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Abstract. Results of theoretical studies are presented, their purpose was 
to assess the effect of heating of diesel composite fuel on cycle fuel supply 
and fuel pressure in the above-plunger space of a high-pressure fuel pump 
(HPFP). A refined mathematical model of the fuel supply process is 
described, which takes into account the concentration of rapeseed oil in 
composite rapeseed-mineral fuel and its physical properties, and theoretical 
justification of a method for determining the mean effective flow cross-
section of nozzles and pressure fuel tubing is presented. The analysis 
results showed that with an increase in the concentration of rapeseed oil in 
composite diesel fuel and the revolution rate of HPFP camshaft at a 
temperature of 30 °C, a sharp decrease in the cycle fuel supply is observed 
which is smoother at heating. The same trend is observed with a change in 
the fuel pressure in the above-plunger space of HPFP. 

1 Introduction 
The problem of creating a diesel engine able to run on various types of fuel has not been 
completely solved yet. The main cause making it difficult to solve this problem is the 
difference in the physical properties of fuels used in diesel engines. The multi-fuel diesel 
engine problem solution comes down to fuel system issues. The objective is to ensure the 
high quality of fuel system operation on various fuels. It is known that the parameters of the 
fuel supply process can not be calculated without accounting for the physical constants of 
fuel, the main of which are compressibility, viscosity, density, surface tension, evaporation 
or fraction composition. 
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2 Experimental procedure 
To determine the hydrodynamic parameters of a direct-action diesel fuel system, a system 
of partial difference equations is used simulating the process of fuel flow in the pressure 
fuel tubing in the form of a one-dimensional isothermal unsteady flow of viscous and 
compressible fuel of constant density, and a system of boundary equations simulating the 
conditions of the process flow at the end points of the pressure fuel tubing (at the nozzle 
side and at the pump side) based on the change in the fuel volume of fuel per unit time 
(dV/dt) in the compress

. 
For that, the following assumptions were taken: 

- the flow of viscous compressible fuel is one-dimensional and its state is 
isothermal (the fuel temperature is constant and averaged for the whole HPL over the entire 
injection period); 

- fuel parameters (density and velocity of pressure wave propagation) are 
constant over the entire injection period; 

- fuel pressure is equal at any point of enclosed volume (in the cavities above the 
plunger, valve nipple, and nozzle); 

- gas phase impact is taken into account; 
- compressibility of fuel and gas phase depends on pressure; 
- n volume 

with a change in pressure, but also a relative change in density with a change in pressure, 
i.e. 

=
1

=
1

                                                          (1.1) 

In fact, due to the fuel compressibility and its friction on inner HPL surfaces, heat is 
released. Heat is also released due to the fuel throttling in flow cross-sections of the 
hydraulic path. This leads to fuel heating and to an increase in its temperature.  

In the equations simulating the injection process at the end points of the pressure fuel 
tubing (at the nozzle side and at the pump side), the change in volume in the compression 
cavities resulting from not only the fuel compressibility, but 
also from its heat-generated expansion shall be taken to the account. 

In this connection, the equations of volume balance of boundary conditions will look as 
follows:  
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b) at the outlet of the pressure fuel tubing 

= ( )
2 1

+ ;

(           )

= ( )   ,
(        )

                (1.3) 

where k is the hydraulic resistance factor (  =  linear loss coefficient; d is 

propagation, m/s;   V ,   V’ ,   V    and   p ,   p’ , p  are the volume and pressure in the 
discharge chamber, at at the outlet of the nozzle of the high pressure fuel pump, and in the 

  is the fuel pressure at the intake ports of the plunger 
 is the pressure at the moment of the start of the 

movement of the is the current injection pressure; f , f , 
f’ , fand , f , f  is the area of the cross-section of the plunger, of the discharge valve along 
the collar, of the discharge valve along the tongues, of the nozzle needle, of the gap 
between the valve and the seat, and of the pressure fuel tubing (clear) mm2; velocity of 

)), m/s; h, y, z is the current 
movement of the plunger, discharge valve and needle, m; u0, u is the fuel flow at the inlet 
and outlet of the fuel tubing, m/s; z1 , z2 , z3  is fuel leakage through the gaps in the spool 
part of the plunger, the piston part of the plunger, between the needle and the nozzle body, 
m3 ’ is the tension of the valve spring and the needle, kg/s2; h , h is the valve and 

