Relation between Spatial Inhomogeneity of Fuel Spray and Ignition Phenomenon
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Abstract   The ignition of fuel spray is influenced by several factors, i.e., temperature, pressure, equivalence ratio, spray factors, etc. This study aimed to analyze relation between spatial inhomogeneity of fuel spray and ignition phenomenon. The spatial inhomogeneity is controlled by change the distance between atomizer and ignition electrode. Ignition trials of more than 600 times were performed for Mono-sized spray of n-Decane under deferent spatial inhomogeneity conditions and fuel concentrations. The ignition phenomenon was evaluated by the ignition probability, the extensive propagation probability and the probability of luminous flame dominant combustion. Further, the transition of flame size and luminous flame size were measured. As the result, the probability of luminous flame dominant combustion increases with the increase of instantaneous spatial inohomogeneity and extensive propagation probability increase with increase of instantaneous spatial inhomogeneity in the lower instantaneous fuel concentration range. 
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Introduction
Nowadays, combustion system is required to improve the efficiency and to reduce the harmful exhaust gasses, especially in the field of liquid fuel combustion. This study aims to make clear the ignition phenomenon of fuel spray. 
There have been many researches to analyze the influences of spray characteristics on spray ignition phenomenon, but few to discuss about the influence of spatial inhomogeneity of fuel concentration because these factors affect each other and it was difficult to control spatial inhomogeneity independently of other spray factors. Especially, relation between spatial inhomogeneity of fuel spray and ignition phenomenon is unsolved.

In this research, it is known that the inhomogeneity of spray changes gradually along the distance from atomizer and it is possible to change it independently of other characteristics.

This paper aims to discuss the relations between spatial inhomogeneity and flame propagation, generated flame state and transition of flame size.

Experimental Apparatus
Figure 1 shows experimental apparatus. Ignition trials were performed for Mono-sized spray of n-Decane sprays with several spatial inhomogeneity and several fuel concentrations without changing other characteristics of fuel spray. The ignition trials were evaluated by an extensively propagation probability and probability of luminous flame dominant combustion. Those are obtained by high speed camera. Further, the sizes of the flame and luminous flame were measured from sequential flame images obtained by high speed camera.
Figure 2 shows the details of mixing chamber. Its height is variable from 700mm to 1300mm to control Inhomoeneity. The bottom of mixing chamber is made of glass for observation of flame. The electrode for ignition is set at the bottom of mixing chamber. 
________________________________
* Corresponding author: akihisaokamura@hotmail.com
Associated Web site:http://www.keio.ac.jp/index-en.html
Proceedings of the 21th ILASS - Europe Meeting 2007
[image: image1.emf]位相ドップラー式

粒子測定器

CCD

カメラ

高速度カメラ

サンプルシリンジ

点火装置

噴射弁

シリンドリカル

レンズ

YAG

レーザー

Atomizer

CCD camera

High speed

camera

Sample bottle

Electrode

YAG Laser

PDA

Laser Transmitter

Cylindrical lens

PDA

Detector


Fig.1 Experimental apparatus
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Fig.2 Mixing chamber construction

Fuel spray and air are diffused from atomizer to a mixing chamber, and led to ignition electrode. 
The atomizer used in this study is shown in Fig.3. This atomizer is vibrating capillary type that is developed by Berglund & Liu [1] and possible to produce Mono-sized spray.
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Fig.3 Atomizer
Fuel is led to orifice and forms liquid column. At that condition, if electric signal is impressed on piezo-ceramic, it is oscillated according to impressed signal and liquid column is done too. As the result, fuel is disintegrated into droplets. If the frequency and liquid flow resonate, droplets produced become mono-sized one. The diffusion air prevents droplets from collision and combining. In this experiment, the time-averaged spray concentration at any point within 30mm in the diameter around ignition electrode is kept within ±5% of average concentration.

