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Spray Characteristics on the Electrostatic Rotating Bell Applicator 
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The current trend in automotive finishing industry is to use more electrostatic rotating bell 

(ESRB) need space to their higher transfer efficiency. The flow physics related with the transfer 

efficiency is strongly influenced by operating parameters. In order to improve their high transfer 

efficiency without compromising the coating quality, a better understanding is necessary to the 

ESRB application of metallic basecoat painting for the automobile exterior. This paper presents 

the results from experimental investigation of the ESRB spray to apply water-borne painting. 

The visualization, the droplet size, and velocity measurements of the spray flow were conducted 

under the operating conditions such as liquid flow rate, shaping airflow rate, bell rotational 

speed, and electrostatic voltage setting. The optical techniques used in here were a microscopic 

and light sheet visualization by a copper vapor laser, and a phase Doppler particle analyzer 

(PDPA) system. Water was used as paint surrogate for simplicity. The results show that the bell 

rotating speed is the most important influencing parameter for atomization processes. Liquid 

flow rate and shaping airflow rate significantly influence the spray structure. Based on the 

microscopic visualization, the atomization process occurs in ligament breakup mode, which is 

one of three atomization modes in rotating atomizer. In the spray transport zone, droplets tend 

to distribute according to size with the larger drops on the outer periphery of spray. In addition, 

the results of present study provide detailed information on the paint spray structure and transfer 

processes. 

Key Words:Electrostatic Rotating Bell, Paint Spray, Shaping Air 

1. Introduction 

The current challenges facing automotive fin- 

ishing industry are ; (i) how to improve the finish 

quality, (ii) how to increase the paint transfer effi- 

ciency, and (iii) how to reduce volatile emissions 

without sacrificing the surface quality and the 

production line speed. 

Although there has been a continuous demand 
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of the surface quality in terms of color bright- 

ness and texture, it is well known tact (Bell and 

Hochberg, 1981) that the application of the ESRB 

systems results in a lower surface quality, especi 

ally for metallic painting, and produce a darker 

and duller appearance compared with the pneu- 

matic spray gun. Two mechanisms are considered 

as possible reasons : First, the discoloration is due 

to improper flake orientation during fluid trans- 

portation, which is former thought in this field. 

Second, difference in the flake content in the 

deposited paint is the cause of the color shift 

(lnkpen and Melcher, 1987; Elmoursi and Lee, 

1989; Tachi and Okuda, 1992). Based on the 

above discoloration mechanisms, improvement of 

the surface quality requires a better understanding 
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of the fluid transport process according to opera- 

tional conditions and reformulation of the paint- 

ing materials. 

The paint transfer efficiency, defined as the 

ratio of the mass of solid paint deposited on the 

target to that dispersed from the applicator, is a 

metric for the efficiency of paint application pro- 

cess. One percent improvement in transfer effici- 

ency of paint spray to target can potentially save 

millions of dollar per year in the cost of paint- 

shop bulk material. The reduced over-spray, thus 

increasing the transfer efficiency, allows a reduc- 

tion in the booth downdraft and other com- 

pressed air flow usage, creating significant energy 

cost saving. In addition to the cost saving, higher 

transfer efficiency also has a corresponding re- 

duction in the amount of volatile organic com- 

pounds (VOC) emissions, paint sludge produc- 

tion, and the associated after-treatment costs. 

While the optimal transfer efficiency claimed for 

ESRB applicators is higher than 90%, in a typical 

plant environment the actual efficiency is only 

about 75-80%. Thus, there has been a constant 

pressure to improve the transfer efficiency, which 

is significantly influenced by the operating para- 

meters of an ESRB related to the application 

settings such as the airflow management (Tong et 

al., 1995), line-speed, and the shape of the surface 

being painted. 

Therefore, the solution to the current challenges 

requires a research on the understanding of trans- 

fer processes, optimization of operating parame- 

ters, and new paint formulation (including the 

environmentally friendly paints, such as water 

based or powder paints) for the automotive paint- 

ing, which is one of the most expensive facilities 

to maintain in an automotive manufacturing in- 

dustry. 

1.1 Historical perspectives 
The use of a rotating cup in burners for dome- 

stic heating was well known in Europe in 1930s. 

Hinze and Milborn (1950) were among the first 

who documented the atomization process of rotat- 

ing cup. Later on, Marshall (1954), Matsumoto et 

a1.(1985), and Lefebvre (1989) summarized the 

earlier research activities about fluid atomization. 

