray bells. Finally, the exhaust air flows out of the spray

booth through the grids on the floor. These define the initial

and boundary settings for the air velocity (see Eq. T9 in

Table 1).
Electric Field Model. Ellwood and Braslaw introduced

an electric field model, which consists of a Poisson equation

and a correlation between the electric field intensity and

electrostatic potential.23 The model is listed in Table 1 (Eqs.

T7 and T8). Note that the electrostatic potential is not a

function of time, since a pseudo-steady-state approximation

for the electric field is assumed, which means the potential

reacts instantaneously to any changes in the charge den-

sity.23 The electrostatic potential at the bell-cup and

grounded substrates (i.e., the walls of the spray booth and

the vehicle panels) are imposed as boundary conditions (Eq.

T10 in Table 1). This model describes the physics of a high

negative voltage application to the emitting electrode at the

bells, which generates an electric field between the bells and

the grounded surfaces.

Mesoscopic particle models

Three mesoscopic particle models are needed to identify
correlation between the booth conditions and the particle dy-
namics. Note that the dynamics is described at the meso-
scopic level due to particle size in micron.

Particle Flying Model. It is assumed that spherical paint

particles with the same density are delivered from the spray

nozzle, and the momentum of particles is affected by only

three dominant forces: the drag force from the surrounding

turbulent air flow, the electrical force from the electric field,

and the gravity. Based on these assumptions, the velocity of

each particle (~ui), individually labeled by subscript i, can be
modeled based on Newton’s second law of motion (Eqs.
T11–T14 in Table 2).25,27 The initial particle velocities
chosen in this model have the magnitude of u0 and the direc-
tion of h angle away from the axis of the cylindrical bell
(Eq. T16). The initial particle size distribution is assumed to
be a lognormal distribution (Eq. T17).25

Particle Trajectory Model. The particle trajectory (~zið~tÞ)
can be readily determined by applying Eq. T15 in Table 2
when the particle velocity (~uið~tÞ) and particle initial locations

Table 1. Continuous Phase Air Flow and Electric Field Models

Type Equation

Mass conservation23–25 @

@t
qa ¼ �r � qavð Þ þ Sm (T1)

Momentum conservation23–25 @

@t
qavð Þ ¼ �r � qavvð Þ � rpþr � sþ qagþ

X
i

_Si

D E
(T2)

where s ¼ la þ ltð Þ rvþrvT
� �� 2

3
la þ ltð Þ r � vð ÞI (T3)

lt ¼ qaCl
k2

e
(T4)

Standard k-e turbulence model23–25 @

@t
qakð Þ ¼ �r � qavkð Þ þ r � la þ

lt
rk

� �
rk

� �
þ Gk þ Gb � qae� YM (T5)

@

@t
qaeð Þ ¼ �r � qaveð Þ þ r � la þ

lt
re

� �
re

� �
þ C1e

e
k

Gk þ C3eGbð Þ � C2eqa
e2

k
(T6)

Electric field model 23

r2U zð Þ ¼ � qc zð Þ
e0

(T7)

E zð Þ ¼ �rU zð Þ (T8)

Boundary and initial conditions

v z; tð Þ ¼
vSA at the bells; t > 0

vDD at the booth roof; t > 0

0 at other physical boundaries except floor; t > 0

0 in the spray booth; t ¼ 0

8>><
>>: (T9)

U zð Þ ¼ Ub at the bells

0 on the grounded surfaces

�
(T10)
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are known. The initial positions of particles are assumed uni-
formly distributed around the annulus of the bell-cup lip
(Eq. T18).

Particle Collision Model. Gavaises et al. have proved
that particle collisions, especially in the multiple bells appli-
cation cases, have a great influence on particle size and, as a
consequence, on particle velocities and trajectories.28 In this
work, O’Rourke’s collision algorithm, which uses statistical
approaches, is applied to determine particle collisions.29 It is
assumed that there is a probability of any particle colliding
with any other particle given by Eq. T19 in Table 2. The
detailed model information can be found in O’Rourke
(1981).29

Performance models

The integrated process and product model can provide the
information necessary for evaluating system performance in
terms of energy consumption, paint transfer efficiency, booth
environmental cleanness, and coating topology and surface
roughness. The performance assessment models are described
below.

Energy Consumption. In spray operation, energy is con-
sumed by the fans that provide booth air downdraft and by
the spray facilities that generate shaping air and electric field.
Industrial practice shows that the power needed for maintain-
ing downdraft is much beyond that for the other two.

According to Perry and Green, the power for the fans (Ed) is
proportional to the downdraft air flow velocity (vDD) as fol-
lows,30

Ed ¼ cvDD (1)

where c is a coefficient.
Paint Transfer Efficiency. The transfer efficiency (TE) is

defined as the ratio of the amount of paint received by the
panels over the total amount of paint delivered by the spray
facilities. If the mass of paint is counted by the mass of the
particles involved, then a TE expression can be simplified as
the one using the diameter of each particle, ~D

p

i ; this gives

TE ¼
XNp

i

ð ~Dp
i Þ3
,XNb

j

ð ~Dp
j Þ3 (2)

where Np and Nb are the total number of particles landed on
the panel surface and that from the bells, respectively.

