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Abstract 

The spray characteristics of a prefilming type of airblast atomizer were experimentally investigated. Firstly, 
we observed the breakup phenomena at the wall edge of the liquid film flowing over the solid wall using the 
high-speed video movie. By the observation at the wall edge, the liquid film deforms into the bag-shaped sheet, 
which consists of a thin liquid film attached to a thick rim. The thin liquid film disintegrates into numerous fine 
droplets, and the thick ligaments attaching to the wall edge remain. Then the thick ligaments disintegrate into 
coarse droplets. The new numerical model of a film breakup at the wall edge was proposed. The new model as-
sumes that the mean droplet diameter is determined by the coarse droplets generated by the breakup of a liga-
ment attaching to the wall edge. So, concerning to the new breakup model, we focused on the ligament breakup. 
The numerically predicted wavelength, ligament diameter and mean droplet diameter were compared with the 
experiments. The predicted characteristics, such as wavelength, ligament diameter and mean droplet diameter, 
were almost coincident with the experiments except at low air velocity. The droplet mass flux was measured by 
the isokinetic probe. The droplet mass flux distributions are expressed by a normal distribution function which is 
normalized with a maximum flux at the center and half width at half maximum. 

 

 
Introduction  

The breakup phenomena of a liquid film flowing over a solid wall is usually observed in an automobile 
engine, jet engine, boiler combustor and general heat exchanger. In the recent jet engine the prefilming type of 
airblast atomizer has been used to meet the exhauset gas regulation because it has a good spray characteristics 
even at low fuel injection pressure. This type of atomizer utilizes the high-speed air stream flowing in the 
combustor for the atomization of a liquid fuel. So, the pressure loss of atomizing air in an atomizer is smaller 
than a conventional pneumatic atomizer utilizing atomizing air. 

The atomization mechanism of a prefilming type of airblast atomizer is known as follows: The fuel is driven 
along the solid wall surface as a wavy film by the coflowing air stream, and then the liquid film is disintegrated 
at the wall edge by the air streams flowing on the both sides of the solid wall, the so-called prefilmer. Spray 
quality of a prefilming type of airblast atomizer is understood to be characterized by a liquid film thickness, liq-
uid flowrate and air velocity. Rizk and Lefebvre[1] investigated the spray characteristics of this type of atomizer, 
and concluded that a liquid film thickness is an important parameter for spray characteristics. Many other re-
searchers have been investigated the spray characteristics of a prefilming type of airblast atomizer, and proposed 
the empirical equations of mean droplet size[2,3,4]. 

On the other hand, the numerical simulation has been utilized recently for the design of a combustor to save 
a time and cost required for experiments[5,6]. Due to the rapid development of a computer performance, the nu-
merical simulation of a spray flow and combustion process in the combustor has been possible. At this stage the 
liquid breakup model in an atomization process is necessary for the numerical simulation[7]. 

This study aims to clarify the spray characteristics of a prefilming type of airblast atomizer and to make a 
numerical model of a film breakup to predict the spray characteristics of this type of atomizer, and finally to 
compare the numerically predicted spray characteristics with the measurements. To put it concretely, as the first 
step, the liquid film behaviors on the prefilmer and at the prefilmer edge were experimentally investigated. Then, 
the numerical breakup model of a liquid film at the prefilmer edge was proposed. Finally, the numerical predic-
tions of the wavelength, ligament diameter and mean droplet diameter were compared with the measurements.  

 
Experimental Apparatus 

Figure 1 shows the experimental apparatus. The air generated by the blower is supplied to the contraction 
nozzle via a honeycomb. The exit of a contraction nozzle is rectangular with the width of 50mm and the height 
of 30mm. The test atomizer is attached to the exit of the contraction nozzle. The water in the pressure tank is 
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pressurized by a high-pressure air from 
the compressor, and then it is supplied 
to the prefilmer in the test atomizer 
through a flow meter. 

Figure 2 shows the test atomizer 
used in the present study. The test atom-
izer is two-dimensional for easy obser-
vation of liquid disintegration phenom-
ena. The prefilmer is set at the center in 
the atomizer, and in order to uniform the 
liquid flowrate distribution in the trav-
erse direction the porous metal was used 
at a liquid exit part. For the optical ac-
cess, the upper and side parts were made 
of the acrylic plastic. The X-coordinate 
is in the flow direction, Y-coordinate is 
in the traverse direction, and Z-coordinate is perpendicular to the prefilmer. The coordinate system is the right-
handed system. The origin was set at the center of a prefilmer edge. The disintegration phenomena of a liquid 
film at the prefilmer edge were observed by the instantaneous digital camera and the high-speed video camera. 
The wavelength of the surface wave of a liquid film on the prefilmer was measured by the image processing 
method, that is two-dimensional Fast Fourier Transform (FFT), using instantaneous photographs. And the thick-
ness of a liquid film flowing over a prefilmer was measured by the contact needle probe. The droplet mass flux 
was measured by the isokinetic probe. And the droplet size was measured by the Fraunhofer diffraction method. 
The details of the experimental apparatus are presented in the previous paper[8]. 

