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ABSTRACT

In most applications of nozzles with gas-liquid two-phase flow, the quality of mixture inthe
exhaust of nozzle as well as the flow velocity are the most important parameters. On the
other hand, in some industrial applications, such as industrial painting or water injection in
forced induction (turbocharged or supercharged) internal combustion engines, the quality of
the spray is the main goal of design. In this case, and for improving the injection
performance the air-water two phase nozzle injection flow is more remarkable subject. There
are two options for this purpose, premixed or un-premixed air-water in entrance of the
nozzle. In both cases, the nozzle not only has to accelerate gas and liquid to extra high
velocity, but also it is supposed to have a high quality mixture in exhaust of nozzle. In this
study, the turbulent gas-liquid two-phase premixed/un-premixed flow through the nozzle is
simulated by the Eulerian-Lagrangian approach. The gas phase is treated as a continuum by
solving the time-averaged Navier-Stokes equations, while the liquid as a dispersed phase is
solved by tracking a large number of droplets through the calculated flow field. The
pressure, velocity and Mach number profiles as well as air flow-rates and particle residence
time inside the nozzle for various back pressure values have been computed. This work has
been validated by comparing pressure profiles and air flow-rates between simulated results
and available experimental results for un-premixed nozzle flow

doi: 10.5829/idosi.ije.2013.26.05b.12

1. INTRODUCTION

The converging-diverging nozzle as the most important
and basic piece of engineering hardware associated with
the high speed flow of gases, is used to increase speed
of media, control the flow direction, atomization of fluid
flow and even for cleaning the surfaces. Anderson and
Terpstra [1] employed the developed high-pressure gas
atomization nozzles with discrete jets resembling
convergent!divergent nozzle. Lear and Sherif [2]
presented an optimization analysis of a two-phase flow
mixture of a gaseous phase and an incompressible
condensed phase through a converging-diverging
nozzle. The analysis was based on maximizing the
condensed phase momentum flux for a set of mixture
parameters that included the liquid mass injection ratio,

* Corresponding Author Email: mabbasalizadeh@yahoo.com (M.
Abbasalizadeh )

liquid and gas properties, nozzle size, and nozzle
stagnation-to-back pressure ratios. A good reference for
un-premixed air-water two-phase flow through the
nozzle which critical flow is experimentally and
analytically investigated was presented by Lemonnier
and Selmer-Olsen [3]. In this work, two different
designs of axisymmetric converging-diverging nozzle
investigated by injecting the liquid centrally or at the
vicinity of the wall. Lemonnier and Selmer-Olsen
observed that when the liquid was injected centrally, a
liquid jet was formed which immediately breaks up and
generates small droplets entrained in the gas stream. On
the contrary, when the liquid was injected as a film
close to the wall, the entrainment process was totally
different. In the second inlet condition, Lemonnier and
Selmer-Olsen found that the film entered the throat of
the nozzle and the mixing of the two phases took place
farther downstream. The acceleration of the liquid was
delayed and this gave a higher level of mechanical non-
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equilibrium. According to the experimental data, critical
flow phenomena related to the liquid fraction entrained
at the inlet. Moreover, Lemonnier and Selmer-Olsen
found that by progressively decreasing the outlet
pressure that low gas quality flow might remain sub-
critical in nature even if the upstream/downstream
pressure ratio was as high as 6:1.

Air-water as a two-phase flow passes through
converging, throat, and diverging part of nozzle; which
start by subsonic flow in converging section and exit
from the nozzle as a supersonic, sonic, or subsonic flow.
Diverging part of the nozzle with supersonic flow
usually includes the shock wave that produces a near-
instantaneous deceleration of the flow to subsonic
speed. Air-water two-phase flow through the nozzle also
has other intricacy behaviour which should be
considered in simulation, such as two or three-way
turbulence coupling and droplet collision and break up
[4]. Therefore, simulation of air- water two-phase flow
through the nozzle needs to utilize appropriate
turbulence model as well as proper multi-phase model.