0  is the effective flow cross-section of the plunger bushing 
slots and nozzle assembly, m2 is the coefficient of fuel flow through the gap between 
the valve and the seat; k  is the coefficient taking into account the fuel throttling when it 
flows along the valve tongues; dh/dt, dy/dt, dz/dt is the speed of movement of the plunger, 

1 is the sum of the weight of the valve and one third of the weight 
of its spring, kg; M2 is the sum of the weight of the needle, of the pusher and one-third of 

’  is fuel temperature in the discharge chamber, valve 
chamber, and in the pocket of the in , k , k , k1, k2, k3 are coefficients 
taking into account the effect of the temperature on the fuel consumption rate through the 
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cut-off liner slot, the gap in the discharge valve, nozzle orifices, gaps in the plunger and 
spool section of the plunger, and injector nozzle gaps. 

With an increase in the temperature, fuel leakage through the gaps increases. Therefore, 
in order to take into account the effect of the temperature on the fuel consumption through 
the shut-off liner slot and the discharge valve gap, as well as on leakage through the gaps in 
the precision pairs, adjustments were made in the right-hand side of the equations of 
volume balance (1.2) and (1.3): 

= ( )
2

( , ) | | ( )
2

| |  ; 

= ( )
1

1
2

( , ) | | ( )
1

1
2

| |  ; 

= ( )
2

( , ) ( )
2

  

=  ;  =  ;    =  ,                                                           (1.4)  

where z’1, z’2, z’3 ’ , respectively.  
Thus, a conclusion can be made that taking into account the change in volume due to 

the heat-generated expansion of fuel in compression cavities ( ) and the effect of the 
temperature on the fuel consumption through throttling elements in the boundary equations 
with the use of the adjustment coefficients provides more relevant description of the real 
process of fuel flow in the HPL during its injection. However, the use of composite 
rapeseed-mineral fuel makes its own adjustments to the equations of volume balance of 
boundary conditions, since the physical and chemical properties of such fuel directly 
depend on its composition. 

As it shows, in the theoretical justification of the diesel fuel injection process, the fuel 
consumption 
via the Reynolds number Re and is calculated according to the formula: 

=
1

1,23 + 58
R d

 ,                                                                                (1.5) 

where is the fuel tubing length, m; is the internal diameter of the fuel tubing, m;  is 
the Reynolds number. 

Generally, the Reynolds number is determined by the following inter-relation: 

= = =  ,                                                                         (1.6) 

3

m/s; 2 2    Q is 
the volumetric flow rate, m3/s; f is the line flow area, m2. 

Having applied the final expression of the Reynolds number from the expression (1.6) 
in the formula for the flow coefficient calculation (1.5), we get: 
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Kinematic viscosity of composite diesel rapeseed-mineral fuel 

=
( + )

+  , m /s,                                                 (1.8) 

where mdf is the weight of mineral diesel fuel in the composition, kg; mro is the weight 
df is the kinematic viscosity of diesel fuel, m2

ro is the kinematic 
viscosity of rapeseed fuel, m2/s. 

Density of composite diesel rapeseed-mineral fuel: 

=
+
+

 , kg/m ,                                                          (1.9) 

df is the density of diesel fuel, kg/m3
ro is the density of rapeseed fuel, kg/m3. 

It was found out from the analysis of literary sources that the dependence of the fuel 
density on its temperature is represented by the expression. 

= 0,00076( 20),   kg/m ,                                                         (1.10) 

0 is the fuel density under normal conditions, kg/m3

 
When deriving the formula for calculating the dynamic viscosity at high pressure, A. S. 

Keramidi is based on the assumption that viscosity increases linearly with increase in 
pressure: 

=  . . + ( ), Pa · s,                                                         (1.11)  

 is the dynamic viscosity at atmospheric pressure and temperature, Pa·s. 
The derivative  decreases with increase in the temperature according to the 

following rule: 

=
1

+  ,                                                                         (1.12) 

where a and b are experimental coefficients depending on the nature of the substance 
which are determined by two viscosity values at two temperature values. 

Therefore, the dynamic viscosity depends on the temperature and pressure. 

=  . . +
1

+
( ),                                                                  (1.13) 

Therefore, equation (1.13) allows for calculating the dynamic viscosity depending on 
the temperature and pressure with the deviation of the calculated viscosity values from the 
experimental ones not exceeding ± 3%. 

