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Abstract: A numerical investigation of the spray-induced turbulence generated from industrial spray
nozzles is carried out to better understand the roles of the nozzle spray on the fires or explosions in
different accidental scenarios. Numerical simulations are first validated against experimental data in
the single nozzle case using the monodisperse and polydisperse assumption for droplet diameters.
The polydispersion of the nozzle spray is proven to be necessary to correctly predict the gas and
droplet velocities. The turbulent kinetic energy has dominant values inside the spray cone, decreases
rapidly with the vertical distance from the spray nozzle, and is strongly affected by the spray droplet
diameter. On the contrary, the integral length scale is found to have high values outside the spray
cone. Two interacting sprays injected from different nozzles are then investigated numerically using
the validated polydisperse model. The water sprays generated from such industrial nozzles can
generate turbulence of high intensity in the near-nozzle region, and this intensity decreases with the
distance from the nozzles. A better understanding of the turbulence generated by the spray system
can be beneficial for the evaluation of several important phenomena such as explosion enhancement.
The guideline values obtained from this investigation of single and double nozzles can be useful for
large-scale numerical simulations.

Keywords: spray nozzle; spray-induced turbulence; polydisperse spray; turbulence intensity

1. Introduction

Water spray systems are commonly used as emergency devices for fire mitigation
purposes in gas processing plants [1], power plants, and offshore platforms [2]. These
systems play essential roles in the prevention of severe industrial accidents, such as ex-
plosions of hydrogen or other gas fuels [3]. Different flame propagation regimes may
exist during the explosion, such as fast deflagration or detonation, depending on the fuel,
water steam concentration, as well as ambient pressure and temperature distribution [4].
Various experimental and numerical studies show that the spray systems can have effective
mitigation effects on the flame propagation as a result of water droplet evaporation [5,6].
However, the explosion enhancement can also be observed in some experimental studies,
due to the spray-generated turbulence in the gas mixture [7]. Thus, an estimation of the
turbulence intensity induced by the water spray is needed to evaluate the overall mitigation
or enhancement ability of the water spray during accidental explosions.

Spray- or particle-induced turbulence has been an active research field for several
decades [8–13]. The presence of spray droplets or particles in the gas can disturb and
change the intrinsic turbulence topology of the carrier flow, which is known as turbu-
lence modulation [14]. Several important factors arise that contribute to the turbulence
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modulation such as [14,15]: droplet surface, inertia, response, and mass loading. For the
case where the carrier phase has a non-zero intrinsic turbulence intensity, the presence
of a particle or droplet cloud may have two opposite effects: turbulence attenuation or
enhancement [16]. Some criteria are proposed to distinguish between these two opposite
effects, such as the length scale ratio [17], the particle momentum number Pa [18], etc. For
the system without intrinsic turbulence, the spray injection can directly generate turbulent
fluctuations in the gas system.

Numerical evaluations of the turbulent intensity induced by an industrial fire mitigation
water spray are scarcely available in the literature. Many factors are involved in the
physical modeling, such as the water flow rate, droplet size distribution, injection velocity,
etc. These factors are usually coupled and have different values depending on the nozzle
types. The water spray generated from an industrial nozzle has a polydisperse nature.
Spray droplets directly generated from the nozzle can have diameters varying from 10 µm
to 1000 µm [19,20]. Spray nozzles are often placed in linear or circular rows in the dome
of a building, as shown in Figure 1. The interaction of the spray droplets generated from
different nozzles can be important, leading to the droplet collision, coalescence, etc. [21,22].
This might change the droplet size distributions, as well as the turbulent parameters in the
spray interaction zone. Far from the spray nozzle, the typical value of the spray droplet
volume fraction is reported to be α = O(10−4) in industrial applications [23], for which
the collisions of the droplets can be neglected [24]. For simplicity, solid particles are often
used instead of water droplets in many experimental and numerical investigations [25–30].
Compared to water droplets, solid particles are easier to control and have less complicated
interaction mechanisms.

Figure 1. A sketch of the spray system for fire mitigation in an industrial building.

