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Abstract 

Through the diffusion and mixing process of spray, interaction between droplets in spray and ambient air flow forms spatial inhomogeneity of concentration. Inhomogeneity of concentration gives great effects on the results, i.e. the ignitability, efficiency, exhaust gas etc. in combustion field. The investigation of Inhomogeneity characteristics existing in spray is required from the view point of protection of environment and effective use of resources. However the mechanism and formation process of inhomogeneity in spray have not been clarified yet. This paper aims to make clear the development of inhomogeneity of droplets in spray, and to give a basic data for controlling it. For this purpose, we observed the mixing process of mono-sized spray and bi-modal spray in the atmosphere. It is known that an ambient air flow gives great effects on structure of spray. So the relation between the characteristics of ambient air flow and formed spatial inhomogeneity of spray is made clear.
1. Introduction
In the process of mixing and diffusion of spray, the spatial inhomogeneity is formed by interaction between droplets and ambient airflow. It is clear that spatial inhomogeneity of spray effects many phenomenon used spray systems. However, the formation and transition processes of spatial inhomogeneity of spray have not been clarified yet. In order to clarify these phenomenon, we observed mixing process of mono-sized spray in various conditions of ambient air flow. Velocity of ambient air flow is measured with Hot Wire Anemometer in order to calculate turbulent intensity and scale of that. In this study, we define Relative Turbulent Intensity as Turbulent Intensity, and Integral Spatial Scale as Turbulent Scale. Spatial distribution of spray droplets is recorded with YAG laser sheet and CCD camera. The grade and change of spatial inhomogeneity of spray is expressed by Inhomogeneity Index, Dimensionless Density and Cluster Scale.
2. Experimental Setups and Methods

The experimental setup consists of test channel, measurement and record equipments as shown in Fig.1.


Mono-dispersed spray is injected at the top of test channel, mixed with surrounding air and reaches the test section. The characteristics of surrounding air are controlled by oscillators set on the channel walls. The instantaneous positions of droplets are recorded at test section. 
This study aims to make clear the inhomogeneity caused by clusters and inhomogeneity of spray is expresses by Inhomogeniety Index. Inhomogeniety Index is calculated from partial inhomogeniety caused by clusters in spray and the distribution of time averaged droplet density over the cross section of test channel. Therefore, it is required that the time averaged droplet density is equal at any point over cross section. The shape of test channel is decided through the trial-and error. It consists of injection, expansion and mixing [image: image1.emf]Laser Transmitter 
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  Fig.1 Experimental Setups
chambers. The spray is injected by two test atomizers at the top of the injection chamber. Sprays are expanded by the sudden change of space and the exhaust of air by fans set on the walls of expansion chamber and led to mixing chamber. The distributions of time-averaged droplet density are shown in Figs.2 and 3. The former is the case by the straight channel and without funs and the latter by the channel in this study.



Atomizers used in this study are shown in Fig.4 that is a vibrating capillary type atomizer whose principal is same as one developed by Berglund & Liu [1]. 

Tap water is used as a sample liquid. Water is led to orifice that is 50μm in diameter and set at the tip of the atomizer, and forms a thin water jet. Under this condition, Signal with specified frequency is impressed on piezoelectric ceramic, water jet is disintegrated regularly and forms mono-sized droplets. The diffusion air is also supplied to prevent from coalesce of generated droplets. The spatial positions of droplets at the center plane of spray are illuminated by YAG laser sheet and recorded by CCD camera. Laser sheet is 5 mm in thickness.  Recorded area is 100 mm×100 mm and the depth of image is 5mm. Droplet size of mono-sized spray is 100μm. 
[image: image2.emf]Distance from Center of Spray mm

Frequency %

RSD

f

=0.94

0.5

1

1.5

2

2.5

3

3.5

-100 -50 0 50 100

0

Distance from Center of Spray mm

Frequency %

RSD

f

=0.94

0.5

1

1.5

2

2.5

3

3.5

-100 -50 0 50 100

0


Fig.2 Droplets Distribution by straight channel
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Fig.3 Droplets distribution by this study
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Fig.4 Test Atomizer

Ambient air is excited continuously by oscillators set on the top of mixing chamber. The characteristics of ambient air, i.e. intensity and scale of turbulence of air, can be changed by the frequency and intensity of signal impressed to oscillators. Figure 5 shows the ambient air conditions in this study.  Conditions 1, 2 and 3 are deferent intensity under same scale and conditions 4, 2 and 5 are deferent scale under same intensity.