In order to adequately calculate the fuel supply parameters of a diesel engine running on 
composite rapeseed-mineral fuel, the formulas (1.7, 1.8, 1.9, 1.10 and 1.13) shall be 
included into the calculation.  

Then we will get the final form of the formula that allows for calculating the kinematic 
viscosity of composite rapeseed-mineral fuel depending on the DCF composition, density, 
temperature, and pressure: 
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= ( + )( +  +  )( +  +  ) (( + )
× 

× (0,0152 0,0152 0,0152 + 0,0152 + + 

+ 0,00076 0,00076 + 

+0,00076 + 0,00076 + 0,0152  + 0,0152   + 

+   +   0,00076   0,00076   + 

+0,0152  + 0,0152   0,00076    

0,00076   +   
+   )),    mm /s                        (1.14) 

The value of the volumetric supply can be determined from the system of equations 
(1.2), namely, from the equation of volume balance in the discharge chamber. But to take 
into account the DCF composition and changes in its density depending on the temperature 
and pressure, we shall combine equations (1.9) and (1.10) to get the following: 

=
+
+

0,00076( 20), kg m .                                     (1.15) 

Having applied the obtained expression (1.15) in the equation of volume balance in the 
discharge chamber from the system of equations (1.2), we obtain the refined equation of 
volume balance in the discharge chamber: 

= ( )
2

+
+

0,00076( 20)

| |  

( )
1

1
2

+
+

0,00076( 20)

| |  

1 1
+   .                                                                       (1.16) 

When calculating the volumetric supply with the use of the formula (1.16), it is shall be 
taken into account that the coefficient of consumption of composite rapeseed-mineral fuel 
is determined from the expression (1.7) with account for the kinematic viscosity determined 
according to the formula (1.14). 

In a similar manner, all equations of volume balance included in the systems of 
equations (1.2) and (1.3) will change. 

Also, the use of composite rapeseed-mineral fuel due to its physical and chemical 
properties, will adjust the equations of the adjustment coefficients which take the fuel 
leakage into account. Then, the formulas (1.4) will look as follows: 
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Let us determine the speed of passage of the pressure wave of composite rapeseed-
mineral fuel through the pressure fuel tubing depending on its composition, temperature 
and pressure: 

a

=
(2p 2p ) (  + 0,00076( ) + 0,0152( + ))

( + ) ( 0, +  + 0,0152) ( 0, +  + 0,0152) , m

/s.         (1.19) 

The pressure at the inlet to the pressure fuel tubing p ’ is determined from the system of 
equations (1.2), namely, from the equation of volume balance in the valve chamber. 

=
+

( ) 1
1 × 2

+  ,   Pa.                                 (1.20) 
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According to the rule of flow continuity preservation, the geometric flow through the 
pressure fuel tubing shall be the same over its total length; then in the resulting equation the 
product f u0 can be replaced with (µf) . Having combined the expression (1.20) with the 
expression (1.15), we obtain the dependence of the fuel pressure at the outlet to the pressure 
fuel tubing (at the outlet from the HPFP nozzle) on the DCF composition, its temperature 
and pressure: 

=

+ ( )

( ) 1
1 × 2

+
+

0,00076( 20)

+  , Pa.              (1.21) 

Fuel pressure at the outlet of the pressure fuel tubing (at the nozzle inlet) 

p = , Pa.                                                                        (1.22) 

pressure over the length of the pressure fuel tubing, Pa. 
In turn, the pressure loss associated with overcoming the friction forces during fuel flow 

through the pressure fuel tubing is determined according to the well-known formula: 

= 2   ,       Pa.                                                                  (1.23) 

3

determined by the flow Q, (m3/s): 

=
4

  ,    m/s,                                                                         (1.24)  

Having applied the formula (1.23) in the equation (1.24), we get: 

=
4

2 =
16
2   ,       Pa.                                                    (1.25) 

By combining the formulas (1.25) and (1.15), we obtain the equation of dependence of 
pressure loss over the length of the fuel tubing on the composition of composite rapeseed-
mineral fuel, its temperature and pressure: 

=

16 +
+

0,00076( 20)

2   ,       Pa.                         (1.27) 

3 Calculation results 
The fuel supply parameters were calculated with the use of the refined mathematical model 
on a PC in the updated "INJECTION" software package developed by the N.E. Bauman 
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The fuel supply parameters were calculated with the use of the refined mathematical model 
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Moscow State Technical University.  
The calculations show (Fig. 1) that the kinematic viscosity of composite diesel 

rapeseed-mineral fuel varies significantly depending both on the content of rapeseed oil in 
the fuel and on changes in its temperature and pressure. An increase in fuel temperature 
leads to a significant decrease in kinematic viscosity. The higher the temperature, the less 
effect has the concentration of rapeseed oil in composite diesel rapeseed-mineral fuel on the 
kinematic viscosity. 