In this study, finite wvolume method as a
Computational Fluid Dynamics (CFD) method uses to
solving two-phase turbulent flow equations. Since the
two-phase flow inside the nozzle has high Reynolds
number, using Reynolds Averaged turbulence models
are the case throughout this research. Common
"industrial standard# Reynolds average model is k-%
model, which employs two equations for turbulence
kinetic energy and its dissipation rate. Standard, RNG
(Re-Normalisation Group), and Realizable k-% are
available k-% models in FLUENT package. Here,
Realizable k-% model [5] is utilized for modelling the
turbulence effects of two-phase flow.

The other important part of numerically
investigation of multi-phase flows through the nozzle is
exertion of the appropriate model to prediction and
computation of different behaviour of phases in various
initial and boundary conditions. For this purpose, the
first step is to determine of the best regime inside the
nozzle which provides some broad guidelines for
selecting the appropriate models. Generally, there are
two approaches for modelling multi-phase flows,
namely: Eulerian-Eulerian approach and Eulerian-
Lagrangian approach. In the Eulerian-Eulerian
approach, the different phases are considered
mathematically as interpenetrating continua. Volume
fractions for each phase are considered, and in this
approach, conservation equations for each phase are
applied. In the last two decades, the Eulerian!Eulerian
method has been implemented for simulating some two-
phase flows [6-12]. Three of the most popular and
widely used models in Eulerian-Eulerian approach are
the VVolume of Fluid (VOF) model, the Mixture model
and the Eulerian model. However, for numerical
computation of two-phase flow through the nozzle,
Mixture and Eulerian models are applicable. In the

Mixture model, coupling between the phases should be
strong so that it can model the n phases by solving the
momentum equation for the mixture; it prescribes
relative velocities to described phases by using the
concept of slip velocities. However, Eulerian model
solves a set of n momentum and continuity equations
for each phase; hence, it can be more complex than
Mixture model. The number of secondary phases in
Eulerian model is limited only by memory requirements
and convergence behaviour. The Eulerian model is a
better choice compared to Mixture model whenever the
accuracy is more important than computational effort.
Otherwise, Mixture model, since it uses a smaller
number of equations compared to the Eulerian model, is
a good option to solve a simpler problem. Therefore, the
Eulerian model is suitable for simulation of pneumatic
transport of sand particles and water droplets through
the nozzle. On the other hand, the Eulerian models are
more appropriate for flows in which the volume
fraction(s) of the secondary phase(s) exceed 10%. Flows
in which the dispersed-phase volume fractions are less
than or equal to 10% can be modelled using the Discrete
Phase model.

In the Eulerian-Lagrangian approach, however, just
the fluid phase is treated as a continuum. Time-averaged
Navier-Stokes equations are solved for continuous
phase, while the dispersed phase is solved by tracking a
large number of particles and droplets through the
nozzle. The Eulerian-Lagrangian approach or Discrete-
Phase Model is utilized in dilute secondary phase(s). Set
of Eulerian, Lagrangian and hybrid particle models
implemented to simulation of coarse particle conveying
through the curved and straight rectangular ducts [13].
Discrete-Phase Model was also utilized in simulation of
two-phase flow through the nozzle and jet flow [14-18].

This  research  employs commercial CFD
(Computational Fluid Dynamics) code, FLUENT, for
supersonic turbulent multi-phase flow through the
converging-diverging nozzle. Using FLUENT allows
selection of the Reynolds averaged models such as
RSM, two-equation k-% models, as well as Eulerian
model and Discrete Phase model [19]. However, as
water volume fraction in available experimented data
[3] is less than 10%, so this study puts emphasis on
Discrete Phase Model rather than Eulerian Model.

2. NUMERICAL METHODOLOGY

2. 1. Geometry Two-phase flow through the
converging-diverging  nozzle by  experimental
application of the separated flows of air and water has
been investigated by Lemonnier and Selmer-Olsen [3].
Figure 1 shows the schematic sketch and dimensions of
mentioned nozzle with 5 mm throat diameter.

2. 2. Boundary Conditions and Experimental
Results In this study the liquid injection flow rate is
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93 kg/h, and the upstream pressure is supposed to be 6
bar. For constant inlet conditions, a gradual decrease in
back pressure down to atmospheric has been exerted for
exit of the Nozzle. The values for back pressure along
with the experimentally measured and analytically
calculated air mass flow rates are given in Table 1.
More information of test equipments, experimental
procedure, and physical modelling is given by
Lemonnier and Selmer-Olsen [3].