In terms of the numerical simulation of the spray-/particle-induced turbulence, differ-
ent approaches exist according to the geometrical scale of the problem. Spray injection of
very small scales can be simulated using highly-resolved Direct Numerical Simulations
(DNSs) [31]. For a variety of engineering applications, the Large Eddy Simulation (LES)
models are widely applied [32] for fuel spray injection in engines of a geometry scale of O
(10 cm). However, the industrial fire mitigation water sprays have much larger geometries
(O (1–10 m)) than the fuel sprays in combustion. Moreover, these two approaches can
hardly be applied directly in engineering applications of large-scale geometries as a result
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of important computational costs. An example of the large-scale simulations can be hydro-
gen explosions in a nuclear containment building (volume V = 104 ∼ 105 m3) or offshore
facilities (volume V = 105 ∼ 106 m3). The smallest grid sizes for these problems can be
around ∆x ≈ O (10 cm), and the direct application of these highly-resolved turbulence
models, involving the action of spray and spray-flame interaction, can give erroneous
results. The description of spray-induced turbulence in the current commercial engineering
code is mostly based on empirical correlations where several factors are user-defined using
a set of experimental data and are strongly case-dependent [33]. In this study, we try
to use the Reynolds-Averaged Navier–Stokes (RANS) models to evaluate the turbulence
generated from one single and two interacting industrial spray nozzles in order to find
guideline values for the turbulence intensity in large-scale simulations. The RANS models
are widely used for the evaluation of turbulence in many industrial applications [34].
Important parameters are investigated here such as the turbulence kinetic energy and the
integral length scale of turbulence.

The objectives of this paper are threefold: (i) evaluation using RANS models of spray-
induced turbulence; (ii) investigation of the effects of the spray polydispersion model on
the spray-induced turbulence intensity; (iii) qualitative study of the turbulence induced
by two interacting sprays generated from two separate nozzles. Section 2 gives the basic
assumptions and governing equations of the numerical modeling; Section 3 presents the
numerical investigations on the single nozzle spray, containing the mesh grid choice, code
validation, as well as the simulation results for both the monodisperse and polydisperse
spray of a single nozzle; the study of two interacting sprays is carried out and presented in
Section 4; finally, conclusions and perspectives are given in Section 5.

2. Numerical Modeling
2.1. Modeling Assumptions

The following assumptions and simplifications are made in the numerical simulations:
(i) the spray droplets are considered to be inert, spherical, rigid particles with constant heat
capacity and a uniform temperature distribution; (ii) the volume fraction of the particles is
relatively small so that the collision between particles is neglected; (iii) the viscous drag
forces and gravity are supposed to act on the particles. The Basset force is neglected, since
the particle-to-gas density ratio is high O (103) and the acceleration of particles by the gas
flow is small [35]. It is assumed that the particles do not spin; thus, the Magnus force is
neglected.

2.2. Governing Equations

The NEPTUNE_CFD code is a Navier–Stokes solver developed jointly by EDF (Électric-
ité de France) and CEA (Commissariat à l’Énergie Atomique et aux Énergies Alternatives)
for three-dimensional multi-fluid flows [36,37]. Different turbulence models are imple-
mented in this solver such as the k-ε model, the Rij-ε model, etc. NEPTUNE_CFD relies on
a finite volume discretization and can use various mesh types (tetra- or hexa-hedral) for
different flow regimes: steady/unsteady, compressible/incompressible, laminar/turbulent.

The governing equations for the two-phase system in Neptune_CFD consist of mass,
momentum, and energy conservation laws. The mass conservation equation can be ex-
pressed as [38]:

∂

∂t
(ακ ρκ) +∇ · (ακ ρκ Vκ) = Γκ , κ = l, g, (1)

where ακ denotes the volume fraction of the phase κ, ρκ is the mass density, Vκ is the local
mean velocity of the phase κ, Γκ is the interphase mass transfer rate, and l and g denote the
liquid and gas phases, respectively.

The momentum conservation gives:

∂

∂t
(ακ ρκ Vκ)+∇ · (ακ ρκ V2

κ) = −ακ∇p+ Mκ + ακ ρκ fg +∇ · [ακ(τκ + τT
κ )], κ = l, g, (2)
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where p is the gas pressure, fg the gravity acceleration, Mκ the interphase momentum
transfer term, and τκ , τT

κ denote the viscous and Reynolds stress tensors, respectively [39].
The total enthalpy conservation has the expression:

∂

∂t

[
ακ ρκ

(
hκ +

V2
κ

2

)]
+∇ ·

[
ακ ρκ

(
hκ +

V2
κ

2

)
Vκ

]
= ακ

∂p
∂t

+ ακ ρκ fg Vκ + Γκ

(
hκ,int +

V2
κ

2

)
+qκ Aint + qwk −∇ · [ακ(qκ + qT

κ )]. (3)

where hκ stands for the phase-averaged specific enthalpy for the phase κ, hκ,int the interfacial-
averaged enthalpy, and Γκ and qκ Aint denote the interfacial transfer of mass and heat,
respectively. qwk is the wall-to-fluid heat transfer flux term,and the turbulent heat fluxes in
phase κ are represented by qκ and qT

κ , respectively. The flow quantities to resolve are ακ , ρκ ,
Vκ , and hκ . More discussions about this two-phase model and turbulent closure laws of
different terms can be found in [36,40].

