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In the suspension high velocity oxy fuel (SHVOF) thermal spray, a suspension is injected into the com-
bustion chamber where the jet undergoes primary and secondary breakup. Current knowledge of the
primary breakup within the combustion chamber is very limited as experimental investigations are im-
peded due to direct observational inaccessibility. Numerical methods are also limited due to the compu-
tational costs associated with resolving the entire range of multiphase structures within SHVOF thermal
spray. This paper employs a coupled volume of fluid and discrete phase model, combined with a com-
bustion model, to simulate primary breakup at a fraction of the cost of a fully resolved simulation. A
high-fidelity model is employed within this study to model the combustion chamber; the model shows a
backflow region that will contribute to clogging within the nozzle. This study modifies the injector type
for SHVOF thermal spray by introducing a co-flow around the liquid injection to reduce clogging within
the combustion chamber. This study shows that introducing a co-flow of gas at a velocity of 200 m/s
around the liquid injection reduces the backflow region by 40% within the combustion chamber. The ad-
dition of a gas co-flow results in a smaller region of backflow. Small suspension droplets with insufficient
momentum are unable to overcome the backflow and will likely deposit themselves onto the wall of the
combustion chamber. The deposition of the particles on the walls causes clogging of nozzles often seen
in SHVOF thermal spray. The addition of a gas co-flow results in an increase in the velocity of droplets
formed during primary breakup. The greater droplet velocity allows for small droplets to overcome the
small backflow region near the liquid injection. The Sauter mean diameters predicted from the numeri-
cal model are compared to experimental measurements available within the literature and shows good
agreement.
© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

rounded by gases undergoing combustion; visualizing into the cen-
tre of the chamber where the suspension is injected is impeded by

The breakup of liquid jets has been extensively studied both ex-
perimentally and computationally due to the wide range of appli-
cations that utilise atomization of liquid jets. The breakup of lig-
uid jets plays a fundamental role within diesel engines, suspen-
sion thermal spray, gas turbines and rocket engines to name a few
(Xiao et al., 2014; Tian et al., 2015; Ghiji et al., 2017). Breakup in-
vestigations within a suspension high velocity oxy fuel (SHVOF)
thermal spray combustion chamber through experimental methods
are very limited due to the direct observational inaccessibility of
the combustion chamber. Additionally, there are several challenges
when trying to measure dense regions of flow. The liquid is sur-

* Corresponding author.
E-mail address: Tanvir.Hussain@nottingham.ac.uk (T. Hussain).

https://doi.org/10.1016/j.ijmultiphaseflow.2020.103445

radiation emitted from combustion. Owing to the size of the com-
bustion chamber (22 mm length) instrumentation must be placed
outside of the chamber. Additionally, the liquid jet rapidly disin-
tegrates into droplets of a few microns; experimental techniques
must have sufficient temporal and spatial resolution to capture the
breakup process (Xiao et al., 2016). Hence, computational investi-
gations provide an invaluable tool to investigate primary breakup.

SHVOF thermal spraying is used to deposit nanostructured coat-
ings from powdered feedstocks too small to be processed by me-
chanical feeders. SHVOF thermal spray allows for the formation
of nanostructured coatings with improved density and mechani-
cal properties (Murray et al., 2016). Current approaches in mod-
elling the injection of suspension within the combustion cham-
ber fail to account for the primary breakup of the suspension
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(Esther Dongmo et al., 2009; Jadidi et al., 2016). Traditionally, the
blob method is employed to model the injection of suspension
into the combustion chamber (Chadha et al., 2019b; Chadha et al.,
2019a). For the blob method the jet is simplified to an injection
of discrete droplets that can undergo secondary breakup. The sus-
pension is typically injected as a set of discrete droplets using the
discrete phase model (DPM) that can undergo secondary breakup,
evaporation, heating and acceleration. The DPM framework pro-
vides a robust treatment for droplet tracking away from the dense
regions of the flow; however, in dense regions of the flow such as
near the liquid column; this approach is flawed.

Traditional means of modelling primary breakup in CFD using
methods such as interface reconstruction methods are unfeasible
to resolve the full scale of droplet structures within SHVOF ther-
mal spray. The most popular interface reconstruction method, the
volume of fluid (VOF) model, requires a mesh fine enough to re-
solve the smallest droplet structures. Droplets formed from the pri-
mary breakup of jets occupy a wide range of scales and are of or-
ders of magnitude smaller than the injector diameter (Tomar et al.,
2010). Hence, it would be computationally expensive to resolve
the breakup phenomenon from large scale structures down to the
smallest scale droplets. Within recent years there has been a grow-
ing body of literature looking to couple the VOF and DPM mod-
els together. Here, the primary breakup is modelled using the VOF
model and the droplets formed from primary breakup are then
transferred to a DPM framework. The small-scale structures that
require the most computational resources within the VOF frame-
work can then be modelled at a lower computational cost using
the DPM framework. This allows for large scale structures such as
the liquid core, ligaments and large droplets to be resolved whilst
allowing the small-scale droplet structures to be modelled without
significantly impacting the computational cost of the model.