The droplet size, its distribution and droplet velocity are measured by Phase Doppler Particle Analyzer (PDPA) and the airflow velocity by the Hot Wire Anemometer. Instantaneous droplet density is calculated from the light scattering images obtained by YAG laser sheet and CCD camera.


The experimental conditions are shown in Table 1. Z in Table 1 expresses distance from Oscillators.
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Fig.5 Changes of Turbulent characteristics
Table 1 Experimental Conditions
	
	Items
	Condition

	Spray
	Liquid
	Tap Water

	
	Mean Diameter
	100 μm

	
	Dev. of Drop size
	0.128

	
	Liquid Flow Rate
	2.0 [g/min]

	
	Air Flow Rate
	10 [l/min]

	Measurement
	Measured Point
	Z=250, 550

	
	Measurement Times 
	500 times

	
	Measured Are
	100×100 mm


2. 2 Definition of Inhomogeneity Index


The spatial inhomogeneity of spray is one of the factors of the atomization. In this study, inhomogeneity of spray is estimated by using the Inhomogeniety Index defined by Czainski [2]. The Inhomogeneity Index means the complexity of dispersion layer and is defined as the ratio of the deviation of evaluated objects to one of objects distributed randomly. The Inhomogeneity Index H is expressed as follows:
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In original definition [2], it was calculated with the projection area of the particles. However, the number of particles was used instead of projection area in this research since drop number and projection area has same meaning as drop size being uniform. Moreover, it was calculated from the 2-dimentional distributions of droplets although the spray distributed 3-dimensionally.


As shown in Fig.6, when the Inhomogeneity Index is larger than 0, droplet distribution is more uneven than one being random. On the contrary, when the Inhomogeneity Index is smaller than 0, droplet distribution is more uniform than the case of being random. If the droplet distribute at random, inhomogeneity index becomes 0. In addition, it is possible to evaluate the scale of inhomogeneity by changing cell size. When the cell size is large, large scale of inhomogeneity is evaluated. When the cell size becomes equal to the characteristic scale of droplets cluster, the Inhomogeneity Index indicates maximum, because the deviation of droplet number in each cell becomes maximum. We define this cell size as Cluster Scale.
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Fig.6 Expression of Inhomogeneity Index

3. Result and Discussion
3. 1 Relations between turbulent characteristics and Inhomogeneity
In order to observe relations between turbulent characteristics and Inhomogeneity, the characteristics of ambient airflow are changed systematically by using oscillators as shown in Table 1. Inhomogeneity is analyzed from 500 images of spatial position of droplets in center plane of spray. 
3.1.1 Relation between Turbulent Scale and Inhomogeneity

 Turbulent Scale is changed systematically under constant Turbulent Intensity in order to observe relation between Turbulent Scale and Cluster Scale. The change of Cluster Scale with Turbulent Scale is shown in Fig. 7. Turbulent Intensity is around 5 in this case. Herein Dimensionless Density and Droplet Number in Cluster Scale (CS) are also shown. Dimensionless Density means the ratio of density of cluster and one of analyzed region　and expressed as follows:
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It is evident from Fig.7 that Cluster Scale increases and Dimensionless Density decreases with the increase of Turbulent Scale. This means Cluster Scale is affected by Turbulent Scale and expanded according to Turbulent Scale. However, Droplets Number in Cluster Scale does not change. As a result, Dimensionless Density decreases with Turbulent Scale. 
Consequently, inhomogeneity of spray also changes. Relation between Turbulent Scale and Inhomogeneity Index is shown in Fig.8. It found that Inhomogeneity Index decreases according to increase of Turbulent Scale. This fact implies that density deference among each part of analyzed region decreases with the decrease of Turbulent Scale and approaches random state. 
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Fig.7 Relation between Turbulent Scale and Cluster Scale, Dimensionless Density, andDroplet Number in CS
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Fig.8 Relation between Turbulent Scale andInhomogeneity Index

