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Abstract 

The estimation of spray angles is crucial in several automotive, pharmaceutical, and 
aerospace industry applications.  This study looks at spray angles that are used in 
windshield wipers.  The spray is characterized by five angles: the aim angle, fan angle, roll 
angle, yaw angle, and thickness angle.  The definitions of the common angles used in the 
characterization of windshield wipers are presented.  An estimation of these angles from two 
windshield nozzles was obtained using an optical patternator.  The optical patternator 
measures the extinction at six different view angles.  The effect of radial and angular spatial 
resolution on the estimation of these spray angles is presented.  It was determined that 
some of these angles are more sensitive to radial resolution and less sensitive to angular 
resolution.  Therefore, a deconvolution method that provides varying angular and radial 
resolution after the measurements have been the key to the spray's characterization from a 
windshield wiper. 
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Introduction 

Spray angle and spray inclination are essential in a variety of applications [1].  The spray 
angle and its pattern directly impact the amounts of pollution emitted from internal 
combustion engines since they determine the amount of wall wetting [2,3].  The spray angle 
and inclination are directly related to the quality and thickness of coating in plasma coating 
applications [4].  In painting applications, the spray inclination and angle determine the 
transfer efficiency [5].  The spray inclination and angle determine the heat transferred from 
flat and finned surfaces used in spray cooling applications [6].  In agricultural applications, 
spray angle is the critical parameter that determines the height of the boom and the number 
of nozzles required to achieve uniform coverage [7].  Although spray angle and inclination 
are essential in most applications, they are difficult to estimate.   
The most commonly used method of estimating spray angles is mechanical, employing 
either collection cups in various shapes and sizes [8] or special paper [9].  These mechanical 
devices suffer from several systematic and random errors, primarily from stagnation effects 
[10].  Due to these errors, optical imaging was adopted for spray angle measurements. The 
earliest devices used white illumination and mechanical protractors [1].  These are, however, 
subject to operator interpretation.  Tests have shown that the same operator can measure 
spray angles differently by more than 20% on different days [1].  The mechanical protractors 
have since been replaced with digital cameras. 
Mie scattered light from a laser sheet [11] and conventional back-lit imaging [12] are the 
commonly used methods to obtain spray angles.  In addition, laser-induced fluorescence 
[13] and digital holography [14] have also been used to obtain spray angles.  All the above 
optical methods measure the surface area density of drops (scattering and back-lit 
illumination) or the mass concentrations (fluorescence).  There is no flux information 
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available, unlike most mechanical patternators.  Mie and fluorescence imaging typically work 
only for dilute sprays and require extensive corrections even for moderately dense sprays 
[15].  Therefore they are not ideally suited for quality audit purposes in dense sprays.   
Conventional back-lit imaging (which is, in principle, an extinction measurement) is the most 
robust optical method for determining spray angles and has been recommended by SAE 
[16].  However, during a round-robin testing procedure [16], it was observed that the 
differences in spray angles reported by three independent labs could be as high as 66%.  
The primary reason cited for this difference was the variation in standard test protocols, 
which include variation in ambient lighting and determination of image threshold.  In addition, 
recent numerical investigations have revealed that spray angles measured using complete 
flow field imaging suffer from multiple scattering effects, which are more significant in dense 
sprays [17].  Over the last two decades, spray angles in many industries are routinely 
measured using multiple view angle measurements of the extinction of a laser sheet oriented 
perpendicular to the spray [18,19].  The method is immune to ambient lighting and does not 
suffer from multiple scattering effects since only a thin laser sheet is used. 
This article's primary objective was to explore the use of extinction tomography for angle 
measurements in sprays from windshield wipers based on the preceding discussion.  In 
addition to the main spray angles, this article examines the common terminology used in the 
industry to characterize the inclination angles in flat fan sprays.  Sample spray angle 
estimates obtained using extinction tomography from two nozzles are also presented. 
 
Material and Methods 

The SETscan optical patternator measures the path integrated extinction along six 
collimated beams as shown in Fig.1.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.Schematic presentation of the optical patternator.. 

