Correlations for prediction of diesel fuel spray penetration 
Soo-Young  No

Department of Biosystems Engineering

Chungbuk National University, Cheongju, 361-763, Korea
Email: sooyoung@chungbuk.ac.kr
Abstract
 The prediction of diesel spray penetration has been the subject of several works and intensive investigations are still underway by many researchers. It is required to summarize the correlations developed before 1990 days and to introduce the correlations reported recently in the literature. The existing zero-dimensional models for the prediction of diesel fuel spray penetration can be classified as theoretical and empirical correlations. Of various correlations, the models considered in this paper were selected as based on the evaluation results of previous reviews and the recently published works in the literature. The eight theoretical and two empirical correlations were included and evaluated in this review. According to the review of existing models, the dominating factors for the prediction of spray tip penetration are the spray angle, discharge coefficient, pressure drop across nozzle, ambient density and orifice diameter and time after the start of injection. Especially, the definition for the measurement of spray angle is different with researchers. The applicability of existing correlations to the dimethyl ether spray is evaluated. It is required to evaluate the existing spray tip penetration models for the very high injection pressure and other fuel sprays such as DME. It is also required to evaluate the correlations for the prediction of diesel spray penetration with the connection of liquid-phase penetration.

1.Introduction
The purpose of research regarding the fuel injection process in a direct injection engine is the preparation of a fuel-air mixture to accomplish a clean and efficient combustion process. The fuel-air mixture process is strongly influenced by the spray characteristics such as spray (tip) penetration. The prediction of spray  penetration is of considerable practical importance in many fields such as diesel and gasoline direct injection engines. The spray penetration is a strong function of several engine operating parameters such as nozzle geometry, injection conditions and in-cylinder conditions.  
Various models developed for the prediction of diesel spray penetration belong to one of zero-dimensional and multidimensional models. Multi-dimensional models introduce the governing physical mathematical equations with submodels for breakup, evaporation, drag, interphase transport, turbulence etc and the initial injection boundary conditions [1]. This leads to the complexity and time-consuming. This model requires a very crucial decision for the selection of an initial representative droplet size.

However, there were numerous research efforts for the prediction of diesel spray penetration which would combine simplicity and accuracy by introducing the zero-dimensional models. Detailed comparisons between different correlations for spray penetration published before 1971 and experimental results were published by Dent[2]. In 1972, Hay and Jones[3] reported a critical review on the twelve zero-dimensional models available in the contemporary literature and recommended the two correlations proposed by Wakuri et al.[4] and Dent[2]. In 1985 Hiroyasu[5] summarized the existing correlations including the works by Japanese researchers. The research results on the prediction of spray penetration up to 1989 have been reviewed by Lefebvre[6]. Since these reviews, Naber and Siebers [7] mentioned the several other investigations of spray penetration appeared in the literature before 1996 in their study regarding the derivation of theoretical penetration correlation. It is required to summarize the correlations developed before 1990 days and to introduce the correlations reported recently in the literature.

Even though many studies on the measurement and the prediction of liquid-phase penetration of evaporating diesel fuel jets have been conducted from around ten years ago by virtue of the development of planar laser-based diagnostics[8], the prediction of spray penetration has been the subject of several works and intensive investigations are still underway by many researchers.  

The purpose of this paper was to review the recent literature related to the correlations for predicting the spray penetration in non-evaporating diesel engine conditions and to suggest the future works. The prediction of liquid-phase penetration of diesel fuel jets will not included in this paper.
2. Review of existing zero-dimensional models
Existing zero-dimensional models for the prediction of diesel fuel spray penetration can be classified as theoretical and empirical correlations. Of the various existing correlations, the correlations considered in this paper was selected as based on the evaluations results of previous reviews and the recent works in the literature.

2.1 Theoretical correlations
1) Fuel spray model

Wakuri et al.[4] used momentum theory to develop the fuel spray model by assuming that the relative velocity between fuel droplets and entrained air can be neglected and the injected liquid droplet momentum is transferred to the homogeneous fuel droplet-entrained air mixture. Their model can be expressed by the following.
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Naber and Siebers[7] proposed the following modified fuel spray model for the non-vaporizing transient spray penetration by introducing a proper scaling of length and time. Their derivation followed the spray penetration analysis of Wakuri et al[4], but with several modification. The spray tip penetration and the time were made non-dimensional by using the length scale  S+ and the time scale t+ defined as 
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 is the fuel and ambient gas density ratio, df =Ca 0.5 do is the effective diameter, θis the spray angle, the constant a is 0.66. The fuel velocity at the nozzle orifice exit is Uf =Cv√2(Pf-Pa)/ρf where Cv is the velocity coefficient, Pf and Pa are the fuel pressure in the injector and the ambient gas pressure, respectively.
 The above correlation is not always a convenient form because it is not possible to explicitly solve for spray penetration in terms of time. An accurate inverse correlation with the value of n=2.2 was provided as 
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It should be clear that this correlation assumes a uniform velocity profile and is correlated to non-vaporizing and non-reacting jet penetration data. They pointed out that this correlation over-predicts the penetration of vaporizing jets up to 18%.  Even though the spray half angle θ/2 was reported to correlate with the normalized density only, it can not be universal because the constant c in the correlation should be changed with the nozzle orifice diameter.