Early attempts to couple the VOF model with the DPM model
had to address the criteria of conversion of droplets from a VOF
framework to a DPM framework. Grosshans et al. (2011) utilised
a “coupling layer” where VOF droplets are converted into DPM
droplets as they pass through a plane known as the coupling
layer. One of the challenges in employing a coupled VOF and DPM
model for breakup investigations is the different mesh require-
ments within the VOF and DPM frameworks. With the implemen-
tation of a coupling layer suitable meshes can be employed within
the respective zones. For the VOF framework droplets must be of
an order larger than the mesh size. Whilst for the DPM frame-
work the mesh should be of an order larger than the droplets.
The coupling layer approach however is significantly more expen-
sive than later alternative approaches that have been employed
to couple the two frameworks. Adeniyi et al. (2017) developed
a coupled DPM to VOF framework for bearing chamber applica-
tions using the commercial CFD code Ansys Fluent. Within this
implementation, droplets were modelled using the DPM frame-
work and the film formation on the bearing chamber walls was
modelled using the VOF framework. The criteria for conversion be-
tween DPM and VOF was the proximity of DPM droplets to the
interface. Tomar et al. (2010) employed a two-way coupled VOF
and DPM framework to model jet breakup. The conversion of VOF
droplets to DPM droplets was determined by the diameter of the
VOF droplets. If the droplets were smaller than the specified diam-
eter then the droplets would convert to DPM. This approach can
offer greater savings in computational cost over the coupling layer
method as the droplets can be switched from a VOF framework to
a DPM framework as soon as the droplets are formed. The con-
version of droplets from DPM to VOF was based on the proximity
of the droplets to an interface. If the droplets are close enough
to an interface the DPM droplets will be deleted and a spheri-
cal secondary phase structure is patched in its location. Kim et al.
(2014) and Kim et al. (2007) employed a coupled VOF and DPM ap-
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Fig. 1. Geometry of SHVOF thermal spray nozzle.

proach to model the atomization of fuel within a gas turbine injec-
tor. Within this study droplets were converted from a VOF frame-
work to a DPM framework if two criteria were met. The first cri-
terion was based on the droplet volume and if the droplets were
smaller than a specified volume, they were converted from VOF to
DPM. The second criterion was based upon the droplet sphericity
and if the droplets were sufficiently spherical the droplets were
converted from VOF to DPM. Shinjo and Umemura (2019) and
Umemura (2016) extended the application of the coupled VOF and
DPM model to include the effects of combustion for a diesel jet.
They investigated four cases: diesel jet in cold flow, diesel jet in
hot flow, with the inclusion of a single step reaction and finally the
inclusion of a multistep reaction. The multistep reaction demon-
strated good agreement in predicting the ignition delay with exist-
ing literature.

The aim of this paper is to apply the coupled VOF and DPM
model to investigate the primary breakup of water within a com-
bustion chamber for SHVOF thermal spray application. The injector
design within this study is varied from the standard SHVOF config-
urations by including a co-flow around the liquid injection. There
are several non-dimensional parameters that describe the flow in
coaxial jets these include the gas Reynolds number, Reg, the lig-
uid Reynolds number, Re|, the momentum flux ratio, MR, and the
Ohenesorge number, Oh. This paper investigates the impact of the
Weber number (Eq. (1)) by varying the co-flow velocity on the
primary breakup within SHVOF thermal spray. The Weber num-
ber controls the tendency for breakup (Xiao et al., 2014; Pai et al.,
2009) and characterises the relative importance of the fluid inertia
to its surface tension (Xiao et al., 2016). The terms in Eq. (1) refer
to liquid density, p;, gas velocity, Uy, liquid velocity, U;, diameter
of injector, d, and the surface tension, o. The addition of a co-flow
provides a significant design change for thermal spray.
_ plU—UPd
== (1)

o

This paper has employed a multiscale modelling approach for a
real-world engineering application. Prior numerical models within
this field of application ignore the primary breakup which is a key
physical process in the combustion chamber. The detailed insight
into the flow physics within the combustion chamber for the cur-
rent application is new and has been previously unknown. This
simulation approach utilised here has never before been used for a
practical combustion application such as SHVOF. The approach can
be employed on modest HPC facilities for design and optimization
studies within a combustion chamber and also for a wide array
of multiphase combustion applications. An injection of water into
the combustion chamber is considered to provide useful and highly
detailed information on the physical processes for the current ap-
plication. This paper uses the Coupled VOF and DPM model in the
commercial CFD software Ansys Fluent V19.3 (Pennsylvania, USA).

We

Numerical modelling

A SHVOF thermal spray nozzle is comprised of a combustion
chamber and a barrel as shown in Fig. 1. Typically when mod-
elling SHVOF thermal spray, the entire nozzle and the free jet is
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Table 1

Table of boundary values for the flow species and temperature conditions.
Region Flow Boundary Condition  Species Boundary Condition Temperature
Fuel and oxidizer inlet ~ 5.9g/s (87.7%) Mole Fraction - 0.667 H;, 0.333 0, (g) 300 K
Nitrogen Co-flow inlet 200 - 300 m/s Mole Fraction - 1.0 N; (g) 300 K
Water inlet 0.833g/s (12.3%) Mole Fraction - 1.0 H,O (1) 300 K
Walls No slip Zero Gradient 500 K
Outlet 60,000 Pa Zero Gradient Zero Gradient

24 Circular Fuel and
oxidiser Inlets

Ttotar = 5.9 /s

Co-annular gas
injection

Liquid Injection
Meotar = 0.83 g/s

Fig. 2. Fully structured mesh for the SHVOF thermal spray combustion chamber.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

modelled. However, the combustion chamber alone has been mod-
elled for this investigation, as the primary breakup is confined to
the combustion chamber. This allows for a significant reduction in
the overall mesh count. Fig. 2 shows the fully structured mesh and
the inlet geometry employed to model the combustion chamber;
the mesh is comprised of 4.5 million cells before mesh refine-
ment. The initial mesh was created following LES near-wall reso-
lution recommendations of Ax+<100, Ay+ <1 and Az+<30. The
structured mesh was generated using a multiblock method within
Ansys ICEM. To reduce the computational cost, an adaptive mesh
refinement is employed here to increase the mesh density around
the interface between the two phases. The refined mesh is coars-
ened back to the base mesh once the droplet has been converted
from VOF to DPM. The base mesh is of the order of 100 um which
is twice as large as the largest DPM droplets and the refined mesh
is off the order of 3 um which is smaller than the smallest VOF
droplets. This allows for a finer mesh to be employed for VOF
resolved droplets and a coarser mesh to be employed with DPM
modelled droplets. Five levels of dynamic mesh refinement have
been employed with the gradient of the volume fraction.

