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Abstract 
 

An experimental study was conducted to examine the effect of injection pressure and fuel type on the spray tip penetration length and 

the angle of spray injected into atmospheric chamber. The objective of the present study is to formulate empirical correlations of the 

spray tip penetration and the spray angle for non-evaporative condition. The experiment was performed by a common rail type high-

pressure injector for the diesel engine at the injection pressure 40~100 MPa and four different fuels (D100, BD25, BD45, and BD65). 

The results showed that the biodiesel content increased the spray tip penetration and decreased the spray angle. The correlation of spray 

tip penetration is expressed for each region before and after spray break-up time in terms of injection pressure, fuel viscosity and time 

after start of injection. The correlation is also obtained for spray angle equation terms of injection pressure and fuel viscosity.    
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1. Introduction 

There are a lot of works that have been published on fuel 

spray characteristics both experimentally. Many of them pro-

posed the spray equations -mainly spray penetration and spray 

angle-based on the experimental results. While the experimen-

tal results have showed a generally acceptable conclusion; 

there are quite different results as expressed in their equations. 

For example, in the spray-angle equation that expressed as a 

function of air to fuel density, the exponent of air to fuel den-

sity varied among different authors, i.e. 0.26 by Hiroyasu and 

Arai [1], 0.19 by Naber and Siebers [2], and 0.5 by Arregle et 

al. [3], respectively.  

Hiroyasu and Arai [1] concluded that the time-dependent 

development of spray penetration length S  can be divided 

into two phases. The first phase starts at the beginning of in-

jection when the needle begins to open and ends when the 

liquid jet appearing from the nozzle hole starts to disintegrate 

( -break upt t= ). During the first phase, a linear growth of S  

along t  (time after start of injection) can be observed. At the 

second phase ( -break upt t> ), the spray tip consists of droplets, 

and the tip velocity is smaller than the first phase [4]. The 

spray tip continues to penetrate into the ambient due to the 

new droplets with high kinetic energy that follow in the wake 

of the slower droplets at the tip, and replacing those slower 

droplets [4]. It is interest to note that in second phase of injec-

tion the slope of the S  along with t is half of the first phase 

[5]. Nabers and Siebers [2] reported the significant effect of 

gas density to decrease the penetration, while the vaporization 

resulted in decreasing spray penetration and dispersion by as 

much as 20% relative to non-vaporizing conditions. Arregle et 

al. [3] validated and extended some correlations for the sprays 

generated by common-rail system that involved similar pa-

rameters i.e. P∆ , 
od , 

aρ , and t . Later some authors de-

veloped further to investigate the effect of several injection 

parameters and injector geometry on the spray characteristics; 

and generally reported the well-agreement results to the estab-

lished correlations [6-8]. Sazhin et al. proposed analytical 

correlations for spray penetration derived for the initial stage 

of injection and two-phase flow regime that gives more accu-

rate predictions compared to some proposed earlier [9]. Song 

et al. [10] formulated spray penetration and angle equations 

for their injection system using single-hole injector, and 

showed well-agreement results to the earlier correlations. Re-

cently, reports on spray characteristics have developed to 

wider area in related to the alternatives for diesel fuel like 

DME and biodiesel [11, 12], the use of numerical study to 

predict the spray characteristics [13, 14], and also in digital 
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imaging process of the spray [15, 16]. Generally, the results 

are conclusive about the trend of spray tip penetration and 

spray angle as described in earlier papers, and some of them 

used well-known correlations such as Dent’s, Hiroyasu’s, 

Arregle’s and Sazhin’s as comparison to the experimental 

results [16-18]. The experimental parameters commonly used 

various conditions in injection pressure, ambient pressure and 

temperature, and different kind of injection system. The ex-

perimental correlations are then expressed with all or partly of 

these parameters: P∆ , 
od , 

aρ , t  and θ , etc. It is impor-

tant to note that most of correlations formulated from spray 

injected into high-pressure chamber with or without evapora-

tive conditions as effort to close to the in-cylinder condition. 

When comparing the existing correlations to the experimental 

data of spray injected into atmospheric conditions, Suh and 

Lee [11] found that the spray tip penetration suggested by 

Hiroyasu and Arai [1] underestimated to that of experimental 

result. On the other hand, Sazhin empirical results [9] overes-

timated the spray tip penetration under atmospheric conditions 

especially at the early stage of injection. Ghurri et al. also 

reported that Hiroyasu & Arai correlations underestimated the 

experimental data of spray injected into an atmospheric cham-

ber at injection pressure 90 MPa especially beyond 0.8 ms 

after start of injection [19].  

