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The present work describes a numerical study of a confined two-phase flow under high-pressure conditions, typical 
of gas turbine combustors. 
An Eulerian frame was used for the gas phase together with a Lagrangian approach to describe the dispersed phase. 
The computational method was extended to high-pressure environments, which are more representative of the 
practical gas turbine operating conditions. 
The results are compared with experimental data, and revealed the ability of the model to increase the knowledge of 
the turbulent dispersion phenomena for this type of practical conditions (high pressure and confined flow). 
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Introduction 

The present work is devoted to particle dispersion 
in confined two-phase turbulent jets, which has become a 
major domain of research attracting increasingly interest 
and with challenging fundamental aspects. Describing 
the motion of a dispersed phase is complex and is of 
great interest in several practical systems. The 
applications that require the solution of this problem are 
as varied as the dispersion of passive pollutant particles 
in the atmosphere to combustion systems with dispersing 
fuel particles. At present, considerable effort is being 
made to lower the emissions of oxides of nitrogen (NOx) 
and other minor species from aircraft gas turbine engines. 
However, advanced technology for significantly 
lowering NOx emissions has not been incorporated into 
current production engines, and more research in particle 
dispersion is needed to improve gas turbine design 
methods. 

A comprehensive understanding of the spray 
dispersion process requires a detailed knowledge of the 
interaction mechanism between the droplets and the 
surrounding turbulent fluid. Earlier theoretical and 
experimental investigations of two-phase jets have 
recently been reviewed ll'zl, and in general they have 
shown a strong influence of operating parameters such as 
size distribution, mass loading and droplet/gas 
aerodynamics. 

The present work follows that for unconfined and 
atmospheric conditions of Barata and Perestrelo Izl and 
Heitor and Moreira TM, which have addressed the question 
of the lack of available data on polydisperse two-phase 
turbulent jets, and anisotropy effects. 

Here, the numerical work of Barata and 
Perestrelo t21 is extended to confined and high pressure 
conditions, and aims to contribute to a better knowledge 
of the phenomena occurring inside the premix- 
prevaporize duct of Low-NOx engines, based on 
measurements of BalTos [4]. The flow configuration is 
shown in Figure 1 and consists in a carrier duct flow air, 
in range between 3.0 and 6.0 bar. The spray is injected 
horizontally at the centre of the pipe with a mass flow 
rate of water of 14.4 kg/h using a commercial 45 ° full- 
cone pressure atomiser, DELAVAN WDB 2.25-45. The 
droplets distribution follow closely a normal size 
distribution with a number-average particle diameter of 
60gm and a standard deviation of 17Bin. The air flow is 
unswirled and the mass flow rate of air varied between 
535 kg/h and 752 kg/h, as summarised in Table 1. 

The next section gives the details of the 
computational model. Section III presents a quantitative 
comparison of numerical results with measurements of 
Barros [4]. The final section summarises the main findings 
and conclusions of this work. 

Computational Model 

The numerical results presented are based on an 
Eulerian/Lagrangian approach described in detail by 
Barata and Perestrelo I21, and only the main features are 
summarised here. 

The dispersed phase was treated using a Lagrangian 
reference frame. This is the most natural form to treating 
this phase, being assumed that the particles are 
sufficiently dispersed so that particle-particle interaction 
is negligible. It is also assumed that the mean flow is 
steady and material properties of the phases are constant. 
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Nomenclature 

D = Diameter of the jet 
Dp = Particle diameter 
g = Gravitational acceleration 
k = Turbulent kinetic energy 
m = Mass flow rate 
p = Pressure 
R = Radial co-ordinate 
Re = Reynolds number 
U = Axial velocity, u = U + u' 
V = Radial velocity, v = V + v'  
X = Axial co-ordinate 

Greek symbols 
e = Dissipation rate of turbulent kinetic 

# 
V 

P 

Subscripts 
0 
F 
P 

energy 
= Dynamic viscosity 
= Kinematic viscosity 
= Density 

= jet-exit conditions 
= Fluid property 
= Particle property 

Table 1 Summary of test conditions 

RUN P ~r Q~ir mair U ~ Re Pwater Ap mwater 
(bar) (m-~-/h) (kg/h) (m/s) (lO 5) (bar) (bar) (kg/h) 

1 3 153 752 6.4 1.23 16 13 14.4 
2 3 1 I0 535 4.6 0.88 16 13 14.4 

90 752 3.8 1.46 19 13 14.4 

of  particle is calculated by integrating the velocity 
equation of  particle over the time step given by the 
minimum of the local eddy transit time and the local 
eddy lifetime. The corresponding particle source terms 
are stored, and the process is repeated until the particle 
leaves the calculation domain. 

The fluctuating velocity components are 
generated and added to the local velocity components. 
Anisotropic effects were take into account by using two 

fluctuating velocities u' 1 and u' 2 sampled independently, 

that were 
correlated using the correlation coefficient R : 

Fig.l Flow configuration 

Particle trajectories were obtained by solving the 
particle momentum equation through the Eulerian fluid 
velocity field, for 20 groups of  2,000 particles that were 
found to be statistically representative of  the measured 
distribution. 