Premixed oxygen and hydrogen enter the combustion chamber
through the 24 circular holes at the back end of the combustion
chamber, the hydrogen undergoes combustion. The combustion oc-
curs only in the gas phase. Water is injected into the centre of the
combustion chamber. The impact of solid particles, particle size
distribution, shape of particles and the mass loading of particles
on liquid suspension surface tension properties is not well under-
stood. Further extensive experimental measurements are needed
for detailed characterisation before extending the breakup model
to a suspension jet. The governing equations of the methods are
provided in the following section. The boundary conditions for the
case are provided in Table 1. The operating conditions employed
are standard conditions for SHVOF thermal spray (Chadha et al.,
2019b). The mass continuity equation is given by Eq. (2). For a den-
sity, p, time, t and velocity vector i = (u, v, w)7, it reads:

ap

o Veu=0 @

The momentum conservation equation is given by Eq. (3) where
the terms within Eq. (3) refer to the static pressure, p, a dynamic
viscosity, u, the unit tensor, I and a gravitational body force, pg.

ap

2
S V. (piiiy = ~Vp+ V. M[(Vm V') - §v4m] +pg (3)

A wall resolved large eddy simulation (LES) approach is em-
ployed. The small-scale structures are distinguished from the large-
scale structures using a filter. The filter is given by Eq. (4) and ap-
plied to the Navier-Stokes equations. The wall-adapting local eddy
viscosity (WALE) SGS model is used and defined by Eq. (5). The
mixing length for subgrid scales, Ls, is given by Eq. (6) where «
represents the von Karman constant, d represents the nearest wall
distance, C, represents the WALE constant, and V represents the
cell volume. The rate of strain for the resolved scales, Sg., is given

by Eq. (7).

o0 =y [ox)ax (4)
v
gdgd)?
=Pl o) (5)
jsi)” + (54s0)

[? = min (Kd CWV3) (6)
5;11' = (glzj +g2) Sick (7)
_ ou; 0ty
8= 9x, X} (8)

The VOF method constructs the interface between two phases
by solving the volume of fluid, ¢, of each phase given by Eq. (9).

209 4 v (ape) = ©)

The ideal gas law is given by Eq. (10) where pop, refers to the
operating pressure, R, refers to the universal gas constant, My,
refers to the molecular weight of the gas, and T refers to the tem-
perature (Jafari et al., 2017). The energy, E, equation is given by
Eq. (11), where the effective conductivity of the gas is given by ke,
and J; represents the diffusion flux for species i, h; represents the
sensible enthalpy for species i, and the heat source term is given
by Sh'

+
o= poz; p (10)
WT
dpE ., -
W-ﬁ- V.(u(pE+p)):V keffVT—zhi]i + Tefr-U +Sh

i
(11)
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Fig. 3. Instantaneous contours of velocity magnitude with (black) VOF isosurfaces (We =100) (A1) 0.5ms (A2) 0.6 ms, (A3) 0.7 ms, (We =180) (B1) 0.5ms, (B2) 0.6 ms, (B3)

0.7 ms, (We=415) (C1) 0.5ms, (C2) 0.6 ms and (C3) 0.7 ms.

The species equation is given by Eq. (12), where Y;, refers to the
mass fraction of species i, and R; represents the rate of production
of species i.
apy; e
SN V.Y = -V +R, (12)

For turbulent premixed combustion the rate of reaction is lim-
ited by the turbulent mixing of cold premixed fuel and oxidizer

with the hot gaseous products (E. Dongmo et al., 2009). The eddy
dissipation model (EDM) has been employed due to its low com-
putational cost. The current numerical modelling approach is in-
tended to be suitable for practical design and optimization stud-
ies the computational cost needs to be carefully considered. The
EDM was developed to account for the effects of turbulent mixing
on the reaction rate. The reaction rate within the eddy dissipation
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Fig. 4. Time averaged velocity at Weber numbers (a) 100, (b) 180 and (c) 415.

model is given by the smaller of the two terms in Eq. (13a) and
(13b). Here the stoichiometric coefficient for reactant, i, in reac-
tion, r, is given by, Ui/,r' the molecular weight of species, i, is given
by My;;, and A and B refer to empirical constants of 4.0 and 0.5 re-
spectively. The quantities k and ¢ refer to the turbulent kinetic en-
ergy per unit mass and the dissipation rate respectively. The quan-
tities Yz and Y, refer to the mass fraction of a reactant, R, and the
mass fraction of product species, P. The combustion reaction ac-
counting for the dissociated species is determined from the chem-

ical equilibrium package NASA CEA (Chadha et al., 2019a) and is
given by Eq. (14).

o Mo ApEmi Yk

Rl,r = vi,er,zAp k mlnR(Vl/g‘,—Mw,R> (133)
£ . Z Yp

Ri; = v/ .My ABp - ming [ —=L—— (13b)

i,r i,rViwi k ZIJV \)j.rMW‘j
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Fig. 5. Time averaged axial centre line velocity profiles at the Weber numbers con-
sidered. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

H, +0.5 0, — 0.7184 H,0 + 0.1738H, + 0.0554 0O,
+0.07944H + 0.0345 0 + 0.1359 OH (14)

VOF resolved droplet are converted to DPM modelled droplets
based upon their size and sphericity. Values for the radius standard
deviation and the radius surface orthogonality of 0.5 and 0.5 were
used respectively. The volume equivalent sphere diameter is a user
specified range. The lower value was set to zero to ensure that the
smallest scales converted to DPM. Care was taken to ensure the
upper limit was larger than the largest expected droplet diameter.
The DPM model tracks droplets as they are formed from the pri-
mary breakup process. The motion of the droplets is given by New-
ton’s second law, Eq. (15). Here, the mass of the discrete phase is
given by, mp, the gas velocity is given by, ug, and the particle ve-
locity is given by, up. The drag coefficient, cp, is determined by the
correlation of Crowe (Crowe, 1967) given by Eq. (16). The correla-
tion of Crowe has shown to provide good agreement of particle ve-
locities for suspension high velocity oxy fuel thermal spray within
the free jet (Jadidi et al., 2016; Chadha et al., 2020). The particle
temperature, Tp, can be determined from Eq. (17), where the par-
ticle surface area is given by, Ap and the gas temperature is given
by, Tg. The heat transfer coefficient, h, is computed using the Nus-
selt number, Nu, correlation of Ranz and Marshall (Ansys Inc, 2019)
given by Eq. (18). The diameter of the particle is given by, d, the
thermal conductivity of the gas is given by, Ky, the dimensionless
Prandtl number is given by, Pr and the particle Reynolds number
is given by Rey.