Booth Air Quality. During paint spray, particles reach
their destinations (i.e., panel surface, booth wall or floor) at
different time instants. The particle concentration in the air
reflects booth air quality.31 It is very difficult to know the
exact number of particles at any time instant. An alternative
way is to estimate the particles’ average flying time (AFT).
A longer AFT indicates an increase of particle concentration
in the air and thus more VOC release to the booth. A reason-
able estimation of AFT is to count those particles not landing
on the receiving panels.

Let ~t0i and ~tfi be, respectively, the time of the ith particle
leaving a spray facility and the time of the same particle
landing on a panel or the booth floor. AFT can be identified
as the mean value of the flying time of particles not landing
on the receiving panels.

AFT ¼ Avg
~zi 62 panel

ð~tfi � ~t0iÞ (3)

where ~zi is the final position of particle i from a spray facility.
Coating Topology. Coating topology can be depicted

graphically through simulation, which gives a complete view
of the entire panel. In industry, film topology is reflected by
measuring the film thickness of a limited number of locations
on a panel of a sampled vehicle. For a roof panel, for
instance, the film thickness in three rows (front, middle, and
rear) are measured; each row may have 8–10 equally dis-
tanced locations. Then the thickness data collected from each
row is plotted to show the thickness uniformity. Apparently,
a larger difference of the thickness at each pair of adjacent
locations indicates a poorer coating topology. Based on this,
a topology quality indicator can be created, which is the
mean gradient of the thickness of the adjacent measurement
locations throughout the panel, i.e.,

Hpt ¼ 1

NptðMpt � 1Þ
XNpt

i¼1

XMpt

j¼2

jhi;j � hi;j�1j
Dx

(4)

where hi;j is the film thickness at the jth location of the ith
row on the panel, Dx is the distance between the two adja-
cent measurement locations in the same row, and Npt and

Table 2. Discrete Phase Particle Models

Type Equation

Particle
flying
model25,27

d~ui ~tð Þ
d~t

¼ 3pla ~D
p
i

~mi
~vi ~tð Þ � ~ui ~tð Þð Þfi þ ~qi

~mi

~Ei ~tð Þ þ g

ðT11Þ

where ~mi ¼ 1

6
p ~Dp

i

� �3
qp (T12)

fi ¼ 1þ Rerið Þ2=3
6

; Reri \1;000
0:0183Reri ; 1;000�Reri \33 105

(
(T13)

Reri ¼
~Dp
i ~vi ~tð Þ � ~ui ~tð Þj jqa

la
(T14)

Particle
trajectory
model25

d~zi ~tð Þ
d~t

¼ ~ui ~tð Þ (T15)

Initial
conditions

~ui 0ð Þ ¼ u0 (T16)

f ð ~Dp;l;rÞ ¼ 1ffiffiffiffiffiffi
2p

p
r ~Dp

3exp � ln ~Dp � l
� �2

2r2

" #
ðT17Þ

~zi 0ð Þ ¼ zi0 (T18)

Particle
collision
model29 Pi;j ¼

p ~DP
i þ ~DP

j

	 
2
~vi ~tð Þ � ~vj ~tð Þ
�� ��D~t

4Vcell

ðT19Þ
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Mpt are, respectively, the total number of rows and the num-
ber of locations in each row. This indicator unveils the sever-
ity of thickness changes in both magnitude and frequency. A
uniform coating gives the minimum topology indicator value
(i.e., zero), while a larger value indicates a less smooth coat-
ing surface.

Surface Roughness. A common approach to quantifying
surface roughness is to evaluate the standard deviation.13 In
this study, surface roughness (Hsr) is studied for any area of
1026 m2 on the panel. In the modeling work, each target
area is divided into Nsr 3 Msr grids, and the film thickness
(hi;j) at the location of each grid point is evaluated. These
estimations are compared with their average thickness (h) of
the target area. This gives the following formula:

Hsr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

Nsr 3 Msr

XNsr

i

XMsr

j

ðhi;j � hÞ2
vuut (5)

Methods for communicating and coordinating
multiscale information

The models listed in Tables 1 and 2 describe various types
of phenomena occurring at different time/length scales. Thus,
multiscale model integration approaches are needed to effec-
tively utilize the information generated from the models. The
approach should be capable of handling: (i) the utilization of
air flow and electric field information at the macroscopic
level (booth air profile and electric field profile based, which
is continuous) to the particle information at the mesoscopic
level (particle-position-based, which is discrete), (ii) the gen-
eration of coating topology (macroscale) from a static paint
spray pattern, and (iii) the development of surface roughness
information (mesoscale) by utilizing the macroscopic particle
distribution information.