In general, three different disintegration mecha- 

nisms were identified in atomization process, in- 

cluding a) direct drop formation at low feed rate, 

b) ligament breakup, and c) film breakup, in a 

generic atomizer, these three atomization mecha- 

nisms coexist. It was found that the transition 

from regime a) into b), or from b) into c) could 

be enhanced by adjusting the operational condi- 

tions ; I) increase liquid feed rate, 2) increase the 

angular speed of the sprayer, 3) decrease the 

diameter of the sprayer cup, 4) increase the liquid 

density, 5) increase the liquid viscosity, and 6) 

decrease surface tension of the liquid employed. 

Hinze and Milborn (1950) also measured the 

drop size in the ligament breakup mode by using 

a soot glass impingement technique. The data were 

correlated with relevant dimensionless groups, 

which set the standard for presenting the ato- 

mization data. Dombrowski and Lloyd (1974) 

visualized the atomization process using photo- 

graphy. They measured the drop size using a light 

absorption technique. In these earlier studies, 

however, smooth rotating cups without serration 

were usually used. The rotation speeds were also 

much slower than the turbine-driven applicators 

commonly used nowadays. In addition, electro- 

statics and shaping air control were rarely ap- 

plied. 

In addition to automotive painting, electro- 

static atomization was widely used in agriculture 

spraying, office furniture refinishing, and ink jet 

printing. There was a long history of human 

interest in electrostatic atomizer. There were ex- 

periments about electrostatic atomization and the 

measurements of the associated particle charging 

before Benjamin Franklin's interest in electricity. 

Recently, Kelly (1994), and Okuda and Kelly 

(1996) have summarized the theories and prac- 

tices of these early devices. Kelly found applica- 

tions of electrostatic atomization as far back as 

two hundred and fifty years ago in Italy. From a 

theoretical viewpoint, he suggested that when the 

mean drop diameter of a Newtonian liquid was 

larger than one micron, the drop diameter was a 

function of fluid charging level only. All the other 

fluid and device related properties did not affect 

the mean drop diameter of the particles. 
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1.2 Previous studies in ESRB spray 

Compared to the pneumatic spray gun, which is 

easier to set up and operate (e.g. Kowk and Liu, 

1991 ; Dornnick et al., 1994), fewer research arti- 

cles about the ESRB process are available. 

Ransburg Corp., in 1960s, demonstrated that 

serrations machined into the inner edge of bell 

cup maintained the ligament break up regime well 

into the range of operating conditions, which 

normally produced sheet break up from a smooth 

bell cup edge. Hines (1966) studied the applica- 

tion of the electrostatic atomization to paint spray 

at Scientific Laboratory of Ford Motor Co. Ato- 

mization of single jets as well as atomization 

from rotating cups were investigated. The mea- 

surements of the mean drop size and the mean 

specific change were reported. His experiments 

resulted in a qualitative understanding of the 

influence of various operating parameters on the 

properties of paint spray. Dombrowski and Lloyd 

(1974) also visualized the atomization process 

using photography and measured the drop size 

using a light absorption technique. 

Bell and Hochberg (1981) undertook the first 

major effort to investigate an ESRB application 

of metallic paint, simulating automotive produc- 

tion conditions. Their objective was to investigate 

the difference in color of coatings of the same 

paint applied by a pneumatic gun and an elec- 

trostatic rotating bell. Various experimental tech- 

niques including light scattering, Doppler me- 

thods, high-speed video, and charge/mass ratio 

measurements were employed. Based on the re- 

sults, they postulated that the darker color pro- 

duced by an ESRB was due to the large number 

of small drops (which did not contain any flake). 

These small drops were deposited by cfiarging the 

drops in the ESRB spray but could be lost in 

overspray when applied by a pneumatic gun 

(lnkpen, 1986). 

lnkpen and Melcher (1987) investigated the 

color difference problem further in an experi- 

mental study comparing metallic paint applica- 

tion by pneumatic gun and ESRB. An electro- 

static shutter was developed to sample charged 

paint droplets depositing on an electrically gro- 

unded target. They observed that the mass percent 

of flake and average flake size deposited by a 

pneumatic gun were approximately twice those 

deposited by an ESRB. This was identified as the 

dominant mechanism for the color difference 

between coatings applied pneumatically and elec- 

trostatically. Their results discredited the popular 

notion that the color difference was caused by 

abnormal orientation of the flakes due to elec- 

trostatic forces in the paint film. The measure- 

ments also showed a wide variation in average 

flake size along the radius of deposited paint 

pattern. This observation underscored the impor- 

tant role played by droplet transport on the qual- 

ity of the deposited coating. 