du 1
mPTtP = ECDPgAp(ug—”p)Wg—UH (15)
3,07y R 1227805858 wa 5.6/(1 4+ Ma) _ ke,
=2+ (CDO _ 2)6 3.07Y — 5 278Req Reg %e e
(16)
dT,
(m.cp) g = MAp(Te = Tp) (17)
hd, 1/2p.1/3
Nu = X = 2.0 +0.6Re/“Pr (18)
0

Similar DPM modelling approaches to that employed within
this study have been validated by our recent study (Chadha et al.,

2020) and a similar study by (Jadidi et al., 2016). The VOF
model has been extensively used simulate breakup and atomiza-
tion of liquid jets, for example Sekar et al. (2014), Delteil et al.
(2011) and Srinivasan et al. (2011). This paper brings both mod-
elling approaches together and employs the model to investigate
the breakup within SHVOF thermal spray. To convert structures
from a VOF framework to a DPM framework, a lump detection al-
gorithm is employed within Ansys Fluent. The detection algorithm
scans the fluid domain searching for enclosed droplet structures.
The lumps are then assessed on their asphericity based upon the
standard deviation of the droplet radius and the radius-surface or-
thogonality. If the droplets meet the criteria for conversion, they
are switched from a VOF framework to a DPM framework. The cells
containing the droplet are patched with the primary phase to en-
sure a continuity of the volume fraction. The mass of the droplet
with its equivalent diameter is then injected into the cell using the
DPM framework.

Results and discussion

Effect of co-flow on the gas velocity and temperature within the
combustion chamber

Fig. 3 shows instantaneous velocity magnitude contours for the
Weber numbers of 100, 180 and 415 in Figures A, B and C respec-
tively. The injection at the higher Weber numbers is a result of
a higher co-flow gas velocity surrounding the liquid nozzle injec-
tor. Fig. 4(a), (b) and (c) shows the time averaged velocity vector
field for the Weber numbers of 100, 180 and 415 respectively. The
solution has been time averaged over 0.0007 s (approximately 50
throughflows). Fig. 5 plots the time averaged axial centre line ve-
locities at the Weber numbers of 100, 180 and 415. Traditionally
in SHVOF thermal spray modelling the inlets within the combus-
tion chamber are simplified to an annular inlet to simplify the ge-
ometry, this allow for a reduction in the cell count (Chadha et al.,
2019b; Jadidi et al., 2018). Within this study the exact inlet geom-
etry comprising of two sets of twelve circular holes spaced at two
different radial distances from the centre of the combustion cham-
ber have been meshed. Additionally, it can be seen in Figs. 3 and
4 that recirculation zones form near the walls of the combustion
chamber. The recirculation zones aid in the mixing of the hot prod-
ucts of combustion with the cold inlet gases, which is essential
for a premixed combustion reaction to progress effectively. Within
premixed combustion the reaction takes place within the zone that
separates the reactants and products.

Clogging is a serious issue for suspensions with a high par-
ticle loading within SHVOF thermal spray. Clogging wastes feed-
stock material, cost’s time to restore and maintain the SHVOF ther-
mal spray nozzles. Clogging occurs when the feedstock material
impacts the wall with a velocity greater than a critical velocity
(Bémer et al., 2013). Particles that impact the wall with a veloc-
ity greater than the critical velocity will bond onto the walls of
the nozzle. Particles within small droplets are particularly suscep-
tible to causing clogging as these droplets have a low mass inertia.
Small droplets are unable to overcome the backflow region near
the liquid column shown in Fig. 6 due to insufficient momentum.
Such droplets can deposit themselves onto the walls of the com-
bustion chamber due to backflow illustrated within the velocity
vector field in Fig. 5. Optimizing the suspension injection will al-
low for a significant reduction in the number of particles that im-
pact with the walls of the combustion chamber. This study has em-
ployed a co-flow around the liquid injection to force the flow field
around the liquid column in the direction of nozzle exit, as shown
in Fig. 2. With the addition of a co-flow the region of backflow be-
comes smaller hence droplets are less likely to deposit upon the
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(C2) 0.0006s and (C3) 0.0007s.

wall of the combustion chamber and thus reduces the risk of the
nozzle clogging.

The coupled VOF and DPM framework employed within this
study is able to capture the recirculation zones that form around
the liquid column due to the viscous flow dynamics as seen in
Fig. 4. Recirculation zones form due to the velocity gradient be-
tween the low velocity liquid injection and the high velocity fuel

injection. Prior SHVOF thermal spray modelling has been unable to
capture the recirculation zones with the standalone DPM model.
This is because the pure DPM model only accounts for momen-
tum transfer between the discrete phase and the continuous phase
through a momentum source term. The VOF model includes a
source term within the momentum equation to account for the
effect of surface tension forces. Further discussion on the bene-
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Fig. 7. Mesh density around VOF isosurface coloured by the flow velocity for a co-flow velocity of 300 m/s. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

fits of this approach in comparison to the DPM model employed
currently to better capture the breakup physics is later presented.
Fig. 6 shows instantaneous static temperature contours for the We-
ber numbers of 100, 180 and 415 in Figures A, B and C respec-
tively. It can be seen from Fig. 6 that within the liquid injection
region there is a very low temperature of ~ 300K. With a stan-
dalone DPM model, currently employed within the literature for
this application (Chadha et al., 2020; Gerhardter et al., 2019), a
temperature of 2500K is predicted within this region. The DPM
model only accounts for the effect of the secondary phase on the
temperature field through a source term for droplet heat transfer.
The VOF model on the other hand directly accounts for the effect
of the secondary phase through the Navier Stokes equations. The
DPM has been shown to give an over-prediction of gas temperature
and the velocity within the liquid injection region (Chadha et al.,
2019a) as the dilute approximation is not valid within the regions
near the injector which will result in evaporation initiating earlier
and locally higher droplet velocities. Hence employing the VOF in
these regions is able to capture more of the flow physics and better
predict the temperature near the liquid injection.