The present work formulated the spray tip penetration cor-

relations from the experimental data of fuel injected into an 

atmospheric chamber by using common-rail injection system 

for various fuels (D100, BD25, BD45, and BD65, respec-

tively). The spray angle correlation was also formulated in 

terms of injection pressure and fuel viscosity. 

 

2. Experimental facilities 

Fig. 1 displays the experimental set up consisting of a fuel 

tank, feed pump, fuel filter, high pressure pump driven by DC 

motor, common rail injection system, and an electronic high 

speed video camera to capture the spray images. The fuel 

properties and experimental conditions are described in Tables 

1 and 2. 

Fuel temperature in the fuel tank was maintained constantly. 

Fuel was fed by a feed pump to pass a fuel filter and drawn by 

a DC motor-driven high pressure pump. The 3.7 kW DC mo-

tor could be adjusted up to 3000 rpm in speed. The high-

pressure fuel was then delivered to the injector via the com-

mon rail. One part of the fuel was injected into a quiescent 

atmospheric chamber at room temperature; the other part con-

trols the injection nozzle of the injector and then flowed back 

to the tank. Pressure sensors measured the fuel pressure in the 

rail. This signal was compared to a desired value adjusted in a 

controller drive (TEMS, TDA 1100H). 

The injection could be controlled internally or externally by 

an injector drive (TEMS, TDA 3200H). The injected fuel 

quantity was determined by the duration of injection, fuel 

pressure in the rail, and the flow area of the injector. Spray 

images were captured by a high-speed camera (FASTCAM 

Ultima40k) with a metal-halide lamp as a light source. A 

multi-channel digital delay/pulse generator and an image 

grabber connected to a computer were used to synchronize the 

fuel injection and camera shutter signal. 

A five-hole nozzle injector having 0.2 mm diameter and a 

156
o
 spray angle was used in this experiment. The spray im-

ages were taken at a shutter speed of 18000 FPS and used 

black as the background screen. The present work performed 

the experiments at injection pressure 40~100 MPa, respec-

tively, and 1000 µs of injection duration for each injection 

pressure. The fuels used in the experiment were D100, BD25, 

BD45 and BD65 respectively. 

 

3. Results and discussion 

The spray images series of this experiment until 1.87 ms af-

ter start of injection (ASOI) are presented in Fig. 2, while the 

spray structure is defined as shown in Fig. 3. Spray tip pene-

tration is measured from nozzle tip to the furthest spray pixel. 

The spray angle is measured as the angle between the tangents 

Table 1. Fuel properties. 
 

Fuel properties Diesel (D100) Biodiesel 

Density (kg/m3) 

Viscosity (mm2/s) 

Flash point (oC) 

Pour point (oC) 

Cetane number 

850 

3.25 

68 

-35 ÷ -15 

54.6 

884 

4 

139 

0 

54 ÷ 56 

 
Table 2. Experimental condition. 
 

Injection system 

Injector needle 

Hole diameter 

Injection duration 

Injection pressure 

Ambient gas 

Ambient temperature 

High speed camera 

Frame rate 

Resolution 

Common-rail 

5 side holes 

0.2 mm 

1000 µs 

40 ÷ 100 MPa 

Atmospheric air 

285 K 

FASTCAM Ultima40k 

9000 fps 

256 x 128 

 

 
 

Fig. 1. The experimental apparatus. 

 

 



 A. Ghurri et al. / Journal of Mechanical Science and Technology 26 (9) (2012) 2941~2947 2943 

 

  

to the spray envelope in the region up to 2/3 of penetration 

length. 

The fuel quantity injected at injection pressure 30, 60 and 

90 MPa is presented in Table 3. Generally the injection rate 

increased during 0.5 ms of early stage of injection and then 

decreased until the end of injection. 