 
Fig. 1. Change in the kinematic viscosity  of composite diesel rapeseed-mineral fuel at a positive 
temperature t: 1 – 100%RO,  

2 – 90%RO +10%DF, 3 – 75%RO +25%DF, 4 – 63%RO +37%DF, 5 – 50%RO +50%DF, 6 – 
37%RO +63%DF,  

7 – 25%RO +75%DF, 8 – 10%RO +90%DF, 9 –100%DF 

With a change in the kinematic viscosity , the DCF density and flow coefficients are 
also changed, which in turn are used in the phase-by-phase calculation of the fuel supply 
parameters. The calculations showed (Fig. 2) that the fuel pressure at the outlet of the HPFP 
nozzle depends on both the percentage composition of rapeseed-mineral fuel and change in 
its temperature. Moreover, an increase in the temperature of composite rapeseed-mineral 
fuel makes it possible to compensate the increase in the fuel pressure at the outlet of the 
HPFP nozzle caused by an increase in the volumetric content of rapeseed oil in DCF.  
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Fig. 2. Change in fuel pressure at the outlet of HPFP nozzle at a positive temperature: 1 – 100%DF 
30°C, 2 – 10%RO 30°C,  3 – 25%RO 50°C, 4 – 37%RO 60°C, 5 – 50%RO 70°C, 6 – 63%RO 80°C, 
7 – 75%RO 80°C, 8 – 90%RO 80°C, 9 – 100%RO 80°C  

This trend is preserved until DCF with a 75% content of rapeseed oil is heated to a 
temperature of 80 °C. With a further increase in the rapeseed concentration in DCF up to 
90% and 100%, heating to a temperature more than 80 °C is required, which is almost 
impossible in the field conditions due to significant heat losses and an increased risk of 
failure of the diesel engine equipment. 

A similar situation is observed when calculating the volumetric cycled fuel supply (Fig. 
3).  

 
Fig. 3. Change in the volumetric cycled fuel supply at a positive temperature: 1 – 100%DF 30°C, 2 – 
10%RO 30°C, 3 – 25%RO 50°C, 4 – 37%RO 60°C, 5 – 50%RO 70°C, 6 – 63%RO 80°C, 7 – 75%RO 
80°C, 8 – 90%RO 80°C, 9 – 100%RO 80°C 

An increase in the temperature of composite diesel rapeseed-mineral fuel makes can 
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An increase in the temperature of composite diesel rapeseed-mineral fuel makes can 

compensate for the decrease in the volumetric cycled fuel supply caused by an increase in 
the concentration of rapeseed oil in it. However, heating of composite fuel can not 
compensate for its volumetric cycled supply if a content of rapeseed oil in the fuel exceeds 
67%. This is mainly due to the increase in the density of composite rapeseed-mineral fuel 
with the increase in pressure. Another important factor is its high viscosity at a 
concentration of rapeseed oil more than 67%. 

The calculations also illustrate the change in time and speed of pressure wave passing 
through the pressure fuel tubing (Fig. 4) with an increase in the concentration of rapeseed oil 
in composite rapeseed-mineral fuel, taking into account the effects of temperature and fuel 
pressure. 

 
Fig. 4.  Change in time and speed of pressure wave passing through the pressure fuel tubing with an 
increase in the concentration of rapeseed oil in composite rapeseed-mineral fuel 

The analysis of the graph (Fig. 4) shows that there is a direct relationship, which means 
that the higher the concentration of rapeseed oil in composite rapeseed-mineral fuel, the 
longer the duration and the lower the speed of the pressure wave of the fuel passing through 
the pressure fuel tubing. 

4 Conclusion 
The resulting mathematical model allows us to characterize the entire working process of 
fuel supply during the operation of diesel on a mixed rapeseed-mineral fuel at any 
temperature and any percentage composition. 
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