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Abstract: The influences of liquid fuel temperature, pressure and injection rate on fuel contraction coefficient and Reynolds number during a 
fuel injection were investigated in this paper. Nozzle geometry parameters remained constant during the whole numerical analysis. 
Calculations were performed with a standard diesel fuel D2. Increase in liquid fuel temperature cause increase in fuel contraction 
coefficient. Fuel temperature increase resulted in a slight increase in contraction coefficient at low fuel pressures, while at high fuel 
pressures increase in fuel temperature causes significant increase in fuel contraction coefficient. Increase of fuel pressure resulted in a 
decrease in liquid fuel contraction coefficient, for every fuel injection rate and for every fuel temperature. Reynolds number increases with 
an increase in fuel temperature and also with an increase in fuel injection rate. The main goal of presented analysis is to be usable not only 
for one fuel injector and its nozzles, but for a large number of the fuel injectors and for many liquid fuels. 
 
KEYWORDS: LIQUID FUEL, FUEL INJECTOR NOZZLE, CONTRACTION COEFFICIENT, REYNOLDS NUMBER 
 
1. Introduction 
 

    In internal combustion engine fuel temperature, pressure and 
injection rate as well as the injector nozzle geometry strongly affect 
the fuel atomization process. A liquid fuel atomization process has a 
strong influence on the engine combustion process and on exhaust 
emissions. However, due to the small length and time scales during 
the fuel injection process, it is still a challenge to capture and 
explain the physics and influences behind those processes. 
    Internal nozzle flow influence on spray atomization along with 
fuel properties and injection rates was investigated by several 
authors in the past [1], [2]. Newer investigations about this topic is 
presented by Madero and Axelbaum [3] which was investigated fuel 
spray breakup and structure of spray flames for low-volatility wet 
fuels. Greenberg [4] investigated the impact of the initial droplet 
size distribution on the behavior of an edge flame. Nozzle 
configuration effects on internal flow and primary spray breakup for 
flash boiling fuel sprays was analyzed by Wu et al. [5] while 
Abianeh et al. [6] investigated the nozzle flow influence and 
characteristics on multi-component fuel spray evaporation process. 
Experimental study on fuel spray characteristics under atmospheric 
and pressurized cross-flow conditions presented Guo et al. [7]. 
    The impact of the injector nozzle geometry and fuel properties on 
fuel injection, fuel atomization and evaporation processes must be 
involved in any detail internal combustion engine simulation, as the 
one presented in [8] for a high speed direct injection turbocharged 
diesel engine. The same impact is inevitable in simulations of large 
marine two-stroke slow speed diesel engines [9]. 
 

2. Liquid fuel contraction coefficient 
 

    Liquid fuel contraction is liquid stream constriction which occurs 
because the fluid streamlines cannot abruptly change direction. For 
the fuel injector nozzle, the fluid streamlines are unable to closely 
follow the sharp angle in the nozzle wall. Maximum contraction is 
the place in a liquid fuel stream where the diameter of the stream is 
the lowest. The maximum contraction takes place slightly 
downstream of the fuel injector nozzle, Fig. 1.  
 

 
 

Fig. 1. Liquid fuel contraction coefficient definition for fuel injector 
nozzle 

    According to Fig. 1, the liquid fuel contraction coefficient for the 
fuel injector nozzle is defined as a ratio of liquid fuel stream 
diameter at maximum contraction point and the nozzle diameter:  
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           (1) 

 

    where: Cd = liquid fuel contraction coefficient, dMC = liquid fuel 
stream diameter at maximum contraction point, d = nozzle 
diameter. 
 

    Liquid fuel contraction coefficient value is always lower than 1 
and depends on the fuel stream parameters (pressure, temperature 
and injection rate) as well as on nozzle geometry.  
 

3. Injector nozzle geometry parameters 
 

    The main goal of presented mathematical model in this analysis 
is to be usable not only for one fuel injector and its nozzles, but for 
a large number of the fuel injectors and for many liquid fuels. As 
analysis baseline is used fuel injector DLLA 775 from [10].  
    Three fuel injector nozzle geometry parameters which influenced 
liquid fuel contraction and Reynolds number are nozzle diameter 
(d), nozzle length (l) and nozzle inlet radius (r). The nozzle inlet 
radius value is usually shown as a ratio of nozzle diameter (r/d), 
what was also adopted in presented analysis.  
    In analysis were selected nozzle geometry parameters similar to 
ones for fuel injector DLLA 775 [10], which are the most used in 
practice. Selected nozzle geometry parameters remain unchanged 
throughout the analysis.  
    The variables which strongly influenced fuel contraction 
coefficient and Reynolds number are fuel pressure, fuel temperature 
and fuel injection rate. Those variables were varied. 
 