Figure 2 shows pressure profiles measured for the
nozzle sketched in Figure 1. The experimental data
points in Figure 2 resemble the well-known topological
behaviour of single-phase compressible nozzle flow
under similar conditions.

In the following sections, the grid dependency test,
numerical modelling and simulation of premixed and
un-premixed two-phase flow is presented, and for
validation of multi-phase simulation through the nozzle,
the simulation results are compared with experimental
data.
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Figure 1. Converging-diverging nozzle with un-premixed air-
water two-phase flow (All dimensions are in mm) [3]
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Figure 2. Pressure distribution measured vs. calculated

through the Nozzle [3]

TABLE 1. The back pressure and air flow rate of nozzle [3]

Air Flow Rate (kg/h)

Pout (bar) -
Experimented Calculated
5.38 37.2 32.9
4.64 54.1 49.6
4.30 58.4 52.0
3.80 61.1 52.7
3.10 62.0 52.7
2.00 62.1 52.7
1.28 62.4 52.7
0.81 62.2 52.7
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Figure 3. Mesh distribution on Nozzle and refined grid in
divergent

2. 3. Computational Domain and Grid
Dependency Test Numerical simulations are
performed by using FLUENT 6.3 to predict the flow
field of the propelling air and mixing with water flow
which enters centrally to the nozzle, and finally the
acceleration of water droplets. Two-dimensional plane
symmetrical model is utilized to reduce the computation
time. The computational domain is mapped with
quadrilaterals 2D structured grids, and gradient adoption
for refining grids is employed to ensure the calculation
accuracy as a result of generation of the shockwaves in
the supersonic flow. Figure 3 shows grid distribution
entire nozzle and refined grid in divergent part.
Standard no-slip condition is used at the nozzle wall for
continuous phase and the reflect boundary condition
with normal and tangent reflection coefficient of 0.1 is
employed for dispersed phases. The heat transfer
process between the gas and the wall is not considered,
thus a fixed heat flux of zero is enforced at the wall.

A grid dependency test is also performed to ensure
that the solution dependency on the grid size is <2%.
For grid dependency test, the static and dynamic
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pressure distributions through the nozzle for various
mesh sizes were computed. On the other hand, near-wall
grid independency test was considered by plotting the
y+ value distribution for each mesh size in nozzle. All
these studies have been done for single and two-phase
flow, separately. Finally, the grid number 13728 as the
reliable grid size regarding the mentioned tests was
preferred.

2. 4. Air and Water Droplets Two-phase Flow
The generic transport equation, that describes fluid
dynamics and heat transfer of multi-phase flow, is a
general partial differential equation which may be
written as:

@+NX(ar\r/f):NXT+Sf

where in Discrete Phase model, f is a continuum phas:e
variable, a is unity, r is the continuum phase density, v
is the continuum phase velocity, ¢ is the diffusion
term, and ST is the source term.

The continuity equation for dispersed multi-phase
flow expresses that, in any steady state process, the
mass flow of component N into the control volume is
equal to the rate of mass leaving from that control
volume subject to no phase change or chemical reaction
for that component. The overall continuity equation for
all phases is the combined phase continuity equation:
_+NxéérNaN\r/N9:0

en [/}

where r is the mixture density and given by
r= é rNaN
N

The ideal gas law is used to calculate the density in
order to take the compressibility effects into
consideration. The governing equations for gas flow
include the physical laws of conservation of mass,
momentum, and energy. For continuous phase,
momentum equation is simplified as:

1 17 2) = _efp, PL,0O
W(ru)+ Aﬂx(ArU) rg, gﬂx+ " b+ Fy

where A(x) and P(x) are the area and perimeter of the
cross section of duct or pipe flow, respectively, T, is
the wall shear stress, and FN is the force imposed from
other components on the component N.