This correlation had been introduced by Araneo et al.[9] for the study of gas density effects on diesel spray penetration and entrainment. In their work, they suggested the slightly modified non-dimensional length scale and time scale without using tan(θ/2) and obtained the different value of power of gas to fuel density ratio with that of Naber and Siebers[7].

In addition, the constant ‘a’ is given by them as a= 0.66, but it has since been suggested by Siebers et al.[10] that a=0.75 is more appropriate.

Recently, Desantes et al.[11] proposed the following correlation by performing a dimensional analysis with the variables such as ambient gas density, time after the start of injection and instantaneous momentum flux for high injection pressure and small nozzle orifice diameter.
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This correlation is basically same with Eq.(1) , the fuel spray model by Wakuri et al.[4]. They concluded that even though the correlation proposed by them predicts the spray tip penetration with a high degree of accuracy even if the angle is not known, a better level of confidence can be obtained if spray cone angle is considered.

2) Jet mixing model

The jet mixing model based on gas jet mixing theory was proposed by Dent [2] as 
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This model is different with other models for considering the temperature effects via a gas density correction term. Hay and Jones[3] concluded in their critical review that this model is one of two best correlations. However, Schihl et al. [12] evaluated several different correlations and concluded that this model consistently over-predicted spray penetration in their test case. 

3) Cone model

Schihl et al.[12] analyzed the existing spray penetration model and proposed a phenomenological cone penetration model as follows.
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where
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For the calculation of spray cone angle, they employed the modified Ranz model suggested by Ruiz and Chigier[13]. 
4) Two-phase flow model

Recently, two-phase flow model, for the prediction of spray penetration was suggested by Sazhin et al. [14]. This model was derived under the assumption that the droplets and entrained air form a two-phase flow. They recommend the following one of the three developed equations for modeling the spray penetration.
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Eq.(6) can be further simplified if the second term in the right hand side is ignored, thus giving this equation as:
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The spray angle can be estimated based on available theoretical formulae by Lefebvre [6] or obtained from the experimental data. In the realistic spray environment, the volume fraction of droplets in the spray will be much less than 1. In the case of no entrained air, the volume fraction of droplets will be equal to one. When Sazhin et al. [14] compared the predictions of their model and the experimental results reported by two different researches, the volume fraction of droplets of 0.0001 was introduced. This reveals that the effect of volume fraction of droplets in the spray on spray tip penetration will be negligible.
5) Momentum flux conservation model 
More recently, the theoretical prediction model of spray penetration based on momentum flux conservation along the spray’s axis was suggested by Desantes et al.[15] as
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Where kp was considered a constant value as 1.26 independent of injection conditions or nozzle geometry. However, a value for kp equal to 1.32 has been found for a quite big set of nozzle diameters and injection conditions[16]
 In this correlation, the tendencies found for ambient density, time and spray cone angle are similar to those existing correlations discussed in the above. However, the momentum flux M0 is included which can not be available in advance.
This model requires the experimental data of momentum flux and spray cone angle in order to predict axis velocity and spray penetration. Spray angle is considered as the cone angle which is formed by the spray considering 60% of the penetration as justified by Pastor et al.[17]
When the experimental data of momentum flux at the orifice outlet is not available, the following correlation of non-dimensional spray penetration can be incorporated.
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It should be noted that the different values of the stabilized spray cone angle for different nozzle diameters and injection pressures were introduced for obtaining the values of  kp.
6) Non-dimensional parameters model

Varde and Popa[18] had derived the analytical model based on non-dimensional parameters for predicting diesel spray tip penetration as follows.
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where 
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Based on the analytical model for spray tip penetration developed by Varde and Popa[18] for single hole nozzles, Renner and Maly[19] proposed the analytical model for technical diesel nozzles-i.e. sac hole nozzle and/or pintle nozzle with flat as follows.
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where K=0.065 for multi hole nozzles and K=0.069 for pintle nozzles.
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where deff is the effective hydraulic diameter due to flow contraction. It is slightly smaller than the corresponding geometrical hole diameter d. However, this universal model requires the details of the inside geometry of the injector which is only available for the limited researchers.

2.2 Empirical correlation

1) Jet breakup model

As a most widely cited empirical correlation, the jet breakup model by Hiroyasu et al. [20] was derived from the liquid jet disintegration theory done earlier by Levich [21]. In this model, the spray tip penetration is divided into two zones; the initial zone consists of an intact liquid core and the latter zone consists of a mixture of liquid droplets and entrained medium as given by
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where tb  is the jet breakup time. This model is one of the most commonly quoted empirical correlations called sometimes two-zone penetration model..
However, Han et al.[22] had compared the measured spray tip penetration of a wide range of minisac and valve-covered-orifice nozzles using a high pressure diesel common-rail system with calculated one based on this empirical model. They pointed out that the model tends to overpredict the early phase of the penetration and underpredict that of the later phase. The calculated penetration of common-rail sprays with injection pressure of 300 bar is far less than the measured data, which may indicate that the model does not apply to injection with low needle lift and low injection rate. 
In the jet breakup model, the constant line pressure was used as the injection pressure because it is difficult to measure the sac chamber pressure directly. By considering the effects of injection pressure variation and needle lift, modified jet breakup model was, therefore, suggested by Xu et al.[23]  However, this modified one was rarely used for the prediction of diesel spray penetration. 