Macro (Continuous Phase)–Meso (Discrete Phase) Cou-
pling. The air flow model, the electric field model, and the
particle models are all coupled, but the coupling is assumed
weak enough that each can be calculated separately as shown
in Figure 4. Because the momentum exchange between the
(discrete) particles and the (continuous) gas phase is negligi-
ble (i.e., _Si

� 

in Eq. T2 equals zero) and the evaporation of

the solvent of paint particles can be safely neglected (Sm in
Eq. T1 equals zero), coupling between the air flow field and
the particle dynamics is one-way and the air flow field can
be predicted first.23,25 The interaction between the electric
field and the particle dynamics is also simplified by neglect-
ing the influence of charged particles on the electric
field.27,32,33 Consequently, Laplace’s equation (qc equals zero
in Eq. T7) is used to determine the electric field before parti-
cle trajectory calculation.

With these simplifications, in continuous-phase simulation,
the distributed air flow and electric field information (i.e., the

information at every mesh point) can be calculated numeri-

cally by a computational fluid dynamics (CFD) solver. The

resolution of the results depends on the size of the simulation

cells (1022–1021 m) of the spray booth, which are at the

macroscopic level. The particle flying model needs the parti-

cle-position-specific information about the air velocity and
the electric field intensity, which has the same length scale

as the particle size (1026–1025 m), which is at the meso-

scopic level. To utilize the information across these length
scales, a linear interpolation approach is applied in the spatial

domain. By knowing the particle location, ~zi, at time ~t, the
particle-based air velocity, ~við~tÞ, and the electric field inten-
sity, ~Eið~tÞ, can be obtained based on their values at the near-
est cell nodes.

~vi ~tð Þ ¼ v z; tð Þ þ v zþ Dz; tð Þ � v z; tð Þ
Dz

~zi ~tð Þ � zÞð (6)

~Ei ~tð Þ ¼ E z; tð Þ þ E zþ Dz; tð Þ � E z; tð Þ
Dz

~zi ~tð Þ � zÞð (7)

where ~zið~tÞ 2 z; zþ Dz½ Þ and~t 2 t; tþ Dt½ Þ. Note that the time
domain is not involved in the interpolation. This attributes to
a small difference of macroscopic values between each adja-
cent time step, which can be assumed to be negligible in
interpolation. Also note that, in modeling, when the mesh
size for simulation and the total number of paint particles are
determined, the system’s degree of freedom is determined.

Coating Topology Generation. The other type of integra-
tion focuses on the paint film development on the entire
panel by utilizing the information from the static spray pat-
tern in a specific panel location. Note that the particle flying
model provides a way to trace every particle’s behavior from
the bells to a receiving panel or otherwise the surrounding
(i.e., the booth environment and the booth floor). Thus, the
particle distribution information can be obtained by recording
the particle properties in every specific landing location of
the receiving panel. The particle distribution in terms of size,
velocity, and location is the key factor to coating quality esti-
mation.

A real paint application process is complicated, where

each vehicle body moves at a certain line speed and the bells

above the roof move horizontally with a certain frequency

and amplitude in the direction perpendicular to the vehicle

movement. For the given spray bell operational setting, the

number of paint particles from each bell per second could be

in the order of 109. Thus, to paint a roof of 1.3 3 1.8 m2 by

three bells within 27 s, for example, the total number of par-

ticles sprayed could be in the order of 1011. Note that in

model-based simulation, particle collision and spray bell

oscillation must be considered to have a better approximation

of real operation. With these considerations, it is impractical

to simulate the particles in the order of 1011 directly for a

multiple-bell operation when studying the generation of a

coating layer of about 70 lm on a panel.
When the panel surface to be painted is planar and the rel-

ative orientation of the bell to the surface is not changing,
the difference of the spray patterns due to the bell movement
can be reasonably neglected, which means the static spray
pattern at any moment of operation is nearly identical, or the
difference of the patterns obtained in different time instants
is negligible in studying coating topology.34–36 Under this
assumption, it should be appropriate to use the paint-spray
(mesoscopic) information obtained from a static spray pattern
(i.e., simulation based on the fixed locations of bells and
receiving panels) repeatedly in a constructive way to gener-
ate a coating layer (macroscopic) on the panel. This allows
the use of a superposition approach to add the particle static
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patterns in the pathway that bell movement follows. A proce-
dure using this approach is delineated below.

Step 1. Calculate the static film growth (SFG) rate. The

static spray pattern shown in Figure 5a provides the detailed

information of the landed particles (i.e., the locations and

sizes). The area covered by the spray pattern on a receiving

panel needs to be divided into Ncell cells. The total volume

of particles landing on any jth cell (denoted as cellj) is

assumed to spread over the area of the cell, and the deposi-

tion of the particles causes the growth of the film thickness.

The particles landing on the edges of the cell can be ran-

domly assigned to one of the adjacent cells sharing that

edge. The SFG rate in cellj is calculated by dividing the

thickness of cellj by the particle generation time, i.e.,

dcellj ¼
P

ðx̂i ;ŷiÞ2cellj pð ~DP
i Þ

3

6Acellj tr
j ¼ 1; . . . ;Ncell (8)

where x̂i; ŷið Þ is the location of the ith particle in the static
pattern, ~DP

i is the diameter of the ith particle, Acellj is the
area of cellj, and tr is the time needed for the bells to deliver
the number of particles used in simulation. It is assumed that
at any location in cellj, the SFG rate is identical, i.e.,

dðx̂; ŷÞ ¼ dcellj ; if ðx̂; ŷÞ 2 cellj (9)

where d x̂; ŷð Þ is the SFG rate at location x̂; ŷð Þ.
Step 2. Calculate the trajectory of the pattern center.