The k-ε turbulence model is used in this study for the description of the gas turbu-
lence. The turbulent variables solved are the turbulent kinetic energy k and the turbulent
dissipation rate ε, with the k equation:

ρg
∂k
∂t

+ div
[

ρgVgk−
(

µg +
µt

σk

)−−→
grad k

]
= P + G − ρgε + kdiv(ρgVg), (4)

The equation for ε reads:

ρg
∂ε
∂t + div

[
ρgVgε−

(
µg +

µt
σε

)−−→
grad ε

]
= Cε1

ε
k [P + (1− Cε3)G]− ρgCε2

ε2

k + εdiv(ρgVg), (5)

where P is the shear stress production term:

P = −ρgRi,j
∂Vg,i

∂xj
(6)

G represents the gravity term:

G =
1
ρg

µt

σt

∂ρg

∂xi
gi (7)

The eddy viscosity is:

µt = ρgCµ
k2

ε
(8)

with the constants Cµ = 0.09; Cε1 = 1.44; Cε2 = 1.92; σk = 1; σε = 1.3; and Cε3 = 1.

3. Study of a Single Spray Nozzle
3.1. Spray Nozzle

A nozzle commonly used for industrial fire mitigation applications, the nozzle SPRACO
1713A (ref. 373.084.17.BN), shown in Figure 2a [41], is considered. This ramp bottom nozzle
can be applied for gas cooling and mixing, dust suppression, etc. The spray generated
from the nozzle has the shape of a hollow cone, as shown in Figure 2b. The axial distance
from nozzle is denoted as h, while R represents the radial distance from the spray central
line. Spray droplets from the nozzle have diameters ranging from 50 µm to 1000 µm with a
mean Sauter diameter of 300 µm, with a mass injection rate of 1 kg/s.



Energies 2021, 14, 1135 5 of 20

(a) (b)

Figure 2. (a) Ramp bottom nozzle and its section view [41]; (b) hollow cone spray with fine droplets.
h, the vertical distance from the nozzle; R, the radial distance from the spray central line; O, the
numerical injection plane.

3.2. Geometry, Mesh, and Spray Characteristics

The numerical geometry is a cuboid with a size of 3× 3.5× 3.5 m3, representing a
quarter of the spray domain, as shown in Figure 3. A spray injection zone is refined around
the nozzle central line as depicted in Figure 3a. Symmetric boundary conditions are set on
the two vertical surfaces crossed by the centerline of the spray nozzle, shown in yellow in
Figure 3a. Wall conditions are set to the other boundaries of the geometry for the gas phase.
The bottom of the geometry is set to be a free outlet of the droplets. Different mesh sizes
are used in the injection region ranging from ∆x = 3 cm to ∆x = 0.67 cm. An example of
the mesh grid is illustrated in Figure 3b.

(a) (b)

Figure 3. Geometry and mesh grid of a single spray nozzle: (a) a sketch of the geometry and spray nozzle position; (b) a
grid of mean mesh size ∆x = 1.5 cm in the injection zone Li = 1.5 m; Lx = 3.5 m, Ly = 3 m, and Lz = 3.5 m; with O the
numerical injection plane; symmetric and wall boundary conditions highlighted.
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Table 1. Particles with different diameters in the polydisperse spray [21].

Particle Class Diameter (µm)

1 55
2 166
3 277
4 388
5 500
6 611
7 722
8 833
9 944

In the numerical simulations, the primary atomization of the water ligaments out
of the nozzle is not considered. The spray droplets are considered to be spherical, solid
particles, which are injected at a distance h = 20 cm from the nozzle with initial axial
and radial velocities obtained from experimental measurements [42,43]. The droplets are
injected in a circular ring between R = 8 cm and R = 15 cm. In order to simplify the
simulation, the deformation, breakup, evaporation, and coalescence of the droplets are not
considered. Two different spray models are implemented and compared in this section:
monodisperse and polydisperse models for the droplet diameter distribution.