Similarly, the energy equation can be written in
conservation form as:
DT
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where c, is the specific heat at constant pressure, k the

thermal conductivity, § the internal heat generation, f
the viscous dissipation function, and b the volumetric

coefficient of thermal expansion. In problems of
turbulent flow with heat transfer, the turbulence form of
energy transport Equation should be solved in addition
to Reynolds averaged Navier-Stokes (RANS) equations.
For this purpose the instantaneous quantities are
replaced by the sum of their mean and fluctuating parts.

u=m+u - v=vy+v . w=yw+u -
p=p+p T=T+T

In most convection problems the simplified form of
energy equation uses, where the fluid has negligible
viscous dissipation (£ & 0), zero internal heat

generation (§=0), and a negligible compressibility
effect (*T (Dp/Dt) & 0). For this model energy equation
can be written as:

DT _ ~ ,, « —_
rcht =N.(KNT - rc,ufTt)

The second term inside the parentheses is the
turbulence fluctuations due to the heat transfer;hence, it
is called "turbulent heat transfer#. To model the new
stresses, energy transportation could be simulated to the
momentum transferring. In other words, turbulent heat
transfer might be written as a new term in diffusion
form, which its coefficient comes from this assumption
that the same eddies which are responsible for the
transport of momentum are responsible for the transport
of heat. By modifying turbulence term and using eddy
viscosity as the coefficient of diffusion, the energy
equation for the Standard and Realizable k-e model is
given by the following:

.6 rce o._U
rcpﬂ=N.é§k+ ETENTY
Dt & Pl't 9 )

where Pr; is the turbulent Prandtl number and is equal to
0.85, and eddy viscosity is calculated by:

e,=¢c,— , ¢,=0.09

where k and e are obtained from two differential
equations which represent the transport of turbulence
energy, k, and its rate of dissipation, e [20, 21].

In multi-phase flow, the motion of dispersed phase is
controlled not only by the interaction of continuous and
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dispersed phases, but also by the inter-collisions of
dispersed phase. In dilute dispersed phase the effect of
inter-collisions of dispersed phase can be vanished.
Fluid velocity imposes the lift and drag forces to the
particles. On the other hand, in turbulent flow, the fluid
velocity is the instantaneous velocity and is decomposed
into a mean value and a fluctuating part. Here, there are
two problems for calculating the particles motion. First,
it needs a proper technique for simulating velocity
fluctuations. For this purpose, the Reynolds stress
model and k-e models for single phase are applicable.
The second, and more significant problem, is the fact
that particles do not follow the fluid path. Therefore,
evaluating the fluid velocity in the particle location
needs to follow the particle trajectory.

There are two more popular, accurate and widely
used approaches to modelling the dispersed phases. One
approach that follows individual particles or sample
particles, is the Lagrangian approach. The second
approach is the Eulerian, which treats the particles as a
cloud.

The lagrangian approach is applicable to both dilute
and dense flows. In dilute flows, there is just particle-
fluid interaction and the motion of the particles is the
influence of the particle-fluid interaction, body forces,
and particle-wall collisions. Trajectory method, that is a
form of Lagrangian approach, is applicable for steady
and dilute flows.

The dense and unsteady flows as well as dilute and
steady flows can use the lagrangian approach. In dense
flows, not only particle-fluid interaction, body forces,
and particle-wall collision are important, but also
particle-particle collision affects the motion of the
particles. Discrete element method is applicable to
unsteady and dense flows [22].

The dilute dispersed flow through the chamber at a
steady rate is computed by trajectory method. The
velocity of dispersed flow in the flow field for a given
amount of mass and initial dispersed velocity is
calculated from:
dvy _F; LT
dat  m g

where g is the gravitational acceleration, and ¢_is the

frictional force between the continuous phase and
dispersed phase of mass m. By integrating this equation,
the velocity vector of dispersed phase is computed.
Hence, the trajectory of dispersed phase is obtained
from:

Py

dt
where )'(q is the droplet or particle (dispersed phase)
position.

The dispersed phase temperature distribution, along
the trajectory, can be calculated from:

ar, 1
= = (&, + L)

where @q is the total heat transfer to the dispersed

phase, and L is the latent heat of dispersed phase if the
phase transition occurs in flow field.

