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Characterization of a Spray in the Combustion 
Chamber of a Low Emission Gas Turbine 

Georges Descombes 
Laboratoire de génie des procédés pour l’environnement, l’énergie et la santé  

France 

1. Introduction 

The use of a turbo-alternator in Lean Premixed Prevaporized combustion (LPP) for  hybrid 
vehicles is beneficial in reducing pollutant emissions at the nominal operating point. The 
electric thermal hybrid demonstrator studied here consists of a low-emission gas turbine 
and an alternator which provides the electric power to an electric propulsion motor and a 
storage battery. 
The combustion chamber of the gas turbine is adapted to the nominal operating point so as 
to function in pre-vaporized combustion, premixed and lean mixtures. A problematic point, 
however, is the emission of smoke and unburnt hydrocarbons during start-up because the 
geometry of the combustion chamber is not adapted to moderate air flows. 
In the transitional stages of start, an air-assisted pilot injector vaporizes the fuel in the 
combustion chamber. The jet is ignited by a spark, the alternator being used as an electric 
starter. This starting phase causes, however, the formation of a fuel film on the walls which 
can be observed as locally rich pockets. 
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Exchanger Fuel Ignition Turbine Compressor Alternator 

Fig. 1. Diagram of the turbo alternator 
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2. The turbo alternator 

The turbo alternator has a single-shaft architecture on which the wheels of the compressor 
and turbine, as well as the high speed alternator, are fixed. The turbine is a single-stage 
compression/expansion, radial machine with a heat exchanger, as shown in Figure 1. At the 
nominal operating point, the supercharging air is preheated upstream of the combustion 
chamber by recovering heat from exhaust gases, thus improving the output of the cycle 
while decreasing the compression ratio. The exchanger consists of a ceramic heat storage 
matrix rotated around its axis by a hydraulic engine. 
The turbo-alternator delivers an electric output of 38 kW at full load at 90000 rpm. The 
acceptance tests provide the cartography of the stabilized performance of the turbo-
alternator from the turbine inlet temperature and the number of revolutions. The power and 
the output increase naturally with the temperature, and the optimal operating range is 
between 70000 and 85000 rpm; the temperature is between 975°C and 1025°C. 

3. The combustion chamber 

The Lean Premixed Pre-vaporized (LPP) combustion chamber is divided into three zones 
(Figure 2). First of all, the fuel is injected and vaporized in a flow of hot air with which it 
mixes. In this zone, complete evaporation and a homogeneous mixture must be achieved 
before the reaction zone preferably just above the low extinction limit in order to limit the 
formation of NOx emissions (Leonard and Stegmaïer, 1993, Ripplinger et al., 1998). The 
flame is then stabilized with the creation of re-circulation zones, and combustion proceeds 
with a maximum flame temperature generally lower than 2000K (Poeschl et al., 1994, 
Ohkubo et al., 1994). The third area is the dilution zone which lowers the temperature below 
the threshold imposed by the temperature limit of the turbine blades (Turrell et al., 2004). 
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Fig. 2. Diagram of the LPP combustion chamber  

The geometry of this combustion chamber is optimised for nominal operation. As 
modification of the aero-thermodynamic characteristics of the air flow at partial load and at 
start-up is not conducive to flame stability (Schmidt, 1995), a pilot injector is therefore used; 
this also serves as a two-phase flame whose fuel spray does not burn in premixed flame. 
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4. The pilot injector 

During the starting phase, the low compression ratio and thermal inertia of the exchanger 
means that the inlet air cannot be preheated, making LPP operation impossible. The main 
injectors do not intervene during this phase and are used only when a temperature above 
800°C is reached  at the turbine inlet.  
A pilot injector is used to vaporize the fuel during start-up. The jet is ignited by the spark 
and a turbulent two-phase flame ensures the temperature increase of the machine. 
Additional fuel is also provided by the pilot injector to stabilize the flame in weak 
combustion modes and at low power. 
The coaxial injector is characterized by a central fuel jet surrounded by a peripheral high-

speed gas flow. The system provides the injector with predetermined and adjustable 

quantities of liquid fuel and air flow. It is composed of two parts, an air-assisted circuit and  

a pressurized fuel circuit. 

It is observed that the maximum fuel flow, which is about 8 kg/h of fuel for a pressure of 12 

bar, remains insufficient to obtain correct vaporization of the fuel. A complementary air-

assisted circuit is therefore necessary to interact with the fuel swirl of the pilot injector 

where atomisation begins. Fuel atomisation is intensified by the counter-rotating movement 

of the two fluids (Figure 3). 

 

 

Fig. 3. Formation of the fuel-air mixture  

The tests carried out in the laboratory on a turbo-alternator test bench also showed the need 

for a variable air flow in the pilot injector because the fuel jet of the pilot injector does not 

always ignite correctly. When a significant increase in temperature is detected in the 

exhaust, smoke is emitted and its concentration varies significantly depending on the 

injection parameters . The evolution of the air flow acts directly on the ignition timing and 

the temperature, as shown by the curves on figure 4.  