2) Break-up time and length model

 Yule et al.[24] proposed the following empirical correlations for the intact liquid core break-up time and liquid core penetration length, respectively.


[image: image29.wmf]5

0

0

5

0

8

3

.

b

.

a

t

d

ρ

ΔP

.

S

ú

ú

û

ù

ê

ê

ë

é

÷

÷

ø

ö

ç

ç

è

æ

=

                             (12)

where
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The this correlation for the prediction of spray tip penetration involve the same parameters such as orifice diameter, time, injection pressure, ambient gas density with the other theoretical correlations discussed in this study. This correlation was introduced by Gulder[25] for the assessment of intact liquid core length with the pressure drop across the nozzle. It should be noted that he used the constant 2.9 instead of 3.8 in Eq.(12).

4. Application of existing prediction models for DME spray penetration 

It is necessary to review the application of existing prediction correlations for the other fuel spray than diesel fuel. Sorenson et al. [26] reported the spray tip penetration and spray angle of DME spray under the high pressure injection from hole and pintle type nozzles into nitrogen using conventional jerk pump injection system. By using the dynamic injection line pressure, spray penetration of DME spray can be predicted with methods developed for diesel fuel by Hiroyasu and co-workers at ambient pressure of 0.4 MPa. However, the comparison of spray tip penetration between experimental and calculated results was not favorable and they only suggested the possibility of prediction.
Fuel spray model by Wakuri et al.[4] was applied by Kajitani et al. [27] for DME spray with different values for discharge coefficient.
Yoshizaki et al. [28] and Wakai et al. [29] reported spay characteristics of DME with a constant volume vessel experiments. The experimental results of spray penetration were compared with the computed one from the empirical equation suggested by Xu et al [23]. The calculated results revealed reasonably good agreements with the experimental one only under high ambient pressure condition.

Hwang et al. [30] investigated the effect of ambient pressure on spray angle and penetration for DME spray in common rail injection system. The experimental results of spray penetration could be predicted more reasonably by introducing the fuel spray model with the different discharge coefficient suggested by Kajitani et al. [27] than jet breakup model. They pointed out that the development of model for the prediction of DME spray penetration is required. 
Kim et al.[31] analyzed the applicability of existing spray penetration models for DME spray. In their study, DME was injected with 35 MPa into the ambient pressures of 0.6, 1.0 and 1.5 MPa. The selected five spray penetration models were the fuel spray model by Wakuri et al.[4], jet mixing model by Dent[2], Cone model by Schihl et al.[12], two-phase flow model by Sazhin et al.[14], and jet breakup model by Hiroyasu et al.[20]. The fuel spray model and two-phase flow model are recommended for the prediction of DME spray penetration even though both models clearly overestimated the observed spray penetration at times less than about 0.8 ms after start of injection. This reveals that the development of model valid at the initial stage of spray penetration for DME spray is required. 
5.Discussion
 According to the review of existing models, the dominating factors for the prediction of spray tip penetration are the spray angle, discharge coefficient, pressure drop across nozzle, ambient density and orifice diameter. 
The spray angle was considered in all the theoretical correlations except Dent’s one. Especially, the definition for the measurement of spray angle is different with researchers. The existing definitions and correlations for the measurement and prediction of spray angle can be found from the recent work  by No[32]
It should be noted  that two-phase flow model and momentum flux conservation model is basically similar to fuel spray model.
The spray penetration dependence on ambient gas density reported in the all theoretical correlation is 
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r

 -0.25 with two exceptions. Those exceptions were the works of Naber and Siebers[7] and Varde and Popa[18] with a gas density dependence of 
[image: image32.wmf]a
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 -0.5 .  
6.Conclusions
The existing zero-dimensional models for the prediction of diesel fuel spray penetration can be classified as theoretical and empirical correlations. Of various correlations, the models considered in this paper were selected by considering the evaluation results of previous reviews and frequently cited works in the literature. 
The existing theoretical correlations can be categorized into fuel spray model, jet mixing model, cone model, two-phase flow model, momentum flux conservation model and non-dimensional parameters model. The existing empirical correlations can be also categorized into jet breakup model and break-up time and length model.
All the correlations discussed in this paper include the same parameters such as ambient gas density, time after the start of injection, pressure drop, diameter of nozzle orifice with more or less the same weight. The spray angle was considered in all the theoretical correlations except the jet mixing model. Therefore, it is clear that the selection of correlation for spray angle will affect the prediction of spray penetration.
It is required to evaluate the existing spray tip penetration models for the very high injection pressure and other fuel sprays such as DME and biodiesel fuel. The parametric analysis in relation to the correlation for spray angle in the prediction of spray tip penetration by the theoretical correlations is also required.
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