The total number of dispersed phase, N, into the
chamber and during a time interval (Dt) can be
determined from:

o
N=nV= a[raj&thj
where n is the dispersed phase number concentration, V
the volume of chamber, and Dtj the time required for the
dispersed phase to pass through the chamber on
trajectory j. The mean volume fraction of dispersed
phase into the chamber can be described as:

o

— a[raj &I\/q Dtl
a =——t 7 7
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where \7q is the average volume of dispersed phase

along trajectory j in the chamber. In the same way, the
bulk density and temperature of dispersed phase in
chamber can be obtained from:
_ étraj‘g,f antj
TN
and

o —

_ atraj&quTthj
e
Ne,
where, Eq, C,
capacity and temperature of dispersed phase along
trajectory j in the chamber [4,19,20].

Finally, turbulence in the dispersed phase and
momentum transfer due to inter-phase turbulent are
modelled by k-e dispersed turbulence model and k-e
turbulence model for each phase [4].

and 7_; are the average density, heat

3. RESULTS AND DISCUSSION

3. 1. Numerical Simulation of Un-premixed Air-
water Two-phase Flow through the Nozzle  The
Eulerian approach as well as Lagrangian approach
might be applicable for simulation of air-water two-
phase flow through the nozzle of Figure 1. Depending
on the secondary phase volume fraction, as explained in
the Section 1, Eulerian and Lagrangian models are
selected. For the problem defined in Section 2.1, the
calculated secondary phase volume fractions are
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presented in Table 2. In this table, secondary phase
volume fractions have been calculated by assuming the
water flow rate of 93 kg/h with constant density of 1000
kg/m3, and air flow rates from Table 1. The density of
air has been calculated using the ideal gas law,
r=p/(RT).

Since secondary phase volume fraction values
shown in Table 2 are less than 10%, so regarding the
multi-phase limitation presented in Section 1, for
numerical simulation of this problem, the Lagrangian
approach or Discrete-Phase model is the best choice.

The simulation results for pressure distribution
through the nozzle with similar conditions experimented
by Lemonnier and Selmer-Olsen [3] are shown in
Figure 4. Comparing Figures 2 and 4 shows that the
numerical results have less error with respect to
experimental results. Also, Figure 4 shows that the
numerical results match experimental data quite well,
especially in exhaust of nuzzle, which is very important
in many nozzle applications.

For more accuracy check of the numerical
simulation, the numerical and experimental values of
gas flow rate through the nozzle have been compared in
Table 3. Even though the pressure profiles do not give
any indication of choking, the mass flow-rate is barely
affected by the reduction in back pressure.

TABLE 2. The secondary phase volume fractions

Experimented air Estimated secondary phase

Pou (bar) flow rate (kg/h) [3] volume fraction (%)
5.38 37.2 1.48
4.64 54.1 1.02
4.30 58.4 0.95
3.80 61.1 0.90
3.10 62.0 0.89
2.00 62.1 0.89
1.28 62.4 0.89
0.81 62.2 0.89

TABLE 3. The back pressure and air flow rate of nozzle

Air Flow Rate (kg/h)

Pout (bar) Experimented [3] Numerically Simulated

5.38 37.2 42.3

4.64 54.1 57.65
4.30 58.4 60.66
3.80 61.1 61.41
3.10 62.0 61.81
2.00 62.1 61.48
1.28 62.4 61.38
0.81 62.2 61.35

1.0
~—_pans—* A Pout = 5.38 Bar

Figure 4. Comparison of simulated pressure distribution with
experimental results

Figure 5. Converging-diverging nozzle with premixed air-
water two-phase flow (All dimensions are in mm)

3. 2. Numerical Simulation of Premixed Air-
Water Two-phase Flow through the Nozzle vs.
Un-premixed Flow  The premixed air-water two-
phase flow with similar inlet pressure and water flow
rate has been simulated in the nozzle of Figure 5. All
geometry and dimensions of this nozzle are similar to
that of Figure 1 except for the flow entrance that unlike
Figure 1, is un-separated. Therefore, in this study, the
homogeneous two-phase flow has been assumed to
enter the nozzle.

The validation of simulating of air-water two-phase
un-premixed flow has been discussed in the Section 3.1.
So, in the following section simulation of premixed
flow is compared with un-premixed flow results. Figure
6 shows the comparison between pressure profiles of
premixed and un-premixed air-water two-phase flow
through the nozzle. As this figure shows, there is very
good agreement between two different kinds of flows.

Air velocity contours for single and two-phase flow
as well as premixed and un-premixed flows are shown
in Figures 7(a-d).