The ignition timing increases with the increase in the air pressure and the temperature 

increases more rapidly when the air pressure rises. It is observed that smoke appears 

approximately thirty seconds after the start-up of the turbine, but vanishes more quickly 

when the air pressure is higher. Increasing the temperature velocity setting of the turbine 

made it possible to optimise the burnt fuel fraction and to reduce smoke emissions 

(Pichouron, 2001). 
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Fig. 4. Evolution of the turbine inlet temperature (TiT) and turbine speed (rpm) at start up of 
the gas turbine as a function of  time and air pressure 

5. Experimental study of the non-reactive jet 

The preliminary start tests and the analytical study revealed the existence of a correlation 

between the ignition and the combustion of a fuel spray as a function of its physical 

characteristics (Pichouron, 2001). The vaporization dynamics of the pilot injector were first 

studied in the starting phase. The influence of the injection parameters were controlled as 

was the quality of the jet in terms of drop size, law of distribution as well as jet angle and 

mass fuel distribution. This cartography aimed to define the optimised operating points as 

well as the boundary conditions which were then used in the numerical study of the jet. 

The air flow of the pilot injector significantly modifies the structure of the jet which is 

characterized by the spray angle, the fragmentation length, the size distribution of the 

droplets inside the spray and the penetration. Photographs of the jet taken on the injection 

bench in the laboratory show the effect of the air flow on the structure of the jet (Figure 5). 

 

 
       (a) without air flow      (b) with an air flow of 10 l/min 

Fig. 5. Cartography of the spray (liquid flow: 7.3 kg/h) 
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A granulometric study conducted with the participation of the laboratory CORIA (Rouen, 
France) also made it possible to measure the distribution of the drop diameters of the injector 
as a function of the air pressure, the viscosity and the fuel pressure (table 1). The drop sizes 
were measured by the optical diffraction of a laser beam which passes through the cloud of 
drops. By measuring the thickness of the cloud of drops in the path of the laser beam and the 
attenuation of the direct beam, the volume concentration can be obtained (Figure 6). These 
results made it possible to give the initial conditions of the jet and its dispersed phase.  
The geometry of the jet was experimentally investigated in order to measure the angle 
formed by the jet, to determine the mass distribution of the fuel in the jet and to study axial 
symmetry. The test bench is composed of a feeding circuit of fuel and air (Figure 7). The fuel 
jet which develops with the free air is studied and the air mass fuel rates of air flow for the 
operating points are given in table 1. 
 

Fuel flow (kg/h) 4,4 5,7 6,6 7,7 

Air flow (l/min) 10-16-24 10-16-24 10-16-24 10-16-24 

Table 1. Operating points for the geometrical study of the spray 

 

Fig. 6. Diagram of the drop size measurements 

 

Fig. 7. Diagram of the test rig for characterization of the spray 
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6. Modelling of the jet 

6.1 Identification of a volume law of distribution 

The most widely used expression is that originally developed for powders by Rosin and 
Rammler, where Q is the fraction of total volume contained in drops with a diameter 
lower than D, X and Q are two parameters which characterize the drops composing the jet 
(Eq. 1). 

 

q

X

D

Q









 exp1  
(1)

 

By identifying X and Q using the experimental results of the granulometric study (Ohkubo 

and Idota, 1994), the distribution of the drop sizes of the injector must be checked by the 

Rosin-Rammler law where X is the diameter when 63.2% of the liquid volume is dispersed 

in drops smaller than X, Q being calculated starting from the Rosin-Rammler law (Eq. 2). 

 

  
 XD

Q
q

/ln

1lnln 


 
(2)

 

Figure 8 shows the experimental distribution curve and the associated Rosin Rammler law. 

The measurements were made at the centre of the spray. The air and fuel mass flows are 

respectively 16 l/min and 7.7 kg/h. The curves are cumulative distributions of the drop 

sizes and represent the fraction of the total spray volume in drops larger than the diameter 

considered. Each measurement corresponds to an operating point of the injector to which 

corresponds a calculation of the coefficients X and Q of the Rosin-Rammler law. 

 

                 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 100 200 300 400 500 600 

Rosin Rammler 
Exp.

 
                 diameter of drops () 

Fig. 8. Experimental distribution of the drop sizes and of the associated Rosin-Rammler law 

The Rosin-Rammler law correctly describes the drop size distribution at the centre and the 

periphery of the jet, in particular when the air flow is low. The validity of the law was then 

checked for all the injector operating points and for the two fuels: diesel fuel and kerosene. 