The ignition trials were performed for mono-dispersed fuel spray to prevent the influence of droplet size. We defined fuel spray that 80% of volume includes within ±10% of mode diameter as mono dispersed fuel spray. Droplet size, its velocity and air velocity are measured by PDA. 

N-decane is used as a test fluid. The total amount of evaporated fuel is few at ordinary temperature and ordinary pressure, so it needs not to take the effect of fuel vapor into account.

To analyze the relation between Inhomogeneity of fuel and ignition states, instantaneous positions of droplets are recorded just before ignition. Spray was illuminated by YAG laser sheet and scattering images were recorded by CCD as shown in Fig.4. The depth of laser sheet was 3.5mm and the recorded area was 75×80mm and analyzed area 60×60mm. 

The ignition trials are performed more than 100 times for each condition.

The experimental conditions are summarized in Table 1.
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Fig.4 Fuel spray observation Method
Table.1 Experimental condition
	Condition
	1
	2
	3
	4
	5
	6

	Inhomogeneity
	3
	5
	6
	12
	15
	18

	Trial number
	more than 100 times

	Fuel
	n-Decan

	Fuel concentration
	0.0051 kg/m3
	0.0078 kg/m3

	SMD
	120 μm

	Droplet velocity
	0.35-0.40  m/s

	Air velocity
	0.10- 0.15  m/s

	Discharged duration
	50  ms

	Discharged Energy
	0.8  J


The definition of inhomogeneity index
The spatial Inhomogeneity of fuel spray is evaluated by using the inhomogeneity index defined by Czainski [2]. The inhomogeneity index is the complexity of dispersion. It is defined as the ratio of deviation of fuel droplets number in each cell to one of droplets distributed randomly.
The inhomogeneity index H is expressed as follows:
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In case that the inhomogeneity index is larger than 0, droplet distribution is more uneven than one being random. On the contrary, when it is smaller than 0, droplet distribution is more uniform than the case of being random. If droplets distribute at random, it becomes 0. In addition, it is possible to evaluate the scale of inhomogeneity by changing cell size. When the cell size becomes equal to the characteristic scale of droplets clusters, the inhomogeneity index indicates maximum, because the deviation of droplet number in each cell becomes maximum.
Definition of ignition phenomenon
The purpose of this experiment is to analyze relation between spatial inhomogeneity of fuel spray and ignition phenomenon. So, we classify ignition phenomenon by ignition propagation and luminous flame proportion.
Definition of propagation pattern
We classified flame pattern into the following 5 by distance of flame propagations shown in Fig.5. The propagation distance of flame was obtained from images by High Speed Camera. In real ignition phenomenon of fuel atomization, whether flame propagates widely or not is important factor. So, we called Flame pattern (0) extensive propagation flame and Flame pattern (0) to Flame pattern (2) Ignition.

[image: image11.emf]Propagation

pattern(0)

Propagation

pattern(1)

Propagation 

pattern(4)

Propagation 

pattern(3)

Propagation 

pattern(2)

30mm

60mm 60mm

30mm

Propagation

pattern(0)

Propagation

pattern(1)

Propagation 

pattern(4)

Propagation 

pattern(3)

Propagation 

pattern(2)

30mm 30mm

60mm 60mm 60mm 60mm

30mm 30mm


Propagation pattern (0)…Flame extends more than 60mm.
Propagation pattern (1)…Flame extends from 30mm to 60mm.

Propagation pattern (2)…Flame extends 30mm. 
Propagation pattern (3)…Flame extends less than 30mm. 