Without considering any unknown disturbances, the same
static pattern is assumed to be applicable throughout the
paint spray operation. The coating topology generation is
illustrated in Figure 5b, where the roof is assumed in a
fixed location, while the static pattern (the area defined by
dashed lines) moves continuously by following the path
specified by the saw-shaped curve that is described by the
x–y coordinate (x is the direction of bell movement, and y
is the direction of vehicle movement). This means that the
relative motions of the spray bells to the vehicle body are
observed. In other words, the motions of the spray bells are
observed by following the vehicle body (i.e., a Lagrangian
view). Note that using a Lagrangian reference frame or an
Eulerian reference frame will give the same trajectory of
the pattern center on the vehicle roof. The static pattern
moves from the initial location (i.e., the panel starts to be
painted and the pattern center is at (0, y0)) to the final loca-
tion (i.e., the panel just finishes painting and the pattern cen-
ter is at (xe, ye)). Note that the saw-shaped curve is the trajec-
tory of the pattern center [i.e., (xpc(t), ypc(t))] and it can be
determined by the bell oscillation speed vb and the conveyor
line speed vc as follows:

xpcðtÞ ¼
bLa 0 � b < 1

La � ðb� 1ÞLa 1 � b < 2

�ðb� 2ÞLa 2 � b < 3

�La þ ðb� 3ÞLa 3 � b < 4

8>><
>>: (10)

ypcðtÞ ¼ y0 þ vct (11)

where La is the amplitude of the bell oscillation (i.e., the
maximum distance that the bell moves away from the equi-
librium position). Assuming that the bells begin to move
from the equilibrium positions, b can be calculated as:

b ¼ mod
vbt

La
; 4

� �
(12)

where mod is an operator that gives the remainder after
dividing two values in the parenthesis. The term, vbt=La, is
the number of amplitudes that the bell has traveled. Note
that traveling four amplitudes is one oscillation cycle and b
always differs from vbt=Lað Þ by a multiple of 4.

Step 3. Calculate the coating topology. In this process,
the accumulated film thickness at any location [e.g., Location
A having coordinates (xA, yA)] on the roof can be calculated
by integrating film growth rate over a certain time period.
Note that the film spreading during paint spray does affect

Figure 5. Film topology generation from the static
spray pattern.

(a) A static spray pattern generated by three bells and
(b) illustration of pattern center migration.
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the film roughness (in the length scale of 1024–1023 m), but
not the film topology (in the length scale of 1021–100 m)
due to the high viscosity of the paint material. Thus, the
thickness at Location A can be derived as

hðxA; yAÞ ¼
ZteA
t0
A

dðx̂AðtÞ; ŷAðtÞÞdt (13)

where h xA; yAð Þ is the film thickness at Location A. t0A is the
time when Location A starts to be painted (i.e., when the
static pattern starts touching this location) and teA is the time
when Location A just finishes painting (i.e., when the static
pattern just leaves this location); they are given by

t0A ¼ max
2yA � Lptn � 2y0

2vc
; 0

� �
(14)

teA ¼ min
2yA þ Lptn � 2y0

2vc
;
ye � y0

vc

� �
(15)

where Lptn is the pattern length in the ŷ direction (see Figure
5). Note that the time when the panel begins to be painted is
0 and the time when the panel just finishes painting is
(ye � y0Þ=vc, which become, respectively, lower and upper
boundaries for t0A and teA.

Variable d x̂A tð Þ; ŷA tð Þð Þ is the film growth rate for Location
A on the roof at time t (it is also the SFG rate at location
x̂A tð Þ; ŷA tð Þð Þ in the static pattern). Note that x̂A tð Þ; ŷA tð Þð Þ is
the location on the static pattern overlapped with Location A
on the roof at time t. Since axes x and y are fixed, while
axes x̂; ŷ move along with the static pattern, although Loca-
tion A on the roof is fixed, location x̂A tð Þ; ŷA tð Þð Þ in the static
pattern continuously changes with time, which means the
film growth rate for Location A on the panel changes with
time. Since the pattern center is always at the origin of x̂�ŷ
coordinate, location x̂A tð Þ; ŷA tð Þð Þ can be derived as:

x̂AðtÞ ¼ xA � xpcðtÞ (16)

ŷAðtÞ ¼ yA � ypcðtÞ (17)

Since A is any location on the roof, a film topology can be
obtained in this way.

Mesoscopic Surface Roughness Generation. Surface
roughness refers to the surface topological behavior in a very
small area (e.g., 1026 m2) on the receiving panel. In such an
area, paint film is developed with a chaotic growth of flat
cylinders formed by the splashing of spherical particles onto
the receiving panel. Obviously, no film microstructures will
be identical. It is, therefore, necessary to perform random
simulation many times to obtain valid statistical averages of
the properties for a given operating condition.13 With the
assumption that the distributions of particle size and velocity
at any localized area are consistent with the one collected
from the static spray pattern, a rule-based Monte Carlo
method is employed to explore the particle deposition pro-
cess by following the steps below.