Elmoursi and Lee (1989) used the electric 

shutter technique developed by Inkpen to study 

the influence of high voltage, bell rotational speed 

and bell-to-target gap on the flake size distribut- 

ion. Their results indicated that the optimum 

values existed for all the three parameters at 

which both the drop size and the flake content 

were most uniform along the target surface. 

Corbeels et a1.(1992) used a laser diffraction 

instrumentation and photography to study the 

influence of fluid properties and operational 

parameters on the atomization characteristics of a 

high-speed rotary bell with serration, but without 

electrostatics and shaping air control. They found 

that the high viscosity fluid filmed the bell evenly 

and produced long regular ligaments, whereas the 

low viscosity fluid filmed incompletely and pro- 

duced very irregular ligaments that disintegrated 

near the bell edge. Their particle size data, which 

were limited at one location (35 mm from the bell 

edge), were found to be insensitive to large 

changes in flow rate and viscosity at a bell speed 

higher than 20,000 rpm. 

Fukuta et a1.(1993) from Toyota Motor Corp. 

reported the development on a new bell for 

metallic paint application. This bell design was 

later modified to spray waterborne paint as well 

(Toda et al., 1994). They proposed that the de- 

posited flake integrity and the orientation rather 

than the amount of flake caused the color differ- 

ence. Their experiments showed that the critical 

factors in producing required flake deposition 

characteristics were bell tip speed and speed of the 
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paint drops near the target. The prototype bell 

was observed to produce a coating color similar 

to that by a pneumatic gun, but only at a transfer 

efficiency of 65%. It should be noted that this 

value was somewhat low for ESRB application 

that is capable of 909/00 transfer efficiency. 

Bauckhage et al. (1994) used a short spark pho- 

tography and a diffraction spectrometry to study 

the ESRB atomization of water based metallic 

paint. The small dispersion of the drop size dis- 

tribution suggested that the ESRB works in the 

ligament atomization mode, which was confirmed 

by the photograph near the nozzle. They also used 

a laser light sheet for visualization; the unpu- 

blished video results suggested two axial zones 

and a radial zone of recirculations, which were 

influenced by the shaping air. Later, they also 

used a phase Doppler particle analyzer to study 

the effect of electrostatics and found that the drop 

size with higher voltage was smaller but the 

visualized spray cone was wider (Bauckhage et al. 

1995). 

While the operating parameters of an ESRB 

were closely related to transfer efficiency and 

surface quality, most of the previous studies used 

old applicators that did not have a control unit of 

a wide range of operation parameters. They only 

concentrated on the atomization aspects having 

very limited drop size data at one location and the 

visualization to the vicinity at the edge of the bell 

cup. New modified bell designs were introduced 

every year more from empirical experience and 

tr ial-and-error than from a scientific understand- 

ing of the processes. Moreover, the problem of 

color versus transfer efficiency associated with the 

ESRB application still persists. Detailed charac- 

terization of constituent processes, including ini- 

tial atomization at the bell edge, the interaction 

with electrostatics and shaping air, the boundary 

layer formation, and deposition at the target are 

needed I) to develop an efficient applicator with- 

out compromising color, and 2) to predict bell 

performance under various operating conditions. 

1.3 Rotary atomization and electrostatic 
spray 

When the liquid is supplied into the inside of a 
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Fig. 1 The principle of the rotating cup atomization 
and the electrostatic spray 

rotating cup as shown in Fig. I, it will be shortly 

attained to the same rotational speed as that of the 

cup because of the friction between the liquid and 

the wall of the cup. If the rotational speed is fast 

enough, due to the viscous flow toward the sharp 

edge, the liquid will be arrived at the rim, become 

a thin continuous film, and eventually disinte- 

grate into drops. In general, this depends on the 

cup size, rotational speed, liquid flow rate, and 

the liquid properties. Three different atomization 

modes can be observed around and beyond the 

edge of the cup (Hinze, 1950) depend on the 

rotational speed and the liquid flow rate: I) 

direct drop formation, 2) ligament formation, 3) 

film formation. 

On the other hand, if the electrically conductive 

bodies with sharp tips bring into a high electric 

potential field, the high charge density will cause 

corona discharge. In this process, the ions will be 

formed continuously in the ambient atmosphere, 

which is called the air ionization. If then the 

liquid particles are brought into the charged air 

molecules, they will also be charged and trans- 

ported to the grounded work-piece, which is 

charged the opposite potential. Note that the 

attraction depends on the existing potential dif- 
ference. 