Mesh requirements for coupled VOF and DPM breakup modelling

The VOF model and the DPM model have very different mesh
requirements. The VOF model requires the mesh to be much
smaller than the droplet diameter, enough cells are required to re-
solve the curvature of the droplet. On the other hand, the DPM
model requires the mesh to be large than the droplet diameter.
Recent investigations have looked into modifications to the DPM
model to make it suitable for fine meshes. To account for the effect
of the discrete phase onto the continuous phase source terms are
accounted for within the Navier-Stokes equations. The DPM source
term is applied to the cell which contains the DPM point entity.
However, once the DPM droplet exceeds the cell size the droplet
will affect the more than just the cell that contains the droplet.
Due to the point representation of the droplet the source term
in the original DPM model does not account for the effect of the
droplet on neighbouring cells.

There are several approaches that have been developed within
the literature to resolve this flaw within the DPM model
(Zhang et al., 2020). The cube averaging method (CAM) developed
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Fig. 8. Instantaneous isosurfaces of the liquid jet injection into the combustion chamber (We= 100) at (a) 0.00065s and (b) 0.0007 s, (We= 180) at (c) 0.00065s and (d)
0.0007 s, (We= 415) at (e) 0.00065s and (f) 0.0007s.
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by (Link et al., 2005) creates a cubic region a factor larger than the
droplet diameter. The droplets are treated as porous cubes within
the cubic region where the source terms are calculated and dis-
tributed over the cubic region. The source terms are then con-
verted back from the cubic region and mapped to the original grid.
The two-grid method (TGM) developed by (Farzaneh et al., 2011)
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Fig. 11. Droplet diameter vs. average droplet velocity.

proposed to use a coarse grid for the discrete phase and a fine grid
for the continuous phase. The source terms are mapped from the
coarse grid to the fine grid and the source terms are weighted by
the volume of the fine grid to the coarse grid. The diffusion based
method (DBM) developed by (Capecelatro and Desjardins, 2013)
distributes source terms from the discrete phase to the continu-
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Fig. 12. Liquid column and droplets within the combustion chamber coloured by the velocity magnitude for (a) We =100, (b) We =180 and (c) We =400. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Effect of co-flow velocity (a) 0m/s, (b) 100 m/s and (c) 200 m/s on the Weber number of droplets subsequent to primary breakup.

ous phase with the use of a weighted function also referred to as
a statistical kernel function. Source terms can be distributed over
kernels such as a Gaussian kernel which employs a Gaussian dis-
tribution for the source term within the cell the DPM droplet is
contained and the neighbouring cells.

Within this study an aggressive adaptive mesh refinement algo-
rithm is employed to account for the different mesh resolutions
required for VOF resolved droplets and DPM modelled droplets.
Fig. 7 shows the mesh density around the VOF interface. As can be
seen the mesh is suitably refined to accurately capture the inter-
face. The refined mesh is immediately coarsened back to the base
mesh once the droplet has been converted from VOF to DPM. The
base mesh is of the order of 100 um which is twice as large as
the largest DPM droplets and the refined mesh is off the order of
3 uwm which is three times smaller than the smallest VOF droplets.
Allowing for a finer mesh to be employed to resolve the interface
between phases. The adaptive mesh refinement also allows for a
significant reduction in the computational cost of the numerical
model as a much coarser base mesh can be employed. A fine mesh
is only employed within the cells where the interface is found.

Effect of the co-flow on the primary breakup
Prior studies within the SHVOF thermal spray modelling have

solely employed the DPM framework to model the injection of
suspension within the combustion chamber (Chadha et al., 2020;

Jadidi et al., 2016; Gozali et al., 2014). The DPM model has typically
been employed due to its low computational cost, robust treatment
of droplets through sub models such as the evaporation and sec-
ondary breakup sub models. However, the DPM model produces
an inadequate representation of the flow near the injection loca-
tion where a liquid column and ligaments are the main structures
present. The assumptions within the DPM model are that the mul-
tiphase structures are in the form of droplets and that the region
of the flow is predominately occupied by the primary phase. Both
of these assumptions near the liquid injector are not valid. The VOF
model is a more suitable model to capture the flow near the lig-
uid injector as it can capture all multiphase structures that form
and is suitable for the dense regions. However, resolving the en-
tire range of multiphase structures using a pure VOF model would
be too computationally expensive for SHVOF thermal spray appli-
cations. Droplets and particles within SHVOF thermal spray can oc-
cupy a diameter as small as 10pum (Chadha et al., 2020). Resolving
droplets and particles of this size would require a mesh around the
order of one fifth of the diameter of the finest droplets. Employing
a DPM framework to model droplets within the combustion cham-
ber allows for a coarser mesh to be employed and a reduction in
the computational cost in comparison to a pure VOF model. The
current approach uses a 4.5 million base mesh and through mesh
adaptation reaches a mesh count of circa 8 million cells. Running a
full VOF simulation would require a mesh resolution down to the
3 um scale currently used but in a much larger volume. To resolve
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droplets to this extent would require a mesh of the order of 20 bil-
lion cells which is currently infeasible. This could be alleviated to
some extent through the use of adaptive mesh refinement, how-
ever, given the number of droplets involved this is unlikely to be
efficient. Figs. 8 shows isosurfaces of the VOF field at the Weber
numbers of 100, 185 and 415; the isosurface is coloured by veloc-
ity magnitude. The coupled VOF and DPM model has allowed for
the primary breakup to be modelled and droplets to be tracked
with current computing capabilities available. Therefore, the cou-
pled VOF and DPM approach employed within this study is able
to accurately capture the flow field and temperature field within
and near the liquid column region compared to the DPM approach
currently employed. Alternative models are available within the
literature to treat the liquid column region such as the Eulerian-
Lagrangian Spray Atomization (ELSA) method. The ELSA method
solves transport equations for the gas and liquid phases treating
them as separate species rather than separate phases (Hoyas et al.,
2013). The model cannot resolve breakup structures such as liga-
ments nor can the model resolve the interface between phases like
interface resolving methods such as the VOF method employed for
large scale structures within this model. The ELSA method has a
lower fidelity than the approach employed within this investiga-
tion however it is considerably less computationally expensive.