Step 1. Generate a complete list of the particle informa-
tion (sizes and velocities) from the static paint spray pattern
(see example in Figure 5a).

Step 2. Select a particle randomly from the list, and spec-
ify randomly the particle landing position ðx0i; y0iÞ in the
area of study.

Step 3. Convert the particle from its spherical shape to a
cylindrical shape. Because of the high viscosity and low sur-
face tension of the paint material, it is appropriate to assume
that each particle can be approximated by a cylindrical splat
after splashing.37 The cylinder diameter ( ~Ds

i ) is a function of
the particle diameter ( ~Dp

i ), velocity (~ui), paint density (qp),
and paint viscosity (lp) as follows

38:

~Ds
i ¼ 2 ~Dp

i

qp~ui ~D
p
i

lp

 !0:2

(18)

Correspondingly, the height (~hsi ) of the splat can be calcu-
lated as below:

~hsi ¼
2 ~Dp

i

� �3
3 ~Ds

i

� �2 (19)

Step 4. If the landing location can accommodate the
cylindrical splat, the splat keeps the same shape (see Figure
6a); otherwise, its shape is modified to conform to the sur-
face under it, while keeping its height the same (see Figure
6b). The film thickness in the area covered by the splat or
modified splat is then updated by adding the height of splat
to the thickness of the existing coating (see Figure 6), i.e.,

hðx; yÞ ¼ h0ðx; yÞ þ ~hsi ; if jjðx; yÞ � ðx0i ; y0iÞjj �
~D
s

i

2

h0ðx; yÞ; otherwise

(
(20)

where h0ðx; yÞ is the current film thickness at location ðx; yÞ,
and jjðx; yÞ � ðx0i; y0iÞjj gives the distance between the stud-
ied location ðx; yÞ and the particle landing location ðx0i; y0iÞ.

Figure 6. Illustration of particle deposition and coating
thickness growth.

(a) Without splat shape modification and (b) with splat
shape modification.
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Step 5. Evaluate the averaged film thickness of the target
area. If it reaches the anticipated thickness, go to Step 6;
otherwise, return to Step 2.

Step 6. Output the surface roughness information that is
described by the function,

hðx; yÞ ¼ fhðxi; yiÞjðxi; yiÞ 2 Asrg; (21)

where Asr is the studied small area, and ðxi; yiÞ are the
selected locations in this area.

Simulation and Analysis

Application of the introduced IPPA approach is illustrated
through studying an automotive clearcoat spray system that
is depicted in Figure 1, with the focus on the roof panel.
The geometries of a spray booth, vehicle panel, and spray
bells, the normal operating conditions and paint material
properties resemble practical industrial data. The ratio of
particle charge to mass (see coefficient of the electric field
intensity term of Eq. T11 in Table 2) is assumed constant
according to Ellwood and Braslaw.23 Table 3 lists the pa-
rameters used as the base case settings in simulation. Para-
metric studies are performed by varying some operating con-
ditions.

In each simulation run, around 10,000 particles with a speci-
fied lognormal particle size distribution are simultaneously
sprayed out from three bells. The moving trajectories of these
particles are tracked in simulation. Note that due to the consid-
eration of particle collision during spray, the total number of
particles and particle sizes change along time. Considering the
trade-off between computational cost and results quality, the fi-
nite element meshes used for calculating air flow and electric

field in the booth are made up of more than 106 irregular trian-
gular cells with the length scale of 1022 m.27,39

Base case study

A total of ;10,000 particles with 21 different sizes distrib-
uted (lognormal) in the range of 2–42 lm are sprayed from
the bells simultaneously. According to the atomization model

provided by Bell and Hochberg,40 the mean particle diameter

( ~D
p
) is determined based on the bell voltage (Ub), rotational

speed (x), paint flow rate (VL), and paint viscosity (lp) as
follows:

~Dp ¼ CU�0:2
b x�0:7 V0:4

L l�0:2
p (22)

where C is a dimensionless atomization constant. Using the
settings in Table 3 and a C value of 4,300, the mean particle
diameter ( ~Dp) is 11.3 lm.

Spray Booth Condition and Particle Flying Informa-
tion. The air velocity profile, electric field profile, and parti-
cle flying time distribution are shown in Figure 7. Particles
will reach physical boundaries (e.g., the receiving panels,
and spray booth walls and floor). The detailed particle infor-
mation (i.e., location, size, velocity, and the flying time from
the bell to the boundary) will be recorded for analysis.