2. Experimental Setup 

2.1 The spray paint unit 
A research paint booth completed with a 

digital controller Ibr the ESRB is used for inves- 

tigation. The bell assembly and a detail of the bell 

cup are illustrated in Fig. 2. In which, the high- 



Spray Characteristics on the Electrostatic Rotating Bell Applicator 2057 

a: Main body b~ Bell di~k 

Fig. 2 The main components of high speed rotating 
atomizer 

speed rotating atomizer consists of [bur com- 

ponents;  1) central control valve, 2) turbine 

housing, 3) turbine, and 4) bell disk. 

The function of the central control valve is to 

control the material supply and return to/from 

the atomizer. The turbine housing protects the 

drive unit of the high-speed rotary atomizer. The 

compressed air driven by turbine powers the bell 

disk, which can be run up to a maximum rotating 

speed, through a hollow shaft. 

The bell disk consists of four parts as shown in 

Fig. 2 (b): central hole, ring gap, distributor ring, 

and serration. The paint flow is supplied to the 

atomizer ring by a ring gap and moves toward the 

bell edge due to the centrifugal forces created by 

the rotating bell. Many of the available bell disk 

variants have similar means tbr paint flow divi- 

sion, in which 80% of the paint quantity is sup- 

plied to the atomizer rim by the ring gap and the 

remaining 20~o of the volume flow passes through 

the central hole on the front side of the distributor 

ring to affect a permanent rinsing of the bell disk 

surface to prevent paint deposits on the distribu- 

tor ring. Small wedges, which are called serration 

or circumferential knurls (see also in Fig. 4), are 

designed along the edge of the bell disk. They 

permit the paint film flowing over the surface of 

the bell disk to be divided into defined individual 

flows and ligaments that eventually break up into 

droplets. Thus, the droplets obtained from the 

ligaments does not include any air pockets and 

become very uniform in size. 

A production ESRB (Behr Eco-bell 55 mm 

diameter, serrated edge, designated 55S) for wa- 

terborne paint is chosen for the study. The major 

difference between solvent-borne base painting 

' ~  " "~ . .  ,1 ' 
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a! Waterborne bell atomizer h Sol~entbt,rne bel[ aL~m~zcr 

F i g .  3 Two different electrostatic atomizers operated 
in typical paint spray 

and waterborne base painting is in the electrical 

charging system and supplying component of the 

paint as shown in Fig. 3. In a solvent-borne base 

paint (Fig. 3(b)) ,  due to the low conductivity of 

the solvent, the charging electrodes can be built 

into the applicator and provide a reliable electric 

field by conduction, induction, and corona curr- 

ent. However, waterborne paint requires external 

charging component, which is isolated from the 

paint supply system because of high conductivity 

of water. 

Behind the rotating cup, shaping air is supplied 

from 40 holes, annularly arranged on the station- 

ary housing. Shaping air is used primarily to 

support the transport of paint droplets, to stabi- 

lize the flow conditions around the atomizer, and 

to permit a precise alignment of the spray pattern 

by limiting the atomizing cone. The high voltage 

from the six external electrodes, which are nega- 

tively polarized and located at 75ram from the 

cup, charges the atomized droplets and propels 

them to the grounded work piece. 

2 . 2  M i c r o s c o p i c  v i s u a l i z a t i o n  

Microscopic visualization was carried out to 

study liquid break up near the bell edge. A 

schematic of the visualization facility is shown in 

Fig. 4. The sampling area, 32 mm on the bell cup 

edge, was illuminated by 15W copper-vapor 

laser (OXFORD, Model Cu-15A). The serra- 

tions continuously shaped by the peak and valley 

were clearly seen on the left side of Fig. 4. The 

beam from the pulse laser was transformed into a 

laser sheet using cylindrical lens and was focused 

on the sampling area. The CCD Camera (Kodak 

Megaplus ES 1.0) with a special long distance mi- 

croscopic lens was used to obtain magnified ira- 
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Fig. 4 The schematic of liquid breakup visualization 

on the bellcup edge 

l . . . . .  ~ 
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Fig. 5 
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25,4 em ~ Camera 

The visualization set up of the spray 

ages (at--100) at the bell edge. The laser was 

operated in single pulse mode to acquire a snap 

shot of  rotating be l l -cup  edge and atomization.  

The images were recorded on a PC by an Image 

board (DT3752 Frame Grabber)  through A / D  

converter. Later on, the image analysis was carri- 

ed out for the saved digital images. 