Propagation pattern (4)…Flame disappears soon or not appears.
Fig.5 Definition of flame propagation
Definition of flame state
Several kinds of flame are observed in this experiment. Figure 6 shows the typical examples. (a) is the state that flame propagates mainly in blue flame and (b) in luminous one.
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(a) Blue flame dominant combustion      (b) Luminous flame dominant combustion
Fig.6 Flame states

From flame images by high speed camera, flame states are classified in to luminous flame and blue one. Blue flame was extracted by color and luminous one by luminance and each cumulative flame size was calculated.
The luminous flame rate was defined and it expressed as follows:
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 Further, all trials were classified by this luminous flame rate to evaluate combustion state and defied as follows:

Combustion state(A) …luminous flame late is over than 50%．

Combustion state(B) …luminous flame late is less than 50%．
Combustion state (A) is named as the luminous flame dominant combustion and Combustion state (B) as the blue flame dominant combustion.
Definition of ignition probability, extensive propagation probability and probability of luminous flame dominant combustion
Ignition probability, extensive propagation probability and probability of luminous flame dominant combustion were expressed by Eq.(8)～Eq.(9)
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Flame resident time
Figure 7 shows example of flame area transition. We obtained flame resident time from flame area transition. The resident time is also illustrated in Fig.7.
In Fig.7, time on X-axis is time from discharged and the first peak of flame area is caused by spark of igniter. Therefore, the resident time and cumulative flame area are calculated after first peak attenuated.
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Fig.7 example of flame area transformation
Effect of time-averaged spatial inhomogeneity on extensive propagation probability
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Fig.8 extensive propagation probability

Figures 8 shows the relation between spatial inhomogeneity and extensive propagation probability.　Figure 8 is the case of time-averaged fuel concentration is 0.0078kg/㎥ and 0.0051kg/㎥.
When the time-averaged fuel concentration is 0.0078kg/㎥ the extensive propagation probability increases with the increase of time-averaged spatial inhomogeneity.
But, when the time-averaged fuel concentration is 0.0051 kg/㎥, the tendency of extensive propagation probability is not remarkable, decreases with the increase of time-averaged spatial inhomogeneity from 3.19 to 4.96. But, it increases with increasing of time-averaged spatial inhomogeneity from 4.96 to 6.00. Distributions of instantaneous spatial inhomogeneity in each experiment conditions are not normal distributions. So we have to analyze extensive propagation probability in same instantaneous spatial inhomogeneity.
Effect of time-averaged spatial inhomogeneity on the probability of luminous flame dominant combustion 
Figure 9 and 10 show the effect of time-averaged spatial inhomogeneity on the probability of luminous flame dominant combustion. The former shows the case of the time-averaged fuel concentration is 0.0078kg/㎥ and the latter 0.0051kg/㎥. Those indicate that the appearance of luminous flame is mainly influenced by fuel concentration and regardless of Inhomogeneity. Luminous flame rate to all flame increases with fuel concentration.
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Fig.9 luminous flame appearance

[time-averaged fuel concentration: 0.0078kg/㎥]
[image: image19.emf]0

10

20

30

40

50

60

70

80

90

100

3.19 4.96 6

time-averaged spatial inhomogeneity [-]

: Combustion state [A]     : Combustion state [B]

probability of combustion state [

％

]


Fig.10 luminous flame appearance
[time-averaged fuel concentration: 0.0051kg/㎥]
Effect of instantaneous spatial inhomogeneity on extensive propagation probability

The obvious relations between time-averaged Spatial Inhomogeneity and extensive propagation probability and the relation between time-averaged Spatial Inhomogeneity and the ratio of Combustion states could not be picked up as shown in Figs. 8 to10.　Therefore, we tried to express them by using instantaneous spatial inhomogeneity and instant fuel concentration.
The all results are classified in to 15 groups by the combination of instantaneous inhomogeneity and instantaneous fuel concentration as shown in Table 2 and Figure 11.