In the monodisperse case, the spray droplets share a uniform diameter of 300 µm with
an injection mass flow rate of 1 kg/s. The initial axial and radial velocities of the droplets
are 17.7 m/s and 7.6 m/s, respectively. In the polydisperse case, the droplets are divided
into nine classes, each having different diameters (55 µm, 166 µm, 277 µm, 388 µm, 499 µm,
611 µm, 722 µm, 833 µm, and 944 µm), as shown in Table 1. The injection velocities of the
nine different classes of droplets are determined by experimental measurements.

3.3. Simulation Convergence
3.3.1. Mesh Size Effects

The mesh convergence study is performed using the monodisperse spray model for the
grids of different mean mesh sizes in the injection region, ranging from Deltax = 0.67 cm
to Deltax = 2.5 cm, as shown in Figure 4. The evolutions of the turbulent kinetic energy
as a function of radial distance R are presented in Figure 4a. The convergence of k with
the mean mesh size can be seen more clearly in Figure 4c, where one can see that k tends
to converge when the mean mesh size becomes smaller than ∆x = 1 cm. Figure 4b shows
the axial gas velocity evolutions for different mesh sizes. The droplet and gas velocities, as
well as the droplet volume fractions are noted to be less sensitive to the variation of the
mesh sizes.

Considering the computational cost, the mesh grid of a mean size of ∆x = 1.5 cm
in the spray injection region is used in the following simulations for both the mono- and
poly-dispersion cases. From Figure 4c, with ∆x = 1.5 cm, one can have a good order of
magnitude of the turbulence kinetic energy k.
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Figure 4. Mesh convergence of different flow parameters as a function of the radial distance from the center R at plane
h = 60 cm; results of the mean mesh size ∆x = 2.5 cm ( ), ∆x = 1.67 cm ( ), ∆x = 1.25 cm ( ), ∆x = 1.11 cm
( ), and ∆x = 0.67 cm ( ); (a) turbulence kinetic energy k, (b) axial gas velocity ug,z, and (c) the mesh convergence
tendency for kmax as a function of mean mesh size ∆x at plane h = 60 cm ( ).

3.3.2. Time Convergence

The temporal convergence of k and gas axial velocity is presented in Figure 5. Three
numerical point probes are set inside the spray cone to record the evolution of the temporal
gas properties. These results are obtained with the monodisperse spray for a calculation
time t = 10 s with time step ∆t = 0.001 s in a refined grid of mean mesh size ∆x = 1.5 cm.

Figure 5a gives the temporal evolution of the axial gas velocity ug,z for three probe
positions, having vertical coordinates of h = 0.5 m, 1.5 m, and 2.3 m from the nozzle,
respectively. One can see that steady states are obtained very quickly after about 1.5 s of
injection for the monodisperse spray. The evolutions of turbulent kinetic energy k also
show a quasi-steady state after 1 s, as shown in Figure 5b. Generally, we observe a time
convergence for these numerical simulations for a simulation time of 10 s.
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Figure 5. Time convergence of the axial gas velocity ug,z and the turbulent kinetic energy k (m2/s2), with ∆x = 1.5 cm,
∆t = 1 ms: Position 1 (h = 0.5 m) ( ), Position 2 (h = 1.5 m) ( ), and Position 3 (h = 2.3 m) ( ); (a) vertical gas
velocity and (b) turbulent kinetic energy as a function of time.

3.4. Code Validation

We begin with the validation of the Neptune_CFD code on the velocity of the gas
and droplets using the measurements of CALISTexperiments [42,43]. The results of the
numerical simulations of the single nozzle spray performed in the work of Foissac et al. [21]
are also used as references.

3.4.1. Monodisperse Spray

The validation of the monodisperse case is performed for t = 10 s using the grid
of mean mesh size ∆x = 1.5 cm, as presented in Figure 6. Figure 6a shows the droplet
velocity at different vertical distances h = 20 cm, 40 cm, 60 cm, and 95 cm as a function
of axial distance R. One can see that the current calculations have a good agreement with
the reference numerical simulations of [21] for the axial velocity of droplets. However,
the tendency of the droplet velocity given by the numerical simulations is not correct
compared to the experimental measurements. This is due to the fact that the monodisperse
assumption using a mean value for all spray droplet diameters is not sufficient to predict
the dynamics of a real spray.