It has been shown that the addition of a co-flow results in a
smaller backflow region and hence suggested that this will result
in a reduction in the clogging within the combustion chamber. It
must be further evaluated if any further effects of the co-flow are
present on the breakup and droplet dynamics. Fig. 8 shows the in-
stantaneous isosurfaces of the liquid jet injection into the combus-
tion chamber (We= 100) at (a) 0.00065s and (b) 0.0007 s, (We=
180) at (¢) 0.00065s and (d) 0.0007 s, (We= 415) at (e) 0.00065 s
and (f) 0.0007s. It can be seen from Fig. 8 that the addition of
a co-axial gas flow to the liquid injection delays the formation of
large ligaments from the surface of the liquid jet. This can be seen
in Fig. 8 by comparing the isosurface plots for a Weber number of
100 and a Weber number of 180 close to the injector inlet. As can
be seen the liquid jet core is destroyed in a shorter distance for the
lower Weber number. This is the opposite trend to that normally
observed for liquid jets; however, it should be noted that the gas
within the combustion chamber is hot and highly turbulent. It is
thought that its interaction with the liquid jet excites the initial
interface perturbation followed by large scale interface distortion.
The recirculation zones set up within the combustion chamber also
mean that the surrounding gas flows in an opposite direction to
the liquid jet. The addition of the gas co-flow rights this direction
and is of sufficiently lower turbulence intensity and temperature.
Hence, there is a delayed break-down of the jet core. Comparisons
of the jet length at different Weber numbers can be used to bench-
mark the numerical accuracy. These have not been included as ex-
perimental measurements are taken at conditions quite different to
those found within an SHVOF thermal spray combustion chamber.
It is not possible to provide a meaningful comparison of the intact
core jet length from the numerical predictions with measurements
from the literature due to the interaction of the jet and the hot
and highly turbulent combustion chamber gases.

The addition of the co-axial gas flow results in an increase in
the jet length and a higher velocity of the liquid jet. The liquid jet
in Fig. 8(a) and (b) shows a velocity not exceeding 20 m/s, while
Figs. 8(c), (d), (e) and (f) show the liquid jet velocity well exceed-
ing 30my/s. The higher jet velocity allows for the liquid jet, liga-
ments and the droplets formed to overcome the smaller region of
back flow within the combustion chamber more readily. The mech-
anism behind the primary breakup of liquid jets in co-axial gas
flow has been well documented within the primary breakup liter-
ature. Surface perturbations are formed on the interface between
the liquid and gas by primary shear instability. Surface perturba-

Table 2
Mean and standard deviation of log normal dis-
tribution for droplet diameter.

We Meanln (um)  Standard Deviation

100  2.8982 0.32
180  2.9331 0.30
415  2.9683 0.30

tions are stretched into ligaments due to the relative velocity dif-
ference between the two fluids. As the ligaments are accelerated,
support from the bulk liquid is diminished and the ligaments elon-
gate. The surface of the ligaments are continually subject to strong
accelerating forces from the gas jet leading toacknnnnnn Rayleigh-
Taylor instabilities. As the Rayleigh-Taylor waves amplify the liga-
ments, they break off the main jet forming a droplet.

Fig. 9(a), (b) and (c) show droplet diameter distributions for
droplets that form from the primary breakup of the liquid jet
at the Weber numbers of 100, 185 and 415 respectively. It can
be seen that the droplet diameter distributions at the three We-
ber numbers follow a log normal distribution. It is reported by
(Kazuya et al., 2004) that log-normal distributions are typically
seen within primary breakup. There is a peak frequency at a di-
ameter and as the droplet diameter decreases from the peak value
the frequency of the droplets decreases. A cut-off diameter is seen
at a diameter smaller than the peak value as surface tension forces
prevent the formation of smaller droplets. Table 2 shows the mean
and standard deviation of the log-normal distributions from the
histograms in Fig. 9. It can be seen from table 2 that at the We-
ber numbers considered that there is little variation in the mean
and standard deviation of the droplet diameters.

Experimental observations and measurements within the com-
bustion chamber are very limited due to lack of optical access
within the combustion chamber. Therefore, experimental measure-
ments taken at similar Weber numbers, liquid injector diameter
and co-flow velocity can allow for an understanding if the numer-
ical values are in a range similar to that expected. Fig. 10 com-
pares the Sauter mean diameter (SMD) for the droplets from pri-
mary breakup compared with the experimental measurements of
(Varga et al,, 2003). It can be seen from Fig. 10 that the droplet
diameters predicted within this study match up very well to
those measured by Varga et al. through phase-doppler anemom-
etry (PDA) at Weber numbers of 180 and 415; however, there is a
small underprediction in the droplet SMD at the Weber number of
100. The measurements taken by Varga et al. considered co-axial
injection of liquid and gas flow where both phases travel in the
same direction. For the case of where the liquid jet Weber corre-
sponds to 100 there is no co-flow with the liquid injection. The
gas flow is in the direction opposing the liquid injection. Hence,
this may have some effect on the mean diameter which leads to
the small under-prediction witnessed.

