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Abstract 

This paper aims at clarifying the transition of spatial inhomogeneity in the mixing and diffusing processes of spray. In order to obtain the three dimensional space state and also to eliminate the atomizer characteristics, we analyzed by numerical simulation. Mono-dispersed spray and bi-modal mono-dispersed spray were analyzed. As results, it is ascertained that spatial inhomogeneity have isotropic structure and optimum droplet diameter exist to form the most inhomogeneous state. 
Introduction

The purposes of atomization are to accelerate physical phenomena or chemical reaction by increasing surface and hasting diffusion or mixture. Various　inhomogeneity like droplet diameter distribution, density, concentration, the spatial arrangement, etc. exist in spray, and it is ascertained that the spatial  inhomogeneity affects on both accelerating and obstructing the intentioned phenomena. For instance, the spray combustion with liquid fuel is practically used when energy is obtained by fossil fuel, and the coverage is extremely wide. In the ignition phenomenon, viz. the initial stage of the spray combustion, spatial inhomogeneity greatly influences the flame propagation, and it is confirmed the existence of the optimal spatial inhomogeneity. Therefore, it is important to control spatial inhomogeneity of spray for high efficiency use.
Specific Objectives
Spray’s spatial inhomogeneity is formed through the diffusion or mixing process of droplets and ambient airflow. This paper aims at clarifying the formation of spatial inhomogeneity of spray.
In the past, experimental analysis was conducted. [1][2] In that study, two dimensional distribution of droplets was analyzed by recording the longitudinal cross section of spray by CCD cameras. However, the spatial distribution of droplets and the disarray of ambient airflow are three dimensional spatial phenomena. In order to clarify this spatial spray structure, it is significant to record the three dimensional spatial distribution. Moreover, in the experimental way, it is quite difficult to eliminate the atomizer characteristics or to measure the diameter and spatial distribution of droplets at the same time. Therefore, it is difficult to handle the spray which has wide rage of diameter distribution. 
Thus we analyzed the spatial inhomogeneity by using numerical simulation in this study. We used flow modeling software FLUENT 6.3 (fluent Inc.). We modeled the field by setting up a turbulent lattice in the upstream. Surface injection was set up to inject droplets uniformly in order to eliminate the effect of the atomizer to spatial inhomogeneity.
Modeling Methods and Analysis Condition
Table 1 shows the calculating condition. We used LES model for the turbulence model and Lagrange tracing model for droplets. The exchange of momentum and energy between the discrete phase and continuous phase are considered by two-way coupling method. Further, the exchange of heat and mass, evaporation for example, is not considered and breakup and collision of droplets are ignored because the volume fraction of droplets is 0.006% and much smaller than 10% which interaction between droplets can not be disregarded [3]. We continued the calculation to 20 seconds in flow time to obtain the statistic quantity of airflow characteristics, and 100 samples of spatial dispersion state to analysis the droplet characteristics.
Table 1 Modeling and Analysis
[image: image1.emf]Turbulent Model LES (Smagorinsky-Lilly Model)

Multiphase Model DPM (Random Walk Model)

Analysis Area 60×60×530 mm

Cell Number 30×30×265

Time Step 0.004 sec

Calculating Flow Time 20 sec

Sampling Number 100 samples


Modeling for analysis is shown in Fig.1. The upper surface of a rectangular parallelepiped chamber is defined as inlet with air velocity of 0.25 m/s and bottom surface as outlet with 0 Pa in gage pressure. Side surface is defined as periodic boundary so that we can ignore the effect of wall. Turbulent lattice of 10mm in diameter and 20mm in interval is set at upstream. Injecting surface is made in order to inject droplets uniformly at the coordinate of z=0 where the cross direction distribution of time averaged velocity becomes uniform. We defined 5 sampling volumes along the stream in order to clarify the transition. Each side of volume is 50mm. We analyzed mono-dispersed spray and bi-modal mono-dispersed spray which consist of two sizes of mono-droplet to clarify the relationship between spatial inhomogeneity and droplet diameter. Water is defined for droplets. Droplet diameter and calculating conditions are shown in Table 2 and their Stokes Number and Reynolds Number at the terminal velocity in Table 3. 