 

3.1 Spray tip penetration 

Fig. 4 shows the spray tip penetration (STP) of various fuels 

at injection pressure 70 MPa, while Fig. 5 shows the STP of 

D100 at injection pressure 50, 70, and 90 MPa, respectively, 

presented in linear scale. It is shown that the spray tip penetra-

tion developed along with time after start of injection. The 

effect of fuel type can be seen in Fig. 4, while the effect of 

injection pressure is clearly observed that the higher injection 

pressure resulted in the longer spray tip penetration as shown 

in Fig. 5. Figs. 6 and 7 shows the spray tip penetration corre-

sponded to Figs. 4 and 5 that are presented in logarithmic 

scale. The STP in logarithmic scale shows the evolution of 

spray tip penetration with two different slopes that couldn’t be 

observed in the linear scale. In the first stage, the spray tip 

penetration increased quickly, and then the slope decreased 

around the half of the first stage. The change time of the slope 

is recognized as the break-up time of the spray. As shown in 

Fig. 7, the spray injected in higher injection pressure had ear-

lier break-up time. As for the STP of various fuels at the same 

injection pressure, the difference of STP became more diffi-

cult to observe visually in the graph. 

The empirical equation would have been formulated for the 

spray tip penetration before and after the break-up time. The 

spray tip penetration would be expressed as: 

 

 

Fig. 4. STP of various fuels at same injection pressure. 

 

 
 

Fig. 5. STP D100 at various injection pressure. 

 

 
 

Fig. 6. The STP of various fuels in logarithmic scale. 

 

Table 3. Injected fuel quantity. 
 

Injection pressure 

(MPa) 

Injection duration 

(µs) 

Injected volume 

(mm3/injection) 

30 1000 14.1 

60 1000 23.5 

90 1000 37.6 

 

 
 

Fig. 2. Spray image series. 

 

 
 

Fig. 3. Spray tip penetration and angle. 
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( , , , )a inS f P P tν=   (1) 

 

or 

 

( , , ) .S f P tν= ∆  (2) 

 

S  is pray tip penetration, 
aP  is ambient pressure, 

inP  is 

injection pressure, P∆  is -in aP P , ν  is liquid fuel viscosity, 

and t is temporal time after start of injection. The correlation 

excluded the air density since this experiment was conducted 

in constant air density and constant atmospheric temperature. 

In the logarithmic graph it could be plotted the straight 

power trend-lines to find the equations that fitted to the spray 

tip penetration data. In Figs. 6 and 7, it is also presented the 

equations of the spray tip penetration for each injection pres-

sure as function of time after start of injection ( t ). In Fig. 6, it 

is shown the average value of exponent for t as the effect of 

fuel viscosity. The constant k  in Fig. 7 is a function con-

tained the effect of fuel viscosity and the injection pressure. 

The power trend-lines fitted very well to the data with coeffi-

cient of determination ranged from 87.3% to 99.9%. 
1S  and 

2S  denoted the spray tip penetration before and after break-

up time, respectively.  

By examining the effect of injection pressure, Fig. 7 pro-

duced the spray tip penetration function as follows: 

 
3.5

1
S k t=    for 0 bt t< <                         (3) 

1.3

2
S k t=    for 

bt t>                            (4) 

 

where 
bt  is break-up time. 

The constant k  can be expressed as a function of the mo-

mentum of spray and the fuel viscosity. The k  was then 

determined for each region before and after break-up time to 

formulate the effect of fuel viscosity as shown in Figs. 8 and 9, 

respectively. The value of k  was found as follows: 

 
0.54

1
k k ν=    for 0 bt t< <     (5) 

0.17

1
k k ν=

     
for .bt t>     (6) 

Finally, by examining 
1k  values for each injection pressure, 

the function between 
1k  and the injection pressure could be 

concluded as shown in Fig. 10 as follows:  

 
0.62

1 2
k k P= ∆    for 0 bt t< <     (7) 

0.63

1 2
k k P= ∆    for .bt t>     (8) 

 
 

Fig. 7. The STP of D100 in logarithmic scale. 

 

 
 

Fig. 8. The value of k  before 
bt . 

 

 
 

Fig. 9. The value of k  after 
bt . 

 

 
 

Fig. 10. The value of 
1k  for each injection pressure. 
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The empirical correlations from the present experiment then 

could be formulated as follows: 

 
0.62 0.54 3.5

1
0.38S P tν= ∆    for 0 bt t< <              (9) 

0.63 0.17 1.32

2
0.49S P tν= ∆   for .bt t>                 (10) 

 

From Eqs. (9) and (10) it is seen that the spray tip pene-

tration grows along time after start of injection ( t ) much 

quicker before break-up time; more than 2 times that of 

after break-up time. The exponents of time are very differ-

ent to those of the previous results [1-3, 6, 10]. These expo-

nents in the present work are very high i.e. 3.5 and 1.32 for 

1S  and 
2 ,S  respectively, (compared to 1 and 0.5 at the 

previous results). The exponent of time for 
2S  is around 

2.65 times of that of 
1 ,S  compared to 2.5 times in the pre-

vious results. These may correspond to the very short injec-

tion duration applied in the present work. In the present 

work, the injection duration is 1 ms that is very short com-

pared to the previous published papers. As the results, the 

spray tip penetration developed quickly because the high 

pressure energy of the fuel is transferred to the spray 

movement in very short time. The high exponents of time 

(i.e. 3.5 and 1.32) represent the quick evolution of spray tip 

penetration during this short injection duration. The other 

reason is the higher injection pressure applied in the present 

work that means the higher availability of energy to pro-

duce spray in very short injection duration. 