Droplets with a higher velocity will be able to more readily
overcome the backflow region in the combustion chamber due to
their greater momentum. Fig. 11 shows the relationship between
the droplet diameter and the droplet velocity from droplets formed
from the primary breakup of the liquid column at Weber numbers
of 100, 180 and 415. It can be seen that as the Weber number in-
creases the droplet velocity increases. With a higher co-flow ve-
locity greater momentum is transferred to the liquid from the gas
allowing for the droplets to obtain a higher velocity. It can also be
seen in Fig. 11 that as the droplet diameter increases the veloc-
ity of the droplets decrease. The decay takes an exponential form
for all the Weber numbers considered. The distributions shown in
Fig. 11 can be represented by Eq. (19), where a, b and c are coeffi-
cients that are fitted to the data for the three Weber numbers. The
equation is based on an exponential curve using MATLAB’s curve
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fitting toolbox. The three curves at the different Weber numbers
take a similar exponential form. As can be seen, the decay constant
‘b’ is similar for all three cases taking a value of around 2.0. This
would indicate that it is independent of the Weber number. The
vertical shift in curves appears a function of Weber number and
is controlled by parameter ‘c’. Therefore, the addition of a co-flow
gas injection provides a benefit of a smaller backflow region and
a higher velocity for droplets. Both of which will reduce clogging
within the combustion chamber.

up=axdy " +c (19)

Fig. 12 shows the liquid column and the droplets within the
combustion chamber at Weber numbers of 100, 180 and 415. It
can be seen from Fig. 12 that the higher droplet velocity results
in a reduction in the number of droplets that are trapped within
the recirculation zones around the liquid column. This will in turn
will aide in the prevention of clogging of suspension within the
combustion chamber as fewer droplets are trapped within recircu-
lation zones within the combustion chamber and therefore, solids
within the suspension are less likely to deposit onto the combus-
tion chamber walls.

The droplet Weber number can determine the mode of sec-
ondary breakup of the droplets and hence the droplet We-
ber number subsequent to primary breakup has been evaluated.
Fig. 13 shows the effect of co-flow velocity on the Weber number
of droplets produced from primary breakup. The droplet diameter
distribution in Fig. 9 is used to determine the Weber numbers. It
can be seen from Fig. 13(a), (b) and (c) that as the co-flow velocity
increases the spread of droplet Weber numbers increases. In addi-
tion to this the distribution of Weber numbers shifts slightly to-
wards the right where droplets occupy a higher Weber number at
a higher co-flow velocity. The mode of secondary breakup will be
different as the co-flow velocities increases. With no co-flow the
droplets have a very low Weber number and hence the mode of
secondary breakup will be dominated by vibrational breakup and
bag breakup. While for a 200m/s co-flow velocity the secondary
breakup will be dominated by bag and stamen breakup. Finally, at
a co-flow velocity of 300m/s the mode of secondary breakup will
be dominated by bag and stamen breakup and stripping breakup.

The coupled VOF and DPM has been employed to model the
primary breakup of liquid within the combustion chamber within
SHVOF thermal spray. This hybrid approach provides many advan-
tages over the traditional standalone multiphase models. The hy-
brid VOF and DPM approach allows for significant reduction in
the computational cost over a standalone VOF model. Additionally,
this approach provides considerably higher fidelity than the DPM
model. Within this study the effect of introducing a co-annular in-
jection on the primary breakup and the flow field has been in-
vestigated. The SMD from primary breakup is compared to experi-
mental measurements at the same Weber numbers. The numerical
model is shown to be in good agreement with the experimental
measurements available within the literature.

Conclusion

In summary, this investigation is the first study to employ a
coupled VOF and DPM approach to model the primary breakup
with combustion for a real world engineering application. This
study has investigated the effect of using a gas co-flow injection
to inject the liquid into the combustion chamber and has shown:

o The addition of a gas co-flow results in a smaller region of
backflow. Small suspension droplets with insufficient momen-
tum are unable to overcome the backflow and deposit them-
selves onto the wall of the combustion chamber. The deposition
of the particles on the walls is likely to be a cause of clogging
of nozzles often seen in SHVOF thermal spray.

o The addition of a gas co-flow results in a significantly higher
velocity for the droplets formed during primary breakup. The
greater droplet velocity allows for small droplets to overcome
the small backflow region near the liquid injection.

The droplet diameter distributions from the primary breakup
have been obtained which follow a log normal distribution.

e The Sauter mean diameter (SMD) is compared to experimen-
tal measurements available within the literature for the same
Weber numbers and it is seen that the SMD predicted from
the numerical model match closely to experimental data within
the literature that is obtained using phase-doppler anemometry
(PDA).

A correlation for the relationship between the droplet diameter
and the velocity during the primary breakup of the liquid jet
has been established.

The work presented in this paper uses high-fidelity scale resolv-
ing LES and employs the VOF model for primary breakup cou-
pled with DPM for the smallest scales. This is combined with
a combustion model for the first time. It provides a significant
enhancement over standalone DPM that has been traditionally
used for this application.

Declaration of Competing Interest

None.

CRediT authorship contribution statement

S. Chadha: Conceptualization, Methodology, Software, Valida-
tion, Formal analysis, Investigation, Writing - original draft, Visual-
ization. R. Jefferson-Loveday: Conceptualization, Methodology, Re-
sources, Writing - review & editing, Supervision, Project admin-
istration. T. Hussain: Conceptualization, Methodology, Resources,
Writing - review & editing, Supervision, Project administration,
Funding acquisition.

Acknowledgements

This work was supported by the Engineering and Physical Sci-
ences Research Council [EP/N50970X/1]. Access to high perfor-
mance computing resources provided by the University of Notting-
ham and HPC midlands plus is gratefully acknowledged.

References

Adeniyi, A.A,, Morvan, H.P, Simmons, KA., 2017. A coupled Euler-Lagrange CFD
modelling of droplets-to-film, 121, 1897-1918.