The path integrated extinction is deconvoluted using the Maximum Likelihood Estimation 
method [20] to provide the local drop surface area density.  The drop surface area density is 
the product of the surface area of the drops and the number of drops per unit volume.  The 
drop surface area densities are used to define all the spray angles discussed in this paper. 
Two nozzles were used in this study.  A photograph of the experimental arrangement is 
shown in Fig. 2.  The nozzle is mounted on a linear traverse so that the nozzle exit can be 
positioned at a fixed distance from the measurement plane.  All measurements were 
obtained at a distance of 50 mm below the exit of the nozzle.   
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Figure 2. Experimental arrangement for the determination of spray angles in a windshield wiper. 

The positioning accuracy of the nozzles to the centre of the patternator is about +/-1mm. The 
nozzles were connected to a reservoir maintained at 35 PSI using compressed air.  The 
pressure drop from the reservoir to the nozzles due to the tubes' length is approximately 6 
PSI.  Therefore, the pressure at the back end of the nozzle is estimated to be close to 29 
PSI.  The measurements were obtained at 40 mm below the exit plane from the sample 
injector operating at 35 PSI.  A stop valve was used to control the flow of the water to the 
nozzle.  A reference voltage for the six arrays was first obtained on the patternator for 1 
second.  The flow to the nozzle was then started.  Once the flow stabilized in a period of a 
few second, data was collected for 5 seconds.  The angles reported by the patternator are 
validated using reference neutral density filters that provide a theoretical angle.  The angle 
provided by the patternator is within 1% of this theoretical angle. 
 
Results and Discussion 

Data was collected from two nozzles, labelled A and B, for 5 seconds at 1,000 Hz.  The 
mean absorptances measured at 35 PI for nozzle A are shown in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Mean absorptances for the windshield wiper nozzle A. 
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The mean extinction data were deconvoluted using the maximum likelihood estimation 
method [18] to provide the local surface area densities in the spray.  The contour plot of 
surface area densities from Nozzle A is shown in Fig. 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Sample contour plot from the windshield wiper nozzle A. 

The contour map shows the elliptical pattern of a flat fan spray.  In addition, there are two 
locations where the surface are density is high.  The measurements were obtained at 40 mm 
below the exit plane.  The colour bar shown along with the plot represents the local value of 
the total surface area density in units of mm-1.  Blue colour represents shallow values for the 
local total surface area density and red represents high values.   
The contour plot can be used to specify several parameters that characterize a spray.  Only 
four parameters, namely, the mean spray angles, the radial distribution of surface areas, the 
angular distribution of surface areas, and the total surface area, are discussed in this study.   
The first parameter that is discussed in some detail is the spray angles.  For round sprays, 
the spray angle is calculated as 2*(tan-1 (R/X)). X is the distance of the measurement plane 
from the orifice's exit, and R is the radius that encloses a user-defined percentage of the 
total surface area.  .  For flat spray, the % at which the local extinction reaches a 
predetermined % of the peak extinction values is used.  In this study, the 10% value is used 
for the spray angles.  The variation of spray angle with the % of peak extinction value is 
shown in Fig. 5.   
Several angles are generally of interest in the windshield wiper and the paint industry..  The 
first is the Aim angle.  This is the angle from the plane of origin to the plane of the actual 
spray.  The second is the major angle or also known as the Fan angle.  This is the angle of 
the horizontal distribution of the spray seen from a top view.  The third is the minor angle 
(also known as spray thickness).  This is the thickness of the spray across the vertical axis 
when viewed from the top.  The next is the roll angle or the angle by which the spray is 
rotated on the horizontal axis.  The last is the Yaw Angle or the angle at which the spray is 
shifted along the horizontal axis.  The patternator reports the major and minor angles and 
the X and Y location of the canter of the spray.  This defines four of the five angles described 
above.  Besides, the patternator performs an automatic rotation feature that allows the spray 
to be oriented along the horizontal axis by internally calculating the roll angle.   
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For this spray, 90% was chosen as the cut-off point for the spray.  The major (fan) and minor 
(thickness) angles for Nozzle A are approximately 68.4 and 20.0 degrees, respectively.  This 
enables the user to check the ellipticity of the spray.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.The variation in spray angle versus the % of peak extinction. 