Figure 6b gives the radial velocity evolution of the droplets at different vertical dis-
tances from the spray nozzle h. The numerical calculations can give a rough estimation of
the order of magnitude of the experimental results. However, the tendency of the velocity
is quite different. The monodisperse assumption is too strong for the simulation of a real
spray.
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Figure 6. Validation of the droplet velocity at different vertical positions as a function of the radial distance from the center
R for a monodisperse spray; (a) axial velocity vd,z and (b) radial velocity vd,r. Experimental measurements at h = 20 cm, ( ),
h = 40 cm ( ), h = 60 cm ( ), h = 95 cm ( ); numerical simulation of [21] at h = 20 cm ( ), h = 40 cm ( ), h = 60 cm
( ), h = 95 cm ( ); current simulation at h = 20 cm ( ), h = 40 cm ( ), h = 60 cm ( ), h = 95 cm ( ).

3.4.2. Polydisperse Spray

For the polydisperse spray modeling, we have nine different diameters for the droplets,
each of which has its own velocity behavior after injection. The mean velocity of all classes
of droplets v̄d can be a representative quantity. Two definitions can be reasonable in this
context, either averaged by the volume fraction of each droplet class or averaged by the
number of droplets in a given calculation cell. In this study, the number-averaged spray
velocity is used for the polydisperse spray. It is emphasized that the cells with a very small
quantity (αtot < 1× 10−6) of droplets are neglected during the calculations of the mean
velocity.

Figure 7a shows the mean axial velocity of droplets at different positions along the z
axis. One can note that the numerical results have similar behaviors for vertical distances
h < 60 cm compared to the experimental measurements. Even though the results for
h = 95 cm give the opposite tendency, one can still have the same order of magnitude for the
axial velocities at different radial distances. Compared to the experimental measurements,
the current numerical results for the vertical droplet velocity can have a mean relative error
of 3.3 % for h = 20 cm, 7.6 % for h = 40 cm, 12.88 % for h = 60 cm, and 27 % for h = 95 cm.
The relative error increases with the vertical distance of measurement.

The evolutions of the radial components of the mean droplets’ velocity are presented
in Figure 7b. The relative errors for the droplet radial velocities in the polydisperse spray
are larger than the axial velocities. The current numerical results have the same order of
magnitude as the experimental results and the numerical results of Foissac [21]. For h = 20,
60, and 95 cm, the tendency of the radial velocity matches the experimental data.

Comparing Figure 7 to Figure 6, one can deduce that the consideration of the spray
polydispersion can significantly improve the estimation accuracy on the different compo-
nents of the droplet velocities. Comparing to the former study, we have numerical results
of similar accuracy with a less dense mesh grid. The good estimation of both the droplet
and gas dynamics is essential for the determination of the turbulence intensity induced by
the water spray.
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Figure 7. Validation of the droplet velocity at different vertical positions as a function of the radial distance from the center
R for a polydisperse spray; (a) mean axial velocity v̄d,z and (b) mean radial velocity v̄d,r. Experimental measurements at
h = 20 cm, ( ), h = 40 cm ( ), h = 60 cm ( ), h = 95 cm ( ); Numerical simulation of [21] at h = 20 cm ( ), h = 40 cm
( ), h = 60 cm ( ), h = 95 cm ( ); current simulation at h = 20 cm ( ), h = 40 cm ( ), h = 60 cm ( ),
h = 95 cm ( ).

3.5. Turbulent Properties of the Monodisperse Spray

Figure 8 shows the spatial distribution of droplet volume fraction αtot and turbulent
kinetic energy k for the monodisperse spray injected from a single nozzle. One can see
a side view of the droplet volume fraction distribution on the XZplane with y = 0.05 m,
in Figure 8a. The droplets of diameter 300 µm form a hollow spherical cone after being
injected. Then, the radial velocity decreases, and the spray cone has a constant diameter
far from the spray nozzle. The turbulent kinetic energy is noted to have high values inside
this spray cone, as shown in Figure 8b. With an increasing vertical distance from the spray
nozzle, the turbulent kinetic energy k decreases from 8 m2/s2 near the nozzle to 1 m2/s2 at
h = 2 m.

3.6. Turbulent Properties of the Polydisperse Spray

Figure 9 presents the numerical results of αtot and k on the XZ plane at y = 0.05 m for
t = 10 s. The same mesh grid is used in the simulations for Figures 8 and 9. One can see
the total liquid volume fraction distribution in Figure 9a. Large droplets are noted to be
dominant on the outer rim of the spray cone, whereas the small ones are retained on the
inner side of the spray.