2.3 Spray visualization 

The spray visualizat ion was also carried out 

using a light sheet generated by the same copper -  

vapor  laser operated at 10 kHz. The optics for 

generating light sheet was connected to the laser 

through a f iber-opt ic  cable. The laser sheet was 

expanded to i l luminate the center vertical plane, 

which covered the entire spray. The camera was 

posit ioned normal  to the plane of  light sheet to 

acquire images of  spray structure. Either a digital  

Kodak  Megaplus camera or a N ikon  35-mm SLR 

camera loaded with ISO-400 color  film was used 

for taking the photograph.  Figure 5 is a schematic 

of  visual izat ion of  the spray photography.  

t j 

Fig. 6 The drop size measurement set up by the 

phase Doppler particle analyzer 

2.4 Drop size measurement 

T w o - c h a n n e l  P D P A  system (Aerometrics)  was 

used for detailed measurements of  the drop size 

distribution. Figure 6 is a schematic i l lustration 

of  laser transmitter and receiver in a typical 

P D P A  configuration.  Two intersecting laser 

beams emanate from the transmitter and intersect 

at the focal point of  the transmitt ing lens. A 300- 

mW A r g o n - i o n  Laser at 488 nm and 514.5 nm 

wavelengths was used as a light source. The 

focusing lenses of  both the transmitter and re- 

ceiver had a long focal length of  750 mm to avoid 

interfering with the spray. The optics was inte- 

grated with fiber optics cables and was mounted 

on a heavy-duty  computer  control led traversing 

stand. Measurement  data were taken along the 

axial direction and the different z-axis  locations. 

Statistics at each point  were averaged over 20,000 

data points. The  val idat ion rate was higher than 

90 percents for every measuring point. The  differ- 

ent z-axis  positions were presented for compari-  

son in the parametric  study. 

2.5 Test conditions 
Four  main operat ing parameters were changed 

for the parametric s tudy:  liquid flow rate, shap- 

ing air f low-rate,  bell rotat ional  speed, and high 

voltage setting. De- ion ized  water was used as a 

paint surrogate for simplicity. The target plane 

was located at 254 mm away from the edge of  the 

rotary cup. A flat metallic panel (1.2m 0.9m, elec- 

trically grounded) was used as a target surface 

and the downdraf t  air was turned off. The tem- 

perature was set up at 213°C. The pressure was 
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Table 1 Test donditions 

Liquid Flow rate(ml/min) 50 100 150 2_._~ 250 

Shaping air flow rate(l/min) 120 140 150 16_O0 180 
Bell rotation speed (rpm) 20,000 30,000 40,000 50,000 
Voltage setting(kV) 0 60 70 80 90 
Downdraft air flow rate(m/s) 0 
Booth condition Normal ambient -21 +3°C 
Liquid properties(water) Surface tension=76m N/m 

Viscosity= 1.0 mNs/m z 

kept on ambient condition in the spray booth. 

The test conditions are summarized in Table 1. 

The following reference conditions were selec- 

ted as a baseline in this parametric study ; liquid 

flow rate at 200 ml/min,  shaping air flow rate at 

1601/min, bell speed at 40,000 rpm, and high 

voltage setting at 90 kV. These baseline set of 

conditions are also underlined and bold-faced in 

Table 1. In order to discern the effect of changing 

main operating parameters, only one parameter 

was changed at a time, while the other three were 

maintained at the baseline condition. 

3. Results  and Discussion 

3.1 The character i s t i c s  o f  the paint  spray 

Figure 7 shows the PDPA results at the refer- 

ence condition superimposed on the spray light 

sheet photograph. The measurement data were 

taken along the axial direction at x----2.5, 10.2, 17. 

8, and 24.1 cm from the bell cup edge and at the 

radial locations of r----0, 10.2, 20.3, 30.5 and 40.6 

cm. The measured Sauter mean diameter (SMD) 

is proportional to the size of circle plotted at each 

measuring position ; the measured two directional 

velocities are also plotted as a vector. An impor- 

tant observation from Fig. 7 is that a re-circula- 

ting flow, which is dominating on the plane of the 

bell cup centerline axis, is created between the 

bell cup and the target due to strong shaping air 

flowing over the bell cup. In addition, the strong 

rotating swirling flow induced by high bell speed 

is located on the perpendicular plane of bell cen- 

terline axis. The vector plot in Fig. 7 combined 

with the visualization results gives rise to the 

conceptual streamline plot, which is similar to the 

f 

r,~n cj~ 

Fig. 7 Typical ESRB spray flow with conceptual 

streamline plot 

one proposed by Bauckhage et al. (1994). Figure 

7 also shows that the larger droplets stay on the 

outside of the spray, while smaller droplets are 

more easily entrained into the re-circulating zone. 

As the penetration length increases, the radial 

diameter profile becomes more uniform (also see 

in Fig. 8). 