Spray Pattern Analysis. In the static spray pattern shown
in Figure 8, the small black dots represent the particles; the

size of each dot is plotted proportional to the size of the real
particle. It is understandable that, dense clouds are formed

directly beneath the bells while other regions have lower par-

ticle densities. This indicates that three ‘‘hills’’ of the film
will be formed on the received panel at the location directly

beneath the three bells. It can be anticipated that the bell os-
cillation during spray will help in achieving film topology

uniformity. Note that although the width of the roof is only

1.3 m, a complete static spray pattern (i.e., the area bounded
by the dashed rectangle in Figure 8) spanning 1.7 m in the x̂
direction is obtained, because the bells oscillate in x direction
with an amplitude of 0.2 m (see an illustration in Figure 5).
The pattern spans 2 m in the ŷ direction, so that 99.62% of
the total volume of particles landing on the receiving panel
is included in this pattern. This pattern is used for film topol-
ogy generation.

Particle Size Distribution in the Static Pattern. This in-
formation is essential for estimating surface roughness. Fig-
ure 9 gives the particle size distribution on the receiving
panel (denoted by bars). Note that the particle size is repre-
sented by the particle diameter. Initially, 9,973 particles with
21 different initial size ranging from 2 to 42 lm are sprayed
out of the three bells. The number of particles for each size
class is shown by ‘‘o’’ in the figure. The particle size distri-
bution on the receiving panel is also shown in the same fig-
ure by those bars, each of which gives the number of par-
ticles in a certain diameter range. Note that after traveling,
the total number of particles is decreased by 28% (from
9,973 to 7,189) due to particle collision. Among those 7,189
particles, 5,704 particles land on the receiving panel and the
static spray pattern is formed. In this pattern, there are 2,467
different particle sizes ranging from 2 to 52.7 lm. The no-
ticeable decrease in the total number of particles, a signifi-
cant increase in the number of particle size classes (i.e., from

Table 3. Process and Product Parameter Specifications

Parameters Base Case Value

Geometry
parameter Spray booth geometry 13.5 3 8.0 3 4.9 m3

Roof width 1.3 m
Roof length 1.8 m
Distance from bell
to roof

0.254 m

Distance between
two adjacent bells

0.45 m

Bell diameter 0.057 m
Process
operating
condition Bell oscillation period 3.6 s/cycle

Bell oscillation amplitude 0.2 m
Bell rotational speed 40,000 rpm
Applied voltage 70 kV
Paint flow rate 1.75 3 1026 m3/s
Shaping air initial velocity 15 m/s
Downdraft air
initial velocity

0.5 m/s

Conveyer speed 0.067 m/s
Material-
related
parameter Paint density 1.2 g/cm3

Paint viscosity 0.01 Pa�s
Others Charge per unit mass 2.8 lC/g

Coefficient in the
energy equation

17.9 kW/m/s
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21 to 2,467), and the broadened particle size ranges indicate
the significance of collision effects, especially for the multi-
ple bell case studied in this work. Comparing the size distri-
bution of particles just out of the bells (namely ‘‘initial distri-
bution’’) with that on the receiving panel, it appears that the
curve of particle size distribution on the panel is shifted to
the right side slightly. This is because: (i) the collided par-
ticles may merge into new particles with larger sizes, and (ii)
larger particles have a greater momentum, thus they have a
higher probability of reaching the receiving panel while
smaller particles tend to fly around in the turbulent air.

Performance Evaluation. This evaluation focuses on
coating quality, energy consumption, material use efficiency,
and booth air quality.

Based on the static spray pattern in Figure 8, the SFG rate
and the coating topology can be readily derived by following
the procedure presented in the modeling part. The film topol-
ogy on the roof is shown in Figure 10b, and the film thick-
ness distribution in 10 selected locations is plotted in Figure
11. These locations are uniformly distributed in each of three
selected rows (parallel to the x direction): the front row (y 5

Figure 8. Static spray pattern in the base case.

Figure 9. Particle size distribution in the base case.

Figure 7. Simulation results of spray booth condition
and particle flying.

(a) Air velocity profile, (b) electric field profile, and (c)
particle flying time profile. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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0.3 m), the center row (y 5 0.9 m), and the rear row (y 5
1.5 m). This type of coating topology and thickness represen-
tation is commonly practiced in industry. As shown in Figure
11, both the mean and the standard deviation of film thick-
ness indicate that the wet clearcoat topology and thickness
are quite acceptable. Note that due to the consideration of
turbulent air flow in the particle flying simulation, the static
spray pattern may not be symmetric. In this case study, the
left side of the static spray pattern has a smaller static film
growth (SFG) rate than the right side. This static spray pat-
tern was utilized repeatedly to generate a coating layer. As a
result, it gives a persistent dip on the left side (see Figure
11). Because of various limitations, only the mean film thick-
ness and the coating topology are quantified for coating qual-
ity evaluation.

In the mesoscopic scale, coating topology provides only
mean thickness information in a localized area (i.e., 1 3 1
mm2) on the roof. By utilizing this information, Monte Carlo
simulation provides a zoomed view of the surface roughness
details in a localized small area. Figure 12b shows the sur-
face roughness in this base case.

With the detailed information for the landing particles and
operating settings, energy consumption, paint transfer effi-
ciency, and particle average flying time were calculated
using Eqs. 1–3. In this base case, the transfer efficiency
reaches an acceptable level (78.42%) and on average, it
takes for the particles 6.76 s to reach a physical boundary.
All these results have been listed in the row for Case II in
Table 4. Generally speaking, product quality, energy and
material efficiencies, and booth air quality in this base case
are acceptable.