In the present study, tap water was used as the atomized liquid and air as the atomizing gas. The liquid vol-
ume flowrate per unit width of a prefilmer was ranged from 0.8 to 3.2cm3/(s cm), and the gas velocity at the at-
omizer exit was ranged from 17 to 76.5m/s. 
 
Liquid Film Breakup Phenomena 

Figure 3 shows the surface waves on the liquid film surface flowing over the prefilmer under the air velocity 
of 51m/s and liquid flowrate of 2.0cm3/(s cm). The air and liquid flow from left to right in photographs. The 
three-dimensional scaly waves appear on the liquid film surface. The liquid film is thick at the rim of a scaly 
wave. The thick rim of a scaly wave becomes a thick rim at the periphery of a bag-shaped liquid film when it 
arrives at the edge of the prefilmer. 

Figure 4 shows the effect of a liquid flowrate and air velocity on the liquid film breakup phenomena at a pre-
filmer edge. The air and liquid flow from bottom to top in the photographs. As the air velocity increases the 
breakup length of a liquid film shortens, and finer droplets are generated. The diameter of a ligament attaching to 
the prefilmer edge gets thin and the space between ligaments in the traverse direction narrows as the air velocity 
increases. As the liquid flowrate increases the breakup length increases and coarser droplets are generated. 

Figure 5 shows the details of the bag-type breakup phenomena at the prefilmer edge. As shown in Fig.3 the 
wave consists of thin liquid film and thick rim at the periphery of liquid film. The liquid film is bulged out the 
thin liquid sheet downward by an air stream at the prefilmer edge. The thin, bag-shaped liquid film has a thick 
rim at periphery. The fine droplets are generated by the disintegration of a thin, bag-shaped liquid film, and the 
thick ligaments remain attaching to the prefilmer edge. Then the thick ligament disintegrates and the coarse 
droplets are generated. 
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        Figure 1 Experimental apparatus.                      Figure 2 Test atomizer. 
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                Figure 3 Surface waves. 



ICLASS 2012, 12
th
 Triennial International Conference on Liquid Atomization and Spray Systems, Heidelberg, Germany, September 2‐6, 2012 

 3

 

Liquid Film Breakup Model 
The experiments consume much 

time and cost. The numerical analysis 
is expected to save those. There are 
many researches to analyze numerical-
ly the spray flow and combustion in the 
combustor. However, the numerical 
simulation of the spray formation is 
very difficult because the liquid disin-
tegration phenomena are very compli-
cated. The phenomena are small size, 
high-speed and unsteady. So, in the 
present stage it seems to be the better 
way to use the liquid breakup model 
instead of the direct simulation of the 
liquid disintegration. 

Firstly, we analyzed the liquid film 
flow on the prefilmer to predict the 
wavelength on the liquid film surface. 
Waves in the liquid flow direction are assumed to be generated according to the Kelvin-Helmholtz instability. 
The wavelength in the liquid flow direction,1 is expressed as follows[9]; 

 

g
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 1

                                                                        (1) 

 
where C indicates a correction factor which equals to 1.6 in the present study,  a thickness of the eddy bounda-
ry layer, and  the density. Subscripts l and g indicate the liquid and gas, respectively. The thickness of the eddy 
boundary layer is expressed by the following equation[9]; 
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                           Figure 4 Liquid film breakup phenomena. 
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where Hg indicates the width of a gas flow chan-
nel which equals to 10mm in the present study. 
The ReHg indicates the gas Reynolds number 
which is expressed as follows; 
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where Ug indicates the gas velocity at the atomiz-
er inlet, and  indicates the viscosity. 

Waves in the traverse direction are assumed 
to be generated according to the Rayleigh-Taylor 
instability. The wavelength in the traverse direc-
tion, 2 is expressed as follows[9]; 
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where B indicates a correction factor which equals to 0.25 and Cd indicates the drag coefficient which equals to 
2.01 in the present study. The  indicates the surface tension. The Ul indicates the liquid mean velocity at the 
prefilmer edge which was calculated by the liquid flowrate as follows; 
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where Ql indicates the liquid volume flowrate per unit width and h indicates the mean liquid film thickness 
measured at the prefilmer edge by the contact needle probe. 