4. Liquid diesel fuel used in the analysis 
 

    In analysis was used diesel fuel D2, which main characteristics 
and specifications are presented in Table 1. Although the analysis is 
made with diesel fuel D2, the mathematical description of the liquid 
fuel contraction coefficient and the Reynolds number allows the 
usage of any standard or alternative liquid fuel. 
  

Table 1. Main specifications of diesel fuel D2 [11] 
Liquid diesel fuel D2 property Value 
Sulfur content 0.3 percentage of mass 
Molecular mass 198 kg/kmol 
Density at 15.5 °C 0.842 g/cm3 
Kinematic viscosity at 38 °C 2.84 · 10-6 m2/s 
Critical pressure 20.9 bar 
Critical temperature 453 °C 
Boiling point 266 °C 
Flash point 75 °C 
Aniline point 71.7 °C 
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5. Liquid diesel fuel D2 thermodynamics properties 
necessary for analysis 
 

5.1. Density of liquid diesel fuel D2  
 

    Liquid diesel fuel D2 density dependence on the fuel pressure 
and temperature is given by the following equation [11]: 
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    where: � = liquid fuel current density (g/cm3), 0� = 0.845 g/cm3 

(liquid fuel density on the environmental pressure = 1 bar and 
temperature = 25 °C), p = liquid fuel current pressure 

(Pa), 8106.19 ��E Pa (liquid fuel elasticity module), t�  = liquid 

fuel temperature above the environment temperature,  A = 1350 °C 
(reciprocal value of the liquid fuel thermal expansion coefficient). 
 

5.2. Dynamic viscosity of liquid diesel fuel D2 
 

    Liquid diesel fuel D2 dynamic viscosity change can be calculated 
by a second degree polynomial [11]: 
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    where: p = liquid fuel current pressure (bar), t = liquid fuel 
current temperature (°C), � = liquid fuel current dynamic viscosity 
(kg/m·s). 
 

6. Liquid fuel Reynolds number and contraction 
coefficient  
 

    The Reynolds number for the fuel injector nozzle is defined by 
the expression: 
 

�
� 3

i 10
Re

����
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dv
           (7) 

 

    where: � = liquid fuel density (kg/m3), vi = liquid fuel injection 
rate (m/s), d = nozzle diameter (mm), � = liquid fuel dynamic 
viscosity (kg/m·s). 
 

    Reynolds number coefficient f used in the contraction coefficient 
equation was calculated by the equation: 
 

)
Re

64
,Re316.0(Max 25.0���f          (8) 

 

    Contraction loss coefficient Kin is a function of nozzle inlet radius 
r and nozzle diameter d ratio. According to [12] contraction loss 
coefficient Kin can be defined by the following polynomial:  
 

���������������������������������

�������������������
�

��

drdr

drdrK

/·/·

/·/·162.52076  in        (9) 

 

    where: Kin = contraction loss coefficient (-), r = nozzle inlet 
radius (mm), d = nozzle diameter (mm). 
 

    Flow in the fuel injector nozzle is turbulent with the possibility of 
cavitation occurrence. Taking into account the turbulent flow in the 
fuel injector nozzle without the occurrence of cavitation [12], the 
liquid fuel contraction coefficient can be defined as: 
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    where: Cd = liquid fuel contraction coefficient (-), Kin = 
contraction loss coefficient (-), f = Reynolds number coefficient (-), 
l = nozzle length (mm), d = nozzle diameter (mm). 
 

7. Mathematical model results and discussion 
 

    Change in liquid fuel contraction coefficient for different fuel 
injection rates and temperatures, at fuel pressure of 800 bars, was 
presented in Fig. 2. This figure, as all the other figures through this 
paper, was obtained by using nozzle geometry and fuel 
characteristics presented in boldface legend in the figure. 
    From Fig. 2 can be seen that contraction coefficient increases 
with the increase in fuel temperature. During the injection rate 
increase, at any fuel temperature, increase in contraction coefficient 
is significant for low injection rates (from 10 m/s to 100 m/s). 
Further increase in the fuel injection rate (above 100 m/s) causes 
low, almost negligible increase in contraction coefficient, for any 
fuel temperature. 
 