Figure 8 shows a variation of droplet concen- 

tration, velocity and mean diameter in the center 

vertical section of the spray at 30,000 rpm bell 

speed, 150 l/rain shaping air flow rate, 50 ml/min 

liquid flow rate and a charging voltage of 90 kV ; 

Fig. 8 (a) is an image of the spray taken with laser 

light sheet visualization, where the dark areas 

represent the droplet concentration; Fig. 8(b) 

depicts droplet mean velocity vector plot with 

vertical and axial components:  a plot of droplet 

SMD is shown in Fig. 8(c). 

In the re-circulation zone, the concentration 

of drops is low as seen in the image (Fig. 8(a)).  

The bulk of the drops are distributed along the 

edge of spray, which widens from the bell to the 

target. The maximum value of drop size and 

velocity is observed near the bell edge, and de- 

crease towards the target as the spray becomes 

wider. At the edge of the rotary bell, breakup 

point, the droplet velocity is almost perpendicular 

to the bell axis, as shown by the large vertical 

component in Fig. 8 (b). As the drops move away 

from the bell, immediately, two forces, the shap- 

ing airflow and the electrostatic force are infl- 
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(~: Spray :b; Drop mean :c) Drop mean 

~.'onentration velocity diameter 

Fig. 8 The spray structure at the condition of 50 

ml/min liquid flow rate 1501/rain, shaping 

air, 30 k rpm bell speed, and 90 kV voltage 

setting 

uencing to them, and thus the axial velocity to- 

ward the target will be increased. However ,  the 

magnitude of  total velocity is rapidly reduced due 

to aerodynamic drag within short distance from 

the bell edge. 

The trajectory of  each droplet  is dictated by the 

relative magnitude of  the forces acting on it, that 

is, inertia, aerodynamic and electrostatic. The 

balance among these forces moves depending on 

drop size, causing the drops to segregate within 

the spray. The measurement  of  the drop size (Fig. 

8 (c)) shows that the re-c i rcula t ion zone contains 

mostly the smallest drops while larger drops are 

accumulated on the outside of  the spray flow. 

3.2 Microscopic visualization 
Figure 9 shows the microscopic visual izat ion 

images on different bell speed keeping the l iquid 

flow rate 50 ml /min .  At 20,000 rpm in Fig. 9(a) ,  

the ligaments are starting to create from the 

serrations on the bell edge. Moreover ,  they are 

uniformly spaced, coinciding with spacing of  

serrations, which are indicating uniform sizes in 

diameter but the bell speed does not seem to be 

sufficient lbr fine spray. At 30,000 rpm, the uni- 

form spacing is still preserved, but the ligaments 

are relatively longer and thinner in Fig. 9(b) .  At 

40,000 rpm, the formation of  mult iple ligaments is 

observed between serrations, and consequently,  

the ligament diameter  decreased further. This  

trend indicates that the drop size decreases with 

I 0. 20,[~.I0 rpm ~ b : 3f).('~0 rprn i~,: 40,000 rpm 

Fig. 9 Microscopic visualization on the bell speed at 

the liquid flow r a t e : 5 0 m l / m i n  

(Magnification : 100x) 

:.a) 1 5 0 m l : n l l n  :b., 250nd . , rn in  :L.'" 350n'd. ' l 'n in 

Fig. 10 Microscopic visualization on the liquid llow 

rate at the bell speed :20  k rpm 

(Magnification : 100 x) 

increase in bell rotating speed. 

When the liquid flow rate is increased keeping 

bell speed constant as seen Fig. [0, the filaments 

are formed in increasing numbers with irregular 

spacing and non-un i fo rm of  l igament diameters. 

Note that the ligaments are also seen to interact 

with each other betbre breakup. In addition, it is 

clearly observed that the non-un i fo rmi ty  of  liga- 

ment tbrmation is increased with flow rate. 

3.3 Spray visualization 
Figure 11 to 14 show the effects of  operat ion 

parameters on the overall  axial spray pattern, 

which are photographed with the SLR camera 

with an exposure time of  33.3 ms. The short ex- 

posure time does not al low enough time avera- 

g ing :  however, sufficient infbrrnation can be ob- 

tained from the image. The spray cone angle, 

i.e., O, taken to be the angle between the spray 

trajectories from the edge of  the bell cup to that of  

the ESRB centerline, is also measured directly 

from the photograph and plotted in Fig. 15. The 

error percent of  the spray angle, which is mea- 

sured 10 times for each image from five different 

snapshots, is ranged from 1.1% to 2.5% for the 

standard mean values. 
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The results show that an increase in l iquid 

low-ra te  from 100 m l / m i n  to 250 ml /min  [Figs. 