The exponents of injection pressure are quite similar for 

both before and after break-up time. The injection pressure 

affected spray tip penetration at same level during the short 

injection duration. The role of fuel viscosity seems stronger 

before break-up time than that of after break-up time. Before 

the break-up time, the spray had larger droplet diameter that 

means higher momentum to penetrate the ambient air. As the 

results, the spray tip penetration developed quicker at the early 

stage of injection, and slower after the break up time when the 

spray atomization to the smaller droplet occurred. The most 

data showed the initial STP of D100 always longer than bio-

diesel fuel. This was caused by the higher initial velocity of 

the D100 spray as consequence of lower viscosity and density 

of the D100. The higher viscosity of biodiesel fuel resulted 

higher resistance to break-up. However the higher viscosity 

also enabled the spray to have the higher momentum of bio-

diesel fuel at further time after start of injection. As the result, 

the biodiesel spray could reach slightly longer penetration 

length compared to D100. 

The plotting graphs both experimental and the calculated 

spray tip penetration by Eqs. (9) and (10) are shown in Fig. 11 

for all injection pressures tested in the present work ranged 

from 40 to 100 MPa. The measured spray tip penetrations 

appeared to vary rather strongly with the time after start of 

injection. Nevertheless, the most of measured data deviates 

within ± 8% from the calculated spray tip penetration, which 

is fairly well. 

3.2 Spray angle 

The experimental results of spray angle at different injection 

pressure and different fuel types are shown in Figs. 12 and 13, 

respectively. The spray angle decreased abruptly at early stage 

 
 

Fig. 11. Spray tip penetration equation’s accuracy plot. 

 

 
 

Fig. 12. The spray angle at different injection pressure. 

 

 
 

Fig. 13. The spray angle of different fuel types. 
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of injection until around 1 ms and became independent of time 

after that.  

The spray angle equation was then formulated used the av-

erage value of the spray angle after 1 ms on the basis of the 

liquid fuel viscosity and the injection pressure for the tested-

fuels. The experimental correlation for the spray angle was 

found as follows: 

 
0.017 -0.7tan( 2) 0.15 .Pθ ν= ∆                         (11) 

 

Eq. (11) showed a small effect of injection pressure to the 

spray angle. When examined the effect of injection pressure 

on the spray angle, Arregle et al. found the exponent for injec-

tion pressure was 0.00943 [3]. It could be concluded that the 

spray angle is mainly affected by fuel viscosity. The most 

authors reported the spray angle correlation for the evapora-

tive experiment on the term of air to fuel density ratio [1-3, 6-

8]; and showed the increase of fuel density -that means simi-

larly with the viscosity- resulted in the decrease of the spray 

angle. The Eq. (11) showed a similar result in terms of fuel 

viscosity. 

 

4. Conclusions 

An experimental study was conducted to examine the effect 

of injection pressure and fuel type on the tip penetration length 

and the angle of spray injected into atmospheric chamber in 

order to formulate empirical correlations of the spray tip pene-

tration and the spray angle for non-evaporative condition. The 

equation of spray tip penetration is expressed for each region 

before and after spray break-up time in terms of injection 

pressure, liquid fuel viscosity and time after start of injection. 

The spray angle equation is expressed in terms of injection 

pressure and liquid fuel viscosity. The correlations are ex-

pressed as follows: 

Spray tip penetration: 

 
0.62 0.54 3.5

1
0.38S P tν= ∆    for 0 bt t< <  

0.63 0.17 1.32

2
0.49S P tν= ∆    for 

bt t>  

 

Spray angle: 

 
0.017 -0.7tan( 2) 0.15 .Pθ ν= ∆   

 

The calculated results of spray tip penetration were com-

pared to the experimental data for the injection pressure 

40~100 MPa and the accuracy plot showed a fairly well 

agreement between them. 
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