The modeling of the fuel jet in terms of drop size and volume distribution was thus 

validated by the Rosin-Rammler law in which coefficients are given starting from the 

granulometry results. 
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6.2 Cartography of the jet 

The effect of the air flow can be very clearly observed on figure 9 when the mass fuel rate of 
flow is maintained constant. For an air flow of 24 l/min, 50% of the volume of fuel injected 
is vaporized in drops with a diameter less than 50 microns. If the air flow is reduced to 3.5 
l/min, the maximum drop size required to vaporize the same volume of fuel reaches 150 
microns. 
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Fig. 9. Evolution of the spray granulometry as a function of the air flow (measurements 
made 10 mm from the spray centre, mass fuel flow 7.7 kg/h) 

The study also shows that the increase in the mass fuel flow rate makes the jet less uniform by 

producing a significant number of large drops. The increase in the mass fuel flow rate from 4.4 

to 7.7 kg/h causes an increase in the maximum drop size from 150 to 250 microns in the centre 

of the jet. The effects related to the increase of the mass fuel flow rate are also greater at the 

periphery than in the centre of the jet. These results confirm that the level of atomisation in the 

jet can be estimated by calculating the mass ratio of the mass fuel flow rate and the air flow. 

6.3 Angle of the spray 

The jet angle has a value ranging between 30 and 35° on both sides of the longitudinal axis 

of the injector when the air flow is 24 l/min and it is the same for a flow for 10 l/min. This 

shows that the geometry of the jet is independent of the mass fuel flow rate when the air 

flow is 24 l/min. Finally, in agreement with Lefebvre (1989), it can be concluded that the jet 

angle is only slightly influenced by the air flow.  

6.4 Mass distribution of the fuel in the jet 

The air flow strongly influences the mass distribution of the fuel in the jet, since increasing 

the air flow concentrates a high proportion of the fuel in the centre of the jet. Only a small 

quantity of fuel is then located beyond 30° from the injector axis. The tests show 

conclusively that the axial symmetry of the jet is respected for the operating conditions, in 

particular with air flows above 20 l/min. 

6.5 Correlations of the SAUTER average diameter 

The lack of a consolidated theory on vaporization processes meant that empirical 
correlations had to be used to evaluate the relation between a representative diameter, the 
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average diameter and the injection conditions which relate to the physical properties of the 
liquid, the geometrical characteristics of the injector as well as the outputs of liquid and air 
flow. 
Several definitions of the average diameter have been established depending on the 
processes observed, but the SAUTER average diameter is generally used to describe 
vaporization in a medium in which mass and heat transfer phenomena dominate, such as 
the combustion of a fuel jet (Inamura and Nagai, 1985, Simmons, 1979, Elkotb et al., 1982, 
Faeth, 1983). 
The evolution of the properties of the pilot injector jet is estimated starting from the 
correlation of Elkotb et al., 1982. It takes into account a geometrical parameter (the diameter 
of the injector exit), the physical properties of the fluid to be vaporized (surface stress, 
density and viscosity) and the operating conditions (relative velocities of the liquid and the 
ambient air, and ratio of the air flow to the liquid flow). 
The correlations studied make it possible to better understand the operation of the air-
assisted injector used at turbine start-up. The SAUTER average diameter grows with the 
increase in viscosity and the surface tension of the liquid spray. The use of kerosene, which 
is less viscous than diesel fuel, makes it possible to decrease the SAUTER average diameter, 
and the air flow contributes very significantly to vaporization. It is indeed necessary to 
obtain a high relative speed between the liquid spray and the ambient conditions to ensure 
good atomisation. This speed is obtained  by maintaining the ratio of the mass throughput 
of the air flow to the mass throughput of liquid spray close to a value of 0.4. 

7. Numerical study of the non-reactive jet 

Modelling is based on the concept of average size but the aim is not to seek the spatial and 

temporal evolution of the instantaneous sizes, rather to study their average behaviour. The 

instantaneous flow field is therefore replaced by an average part and a fluctuating part. 

These definitions are applied to the conservation equations and the “average temporal” 

operator  is then applied to the resulting equations. 

The non-linearity of the convection terms reveals additional terms which represent the 

correlations of the fluctuations in the physical sizes of the flow. These unknown factors are 

approximated using an isotropic k- model both for the study of the non-reactive jet and for 

the later study of turbulent combustion in gas phase. The concept of turbulent viscosity 

proposed by Boussinesq shows that it is possible to approach the additional terms 

(Pichouron, 2001).  

7.1 Liquid phase 

The spray is modelled according to a Lagrangian description by a particle unit and it is 

assumed that the dispersed phase is sufficiently diluted to neglect interactions between the 

drops (Zamuner, 1995). In practice, the volume fraction occupied by the drops in the jet 

should not exceed 10 to 12%. Primary disintegration, coalescence and collisions between 

drops can therefore be neglected. The jet is thus modelled by a set of drops grouped in 

layers with initial conditions relating to the position, velocity, size, temperature and number 

of drops represented. 

The drops are assumed to be spherical and non-deformable, without clean rotation or 
interaction (Zamuner, 1995, Wittig et al., 1993). The flow around a drop is assumed to be 
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homogeneous and the particle density much higher than that of gas. Gravity, the 
Archimedes force, the added mass term, the force due to the pressure gradient , the Basset 
force and the Saffman force, are neglected.  
The initial conditions of the calculation of the drop trajectories in the dispersed phase result 
from the experimental study of the jet. The initial drop diameters were determined by the 
value of the diameters measured 30 mm downstream from the injector nozzle and it was 
verified that the droplets did not undergo secondary vaporization outside the path of the 
laser beam. 
With low relative speeds, the spherical shape of the droplets is preserved by the combined 

action of surface stress and the viscous forces of the fuel. When the speed increases, the 

aerodynamic loads acting on the surface of the drop cause deformation, oscillation, and 

finally disintegration of the liquid particle. 