11 (a) to (d) ] while keeping the other three para- 

meters at reference condi t ion  tends to widen the 

spray shape slightly. This  is due to a higher spray 

swirl momentum associated with the increased 

spray mass and possibly large droplet  size. It is 

also noted that the most spray mass concentrates 

on the outside of  the spray when increasing the 

flow rate. 

Figures 1 2 ( a ) -  (d) demonstrate  the effects of  

shaping air. At higher flow rate of  shaping air, 

the spray cone is generally narrower.  This is 

part icularly obvious  when compar ing  Figs. 12 (a) 

(120 l /min)  and 12(b) (140 l / ra in) .  In case of  120 

l/rain,  a lot of  spray masses pass over the target, 

which increases the overspray. This important  

observat ion indicates that the shaping air should 

operate higher than 120 l / rain in terms of  spray 

transport.  F rom this analysis, the shaping air 

permits precisely adjustment of  the spray pattern 

by l imiting the spray cone angle : it also increases 

impinging energy at the target (see in Fig. 12 (d)) .  

The influence of  bell speed on the overall  spray 

pattern is shown in Figs. 13(a) -- (d). At the low 

bell speed of  20,000 rpm, where the centrifugal 

tbrce is the smallest, large droplets are clearly 

observed outside of  the denser and finer spray 

region, unaffected by the shaping air. 

These large droplets suggest that the atomiza- 

tion mode is not well developed. At the bell speed 

of  30,000 rpm, the spray becomes tender and makes 

cone shape. From this analysis, it seems to have 

critical change between 20,000 rpm and 30,000 

rpm. Therefore,  it is recommended that the ESRB 

must be operated at a speed higher than 20,000 

rpm. At higher bell speed when centrifugal force 

is larger, the spray cone decreases due to more 

consistent and finer atomization.  The spray also 

tends to concentrate more inside the spray cone as 

a greater number  of  smaller particles find them- 

selves into the re-ci rculat ing zones. 

a If}flirt] nun ~b ]5011d.min :c 2~n l l ,  min 'd 250ml raIn 

Fig. l l  The effects of the liquid flow rate: shaping 

air=1601/min,  bell speed=40k rpm, and 

voltage setting=90 kV 

~m' [2I) l .min b NOl. lnin :c I(~O].'min : d  ]801.rain 

Fig. 12 The effects of the shaping air flow rate: 

liquid flow rate=200 ml/min, bell speed= 

40 k rpm. and voltage setting=90 kV 

• .a 20,O0~rpm :h: 30,O00rpm :L;. 40.(X'~rpm ~d 50,O0{)lpm 

Fig. 13 The effects of the bell speed : liquid tlow 

rate=200 ml/min, shaping a i r=  160 l/rain, 

and voltage setting=90 kV 

~a: 6OkV ,hi 70kV ~c: 80kV :d~ V£;,kV 

Fig. 14 The effects of the high voltage : liquid flow 

ra te=200ml/min,  shaping air=1601/min,  

and bell speed=40 k rpm 
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The influence of  the high voltages on spray 

shape is shown in Figs. 14(a) -- (d). Insufficient 

high voltage exerts only small lbrces on the dro- 

plets, resulting in wider spray and poorer  transfer 

efficiency. At the highest voltage, the spray also 

becomes denser and more uniform at the core 

region. 

Since the actual transfer efficiency is difficult to 

measure, a simple image analysis can be used to 

aid its estimation. Intensity integration is taken 

over two rectangular areas within spray. Both are 

5. l - c m  ~ide.  one taken at 2.5 cm from the target 

plane, the other at 3.8 cm from the bell cup. The  

ratio of  two should give some relative indication 

of  transfer efficiency, assuming the laser light 

sheet is uniform in these areas and the spray is 

relatively steady. The results are plotted in Fig. 

16. The results show that the l iquid flow rate and 

the high voltage setting affect the spray transport  

with increasing the integral intensity values ac- 

cording to increase the operat ing parameter. Also, 

the integral intensity ratio shows an opposite  

trend with respect to spray cone angle, in their 

response to bell speed and high voltage setting. 