The effects of initial particle size distribution

Three case studies are conducted to investigate the effects
of the initial discrete particle size distribution on the product
and process performance. Although a lognormal distribution
with the same standard deviation (i.e., 0.5)27 is applied in all
cases, Case I has the largest mean particle diameter (16.9
lm) and Case III has the smallest (7.6 lm), as against the
mean diameter for the base case (Case II), which is 11.3 lm.
As shown in Eq. 22, initial particle size distribution in Cases
I and III can be readily achieved through controlling the
atomization process (i.e., using appropriate settings on bell
voltage, rotational speed, paint flow rate, and paint viscosity).
Note that the sensitivity analysis of the effect of the standard
deviation in the particle size distribution on the product and
process performance is not considered in this work, because
in industrial application, the mean particle size can be readily
controlled, but this is not the case for control of the standard
deviation in the particle size distribution.

Table 4 gives a comparison among the three cases (see
Part 1). Note that there are two columns for each perform-
ance section: the left column lists the performance values of
the relevant variables in each individual case, and the right
column shows the performance comparison result. Since the
energy consumption is mainly influenced by the downdraft
(see Eq. 1), an adjustment of initial particle size distribution
brings no change in energy consumption. Compared with

Figure 10. Panel-based coating topology under different initial particle size distributions (three mean diameters).

(a) 16.9 lm, (b) 11.3 lm (base case), and (c) 7.6 lm. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 11. Film thickness at the sampling locations on
the panel in the base case.

(a) Front row, (b) center row, and (c) rear row.
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small particles, large particles with higher momentum are
prone to landing on the receiving panel more quickly. This
explains the decrease of transfer efficiency and the increase
of particle AFT as the particle mean diameter is decreased.

A comparison of the coating topology and surface rough-
ness for the three cases is shown in Figures 10 and 12. Fig-
ure 10 clearly shows that the size distribution with the small-
est particle mean diameter (i.e., Case III) gives more uniform
coating thickness on the roof, while Case I provides the least

uniform coating layer. The mean coating thickness difference
for the three cases is the result of different transfer efficien-
cies. Figure 12 shows the same trend as that demonstrated in
the topology comparison results. Case I gives the roughest
surface, whereas Case III results in the smoothest coating.
The values of the topology indicator and roughness indicator
for the three cases listed in Table 4 support this conclusion.

It can be concluded that fine particles can produce a better
coating quality, but it appears that the material efficiency and
the environmental quality are relatively low. Initial particle
size distribution should be properly controlled to achieve a
better trade-off between product performance and process
performance.

The effects of downdraft

Four cases with different downdraft settings are studied in
this part. The downdraft for Cases IV, V, VI, and VII are set
at 0.25, 0.5, 0.75, and 1.0 m/s, respectively, whereas the
other settings are the same as those in Table 3. The compari-
son results are listed in Part 2 of Table 4. As expected,
increasing the downdraft can improve booth air quality,
which is indicated by the decrease of the AFT. However,
this can cause the increment of turbulence, which makes
more particles being dispersed in the air during flying and
having less chance to reach the receiving panel. As a result,
the transfer efficiency is decreased.

The effects of downdraft on the particles’ AFT and the
transfer efficiency are shown in Figure 13. Based on the sim-
ulation results of Cases IV, V, VI, and VII (plotted as circles
and diamonds), regression models can be constructed to pre-
dict the effects within the complete downdraft operational
range (see the solid line for the transfer efficiency and the
dashed line for the AFT). It is understandable that increasing
downdraft requires more energy consumption, which is not
desirable. The study also shows that, in normal production,
changing downdraft in a certain range gives negligible
effects on coating quality.

As discussed above, downdraft mainly affects both booth
air quality and energy consumption. If reducing VOC in the
spray booth is of high priority, a stronger downdraft is pre-
ferred, which requires higher operating cost.

Discussion

In this work, great efforts have been made to develop an
integrated automotive paint spray model, which possesses
two unique features: (1) the process and product information
at multiple length and time scales can be obtained from the
integrated model so that comprehensive analysis on energy
consumption, product quality, material use efficiency, and
environmental concerns becomes possible, and (2) these
models can be utilized under real paint application conditions
(e.g., multiple bells application, enhanced paint particle colli-
sion effects, synchronized movement of bells, and moving
receiving panels).

Although this work has effectively bridged the gap
between theoretical model development and model applica-
tion in real production, tremendous efforts are still needed
for continuous enhancement. First, it is necessary to enhance
the coupling between the air flow model, the electric field

Figure 12. Surface roughness under different initial
particle size distributions.