Two groups of parameters make it possible to distinguish the various modes from 

secondary disintegration (Schmel et al., 1999, Yule and Salters, 1995), namely Weber 

numbers We, and Ohnesorge numbers On (Eqs. 3 and 4) which respectively determine the 

relationship between the aerodynamic loads exerted on the drop and the surface stress, and 

the relationship between viscous friction in the drop and surface stress (Krzecskowski, 1995, 

Pilch and Erdman, 1987).  is the density of surrounding gas, urel is relative speed between 

gas and the particle, and D, g, g, g are respectively the diameter, surface stress, viscosity 

and density of the fuel. 

 g

2

rel Du
We


   


 

(3)
 

 gg

g

D
On





  


 
(4)

 

No deformation, or oscillation is observed when the Weber number is lower than a breaking 

value Wec. Beyond this breaking value, three different mechanisms are observed which 

control the disintegration of the droplets in the case of typical Weber numbers of the flows 

in a  gas turbine combustion chamber. For an Onhesorge number higher than 0.1, a 

significant influence of viscosity is observed and the transition between the various modes is 

given by the Weber number. Correlation (5) can then be used to assess the degree of 

vaporization in the two-phase flows measured. For the relative speeds studied, the drops 

must have a minimum diameter of 100 m to undergo secondary vaporization. 

 Wec=12 (1+1.077 On1.6)  (5) 

The characterization of the jet shows that for an air flow of 24 l/min, the pilot injector emits 

a jet made up mainly of drops with a diameter lower than 70 m. In this configuration, only 

a very small quantity of the drops is subjected to secondary vaporization. On the other 

hand, when the air flow is 10 l/min, a maximum diameter of drops of about 180 m is 

reached. 

Taking into account the ejection speeds estimated for the drops, it can be noted that only the 

drops with diameters larger than 100 m are likely to reach the disintegration mode. This 
indicates that secondary vaporization may therefore occur only over 1.5% in mass of the 
total fuel flow. Lastly, even if the relative speed increase between the drops and gas favours 
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secondary vaporization, this physical phenomenon will never be very important within the 
present framework. Secondary vaporization was therefore be neglected, as was the 
behaviour of the drops after rebound from the walls. 

7.2 Gas phase 

The fuel drops warm up and evaporate during their trajectory in the gas phase. The 
evaporation process of a drop composed of a mixture of hydrocarbons can be divided into 
three fields for modelling mass and heat transfer (Prommersberger et al., 1999, Aggarwal 
and Peng, 1994). 
The most fully developed approaches (model DLM, Diffusion Limit Model) take account of 
the heterogeneous temperature field in the droplet, of the influence of the drop and the 
multi-component composition of the hydrocarbon (Hallmann et al., 1995, Li, 1995). Certain 
models treat drop heating and vaporization simultaneously, while others assume that the 
droplet warms up initially without evaporating, and that when it reaches a sufficient 
temperature, it vaporizes (Schmehl et al., 1999). It is the latter approach which is adopted 
here, following three successive behavior laws (Pichouron, 2001). This involves calculating 
reheating of the droplet without exchange of mass with the surrounding medium from the 
ejection temperature until the vaporization temperature.  
Beyond the vaporization temperature, the mass and heat transfer between the drop and the 
surrounding medium is calculated, up to a boiling point. The convective boiling of the drop 
at iso-temperature is then  predicted. 
Calculation proceeds in a fixed geometry with motionless walls, entries for the dilution and 
air for combustion and an exit for the combustion products. For the entries and the exit, the 
boundary conditions are imposed in flow in the study of the non-reactive jet and in pressure 
in the later study of the turbulent combustion of the jet.  
The limiting conditions of flow and pressure resulting from the experiment are obtained on 
the test bench.  

7.3 Coupling of the liquid and gas phases 
The drops act on gas by the source terms introduced into the equations. The source terms 
are determined by summing the exchanges along the trajectory of the particles which pass 
through the control volume. The momentum transfer from the continuous phase to the 
dispersed phase is obtained by calculating the variation in momentum of the particle 
traversing the control volume. The heat exchanged between the continuous and dispersed 
phases is deduced from the thermal variation in energy of the drop which passes through 
the control volume. The mass transfer of the dispersed phase towards the continuous phase 
is obtained by calculating the mass variation of the drop traversing the control volume 
(Reitz and Bracco, 1982). 

8. Limiting conditions of calculation 

8.1 Space distribution of the drops at the injector outlet  

For the 3D representation, the jet is described by a hollow cone. By defining several hollow 

cones of identical origin and axis, but with a different ray R and angle , it is possible to 
represent the jet of the pilot injector. The fuel drops initially form crowns, and taking into 
account the secondary assumption of non-disintegration, the origin of the crowns is located 
at the injector nozzle (Litchford and Jeng, 1991). 
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Initially, the fuel drops are thus divided regularly and into an identical number on 
concentric crowns (Figure 10). Many numerical tests were carried out to determine the 
optimal number of crowns. The best representation is obtained with ten crowns for 
vaporization with an air flow of 24 l/min, and with five crowns for 14 l/min, the crown 
having a constant external diameter of 2 mm. 
 