For the purpose of eliminating the change of droplets’ momentum along the stream, each droplet was injected in theoretical terminal velocity.   In each case, Injecting Droplet Number is set, calculated by droplet velocity so that equal droplet number will exist in analysis volume since inhomogeneity index is based on the distribution of droplet number.
Analysis Methods
In this study, inhomogeneity of spray is estimated by using Inhomogeneity Index defined by Czainski [4].  Inhomogeneity Index signifies deflection from random decentralization. Inhomogeneity Index H is expressed as follows:
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(5)
When inhomogeneity index is larger than 0, droplet distribution is more uneven than one being random. On the contrary, when 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 become 0. 

Inhomogeneity index is estimated by dividing analysis area or volume to certain size of cells and counting the droplet number in each cell. Here, we call the cell size as measurement scale, and especially, when inhomogeneity index is the largest, the measurement scale as Characteristic Scale CS. It is assumed that this Characteristic Scale signifies the cluster scale.
We also defined Dimensionless Density D expressed in Eq.(6). Dimensionless Density is the number density of the cluster.
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 Integral Spatial scale is assumed as the turbulent scale. To estimate the three dimensional turbulent scale, X, Y and Z axis components were averaged.
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Fig.1 Modeling for Analysis

Table 2  Calculation Condition

[image: image9.emf]Droplet Diameter [μm] 20 50 100 140 200 300

Initial Droplet Vel. [m/s] 0.25 0.34 0.56 0.69 0.98 1.46

Water Flow Rate [mg/s] 0.04 0.78 10.7 34.4 150 748

Combination

Droplet Diameter [μm] 50 100 100 200

Initial Droplet Vel. [m/s] 0.34 0.56 0.56 0.98

Water Flow Rate [mg/s] 0.78 10.7 10.7 150

Initial Air Vel. [m/s]

mono-dispersed spray

50-100 100-200

0.25

bi-modal mono-dispersed spray


Table 3 Stokes Number and Reynolds Number 

[image: image10.emf]Droplet Diameter [μm] St [-]

Re

p

 [-]

20 0.044 0.001

50 0.179 0.314

100 1.116 2.033

140 2.187 4.097

200 4.464 9.773

300 10.04 24.24
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Fig.2 Transition of Air Velocity

Results and Discussions

Airflow characteristics

Transition of air velocity, turbulent intensity, turbulent scale and its increase rate are shown in Figs.2, 3 and 4. Each figure shows the difference of airflow characteristics between each case which different sized droplets flow. When the droplet diameter is 20μm to 100μm, air velocity hardly changes. But as the droplet diameter changes to 300μm, air velocity increases. Liquid flow rate increased with the increase of droplet diameter, and total momentum of the system increased. Exchange of momentum is conducted between droplets and airflow. As a result, air velocity increased. 
Turbulent scale of air without droplets is constant along the stream according to Fig.4. However, when the droplets are mixed, the increase rate of turbulent scale which is based on state without droplets shows the negative value. It means that scale has reduced. From Table 3, 20μm and 50μm droplet’s stokes number is smaller than 1, and have high follow-ability to airflow. Therefore, turbulent scale has not been scattered. On the other hand, 140μm to 300μm droplets with Stokes Number larger than 1 flow individually independent from airflow because there inertia force is dominant. For that reason, they affect the airflow and turbulent scale scatters. 100μm droplet shows the transitional behavior of the two because of the unstable motion due to its balance of air viscosity and droplet inertia force.
In regard to turbulent intensity, it attenuates through the stream. However, in the case of large droplet, turbulent intensity increases in the down stream. Turbulent intensity is also affected by large droplets.
Isotropy of Spatial Inhomogeneity