= u; 

U ' ! ) '  
where R . v - ~ ~  was obtained from the 

 uT v7 
The equations used to calculate the position and 

velocity of  each particle were obtained considering the 
usual simplification for dilute particle-laden flows 16' 7]. 
Static pressure gradients are small, particles can be 
assumed spherical and particle collisions can be 

/ \ 

neg'ecte   ince effects o f , a s . e t  

virtual mass, Magnus, Saffman and buoyancy forces are 
negligiblel6. 7] 

The sizes of  the particles are generated randomly 
so that their distribution corresponds to the experimental 
data. 

The  ini t ia l  pos i t i on  at the i n j ec to r  exi t  is a lso  
generated randomly and the initial velocity and turbulent 
kinetic energy are obtained from the measurements for 
the corresponding location. Using the particle equation 
the next particle velocity is obtained. The new position 

measurements. 
The gaseous or continuous phase was treated 

using an Eulerian model based on solution of  
conservation equations for momentum and mass. 
Turbulence is modelled with "k-e" turbulence model. 
The solution procedure for the continuous phase is based 
on the SIMPLE algorithm t91 widely used and reported in 
the literature. 

The interaction between the continuous and 
dispersed phase is introduced by treating particles as 
sources of  mass, momentum and energy to the gaseous 
phase 18]. A solution for the gaseous field assuming no 
particle trajectories and source terms is calculated. The 
gas field is then recomputed with the contribution of  the 
particle source terms. This process is repeated until 
convergence is achieved. 

The computat ional  domain has four boundaries 
where dependent  variables are specified: an inlet and 
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outlet radius, a symmetry axis and a wall parallel to the 
axis. The sensivity of the solutions to the location of 
boundaries was investigated, and their final position is 
sufficiently far away from injector so that the influence 
on the computed results is negligible. At the inlet a 
velocity profile obtained from measurements was used 
for the axial velocity. On the symmetry, the normal 
velocity vanishes, and the normal derivatives of the other 
variables are zero. At the outflow boundary, the 
gradients of dependent variables in the axial direction are 
set to zero. At the wall, the wall function method 
described in detail by Launder and Spalding [51 is used to 
prescribe the boundary conditions for the velocity and 
turbulence quantities, assuming that the turbulence is in 
the state of local equilibrium. 

Results  and  Discuss ion  

In this section, the numerical predictions are 
compared with the measurements of Barros t4] in a duct of 
high pressure. The test section was formed by a 
horizontal cylindrical duct with an inner diameter of 92 
mm and a length of 0.5 meters. 

The predictions of the velocity field and mean 
axial velocity profiles of the gaseous phase are used to 
test the grid independence of the results. Figure 2 com- 
pares non-dimensional profiles of mean axial velocity for 
the different sizes of grids at X/D = 0.7, X/D = 1.7 and 
X/D = 3.2, and show that the results are already 
independent of numerical influences for 31x31 grids. 

The influence of particles in properties of 
transport phase is now discussed with the help of Figure 
3. The figure shows for the chosen grid of 43x43 points, 
the velocity field of gas without particles (Fig. 3a) and 
with particles (Fig. 3b) in the region near the injector. 
The gaseous flow is accelerated along centreline 
revealing that the gaseous phase is strongly affected by 
the presence of particles. In spite of the conical shape of 
the spray and the initial oblique trajectories of the 
droplets, the gaseous flow is essentially parallel to the 
axis of symmetry and no significant radial velocity 
components can be observed. This result is probably 
associated with the large velocity of the droplets near the 
injector that corresponds to very small transit times. As a 
consequence, the droplets cross the turbulent eddies 
without much interaction, because of the lack of time, 
and the contribution to the source term in the momentum 
equation is quite small. 

Figures 4 to 7 show non-dimensional radial 
profiles of the mean axial velocity and the mean radial 
velocity. 

The radial profiles of mean axial velocity (Figs. 4 
and 5) reveal that the exchange of momentum and 
turbulence energy between two phases is very important 
for this type of flow configuration. Figures 4 and 5, at 
X/D = 0.7 and X/D = 1.7, show an acceleration of the 

gas due to the presence of particles in the central line, at 
Y/D = 0. The results of Figs. 4 and 5 also show that the 
drift velocity among two-phases is large for X/D = 0.7, 
and follow reasonably well the experimental results. 

The radial profiles of the mean axial velocity 
revealed that the smaller particles follow the gaseous 
flow, while the larger move faster initially (at X/D = 0.7) 
and then are retarded by the gas until they reach its 
velocity at X/D = 3.2. 
The radial component of the velocity' increases with the 
distance to the symmetric axis of the duct at X/D = 0.7 
(Figs. 6 and 7), revealing the use of the constant axial 
component at the injector exit. For X/D > 1.7 the radial 
component of the velocity is practically null as expected 
due to the confinement of the flow. 