 

Fig. 10. Example of space distribution of the drops on the injector outlet 

8.2 Jet angle 

The jet is represented by five or ten hollow cones for which it is necessary to define an angle 
corresponding to the initial direction of the drops distributed on the crowns. From 

experimental measurements of the jet angle, the external taper angleext, was defined; the 
hollow taper angle ith is then given by Equation (6), where N is the number of crowns. 

 n
i extn

i
 .

 
(6)

 

8.3 Initial diameters 

To determine the initial Lagrangian diameters, two series of diameters were selected, based 
on the granulometry measurements. It was observed that when the air flow in the injector 
was 24 l/min, the drop sizes are less widely dispersed and that drops with a diameter above 

100 m are rare. Similar observations were made for an air flow of 14l/min, with a 

maximum diameter of 200 m. Five (respectively 10) classes of drops were therefore defined 
for an air flow of 24 l/min (respectively 14 l/min). Each class corresponds to an initial 
diameter in the calculation of the droplet trajectory.  

8.4 Mass flow by trajectory 

As the liquid phase flow has to be respected whatever the number of drops injected into the 
calculation field, it is assumed that a fraction of this flow is allocated with each calculated 
trajectory and the summation of the flows for each trajectory is equal to the fuel flow in the 
injector. To attribute a flow to each trajectory, the Rosin-Rammler law was used, as it 
satisfactorily characterizes the drop size distribution in the pilot injector jet . This 
representation assumes that several identical drops forward per unit of time on each 
trajectory (Zamuner, 1995). 
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8.5 Initial particle speed  

It is difficult to determine the initial particle speed given that the fuel is injected via the tube 
into the injector envelope and that the action of the air flow on the liquid jet takes effect at 
the very end of the injector envelope, in a zone very close to the section considered as the 
modelling injection surface. Lay (1997) suggests choosing the initial speed of the drops 
randomly in a range which evolves by 0 m/s at the local speed of the gas phase. It is further 
assumed that the initial speed of the drops is constant whatever the diameter and the spatial 
position of the particle. The estimated speed is based on the speed characteristics of the 
liquid exiting the injector channel. Knowing that the effective bypass section at the nozzle of 
the tube is 96.3.10-3 mm2, a speed Vl was determined for the liquid phase. The initial speed 
of the drops Vg is given by applying a corrective factor whose value depends on the air flow. 

8.6 Grid of the geometry 

The geometry selected to validate the injection model is a cylinder 300 mm in diameter and 

200 mm in length; the medium is composed of air at rest under atmospheric pressure. At 

one extremity of the cylinder, a centred disc with a diameter of 2.35 mm represents the 

injector nozzle exit where the initial jet conditions and boundary conditions are imposed to 

model the air flow. The other end of the cylinder is the simulation exit. 

The grid of the geometry consists of 68000 hexahedral cells with a total of 70520 nodes; the 

quality of the cells and nodes is monitored by a tracer. In the zone downstream from the 

injector nozzle, the mesh size was fixed at a value ranging between 0.2 and 0.5 mm, based 

on the results of Sugiyama et al., (1994) cited by Levy (1997), which indicate care should be 

taken that the mesh does not exceed 1 mm on side in the delicate zones. The modelled field 

is the top of the combustion chamber made up of the premixing tube and the air inlet ducts. 

The fuel is vaporized in the premixing tube by the injector,  the extremity of which is placed 

in inlet duct. 

8.7 Dispersed phase 

Three reference test cases were used to compare the results, and the initial conditions of the 
dispersed phase are defined following description given previously (table 2). 
 

Case n°1 Air flow =0.285g/s (14l/min) 
 Fuel flow 1=1.84g/s (6,6 kg/h) 

Case n°2 Air flow =0.5g/s (24l/min) 
 Fuel flow=1.22g/s (4,4 kg/h) 

Case n°3 Air flow =05g/s (24l/min) 
 Fuel flow=1.84g/s 

Table 2. Operating points for the study of the spray 

8.8 Gas phase 

A speed condition is imposed for the injector air flow which makes it possible to combine 

the requirements of flow (experimental measurement of 14 l/min or 24 l/min) and of flow 

direction (imposed by the geometry of the injector nozzle). A fraction of the total flow 

measured on the test bench is imposed on the inlet ducts, based on the division of the 

discharge between the air intake according to their effective surface. 
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9. Validation of calculations 

9.1 Concentration 

The calculated volume concentration of the liquid phase is compared with the experimental 
results. In the post-processing phase, the concentration value calculated along lines 
registered on a fictitious cylinder representing the laser beam and located 30 mm 
downstream from the origin of the injection was recorded (Figure 11). 
 