Secondly, we proposed the new breakup model of a liquid film at the prefilmer edge. To predict the mean 
droplet size we neglected the fine droplets generated by the disintegration of a thin liquid film bulged by the air 
stream like a bag, because the contributions of fine droplets to the mean droplet size are small. We know the 
importance of fine droplets for other aspects of the spray. As the first step, we determined to neglect fine droplets  
for the simplification of the breakup model. So, we focused on the thick ligaments attaching to the prefilmer 
edge generated by the disintegration of a bag-shaped sheet. Figure 6 shows the breakup model of a liquid film 
proposed in the present study. The thick rim consists of two straight cylinders and a half ring of which the diam-
eter equals to the wavelength in Y-direction. The diameter of a cylinder, dl can be calculated from the mass con-
servation as follows; 
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The cylinder is disintegrated into coarse droplets according to the Weber’s theory. The mean droplet size, dD 

is expressed as follows[10]; 
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where Oh indicates the Ohnesorge number which is expressed as follows; 
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Figure 6 Breakup model. 
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By the investigation on the ligament disinte-
gration from Marmottant et al., the droplet size 
distribution is expressed as following Gamma 
function[11]; 
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where PB indicates the probability distribution 
function and <D> indicates the mean droplet size. 
(n) indicates the Gamma function and n is con-
stant between 2 and 4. In the present study, we 
substitute dD obtained by Eq.(7) for <D> in 
Eq.(9) and put n=4. Around four thousands drop-
lets were generated according to the droplet size 
distribution expressed by Eq.(9). Figure 7 shows 
the droplet size distribution at Ug=51m/s and 
Ql=2.0cm3/(s cm). In this case, the liquid film 
thickness is 181m, ligament diameter is 466m, 
and <D>=878m. The horizontal axis in the fig-
ure, D indicates the droplet size and vertical axis, 
N indicates the number of generated droplet. The 
droplet size distribution corresponds to the Nuki-
yama-Tanasawa distribution with =3 and =1. 

The coarse droplets may be disintegrated 
again into fine droplets. We considered the sec-
ondary breakup of a coarse droplet using the 
TAB model[12]. 

 
Results and Discussions 

Liquid film thickness is one of the important 
parameters which determine the spray characteristics. Figure 8 shows the mean liquid film thickness measured 
by the contact needle probe at the prefilmer edge. Measurement point is 2mm upstream from the prefilmer edge. 
The film thickness decreases as the air velocity increases. At low air velocity the film thickness increases with 
the liquid flowrate. However, at high air velocity the effect of the liquid flowrate on the film thickness becomes 
small. 

Figures 9 and 10 show the predicted wavelengths compared with the measurements. Figure 9 shows the 
wavelength in the liquid flow direction. The wavelength decreases slightly as the air velocity increases. The in-
fluence of the liquid flowrate on the wavelength is small. The predicted wavelengths are almost coincident with 
measurements except at low air velocity. At Ug=34.0m/s, the model shows smaller wavelengths than measure-
ments, especially at large liquid flowrate. Since the measurement data used for the wavelength measurement at 
low air velocity are few, the reliability of the measurements of the wavelength at low air velocity is relatively 
lower than those at other air velocity conditions. Figure 10 shows the wavelength in the traverse direction. The 
wavelength decreases as the air velocity increases. The influence of the air velocity on the wavelength is larger 
than the wavelength in the liquid flow direction. The influence of the liquid flowrate on the wavelength is small. 
The predicted wavelengths show good agreements with the measurements. 

Figure 11 shows the predicted ligament diameters compared with the measurements with error bars. As the 
air velocity increases the ligament diameter decreases. The ligament diameter increases as the liquid flowrate 
increases. Since the measurements of ligament diameter scatter widely, the quantitative comparisons of ligament 
diameter between the measurements and predictions are difficult. The predicted ligament diameters show good 
qualitative agreements with the measurements. However, in the case of calculations the influences of the liquid 
flowrate on the ligament diameter are smaller than the measurements. 

Figures 12, 13 and 14 show the predicted Sauter mean diameters (SMDs) with the measurements at three 
distances from the prefilmer edge. The liquid flowrates of Figs.12, 13 and 14 are 1.4, 2.0 and 2.6 cm3/(s cm), 
respectively. Regardless of the liquid flowrate, the SMD decreases monotonously as the air velocity increases. 
The influences of the distance from the prefilmer edge on the SMD are small except at low air velocity. At low 
air velocity the SMD decreases slightly according to the distance from the prefilmer edge. This is due to the sec-
ondary breakup of coarse droplets. At low air velocity, since the breakup time required for secondary breakup is 
large by comparison with that at high air velocity a coarse droplet travels long distance until it disintegrates 

 