Figure 12 shows the relation between instantaneous spatial inhomogeneity and extensive propagation probability.
Table 2 Classification of spray condition
	Grope
	Instantaneous

Spatial Inhomogeneity

[-]
	Instantaneous

fuel concentration

[kg/m3]

	1
	0 - 4
	0 - 0.006

	2
	4 - 8
	

	3
	8 - 12
	

	4
	12 - 16
	

	5
	More than 16
	

	6
	0 - 4
	0.006 - 0.012

	7
	4 - 8
	

	8
	8 - 12
	

	9
	12 - 16
	

	10
	More than 16
	

	11
	0 - 4
	0.012 - 0.018

	12
	4 - 8
	

	13
	8 - 12
	

	14
	12 - 16
	

	15
	More than 16
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Fig .11 Classification of spray condition
When the instantaneous fuel concentration is 0-0.006 and 0.00-0.012kg/m3, the extensive propagation probability increases with the increase of instantaneous spatial inhomogeneity. On the other hand, the extensive propagation probability is rather high and not affected by instantaneous spatial inhomogeneity. It suggests that clusters with rather high fuel concentration that are formed at high Inhomogeneity are required to propagate when the fuel concentration is low. However, when the fuel concentration is rather high, flame propagation is not affected by inhomogeneity because fuel concentration is high over whole area. 
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Fig.12 Effect of instantaneous spatial inhomogeneity on extensive propagation probability
Effect of instantaneous spatial inhomogeneity on probability of luminous flame dominant combustion
The relation between the instantaneous spatial inhomogeneity and the probability of luminous flame dominant combustion is indicated in Fig.13. When the instantaneous fuel concentration is less than 0.012kg/m3, the probability of luminous flame dominant combustion increases with the increase of instantaneous spatial inhomogeneity. This is because the discrete clusters with rather rich increases and they combusts with luminous flame. On the other hand, almost all of combustion states are (A) when the instantaneous fuel concentration is more than 0.012kg/m3 and indicates almost 100% and have the tendency to decrease at high instantaneous inhomogeneity conditions. It is supposed that the blue flame combustion increases at the out of clusters because there fuel concentration becomes lower by cluster formation.
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Fig.13 Effect of instantaneous spatial inhomogeneity on probability of luminous flame dominant
Relation between Combustion state and inhomogeneity
  The results of all trials are classified into three levels of instantaneous concentration as shown in Table 2. 
Average of instantaneous spatial inhomogeneity of both combustion states occurred in each level are shown in Fig.14.  
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　Fig.14 Relation between flame condition and inhomogeneity

 From Fig.14, in each instantaneous concentration level, the average of instantaneous spatial inhomogeneity of Combustion state (A) is larger than one of (B). In other words, the luminous flame is easy to appear at high inhomogeneity condition.
Relation between combustion state and extensive propagation probabilities
　Figure 15 shows the extensive propagation probabilities in each combustion state. From this figure, we can see the tendency that luminous flame propagates lager than blue flame.

 If there is high density area around the ignition electrode, the ignition flame tend to have much luminous flame and it also tend to become large propagate flame.  
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Fig.15 Relation between flame condition and extensive propagation probability
　
Relation between flame condition and flame existent time

Figure 16 shows flame existent time in each flame conditions. In this case, the flame pattern is only the extensive propagation flame, i.e. propagation pattern 0. The resident time of luminous flame dominant combustion is longer than one of blue flame dominant combustion. So we can say that the burning velocity of luminous flame is slower than that of blue flame. It is because that luminous flame appears at cluster and follows the evaporation of droplets.
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Fig.16 Relation between combustion state 
and flame resident time

Conclusion 

For the purpose to clarify the relation between spatial inhomogeneity of fuel spray and ignition phenomenon, numerous trial to ignite of mono-dispersed spray of n-Decane with 120μm in diameter were performed.

The results can be summarized as follows;
(1) The extensive propagation probabilities increase with the increase of time-averaged spatial inhomogeneity, but probability of luminous flame dominant combustion does not change with increasing time-averaged spatial inhomogeneity.

(2) When the instantaneous fuel concentration is relatively lower within lean region, the extensive propagation probability and the probability of luminous flame dominant combustion increase with increase of instantaneous spatial inhomogeneity. 
(3) The burning velocity of luminous flame dominant combustion is slower than that of blue flame dominant combustion. 
(4) The flame is easy to propagate larger at luminous flame dominant combustion than at blue flame dominant combustion.
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