 

Fig. 11. Calculation of the average concentration of the liquid phase 

Figure 12 represents the instantaneous concentrations of the liquid phase along the 5 radial 
lines (C1 to C5) and the configurations of the concentrations remain similar to those 
described in the literature for the three cases tested. A deficit in fuel drops on the axis of the 
injector can be observed, followed by a very clear increase while moving away from the 
axis, before a second deficit which corresponds to the physical limit of the jet. Note that this 
same tendency was observed in the experimental study of the jet angle. 
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Fig. 12. Instantaneous concentration of the liquid phase as a function of the transverse 
position. (mass fuel flow rate: 1.22 g/s and air flow: 0.5 g/s) 

The numerical and experimental average concentrations for the three studied cases were 
compared. The agreement is very good in the case of the lowest air flow (0.285g/s). For the 
air flow of 0.5 g/s, the difference between the numerical and experimental results shows the 
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limits of the injection model used here: the experimental study revealed the very strong 
impact of the air flow on the disintegration of the jet and correlatively on the initial particle 
speed, which significantly influences the trajectory and thus the concentration of the 
droplets. The injection model however is kept to study the evolution of the two-phase flow 
in the ignition zone. 

9.2 Simulation of the ignition  zone  

The experiment shows that the explosion limits depend on the average diameter of the 

droplets, and that an optimal drop size minimizes the ignition energy required. It was as 

highlighted as in fact the smallest droplets govern the behavior of the spray to the ignition. 

The injection model is thus used to numerically study the particle behavior in the ignition 

zone as a function of their diameter, their initial position in relation to the injector nozzle,  

and the air flow in the inlet ducts. In the simulation field, the end of the spark which 

penetrates the ignition zone was not reproduced. 

9.3 Aerodynamic field of the jet 

Figure 13 shows the field rate of the gas flow for test case n°3. It is observed (13A) that the 

gas has a high speed at the beginning of the jet due to the air flow, confirming the influence 

of the air flow on the droplet trajectory that was observed in experiments. Downstream, 

inside the premixing tube, it can be seen that the field speed is characterized by an intense 

zone on the injector axis (again evidencing  the influence of the air flow) and a calmer area 

when deviating from the axis. Along the wall of the premixing tube, a return flow is 

observed (13B), though the speeds reached locally (less than 7m/s) remain low compared to 

the speeds reached on the injector axis. 

 
 

m/s 

m/s

 
   (A)     (B) 

Fig. 13. Gas flow rate in a diametrical plane Field speed (A) and negative axial speed along 
the walls (B) 

The evolution of the radial profiles of the components speed is shown on Figure 14 for 4 

positions on the axis of the premixing tube geometry. A strong decrease in axial speed can 

be observed when the flow deviates from the axis, as along the axis. Observation of the 

evolution of the radial and tangential components highlights the axi-symmetry of the flow 

(14A and 14B). It can be seen that the maximum intensity of each component is reached in a 

zone located 5-6 mm from the axis of the geometry, the dimensions of this corridor being 
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conditioned by the throttling diameter (12 mm) at the end of the convergent one. Beyond 

this corridor, marginal recirculation zones with weak kinetic energy are formed under the 

action of the central flow shearing forces.  

 

 
   (A)     (B) 

Fig. 14. Evolution of the profiles of the radial (A) and tangential (B) velocity components for 
4 positions on the axis of the geometry 

The simulation results for two positions on the axis (3 mm and 15 mm) and for each 

component speed (Figure 15) were also compared. These test cases differ by their air flows. 

The variation in the air flow significantly modifies the axial speed in the zone of the axis of 

geometry (15A and 15B), has a more moderate influence on radial speed (15C and 15D), and 

has no impact on tangential speed (15E and F). 

 

 

   (A)     (B) 
 

 

   (C)     (D) 
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   (E)     (F) 

(left-hand column: calculation with the position 3mm, right-hand column: calculation with the position 15mm) 

Fig. 15. Comparison of the axial (A and B), radial (C and D) and tangential (E and F) velocity 
components of gas for test cases 1 and 3. 

The field velocity simulated close to the spark is shown on Figure 16. The mean velocity in 
this zone is influenced primarily by the air flow entering the inlet ducts. It can be seen that 
the re-circulation zone increases upstream with the increase in the air flow of combustion 
(16A and B), and that the tangential component is significantly increased (16C and D). The 
studies by Snyder et al., 1994, and Yamada et al., 1995 showed that the increased mean 
velocity increases the minimal ignition energy and this effect will have to be taken into 
account to define the ignition delay in the combustion chamber. 
 

 
           (A)                (B) 

 

 
          (C)                   (D) 

Fig. 16. Comparison of the field velocity in the ignition zone for two rotation speeds: 5000 
rpm (A) and (C) and 40000 rpm (B) and (D) 
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9.4 Trajectory of the fuel drops 

The trajectory of the drops is studied according to three principal parameters. The injector 

air flow determines the granulometry of the jet and influences the aerodynamics along the 

simulation axis. The rotation speed of the turbine determines the air flow entering the inlet 

ducts and influences the swirl intensity in the premixing tube . The penetration depth of the 

injector nozzle modifies the geometry of the simulation field. 