The profiles of the component velocity V show 
that the smallest drops possess the smaller radial velocity 
component. Consequently they are concentrated on the 
axis of the duct, and due to its inertia, they reach more 
distant places on the symmetry axis of the duct. 
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Fig.2 Non-dimensional profiles of the mean axial velocity 
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Fig.4 Radial velocity profiles of the mean axial velocity, U, 
for p,i~= 3bar and m~= 752 kg/h. Gaseous phase: - -  with 
droplets, - . . . . .  pure gas (without droplets). Particles: Expts. 
• 10-20#m; • 40-50pm; • 70-80#m; • 100-110#m; 
predictions: O <30/ma; A 40-50gm; n 70-80/~m; 0 >90gin 

Fig.5 Radial velocity profiles of the mean axial velocity, U, for 
p~-= 6bar and mai~ 752 kg/h. Gaseous p h a s e : -  with droplets, 
. . . . .  pure gas (without droplets). Particles: Expts. 
• 10-20~tm; • 40-50/~m; • 70-80#m; • 100-110#m; 
predictions: O <30/~rn; A 40-50/~m; [] 70-80#m; 0 >90#m 
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Fig.6 Radial velocity profiles of the mean radial velocity, 
V, for p~= 3bar and m~i,= 752 kg/h. Particles: 
predictions: O <30/Jm; A 40-50/tm; [] 70-80#m; 
0 >90/.tin 

Figure 8 shows typical numerical visualisation of 
the flow along the axial plane of symmetry, which offer 
insight into the nature of the flow structure, for all 
operating conditions, of the droplets spray presents an 
angle of 45 ° at exit injector. This figure, still shows a 
great concentration of droplets, and this is due to the fact 
that only the larger particles get to reach places nearer 
the wall duct, and the smaller particles follow closely the 
flow, as was already previously referenced. 

Figure 8a shows that, for RUN 1, the spray impinges 
on the wall at X/D = 1.54 from the atomiser, which is due 
to the high initial momentum of droplets as they are 
injected into duct. 

The effect of decreasing the airflow rate at 
constant pressure of 3 bar is seen by Figures 8a and 8b. 
This corresponds to a reduction of the air/fuel ratio. The 
Figure shows that an increase of the fuel-air momentum 
(achieved in the present case by decreasing the airflow 
rate at constant air pressure) does not affect the dispersed 
phase. On the other hand, the Figures 8a and 8c show 
that the angle of the spray decrease as the ambient 
pressure increase, for the same mass flow rate of air. 
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Fig.7 Radial velocity profiles of the mean radial velocity, 
V, for p~= 6bar and m~ir= 752 kg/h. Particles: 
predictions: O <30#m; A 40-50/Jm; [] 70-80#m; 
<) >90#m 

In spite of having included the effect of gravity, 
which is perpendicular to the main direction of the flow 
(horizontal), no significant influence is noticed in the 
flow as can be observed in Figure 8. This picture also 
confirms the concentration of droplets near the axis of 
the duct that was already inferred from Figures 6 and 7. 
It was also observed from Figures 6 and 7 that this effect 
was associated with the inward movement of the smallest 
droplets. So, to obtain a better dispersion of the liquid 
that is decisive to LPP ducts it might be necessary to 
adopt different types of atomisers and to control the 
minimum droplet diameter produced. 

C o n c l u s i o n s  

A computational program was used to study the 
particle dispersion in polydisperse two-phase turbulent 
jets, and aims to contribute to a better knowledge of the 
phenomena occurring inside the premix-prevaporize duct 
of Low-NOx engines. The previsions were obtained with 
a commercial full cone (45 °) pressure atomiser in an air 
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flow at pressures up to 6 bar, and the mass flow rate of  
air varied between 535 kg/h and 752 kg/h. The droplets 
distribution follow closely to a normal size distribution 
with a number-average particle diameter of  60pm and a 
standard deviation of  17pm. 

An Eulerian frame for the gas phase was used in 
conjunction with a Lagrangian approach to describe the 
effects of  both interphase slip and turbulence on particle 
motion. The computational method yielded good results 
and revealed great capabilities to improve the knowledge 
of  the particle dispersion phenomena and extend the 
experimental studies to more complex practical 
configurations. 

The exchange of  momentum and turbulence energy 
between the two phases was shown to play a decisive 
role on the flow development. The predictions confirmed 

the measurements and showed that particles follow the 
turbulence gas flow, affect it significantly, In general, the 
results quantify the expected trends for a full-cone spray, 
in that, for a given air pressure and for a given air-liquid 
flow ratio, larger droplets move outward while smaller 
droplets move closer to the axis of  duct. So, to obtain a 
better fuel dispersion, which is decisive to LPP, it is 
necessary to control the minimum droplet diameter 
produced that may require new types of  atomisers. 

The previsions show that the angle of  the spray 
decreases as the ambient pressure increases, and an 
increase of  the fuel-air momentum, achieved in the 
present case by decreasing the air flow rate by 30% at a 
constant air pressure, does not affect the dispersed phase, 
but further research is still needed. 
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