It can also be observed that the x location of the centre of the spray is not coincident with the 
centre of the nozzle.  For the above nozzle, the (X,Y) location of the spray centre is given by 
the coordinates (13.16 mm, aim angle can be calculated as 13.24 mm.  This corresponds to 
an aim angle of 18.31 degrees.  From the Y- coordinate of the centre, the yaw angle can be 
calculated to be approximately 1.5 degrees.  The roll angle provided by the system for 
Nozzle A is 85.24 degrees. The contour plot of surface area densities for Nozzle B is shown 
in Fig. 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  Sample contour plot from the windshield wiper nozzle B. 

The major (fan) and minor (thickness) angles are approximately 108.7 and 28.9 degrees for 
nozzle B, respectively.  The X and Y location of the centre of the spray is 1.02 and -2.66 
mm.  Therefore the distance of the spray centre is 2.84 mm.  Therefore, the aim angle is 
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4.07 degrees.  From the Y-co-ordinate, the Yaw angle is 3.80 degrees.  The roll angle is 
approximately 89.0 degrees.   
In addition to the five angles, the angular variation of the surface area density is usually 
examined to gauge the nozzle’s symmetry.  The angular variation in surface area density 
can be calculated from the contour maps as follows: 

 

rdr),r()(
R
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where ),r(  is the drop surface area density shown in the contour maps in polar coordinates, 

r is the radial location from the centre of the nozzle, and is the azimuthal angle (the zero 
degrees location is shown in the contour maps).  Once the angular profile of the surface area 
density, integrated along each angle is calculated, the profile is normalized to show the 
deviation of this profile from the mean value.  The normalization is represented as: 

 

100*

d)(

)(
360

0

N

 


  (2) 

The normalized surface area densities for the two nozzles are shown in Fig. 7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Normalized surface area density profiles for the windshield wiper nozzles. 

The normalized profiles show the two peak locations corresponding to the major axis that is 
expected from a flat spray.  The higher the value of the normalized variation in the angular 
profile, the more elongated or flatter is the spray.  It can be seen that Nozzle B has a more 
elongated spray than Nozzle A.  In addition, the symmetry is also higher for Nozzle B as 
compared to Nozzle A.  Similar to the angular profile, radial profiles of surface area densities 
are typically presented for round sprays.   
For flat sprays, the integrated surface area densities along the major axis are of more 
interest.  The integrated surface area densities along the major axis can be represented as: 
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where ),r(  is the contour of the local surface area densities in Cartesian coordinates, and K 

is the normalization constant, which in this case is the total surface area of the drops in the 
plane.  Each value along the X-axis represents the fraction of the total surface area of the 
drops at that x location.  Before the integrated surface area densities are calculated the 
contour maps are rotated so that the major axis of the spray is aligned to the X-axis.  The 
integrated surface area densities along the major axis for the nozzles are shown in Fig. 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Surface area density profiles integrated along the major axis for the windshield wiper nozzles. 

The last parameter that is reported in this study is the total surface area of the spray at the 
measurement plane.  Physically, the entire surface area represents the cumulative surface 
area of all the drops within a 1mm height of the spray at the measurement location.  This is 
one of the most critical parameters reported by the SETscan patternator.  For a given flow 
rate, if there is a large number of small drops, the surface area will be higher than if there is 
a smaller number of large drops.  For nozzle A, the total surface area of all the drops in a 1 
mm thick plane is 7.03 mm2 and, for nozzle B, the total surface area is 10.24 mm2.   
 
Conclusions 

 The definition of the five different spray angles that are used for flat fan sprays is also 
presented in this study.  The conclusion of this study is that statistical extinction tomography 
is the ideal method for estimating the various spray angles in a flat spray that is 
representative of windshield wipers.   
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