(a) Particle mean diameter is 16.9 lm and roughness is
15.7 lm, (b) particle mean diameter is 11.3 lm and
roughness is 14.1 lm, and (c) particle mean diameter is
7.6 lm and roughness is 13.1 lm. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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model, and the particle flying model. In the current work, the
coupling is weak that each field can be calculated nearly sep-
arately. This simplification may cause questionable simula-
tion results, especially when the influence of charged par-
ticles on the electric field is neglected. The linear interpola-
tion approach for calculating the particle-position-specific
information needs validation and refinement. Second, the
mesoscopic film deposition model should be improved. The
current Monte Carlo simulation is an initial attempt to
address coating quality concern from the mesoscopic point of
view. Various assumptions and rules (e.g., cylindrical-shaped
splat after splashing and splat shape modification) adopted
need to be validated and refined. Third, the coupling between
macroscopic coating topology generation and mesoscopic
surface roughness calculation should be refined. In this arti-
cle, the distributions of particle size and velocity at any
localized area on the panel are assumed to be consistent with
the one collected from the static spray pattern. This assump-
tion needs to be experimentally validated in the future. Need-
less to say, model validation using industrial data will be

also needed in the next step, which could be very challeng-
ing. Nevertheless, this IPPA methodology provides a path to-
ward multiscale, multiobjective system optimization.

It is worthwhile to note that a fundamental modeling
approach for complex systems without any simplification and
assumption is not practical. Proper simplification and
assumptions are always desirable. On the other hand, al-
though imperfectness exists in the current automotive paint
spray model, which may hinder the model application in the
real production, the basic philosophy of IPPA proposed in
this work is still valid and the presented IPPA framework is
general and applicable for any complex systems.

Concluding Remarks

Automotive paint spray is one of the most sophisticated
operations in automotive coating. Most known studies on
paint spray are lab-based, focusing on coating quality, under
simplified operating conditions, such as no downdraft air
flow, coating on a small plate, using single spray bell, no
bell oscillation. Because of these simplifications, the coating-
related results can be used only as a general, or at most
semi-quantitative guidance in real production. Furthermore,
the other important issues in production, such as energy con-
sumption, material use efficiency, and working-area environ-
mental quality, can be hardly addressed.

This article has demonstrated that the coating quality,
energy and material efficiencies, and environmental quality
in paint spray operation can be simultaneously addressed
properly through integrated product and process analysis at
the multiscale level. To conduct a comprehensive analysis at
the length scale of 1026–101 m and the time scale of 1025–
102 s, an integrated product and process model, as well as
multiscale information integration methods have been intro-
duced. Model-based simulation has revealed a variety of
opportunities for quantitative improvement of the economic,
environmental, and technical objectives. The multiscale mod-
eling and model-based analysis methodology is generic, and
the simulation approach is general that can be used to dra-
matically improve experimental validation and to develop
practical operational strategies to achieve multiple objectives.

Table 4. Performance Comparison of Different Cases

Case Type

Energy Efficiency
Material
Efficiency

Booth Air
Quality Product Quality

Energy (kW)
Transfer

Efficiency (%)
Average Flying

Time (s)

Coating
Topology
(31025)

Surface Roughness
(lm)

No. ~D
p
(lm)

Part 1I 16.9 8.95 81.15
;

6.07
;

9.32
;

15.7
;

II* 11.3 8.95 Same 78.42 6.76 5.06 14.1
III 7.6 8.95 73.34 Worse 8.28 Worse 4.42 Better 13.1 Better

No. vDD (m/s)
Part 2IV 0.25 4.48

;
78.96

;
9.18

;
4.98

;
14.3

;
V* 0.5 8.95 78.42 6.76 5.06 14.1
VI 0.75 13.43 Worse 74.08 Worse 5.43 Better 5.84 Worse 13.8 Better
VII 1.0 17.9 72.38 4.51 5.99 13.7

*Both Case II and Case V are about the base case.

Figure 13. Effects of downdraft on transfer efficiency
and particle average flying time.
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Notation

AFT5 average flying time, s
c5 coefficient in energy model
~Dp 5paint particle diameter, m
~Dp 5mean particle diameter, m
~Ds 5 splat diameter from particle, m
E5 electric field intensity, N/Coulomb
~E5 electric field intensity around paint particle, N/Coulomb

Ed5power of operation, kW
h5paint film thickness, m
h5 average paint film thickness, m

Hpt5 coating topology indicator
Hsr5 surface roughness indicator
k5kinetic energy of turbulence, m2/s2

~m5paint particle mass, kg
~q5paint particle charge, Coulomb

Sm5 the rate of mass addition into the gas phase per unit volume from
the dispersed second phase, kg m23 s21

_Si
� 


5 the external force on gas phase per unit volume from the ith par-
ticle, N/m3

t5macroscopic time, s
Dt5 time interval, s
~t5mesoscopic time, s

TE5 transfer efficiency
~u5velocity of paint particle, m/s
v5velocity of air, m/s
~v5velocity of air around paint particle, m/s
z5macroscopic space coordinate

Dz5 space interval
~z5mesoscopic (microscopic) paint particle location

Greek letters

d5film growth rate, m/s
e5dissipation rate of turbulence, m2/s3

qa5 air density, kg/m3

qp5paint density, kg/m3

s5 stress tensor of the air, Pa
Fb5 electrostatic voltage setting of the spray bells, V
F5 electrostatic potential, V
x5 rotational speed, rpm

Subscripts

DD5downdraft of the booth
SA5 shaping air of the spray bell
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