 
     Figure 7 Size distribution of generated droplets. 
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again. On the other hand, in the case of calculation the distance from the prefilmer edge has no influence on the 
SMD. This is because the calculated breakup time in the TAB model is so short that secondary breakup com-
pletes in the vicinity of the prefilmer edge. So, in the case of calculations no influence of the distance on the 
SMD appears in the graph. In the calculations the breakup time of TAB model should be estimated more exactly. 
The predicted SMDs show good agreements with the measurements in Figs.12 and 13. In Fig.14 the predicted 
SMDs show smaller values than the measurements. At large liquid flowrate, since the droplet number density is 
large the coalescence between droplets may occur. In the present model calculation the coalescence between 
droplets is not taken account. 
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Figure 13 Comparisons of SMD (Ql=2.0cm3/(s cm).   Figure 14 Comparisons of SMD (Ql=2.6cm3/(s cm). 
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Figure 11 Ligament diameter.          Figure 12 Comparisons of SMD (Ql=1.4cm3/(s cm). 
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    Figure 9 Wavelength in liquid flow direction.         Figure 10 Wavelength in traverse direction. 
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Figure 15 shows the droplet mass flux distribution in the Z-direction at X=50mm. The droplet mass flux was 

measured by the isokinetic probe at Ug=51m/s. The distribution shows the shape of a normal function. As the 
liquid flowrate increases the distribution becomes broad and the maximum mass flux on the center axis increases.  

Figure 16 shows the influence of the downward distance from the prefilmer edge on the droplet mass flux on 
the center axis measured by isokinetic probe at Ug=68m/s. As the measurement point goes downstream the mass 
flux decreases. As the liquid flowrate increases the mass flux increases throughout the distances from the pre-
filmer edge. 

Figure 17 shows the non-dimensional distribution of droplet mass flux in the Z-direction. The horizontal ax-
is is normalized by the half width at half maximum and the vertical axis is normalized by the droplet mass flux 
on the center axis. The mass flux was measured at the various downward distances from the prefilmer edge. The 
droplet mass flux distribution from the coaxial airblast atomizer can be expressed by the normal distribution 
function[15]. In the case of a coaxial airblast atomizer, the distribution is axisymmetric. In the present study, 
since the atomizer is two-dimensional the distribution is expected to be two-dimensional. So, we assumed the 
following normal distribution function for the droplet mass flux distribution[16]; 
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where Fd indicates the droplet mass flux and 
Z1/2 means the half width at half maximum 
of the mass flux distribution. Since the drop-
let mass flux on the center axis is maximum, 
the Fd (X,0,0) in Eq.(10) equals to Fdmax in 
Figs.16 and 17. The constant, A in Eq.(10) 
indicates a correction factor which is deter-
mined by the comparison with the measure-
ments. By the least square method of the 
measured mass flux, we obtained that A 
equals to    -0.693. The solid line in the 
figure shows the empirical equation ex-
pressed by Eq.(10). The predicted mass flux 
distribution by Eq.(10) agrees well with the 
measurements. 

 
Summary and Conclusions 

The spray characteristics of a prefilming type of airblast atomizer were experimentally investigated using the 
two-dimensional test atomizer with a rectangular cross-section. New breakup model of a liquid film at a pre-
filmer edge was proposed from the observation of disintegration phenomena of a liquid film. And the predicted 
wavelengths, ligament diameter, and mean droplet diameter were compared with the measurements. The droplet 
mass flux distributions were measured by an isokinetic probe, and the distribution function for the droplet mass 
flux distribution was proposed using the normal distribution function. Consequently, the following results were 
obtained; 

  
Figure 15 Droplet mass flux distribution.            Figure 16 Maximum droplet mass flux. 

Figure 17 Non-dimensional droplet mass flux 
     distribution. 
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(1) At the prefilmer edge, liquid film is bulged out the thin liquid sheet with the thick rim at periphery. The fine 
droplets are generated by the disintegration of a thin liquid film, and the coarse droplets are generated by the 
disintegration of a thick rim. 

(2) The new breakup model of a liquid film was proposed based on the Kelvin-Helmholtz and Rayleigh-Taylor 
instability. The new breakup model focuses on the disintegration of a thick rim and eliminates the disinte-
gration of a thin, bag-shaped sheet. 

(3) The new breakup model predicts well the wavelength in the flow and traverse directions except at low air 
velocity.  

(4) The ligament diameter decreases as air velocity increases and liquid flowrate decreases. In the calculations 
by new breakup model, the effect of liquid flowrate on the ligament diameter is smaller than the measure-
ments. 

(5) At small liquid flowate the predicted SMDs show good agreements with the measurements. At large liquid 
flowrate the predicted SMDs show slightly smaller values than the measurements. 

(6) The droplet mass flux distribution is expressed by the following empirical equation; 
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