 
 

Fig. 2. Change in liquid fuel contraction coefficient for different 
fuel injection rates and temperatures (p = 800 bars) 

 

    For the same fuel injector nozzle operating parameters and fuel 
pressure as in Fig. 2, change in Reynolds number which is 
calculated according to equation (7) is presented in Fig. 3. 
    For any fuel injection rate, Reynolds number increases with an 
increase in fuel temperature. Increase in fuel injection rate also 
increases Reynolds number, for every fuel temperature. During the 
increase in injection rate, the increase in Reynolds number is as 
higher as the fuel temperature increase, so the highest Reynolds 
numbers were obtained for the highest observed fuel temperature 
and injection rate. Dispersion of Reynolds numbers for a various 
fuel temperatures became as higher as fuel injection rate increases. 

 

 
 

Fig. 3. Change in Reynolds number for different fuel injection rates 
and temperatures (p = 800 bars) 

 

    Change in liquid fuel contraction coefficient for different fuel 
injection rates and temperatures, for the same fuel injector nozzle 
operating parameters as in Fig. 2, but with increased fuel pressure 
(from 800 bars to 2000 bar) is presented in Fig. 4. 
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    For any fuel pressure is valid a fact that the increase in fuel 
temperature causes an increase in contraction coefficient, for any 
fuel injection rate. Increase in fuel injection rate causes a different 
change of contraction coefficient for low fuel pressures (Fig. 2) in 
comparison with high fuel pressures (Fig. 4).  
    At high fuel pressures, increases in the fuel injection rate (from 
10 m/s to 500 m/s) causes a continuous and significant increase in 
contraction coefficient, when the fuel is on environmental 
temperature (25 °C). For higher fuel temperatures, an increase in 
contraction coefficient during the increase in injection rate is 
significant only for lower injection rates (from 10 m/s to 250 m/s). 
 

 
 

Fig. 4. Change in liquid fuel contraction coefficient for different 
fuel injection rates and temperatures (p = 2000 bar) 

 

    Change in Reynolds number for different fuel injection rates and 
temperatures at fuel pressure of 2000 bar is presented in Fig. 5. 
When compared Fig. 5 (fuel pressure 2000 bar) and Fig. 3 (fuel 
pressure 800 bar) it can be concluded that a change in Reynolds 
number during the change in the fuel injection rate and fuel 
temperature has the same trend for every fuel pressure.  
    The only significant influence of fuel pressure on Reynolds 
number can be seen in the Reynolds number value. Increase in fuel 
pressure causes decrease in Reynolds number, for the same fuel 
injector nozzle operating parameters. At fuel pressure of 2000 bar, 
Fig. 5, maximum Reynolds number does not exceed Re = 7500, 
while at fuel pressure of 800 bars, Fig. 3, maximum Reynolds 
number reaches almost Re = 21000. Again, for both fuel pressures, 
the maximum Reynolds number was obtained at the highest fuel 
temperature and at the highest injection rate.  
 

 
 

Fig. 5. Change in Reynolds number for different fuel injection rates 
and temperatures (p = 2000 bar) 

 

    Change in liquid fuel contraction coefficient for different fuel 
pressures and injection rates at a fuel temperature of 25 °C, is 
presented in Fig. 6.  
    Increase in fuel pressure resulted with a decrease in liquid fuel 
contraction coefficient, for every fuel injection rate, but the 
decrease trends are not the same at each injection rate. For the 
lowest observed injection rate (100 m/s) decrease in contraction 
coefficient, during the increase in fuel pressure is the sharpest. 
Increase in fuel injection rate causes that decrease in contraction 
coefficient, during the fuel pressure increase, becomes less and less 
sharp. For low fuel pressures, dispersion of contraction coefficients 
for every observed injection rate is low, while it becomes bigger 
and bigger as fuel pressure increases. 
 