3.4 Drop s i ze  m e a s u r e m e n t  

Figures 17 and 18 plot the P D P A  measurements 

of  the parametric study, taken at 7.6 cm from the 

target plane, in terms of  radial profiles of  vo lnme-  

averaged drop size and mean. An increasing the 
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Fig.  18 T h e  effects o f  the bell  o p e r a t i o n  p a r a m e t e r s  

on  the  axia l  ve loc i ty  at 7.62 cm f rom the  

t a rge t  

flow rate from 100 m l / m i n  to 250 m l / m i n  while 

keeping the other  parameters under the reference 

condit ions does not have an obvious effect on 

drop size or velocity except at the outer edge of  

the spray. However ,  the shaping air has more 

significant effects on velocity than drop size, con- 

firming that its pr imary function is more in direc- 

ting spray transport than in assisting atomization.  

As far as the a tomizat ion processes are con- 

cerned, the bell speed is the most important  

influencing parameter.  For  example, if  the bell 

speed is increased, the droplet  size should be 

decreased. Al though too fine spray may lead to 

overspray and non-un i fo rm coating thickness 

because the small droplets are easily influenced 

by air flow in the booth.  On the other hand, if bell 

speed is too lower, it may result in coarse distri- 

bution because of  the insufficient atomizat ion 

process. At the bell speed of  20,000 rpm, particle 

sizes are varied from 25 ,um at the center to 73/zm 

at the edge of  the spray, indicating that the 

a tomizat ion process is not well developed at this 

condi t ion which is unsuitable for practical paint- 

ing purposes. Although,  the other  condi t ions  se- 

em to be suitable. 

Similar  to the flow visualizat ion result, there 
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is a pronounced effect on the drop size and velo- 

city when the bell speed increases from 20,000 to 

30,000 rpm, strongly indicating a critical speed in 

between at which transition of  the atomization 

mode occurs. The effect of high voltage is also 

very significant, but becomes marginal when the 

voltage is higher than 70 kV. The [act that the 

mean drop size at 60 kV is larger than those at 

0 kV is not an indication that electrostatic atomi- 

zation does not occur, but a result of the larger 

droplets being driven to the target plane. The 

PDPA data, again, is consistent with the choice of 

optimal condition, which is a trade-off to satisfy 

both atomization and transport requirements. 

3.5 The spray distribution 

The histogram data of the reference condition 

are shown in Fig. 19, corresponding to the mea- 

surements shown in Fig. 7. There is a notably 

bimodal distribution at the maximum drop size/ 

velocity point. This distribution is also observed 

Fig. 19 

elk 

• -24, 
The spatial distribution of drop size 

histogram at reference conditions 

z = 3 0 5 ~  

~ 2 0 3 ~  

Oell * fwB~d~= 20k 

Fig. 20 

vOlt~:O vol~ge=80 ~ 
(a) (b) 

The drop size histogram variation at 7.62 cm 

from the target plane: (a) bell rotating 

speed, (b) high voltage setting 

at the low-speed regime in Fig. 20(a) and at low 

voltage condition in Fig. 20(b). all taken at 7.6 

cm from the target plane. The reason for this inter- 

esting bimodal distribution is unclear. It may be 

due to a dual mode operation of ESRB atomi- 

zation or transtion from the ligament atomization 

to the film atomization, where both the ligament 

and the film breakup mode coexist. Although it 

could also be due to a secondary breakup process 

where much distinctly smaller satellite drops are 

formed. The swirling and re-circulation flow field 

will also differentiate and transport the droplets 

according to their size and drag. Therefore, more 

study is required to solve this puzzle. Except these 

bimodal distributions, the other histograms of the 

drop size distributions have similar trends. It can 

be modeled to probability distribution function 

(PDF) for the numerical simulation, where the 

particle injection will be assumed to a squared 

distribution or log normal distribution function. 

4. Conclusions 

A parametric study was carried out to under- 

stand the paint spray structure and transfer pro- 

cess of the automotive electrostatic rotary bell 

applicator. The experimental techniques used in 

this study are the microscopic visualization, laser 

light sheet visualization, and a phase Doppler 

particle analyzer. The following conclusions can 

be made from the experimental study. 

The present results showed that the most inf- 

luencing parameter on the atomization process is 

the bell speed. Especially, based on the visual- 

ization and size measurement results, an operating 

condition should avoid a practically unsuitable 

condition, which is showed the very coarse size 

distribution. 

The liquid flow rate is related with atomization 

in the sense that the non-uniformity of ligament 

formation increased with flow rate. Also, it modi- 

fies the spray pattern based on the visualization 

image analysis. 

The high voltage and the shaping airflow rate 

significantly modify the spray transport. How- 

ever, at lower voltages, i.e., changing from 60 kV 

to 70kV, the electric force seems to affect the 
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atomization process. 

The results of this study also provide detailed 

information on the paint spray structure and 

transfer processes, which can be used in numerical 

model development and validation. 
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