The numerical study of the trajectories shows that drops with a diameter equal to or higher 

than 40 m traverse the field, do not impact the walls and that their trajectories are 

helicoidal. This effect is imposed by the swirl movement in the premixing tube. The increase 

in the air flow (14 l/min to 24 l/min), by increasing the initial speed of the drops and the 

axial speed of the gas phase along the axis of symmetry, decreases their residence time in 

the ignition zone. For lower diameters, the drop-gas interaction has a stronger effect. 

Figure 17 compares the trajectories of the 20 m drops injected from an identical origin and 

with the same angle. In the case of vaporization at 14 l/min, the drop has less kinetic energy 

and undergoes the surrounding aerodynamic effects more. The left-hand column on figure 

17A shows the case with 14 l/min, and that on the right-hand side the case with 24 l/min 

(figure 17B). The comparison shows that for the lowest flow, the trajectory of the drops 

deviates more and that for the maximum angle, the return flow along the walls collects 

more drops. 

It can thus be considered that the damping of the walls is due to the smallest drops. They 

have the lowest speed and are located in the zone outside the jet, and consequently, the jet 

angle and particle speed need to be considered to study this phenomenon. The numerical 

study also shows that damping of the walls can be carried out by direct impact of the largest 

drops in the case of an open jet angle. In this case, the large drops have a rectilinear 

trajectory from injection to the wall. 

 
min/14  ,3,0  ,12  ,20 tan lqmmrm ceassis   min/24  ,3,0  ,12  ,20 tan lqmmrm ceassis  

 

 
      (A)      (B) 

Fig. 17. Trajectory of the 20-micron drops as a function of  the air flow  

9.5 Influence of the turbine rotation speed 

The turbine rotation speed modifies the air flow in the entry ducts. We saw that this flow 

does not have a significant influence on the gas flow in the zone close to the field axis where 

the effects of the air flow of the injector dominate. Beyond this zone, on the contrary, the 

swirl intensity increases with the air flow in the entry ducts and modifies the field gas speed 
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and the trajectory of the drops. Figure 18 shows that the increase in the swirl of the flow 

increases the jet angle and contributes to its ventilation. We tracked the trajectories of 20 m 

and 40 m drops, launched with same initial speed, and for two air flows in the inlet ducts, 

1.25g/s (15000 rpm) and 3g/s (40000 rpm, 18A and 18B). The results show the influence of 

the air flow on the particle trajectory and the jet angle. This is true for the small-sized drops, 

but the larger the drops, the less they are deviated. Drops with an initial diameter above 60 

m have a practically identical trajectory for the two air flows.  

 
 

 
      (A)      (B) 

Fig. 18. Trajectories of the fuel drops as a function of the air flow in the entry ducts for the 
same batch of drops (20 and 40 microns) 

9.6 Influence of the injector position  

The position of the injector modifies the gas flow along the walls of the premixing tube 

(Figure 19). It can be seen that the return flow zone is wider and it is the negative axial 

speed of stronger intensity close to the wall which develops as a function of  the penetration 

depth of the injector (19A). This phenomenon influences especially the trajectory of drops 

with a diameter below 40m located at the periphery of the jet. Figure 19B shows the 

evolution of a batch of drops (20m) for the three injector positions and identical injection 

conditions. It can be observed that for the most advanced injector position, drops interact 

with the return flow and undergo a change of trajectory. 
 

( min/40000  -  min/24  -  /6,6 tan trNlqhkgm ceassisairl  ). 
  

 
       (A)      (B) 

Fig. 19. Influence of the injector position on the two-phase flow in the premixing tube  
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9.7 2D Simplification of the geometry 

In order to reduce the grid size and the computing time, the digital simulation of 

combustion is restricted to a 2D approach, which requires simplifications of the geometry 

and a new definition of the boundary conditions on the air inlet in the combustion chamber. 

Simplifications consist in making the geometry axisymmetric by removing the entry ducts 

which induce the overall swirl movement in the flow, then redefining new boundary 

conditions on the entry surfaces of the air. This operation reveals a new surface located at 

the base of the inlet ducts which have just been removed and where it is necessary to define 

entry conditions for the air. 

The post-processing of calculations on the unsimplified geometry makes it possible to define 

the boundary conditions to apply to the entry surface of the simplified geometry. The sizes 

necessary are measured at the base of the inlet ducts, and are then applied to the simplified 

geometry. The computation results of the field speed of the gas phase and the particle 

trajectory make it possible to validate the simplification. 

The three components of the aerodynamic field obtained with the two geometries are then 

compared. On Figure 20, the axial component is calculated along the axis of the geometry 

and at a transversal distance of 10 mm downstream from the air flow intake. It can be seen 

that there is a variation along the axis (20B). This variation is also observed in the results 

calculated along the axis (20A). This phenomenon results from the fact that a uniform 

field velocity is imposed as boundary condition for the air intake in the simplified 

geometry, whereas the corresponding field in the complete geometry presents space 

variations. 