3.1.1 Relation between Turbulent Intensity and Inhomogeneity

In order to observe relation between Turbulent Intensity and Cluster Scale, Turbulent Intensity is changed systematically under constant Turbulent Scale. Turbulent Scale here is around 35. 
Relations between Turbulent Intensity and Cluster Scale, Dimensionless Density, Droplet Number in CS are shown in Fig 9. Cluster Scale decreases suddenly in the region of small Turbulent Intensity and approaches nearly constant with the increase of Turbulent Intensity. 
Meanwhile, Droplets Number in CS also decreases suddenly in first and approaches constant. As a result, Dimensionless Density increases first and shows nearly constant.
Figure 10 shows the relation between Turbulent Intensity and Inhomogeneity Index. Inhomogeneity Index also decreases suddenly first, after that slightly decreases and shows constant. This means that droplets are spread over the field. Consequently the field becomes more homogeneous.
From those results, it is possible to guess that large clusters are collapsed when turbulent intensity crosses a certain value and after that the periphery of cluster is stripped off by turbulence of ambient air.  Finally cluster reaches a certain size that may be related to Turbulent Scale.
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Fig.9 Relation between Turbulent Intensity

and Cluster Scale, Dimensionless Density,

and Droplet Number in CS
3. 2 Transition of Inhomogeneity

It is important to make clear the transition of Inhomogeneiety to control it. The same trials as shown in 3.1 are carried out at each measurement point. Unfortunately, turbulent characteristics change slightly along the flow. Therefore, the averaged values of these at Z=250mm and Z=550mm are employed for the evaluation of Turbulent characteristics in this paper. 
Relations between Cluster Scale and Turbulent Scale at Z=250mm and Z=550mm under constant Turbulent Intensity are shown in Fig.11. Cluster Scale decreases with the distance regardless of Turbulent Scale. Here, the absolute values of reduction of Cluster Scale increase with Turbulent Scale but the reduction rate is nearly equal. This fact suggests that Cluster Scale itself is affected by Turbulent Scale but its change is hardly done. 
Figure 12 shows the relation between Turbulent Scale and Dimensionless Density. From this figure, Dimensionless Density decreases with Turbulent Scale but increases with distance at each Turbulent Scale. The increase rate of Dimensionless Density along distance is relatively large at low Turbulent Scale but small at high one. This result suggests that the periphery of cluster where the number density is low is stripped off by turbulence of ambient air. Consequently, the density in cluster increases. Especially when Turbulent Scale is small, Cluster Scale and Droplets number in Cluster Scale are small, small increase of droplet number affects remarkably Dimensionless Density.
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Figure 13 shows the relation between Turbulent Scale and Inhomogeneity Index at deferent measurement points. The tendency of Inhomogeneity Index with Turbulent Scale at deferent measurement points is almost same and Inhomogeneity Index decreases with Turbulent Scale because Cluster Scale increases and Dimensionless Density decreases with Turbulent Scale. The former is shown in Fig.11 and the latter in Fig 12. When Turbulent Scale is small, Dimension less Density does not give the effect on the spatial inhomogeneity as it is not remarkably high but droplet number in cluster is low because Scale is small. There fore, it can say that Cluster scale is main factor to decide the inhomogeneity of spray. 
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Fig.11 Relation between Turbulent Scale 
and Cluster Scale
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Fig.12 Relation between Turbulent Scale and

Dimensionless Density
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Fig.13 Relation between Turbulent Scale and