Comparing to the monodisperse case, the spray cone is larger in the polydisperse
spray. The spatial distribution of the turbulent kinetic energy k is presented respectively in
Figure 9b. Comparing to Figure 9a, we can find that the region where k has high values is
located inside the spray cone, which is the same for the turbulent dissipation rate ε. The
turbulence intensity of the air outside the spray cone is less affected by the injection of the
spray, which is similar to the monodisperse spray case, as depicted in Figure 8.

Figure 10 shows the distribution of turbulence integral length scale Lt and turbulent
kinetic energy k on the XY plane at h = 1.5 m. The integral length scale Lt is noted to have
high values in the near-field outside the region of the spray cone. Inside the spray cone, Lt
is relatively small and increases with the vertical distance from the nozzle.
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(a) (b)

Figure 8. Spatial distribution of the properties on XZ plane at y = 0.05 m for a monodisperse spray, t = 10 s, ∆x = 1.5 cm,
∆t = 1 ms; (a) droplet volume fraction αtot and (b) turbulent kinetic energy k (m2/s2).

(a) (b)

Figure 9. Spatial distribution of the properties on XZ plane at y = 0.05 m for a polydisperse spray, t = 10 s, ∆x = 1.5 cm,
∆t = 1 ms; (a) droplet volume fraction αtot and (b) turbulent kinetic energy k (m2/s2).
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(a) (b)

Figure 10. (a) Turbulent integral length scale Lt (m) on the XZ plane at y = 0.05 m; (b) turbulent kinetic energy k (m2/s2)
on the XY plane at h = 1.5 m.

Form Figure 10b, one can see that the turbulent kinetic energy is maximal around the
symmetric axis of the geometry, in the center of the spray cone. The turbulent intensity
seems to decrease with the radial distance R from the symmetric axis.

3.6.1. Droplet Volume Fraction

Figure 11 shows the evolutions of the normalized droplet volume fraction for different
droplet classes. The distribution of droplet volume fraction αtot at h = 40 cm is given in
Figure 11a. One can see that the droplets of different diameters have almost the same radial
distribution at h = 40 cm, where a maximal value at radial distance R ≈ 20 cm is noted.
However, for h = 95 cm, the maximal values separate for droplets of different diameters.
Larger droplets show a maximal volume fraction at a radial distance farther than the small
ones. This phenomena is due to the droplet inertia, i.e., with the same initial injection radial
velocity, the large droplets need a larger distance to be decelerated by the drag force.
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Figure 11. Evolution of normalized volume fraction αdp /αtot for droplets of different diameters: dp = 166 µm ( ), dp =

277 µm ( ), dp = 388 µm ( ), dp = 500 µm ( ), dp = 611 µm ( ), dp = 722 µm ( ), dp = 833 µm ( ), dp = 944 µm ( ); (a)
h = 40 cm and (b) h = 95 cm.
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3.6.2. Droplet Size Distribution

From another point of view, Figure 12 shows the histogram of normalized volume
and number fractions for different droplets on vertical planes of h = 20 cm and h = 95 cm.
These quantities can be important for the turbulence analysis since the spray bulk flow
and droplet wake flow can both contribute to the turbulence generation in particle-laden
flows [7,44]. One can see that at h = 20 cm, the droplets of diameter between 500 and
600 µm have the highest volume fraction compared to the droplets of other diameters in
the polydisperse spray. However, smaller droplets of 300–400 µm are seen to be dominant
in terms of the volume fraction at the plane h = 95 cm, as shown in Figure 12a. For the
number fraction, one can see from Figure 12b that the small droplets of dp ≈ 300–400 µm are
dominant at h = 20 cm in terms of droplet numbers. This domination is more significant
for the planes farther from the nozzle, such as the plane of h = 95 cm. Thus, small droplets
play a more important role in the zone far from the injection nozzle.

3.6.3. Surface-Averaged Volume Fraction

In order to study the vertical distribution of the droplet volume fraction below the
spray nozzle, one can introduce the surface-averaged droplet volume fraction ᾱ defined as:

ᾱ =

∫
SXY

αdS

SXY
(9)

where SXY is the surface of the plane orthogonal to the axis z, which has a constant value
of 10 m2 in the current geometry for single nozzle simulations.