 
 
 
 

 
 
 
 

 
 
 

      (A)          (B) 
 
 

Fig. 20. Gas flow axial velocity for the two geometries 
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On Figure 21, the difference between the two field velocities is still observed, either along 

the axis where the contribution of the radial (21A) and tangential (21B) components is 

very weak (quasi 1D flow), but in a zone located between 2.5 mm and 10 mm from the 

axis. 

Lastly,  the evolution of the same drop in the two simulation fields (complete and simplified 

geometry) is compared. The particle behavior is very similar in the two cases, with a weak 

drift on the axial velocity which is higher in simulation with the simplified geometry, which 

involves the variation noted on the axial co-ordinate of the particle. 

 
 

 
    (A)           (B) 
 

Fig. 21. Radial velocity (A) and tangential speed (B) for the two geometries 

10. Conclusion 

This study has investigated the optimization of the start phase of a gas turbine coupled to an 

alternator used as an electric generator in a hybrid electric vehicle. During this phase, the 

turbo alternator is actuated electrically and the fuel is vaporized by a pilot injector in the 

combustion chamber, then ignited by a spark to ensure the rise in temperature of the gas 

turbine. 

The laboratory bench tests made it possible to identify and process hierarchically the 

dominant parameters which act on the opacity of the smoke. They revealed the paramount 

role of the air flow of the pilot injector, which is confirmed by the state of the art on spray 

ignition phenomena. 

The experimental characterization tests of the injector controls made it possible to define the 

granulometry and the geometrical characteristics of the jet as a function of the variations in 

the injection parameters. We have thus been able to construct the cartography of start-up, 

starting from the physical properties of the spray versus the air-fuel mass ratio, thus 

opening up the possibility of optimization without any major technological modifications 

to the injection system. All the tests provided results which also made it possible to define 

the initial conditions and the limits of calculation, and to validate the digital simulations 

of the jet. 

The numerical study of the jet aimed to widen the exploratory field concerning the 

influence of the start parameters on the phenomenon of damping of the walls, on the 

evaporation of the liquid phase and the interaction between the fuel drops and air in the 
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combustion chamber. Having observed, in preliminary tests, occurrences of start failure, 

either by complete absence of ignition of the jet, or by a very slow rate of temperature 

increase at the turbine inlet, we decided to study the jet under non-reactive conditions 

initially. 

The digital simulation of the non-reactive jet focused on in the ignition zone located inside 

the premixing tube with  a view to defining very precisely the initial conditions of the fuel 

jet. In agreement with many authors, we assumed that the jet was completely atomized at 

the injector outlet. The model selected was validated by comparing the measured and 

calculated liquid phase concentration downstream from the point of injection. Confronted 

with the difficulty which modeling the atomization of the jet represented, and without 

precise information on the initial particle speed, we performed more numerical tests to 

evaluate it while being guided by the experimental results. In this way, we validated our 

model in experiments by acknowledging in advance that it was not completely exportable to 

other configurations. 

The experimental data relating to the concentration of the liquid phase of a spray 
vaporized in atmosphere made it possible to validate an injection model which correctly 
describes the initial conditions of the dispersed phase. This model shows that the gas flow 
consists of two distinct zones in the premixing tube . The first zone is located along the 
axis of the tube and is dominated by the effects of the air flow with a high axial 
component velocity. 
In the second zone, located at the periphery, it is the velocity of the tangential component 

which dominates because it is influenced by the air flow entering the inlet ducts depending 

on the rotation speed of the turbine. in the trajectory of the droplets whose diameter is lower 

or equal to 40 m, when the air flow in the conduits of admission corresponds to a minimal 

mode of turbine of 15000 rpm. 

This modeling was based on simplifications of representation of the jet such as the 

possibility of various drops occupying the same space, uniform initial speed for the drops, 

and the nonrandom variation in the jet angles. It is noted that it is necessary to define a high 

number of injections for the wide distribution of the drop diameters. 

The results of this work show that increasing the injector air flow contributes to the 

formation of a better ventilated jet. The field rate of the flow in the ignition zone was also 

studied to evaluate the convective effects ; an experimental study of the influence of spark 

length on ignition remains to be done. The injection model finally made it possible to 

validate the assumption of axisymmetry of the geometry in order to reduce the calculation 

of the trajectories to a 2D approach and to thus limit the computation time. 

An improvement in the model could be obtained by adopting a surface injection model 

instead of the conical model, and by introducing a probability function for the initial droplet 

velocity and jet angle. Estimating the distribution of the diameters and initial speeds of the 

drops with a model of jet disintegration could also be considered. 

A later stage will relate to the choice and the development of a model of turbulent 

combustion using a semi-detailed chemical mechanism in a multi-phase medium. We will 

show that it is possible to reproduce the experimental observation of the temperature 

levels at the entry of the turbine as well as the evolution of the unburnt residues. A 

parametric analysis will also be conducted to evaluate the influence of the injection 

parameters and the rotation speed of the turbine on the trajectory of the dispersed phase, 
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these observations being directly applicable to optimize the cartography of the start phase  

of gas turbines. 
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