Inhomogeneity Index

On the other hand, Turbulent Intensity gives an effect on the reduction rate of Cluster Scale. Figure 14 shows the relation between Cluster Scale and Turbulent Intensity at Z=250mm and Z=550mm under constant Turbulent Scale. The reduction rate of Cluster Scale is also illustrated in Fig. 14. When Turbulent Intensity is low, Cluster Scale changes little but Turbulent Intensity goes over a cretin value, Cluster Scale itself decreases as mentioned at 3.1.1 and the reduction rate increases obviously. Furthermore, it can say that cluster exposed Turbulent reduces its size with time. The reduction rate of Cluster Scale increases with Turbulent Intensity. This indicates that Turbulent Intensity promotes the attenuation speed of clusters in spray.  
The effect of Turbulent Intensity on Dimensionless Density, i.e. Relation between Turbulent Intensity and Dimensionless under constant Turbulent Scale, is shown in Fig.15. Dimensionless Density increases according to distance at any Turbulent Intensity. When Turbulent Intensity is low, the difference of Dimensionless Density between upstream and downstream is relatively small. Dimensionless Density itself and increase value increase, both indicating the maximum and after that decrease with Turbulent Intensity. This result agrees with Fig. 14 in the tendency of Cluster Scale with distance from oscillator and with Turbulent Intensity. That is to say, the change of Dimensionless Density depends principally on Cluster Scale.
Finally, figure 16 shows the transition of the relation between Turbulent Intensity and Inhomogeneity Index with distance from oscillator. It is evident from Fig.16 that Inhomogeneity Index indicates almost same through Turbulent Intensity except at low one. It is because both Cluster Scale and Dimensionless Density are nearly constant with Turbulent Intensity except low Turbulent Intensity region. When Turbulent Intensity is low, relatively large and dense clusters exist in space though Dimensionless Density is relatively small because cluster size is large. Consequently Inhomogeneity Index becomes large. 
Inhomogeneity Index increases slightly with distance in this study.
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Fig.14 Relation between Turbulent Intensity

and Cluster Scale
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Fig.15 Relation between Turbulent Intensity

and Dimensionless Density
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Fig.16 Relation between Turbulent Intensity and

Inhomogeneity Index

4. Conclusions

For the purpose to clarify the formation of the spatial inhomogeneity of spray in various conditions of ambient air flow we use mono-dispersed droplets with 100μm in diameter and change of spatial distribution of droplets is recorded with YAG laser sheet and CCD camera. From this experiment, the results can be summarized as follows. 

(1) In the case that turbulent intensity of ambient air flow remains constant, cluster in spray increases and density of cluster decreases according to increase of turbulent scale of ambient air flow and Inhomogeneity decreases because particles in cluster diffuse according to increase of cluster scale.

(2) In the case that turbulent scale of ambient air flow remains constant and turbulent intensity increases, large clusters are collapsed and the periphery of cluster is stripped off by turbulence of ambient air. Therefore cluster scale in spray decreases. Density of cluster increases and Inhomogeneity decreases according to decrease of cluster scale in spray.
(3) Inhomogeneity decreases according to increase of turbulent scale or turbulent intensity of ambient air flow.
(4) Inhomogeneity decreases with time within the experimental conditions of this research. 
5. Nomenclature

H

the Inhomogeneity Index [-]

h

the degree of inhomogeneity [-]


the degree of inhomogeneity of the population distribution charts [-]

μrandom
 the expected value of random variable [-]

SD
the standard deviation of the number of droplets 

SDrandom
the expected value of random variable SD 
N
the whole number of droplets 

ni
the number of droplets placed at ith cell of a chart

κ

the number of unit cells 
CS

Cluster Scale [mm]

D

Dimensionless Density [-]

Nc

Droplets number in cluster
Na

Droplets number in analytic region
Sa

Analytic Square [mm2]
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Fig.10 Relation between Turbulent Intensity and Inhomogeneity Index
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