One can note the evolution of ᾱ as a function of the vertical distance h of the droplets
along the z axis in Figure 13a. In both the monodisperse and the polydisperse cases, ᾱ
increases with the falling of the droplets. For the monodisperse case, ᾱ increases and
converges to a stable value of around 6× 10−6. The droplets fall with an initial velocity
and accelerate as a result of the gravity, until ᾱ reaches a constant value when the gravity
reaches equilibrium with the gas friction. For the polydisperse case, one can see that ᾱ
keeps increasing, since for the droplets of large diameters, a larger equilibrium distance of
the two forces on the droplets is required.
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Figure 12. Histogram for different droplet diameters at vertical distances from the nozzle h = 20 cm and h = 95 cm; (a)
normalized volume fraction αdp /αtot and (b) normalized number fraction Ndp /Ntot.



Energies 2021, 14, 1135 14 of 20

0 0.5 1 1.5 2 2.5
0

2

4

6

8
×10−6

h [m]

α
[−

]

(a)

0 0.5 1 1.5 2 2.5
0

5

10

15

h [m]
k m

ax
[m

2 /
s2 ]

(b)

Figure 13. (a) Evolution of the surface-averaged droplet volume fraction α as a function of h; monodisperse spray
( ), polydisperse spray ( ); (b) Evolution of kmax at different vertical surfaces as a function of the vertical distance;
monodisperse spray ( ), polydisperse spray ( ).

Figure 13b gives the evolution of the maximal turbulent kinetic energy kmax as a
function of vertical distance h from the spray nozzle. For the polydisperse spray, the
turbulent intensity decreases rapidly with the distance from the spray nozzle, which
corresponds to Figure 10b. Two regions can be distinguished: within a distance h < 1 m
from the nozzle, the turbulence intensity is relatively high, and for h > 1 m, the turbulent
kinetic energy decreases to low values. Comparing to the monodisperse spray, the maximal
value of k for the polydisperse spray is smaller for a vertical distance h > 0.5 m. As
discussed above, the small droplets remain on the inner side of the spray cone, as depicted
in Figure 11b. They have small inertia and can very quickly reach their terminal velocity,
which is closely related to the turbulence intensity. From Figure 13a, one can see that the
small droplets of 300 µm have reached their terminal velocities for h > 1 m. The dynamics
of small droplets have important impacts on the turbulence intensity inside the spray cone.

4. Study of Two Interacting Nozzles

In this section, two interacting nozzles of polydisperse sprays are investigated nu-
merically. Two polydisperse sprays are injected on the top of the geometry, as shown in
Figure 14a, with a horizontal distance of 0.2 m between them. The injected spray droplets
can form two hollow spray cones in the lower part. The two sprays have identical injection
properties as defined in the polydisperse simulation, except for their positions. A mesh
grid with mean mesh size ∆x = 2 cm in the injection region was used for the simulation of
the two-nozzle case, as depicted in Figure 14b. The simulation results on the XZ plane of
y = 0.05 m are given in Figure 15.
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(a) (b)

Figure 14. (a) Geometry and (b) mesh of the two spray nozzles ∆x = 2 cm; Li = 3 m, Lx = 7 m, Ly = 3 m, and Lz = 3.5 m
with O the numerical injection plane; symmetric and wall boundary conditions highlighted in (a).

Figure 15a shows the spatial droplet volume fraction distribution on the XZ plane. The
spray droplets injected from two nozzles form an intersection region below the injection
plane O. Generally, one can see that the droplet volume fraction αtot decreases with the
vertical distance. Figure 15b gives the evolution of the turbulence integral length scale in
the case of two interacting sprays. Large droplets are noted to be important in numbers at
the outer rim of the two spray cones. Similar to the single nozzle case, the turbulent kinetic
energy k and the turbulent dissipation rate ε have high values inside the spray cones, as
shown in Figure 15c,d. The droplet collision was considered; however, it is not the main
contributor to the turbulence generation in this region. The droplet volume fraction in the
interaction region is around O (10−4), under which the collision probability can be quite
small [10]. The TKE increase in this region is mainly due to the gas flow interaction induced
by spray droplets’ movements from the two different nozzles. For the lower region with
h > 1 m, the turbulent kinetic energy k, as well as the dissipation rate decrease to a low
value.