Here, we compared the spatial inhomogeneity analyzed three dimensionally and two dimensionally. In the case by 2D analysis, the central cross section of sampling volume with 5mm in depth was analyzed and also compared in three cross sections, i.e. XY, XZ and YZ-surfaces. From Fig.5 the Inhomogeneity Index indicates the same value among these three surfaces. This tendency is the same even if the droplet diameter changes (vid. Figs.6 and 7). Therefore, it can be said that spatial inhomogeneity has the isotropic structure. Comparing the absolute value of Inhomogeneity Index, there is a little difference between 2D and 3D analysis. This margin comes from the difference of analysis method, especially droplet number. However, they indicate the same tendency between 2D and 3D analysis. Therefore, it is thought that both analysis methods express the same inhomogeneous state.
On the other hand, Characteristic Scale has the different tendency with Inhomogeneity Index as shown in Figs.8, 9 and 10. XZ and YZ-surface have the larger value than that of XY-surface. This tendency can be hardly seen in 50μm droplet, but it becomes remarkable as droplet diameter changes to 200μm through 100μm. Scale is drawn out in the flow direction because larger droplets have higher velocity. In short, Characteristic Scale has the isotropic structure in orthogonal direction of flow, but there is a little anisotropic structure in flow direction.
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Fig.3 Transition of Turbulent Intensity
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Fig.4 Transition of Turbulent Scale and 

Increase Rate of Turbulent Scale
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Fig.5 Transition of Inhomogeneity Index (50μm)
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Fig.6 Transition of Inhomogeneity Index (100μm)
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Fig.7 Transition of Inhomogeneity Index (200μm)

Spatial Inhomogeneity of Mono-Dispersed Spray
Transition of spatial inhomogeneity along the stream with different sized droplets is compared. 3D Inhomogeneity Index is shown in Fig.11. 20μm and 50μm droplets’ Inhomogeneity Index slightly decreases along the stream. It is because they have small Stokes Number; less then 1, and follow the airflow which turbulent intensity slightly decreases along the stream too. It is thought that as to the diffusion and mixing process of spray these droplets are in the fully developed stage. On the other hand, when droplet diameter is 100μm, viscosity of air and inertia force of droplets is balanced or inertia force is slightly dominant and as a result Inhomogeneity Index increases as the diffusion process proceeds. Further more, 100μm droplets which follow also the airflow to some extent show the sharpest gradient in transition of Inhomogeneity Index along the stream. Droplets with 140μm, 200μm and 300μm are under inertia force dominant condition, and flow with the initial state.

Observing the tendency due to droplet diameter, Inhomogeneity Index once increases, reaches its peak and then decreases with the enlargement of diameter from 20μm to 300μm. Here, 100μm droplets take the maximum value. This indicates that droplets which behave unstable since the air viscosity and droplet inertia force influence equally (St = 1), form the most inhomogeneous spatial distribution.
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Fig.8 Transition of Characteristic Scale (50μm)
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Fig.9 Transition of Characteristic Scale (100μm)
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Fig.10 Transition of Characteristic Scale (200μm)
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Fig.11 Transition of Inhomogeneity Index

Figure 12 show the transition of Characteristic Scale along the stream according to the droplet diameter. Characteristic Scale of small droplets also shows the same value and hardly changes along the stream. As the effect of viscosity is dominant, it is influenced by the turbulent scale which hardly changes from upstream to downstream. In case of large droplets which are under inertia force control, they behave independently with no relationship to turbulent scale. Characteristic Scale shows the decreasing tendency independently to the turbulent scale. 

Comparing to the Characteristic Scale, Dimension-less Density of small droplets have the increasing tendency along the stream. Because Characteristic Scale hardly changes, cluster absorbs the ambient droplets without enlarging or scattering. On the contrary to this, although Characteristic Scale of large droplets decreases, Dimensionless Density is constant. In brief, cluster simply scatters without absorbing the ambient droplets.

To conclude, the formation of the spatial inhomogeneity of spray can be divided into three patterns according to Stokes Number. When Stokes Number is less then 1, transition of spatial inhomogeneity is greatly affected by the airflow state. On the contrary, when Stokes Number is larger than 1, it is independent from airflow state. And in the case of Stokes Number is around 1, spatial inhomogeneity is formed by both effect of airflow and inertia force.