 
 

Fig. 6. Change in liquid fuel contraction coefficient for different 
fuel pressures and injection rates (t = 25 °C) 

 

    Change in liquid fuel contraction coefficient for different fuel 
pressures and injection rates, for the same fuel injector nozzle 
operating parameters, but for increased fuel temperatures was 
presented in Fig. 7 for fuel temperature of 40 °C and in Fig. 8 for 
fuel temperature of 70 °C.  
    As in Fig. 6, increase of fuel pressure resulted in a decrease in 
liquid fuel contraction coefficient, for every fuel injection rate, and 
the decrease is the highest for the lowest observed fuel injection rate 
(100 m/s). 
    When compared Fig. 6 and Fig. 7, it can be noted that the 
increase in fuel temperature from 25 °C to 40 °C resulted in a slight 
increase in contraction coefficient at low fuel pressures, while at 
high fuel pressures increase in fuel temperature causes significant 
increase in fuel contraction coefficient, for any injection rate. This 
conclusion and comparison with lower fuel temperature is also valid 
when fuel temperature is the highest observed (70 °C, Fig. 8). 
 

 
 

Fig. 7. Change in liquid fuel contraction coefficient for different 
fuel pressures and injection rates (t = 40 °C) 

 

 
 

Fig. 8. Change in liquid fuel contraction coefficient for different 
fuel pressures and injection rates (t = 70 °C) 

 

    Change in Reynolds number for different fuel pressures and 
injection rates is presented in Fig. 9 and Fig. 10. Injector nozzle 
geometry parameters remains the same in all figures, while the fuel 
temperature was varied and amounts 25 °C - Fig. 9 and 70 °C - Fig. 
10. 
    The most of the conclusions for Reynolds number change are the 
same at each fuel temperature. Increase in fuel pressure causes 
decrease in Reynolds number for every fuel temperature and 
injection rate. The decrease in Reynolds number during the fuel 
pressure increase is the highest for the highest fuel injection rates, at 
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any fuel temperature. Dispersion of Reynolds numbers for different 
fuel injection rates are the highest at the lowest fuel pressures while 
the same dispersion is the lowest for the highest observed fuel 
pressures, what is a valid conclusion for every fuel temperature. 
    Change in fuel temperature influences only the Reynolds number 
value. For every fuel temperature, the highest Reynolds numbers 
were obtained at the lowest fuel pressure and at the highest fuel 
injection rate. Increase in fuel temperature resulted in an increase in 
Reynolds number.  
 

 
 

Fig. 9. Change in Reynolds number for different fuel pressures and 
injection rates (t = 25 °C) 

 

 
 

Fig. 10. Change in Reynolds number for different fuel pressures 

and injection rates (t = 70 °C) 
 

8. Conclusion 
 

    In this paper were investigated influences of liquid fuel 
temperature, pressure and injection rate on fuel contraction 
coefficient and Reynolds number during fuel injection. Nozzle 
geometry parameters remained constant during the whole numerical 
analysis. As expected, fuel temperature, pressure and injection rate 
are very influential parameters which can significantly change the 
fuel contraction coefficient and Reynolds number. Calculations 
were performed with a standard diesel fuel D2.  
    Increase in liquid fuel temperature cause increase in fuel 
contraction coefficient. Fuel temperature increase resulted in a 
slight increase in contraction coefficient at low fuel pressures, while 
at high fuel pressures increase in fuel temperature causes significant 
increase in fuel contraction coefficient. To obtain contraction 
coefficient as high as possible, for low fuel pressures is advisable to 
increase the fuel injection rate, but not much higher than 100 m/s. 
At high fuel pressures, increases in the fuel injection rate causes a 
continuous and significant increase in contraction coefficient when 
the fuel is on environmental temperature (25 °C), while for higher 
fuel temperatures increase in contraction coefficient during the 
increase in injection rate is significant only for lower injection rates. 
Increase of fuel pressure resulted in a decrease in liquid fuel 
contraction coefficient, for every fuel injection rate and for every 
fuel temperature.  
    Reynolds number increases with an increase in fuel temperature 
and also with an increase in fuel injection rate. During the increase 
in injection rate, the increase in Reynolds number is as high as the 
fuel temperature increase, so the highest Reynolds numbers were 
obtained for the highest observed fuel temperature and injection 
rate. Change in Reynolds number during the change in the fuel 
injection rate and fuel temperature has the same trend for every fuel 

pressure. For every fuel temperature, the highest Reynolds numbers 
were obtained at the lowest fuel pressure and at the highest fuel 
injection rate. Increase in fuel pressure causes decrease in Reynolds 
number for every fuel temperature and injection rate. 
    The main goal of presented analysis is to be usable not only for 
one fuel injector and its nozzles, but for a large number of the fuel 
injectors and for many liquid fuels. Future research will be based on 
investigations of the same fuel and fuel injector operating 
parameters for alternative fuels and its comparison with presented 
ones for a standard diesel fuel. 
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