Figure 16 gives the evolutions of droplet volume fraction αtot and turbulent kinetic
energy k as a function of x on the XZ plane at y = 0.05 m. One can see that the interac-
tion of the two polydisperse sprays begins for a vertical distance larger than h = 0.2 m.
Figure 16a shows that the droplet volume fraction has three peaks at h = 0.2 m. The
interaction zone has a higher value of αtot than the spray cone generated from a single
nozzle. The overall values for αtot decrease with the vertical distance h, ranging from
αtot = 3.5× 10−4 to αtot = 2× 10−5. One can see from Figure 16b that the interaction of the
spray droplet can locally increase the TKE. Farther from the two spray nozzles, the TKE
decreases with the vertical distance h. For h > 1.0 m, the distribution of the TKE becomes
more homogeneous compared to the near-nozzle region.
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(a) (b)

(c) (d)

Figure 15. Properties on the XZ plane at 30 s; (a) droplet volume fraction αtot, (b) integral length scale Lt (m), (c) turbulent
kinetic energy k (m2/s2), and (d) turbulent dissipation rate ε (m2/s3).

Figure 17a,b shows the evolutions of the surface-averaged droplet volume fraction α
and maximal turbulent kinetic energy kmax on the XY plane as a function of h. In Figure 17a,
α increases linearly with h, as a result of the polydispersion of droplets generated from the
two nozzles. The big droplets have not reached their terminal velocities in this range of
vertical distance h. The value of α is noted to be larger than the single nozzle case shown
in the dark blue dashed line. Figure 17b gives the evolution of kmax on the z direction,
which has an analogous trend as the polydisperse spray out of a single nozzle. kmax has
similar values near the spray nozzles; however, one can have a higher value for kmax for
the two-nozzle case than the case of a single nozzle in the far-from-the-nozzle region. This
can be due to the fact that the water injection rate is doubled in the two-nozzle case.
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Figure 16. Evolutions of the droplet volume fraction αtot (a) and the turbulent kinetic energy k (m2/s2) (b) on the XY plane
y = 0.05 m as a function of x, h = 0.2 m ( ), h = 0.5 m ( ), h = 1.0 m ( ), and h = 1.5 m ( ).
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Figure 17. (a) Evolution of the surface averaged droplet volume fraction α as a function of h: tow nozzles ( ) and single
nozzle ( ); (b) evolution of kmax as a function of the vertical distance h: two nozzles ( ) and single nozzle ( ).

5. Conclusions and Perspectives

The spray-induced turbulence generated from industrial nozzles is investigated nu-
merically using an RANS turbulence model. Water sprays injected from a single nozzle,
as well as two interacting nozzles are studied both qualitatively and quantitatively. The
polydisperse model is proven to be more accurate than the monodisperse one for the
evaluation of the gas and droplet velocities. In both the single- and two-nozzle cases, the
spray-induced turbulence is noted to be more intense inside the spray cone. The turbulent
kinetic energy inside a polydisperse spray seems to be lower than the monodisperse case
since the small droplets locate on the inner rim of the polydisperse spray cone, which
can diminish the turbulence intensity. The turbulent kinetic energy decreases with the
vertical distance from the nozzle, which maintains a low value for a distance larger than
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1 m. For large-scale simulations, the near-nozzle region and far-from-the-nozzle region
can be simulated separately, since the turbulent properties in the latter region are more ho-
mogenous. Comparing the single- and two-nozzle cases, the far-field turbulence intensity
is larger with a higher water injection rate. However, the collisions of the droplets have
small impacts on the turbulence generation as a result of the low droplet volume fraction
in the interaction region. Future studies can be carried out on the effects of water spray on
explosive gas-air mixing. The droplet collision effects can be important for nozzles with
higher water injection rates.
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Abbreviations
dp Droplet diameter
fg Gravity acceleration
h Vertical distance from the spray nozzle
hκ Phase-averaged specific enthalpy for phase κ

kmax Maximal turbulent kinetic energy
Lx, Ly, Lz Geometry sizes
Lt Turbulence integral length scale
M Interphase momentum transfer term
Ndp Number of droplets of diameter dp

p Gas pressure
Pa Droplet momentum number
q Heat transfer flux
R Radius from spray cone center
Ri,j Reynolds stress
ug Gas velocity
vp Particle velocity
αtot Total volume fraction of droplets
α Surface-averaged droplet volume fraction
ρ Mass density
ε Turbulent dissipation rate
Γ Interphase mass transfer rate
∆t Time step
∆x Grid size
DNS Direct Numerical Simulation
RANS Reynolds-Averaged Navier–Stokes
LES Large Eddy Simulation
TKE Turbulent Kinetic Energy
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