Spatial Inhomogeneity of 

Bi-Modal Mono-Dispersed Spray
For study of the interaction of droplets, bi-modal mono-dispersed spray was flown and analyzed the behavior of each sized drop individually. The result was compared with the case of mono-dispersed spray only. Comparison of Inhomogeneity Index and Characteristic Scale between mono-dispersed spray and bi-modal mono-dispersed spray are shown in Figs.14 to 17. Figures 14 and 15 are the comparison between 100μm and 50μm droplets, and Figs.16 and 17 are one between 100μm and 200μm droplets.

Either of each sized droplets in the 100-50μm bi-modal mono-dispersed spray indicates the same tendency with that of mono-dispersed spray respectively. That is because airflow state remain unchanged between mono-dispersed spray and bi-modal mono-dispersed spray as either of 50μm and 100μm droplets have low effect to airflow. 

Droplets of 100-200μm bi-modal mono-dispersed spray are quite different from those of 100-50μm bi-modal mono-dispersed spray. With respect to 200μm droplets in the 100-200μm bi-modal mono-dispersed spray, Inhomogeneity Index and Characteristic Scale indicate the same tendency with those of mono-dispersed spray. But 200μm droplets scatter the turbulent scale. Consequently, Characteristic Scale of 100μm droplets in the 100-200μm bi-modal mono-dispersed spray changes its state. It reduces according to the scattered turbulent scale. At the same time, Dimensionless Density increases as shown in Fig.13. 
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Fig.12 Transition of Characteristic Scale
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Fig.13 Transition of Dimensionless Density
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Fig.14 Transition of Inhomogeneity Index
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Fig.15 Transition of Characteristic Scale
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Fig.16 Transition of Inhomogeneity Index

Conclusion
In this paper, we analyzed three dimensional spatial droplet distribution using numerical simulation in order to clarify the spatial inhomogeneity of different droplet sized spray along the stream. The spatial inhomogeneity is evaluated by Inhomogeneity Index. To eliminate the atomizer characteristics, droplets were uniformly injected to the field formed by turbulent lattice. Mono-dispersed spray and bi-modal mono-dispersed spray were studied. Following findings were obtained.

1. Although spatial inhomogeneity of spray have an isotropic structure, cluster scale form anisotropic structure in flow direction due to the velocity of droplet.
2. According to droplet size, spatial inhomogeneity once increases, shows the maximum state and then decreases. Droplets with stokes number 1 forms the maximum inhomogeneous state.
3. Cluster scale of small droplets is influenced by turbulent scale, and forms the scale related to it. However, large droplets show the individual behavior and form the scale independent from turbulent scale.
4. When both droplets have high follow-ability to airflow, each sized droplets in bi-modal mono-dispersed spray forms the same spatial inhomogeneity and cluster scale as those of the mono-dispersed spray respectively. 
5. When larger droplets behave independently and smaller droplets have high follow-ability to airflow in bi-modal mono-dispersed spray, spatial inhomogeneity and cluster scale of larger droplets hardly changes, but cluster scale of smaller droplets decreases and more inhomogeneous dispersion state is formed comparing with mono-dispersed spray. 
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Fig.17 Transition of Characteristic Scale

Nomenclature
H
Inhomogeneity index [-]

h
Degree of inhomogeneity [-]
E(h)
Expected value of random variable h [-]

Degree of inhomogeneity of population distribution charts [-]

E(μ)
 Expected value of random variable [-]

σh
Standard deviation of the number of droplets [number]

N
Whole number of droplets [number]

ni
Number of droplets placed at ith cell of a chart [number]
nmax
Maximum value of ni [number] 
κ
Number of unit cells [number]

CS
Characteristic Scale [mm]
D
Dimensionless Density [-]
VA
Analysis Volume [mm3]
St
Stokes Number [-]
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