Ansys Inc, 2019. ANSYS Fluent v19 R1 Theory Guide, Knowledge Creation Diffusion
Utilization.

Bémer, D., Régnier, R., Morele, Y., Grippari, F.,, Appert-Collin, ].C., Thomas, D., 2013.
Study of clogging and cleaning cycles of a pleated cartridge filter used in a ther-
mal spraying process to filter ultrafine particles. Powder Technol. 234, 1-6.

Capecelatro, J., Desjardins, O., 2013. An Euler-Lagrange strategy for simulating parti-
cle-laden flows. J. Comput. Phys. 238, 1-31.

Chadha, S., Jefferson-Loveday, R., Hussain, T., 2020. Modelling Knudsen number ef-
fects in suspension high velocity oxy fuel thermal spray. Int. J. Heat Mass Transf.
152, 119454.

Chadha, S., Jefferson-Loveday, R., Hussain, T., 2019a. Effect of nozzle geometry on
the gas dynamics and evaporation rates of Suspension High Velocity Oxy Fuel
(SHVOF) thermal spray: a numerical investigation. Surf. Coatings Technol. 371,
78-89.

Chadha, S., Jefferson-Loveday, R., Venturi, F., Hussain, T., 2019b. A Computational
and Experimental Investigation into Radial Injection for Suspension High Veloc-
ity Oxy-Fuel (SHVOF) Thermal Spray. J. Therm. Spray Technol. 28, 1126-1145.

Crowe, CT., 1967. Drag coefficient of particles in a rocket nozzle. AIAA ] 5,
1021-1022.

Delteil, ]J., Vincent, S., Erriguible, A., Subra-Paternault, P., 2011. Numerical investi-
gations in Rayleigh breakup of round liquid jets with VOF methods. Comput.
Fluids 50, 10-23.

Dongmo, Esther, Gadow, R., Killinger, A., Wenzelburger, M., 2009a. Modeling of com-
bustion as well as heat, mass, and momentum transfer during thermal spraying
by HVOF and HVSFS. ]. Therm. Spray Technol. 18, 896-908.


http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0002
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0003
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0003
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0003
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0003
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0003
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0003
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0003
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0004
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0004
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0004
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0005
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0005
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0005
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0005
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0006
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0006
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0006
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0006
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0007
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0007
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0007
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0007
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0007
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0008
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0008
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0009
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0009
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0009
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0009
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0009
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0010
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0010
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0010
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0010
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0010

S. Chadha, R. Jefferson-Loveday and T. Hussain/International Journal of Multiphase Flow 133 (2020) 103445 15

Dongmo, E., Killinger, A., Wenzelburger, M., Gadow, R., 2009b. Numerical approach
and optimization of the combustion and gas dynamics in High Velocity Suspen-
sion Flame Spraying (HVSFS). Surf. Coatings Technol. 203, 2139-2145.

Farzaneh, M., Sasic, S., Almstedt, A.E., Johnsson, F,, Pallarés, D., 2011. A novel multi-
grid technique for Lagrangian modeling of fuel mixing in fluidized beds. Chem.
Eng. Sci. 66, 5628-5637.

Gerhardter, H., Knoll, M., Prieler, R, Landfahrer, M., Miihlbéck, M., Tomazic, P,
Hochenauer, C., 2019. Determining the heating characteristics of non-spherical
particles in combusting flows. Appl. Therm. Eng. 151, 124-133.

Ghiji, M., Goldsworthy, L., Brandner, PA., Garaniya, V., Hield, P, 2017. Analysis of
diesel spray dynamics using a compressible Eulerian/VOF/LES model and mi-
croscopic shadowgraphy. Fuel 188, 352-366.

Gozali, E., Mahrukh, M., Gu, S., Kamnis, S., 2014. Numerical analysis of multicompo-
nent suspension droplets in high-velocity flame spray process. J. Therm. Spray
Technol.

Grosshans, H., Szdsz, R.-.Z., Fuchs, L., 2011. 7th International Symposium on Turbu-
lence and Shear Flow Phenomena. pp. 1-6.

Hoyas, S., Gil, A., Margot, X., Khuong-Anh, D., Ravet, F, 2013. Evaluation of the Eule-
rian-Lagrangian Spray Atomization (ELSA) model in spray simulations: 2D cases.
Math. Comput. Model. 57, 1686-1693.

Jadidi, M., Moghtadernejad, S., Dolatabadi, A., 2016. Numerical Modeling of Suspen-
sion HVOF Spray. ]. Therm. Spray Technol. 25, 451-464.

Jadidi, M., Yeganeh, A.Z., Dolatabadi, A., 2018. Numerical Study of Suspension HVOF
Spray and Particle Behavior Near Flat and Cylindrical Substrates. ]. Therm. Spray
Technol. 27, 59-72.

Jafari, H., Emami, S., Mahmoudi, Y., 2017. Numerical investigation of dual-stage high
velocity oxy-fuel (HVOF) thermal spray process: a study on nozzle geometrical
parameters. Appl. Therm. Eng. 111, 745-758.

Kazuya, S., Seiichi, K., Yoshiaki, O., 2004. Numerical Analysis of Jet Breakup Behavior
Using Particle Method. J. Nucl. Sci. Technol. 41, 715-722.

Kim, D., Desjardins, O., Herrmann, M., Moin, P, 2007. The Primary Breakup of a
Round Liquid Jet by a Coaxial Flow of Gas Chicago.

Kim, D., Ham, F, Le, H,, Herrmann, M., Li, X, Soteriou, M.C,, Kim, W., 2014. High-
Fidelity Simulation of Atomization in a Gas Turbine Injector High Shear Nozzle,
in: annual Conference on Liquid Atomization and Spray Systems. pp. 1-10.

Link, J.M., Cuypers, LA. Deen, N.G., Kuipers, J.AM., 2005. Flow regimes in a
spout-fluid bed: a combined experimental and simulation study. Chem. Eng. Sci.
60, 3425-3442.

Murray, JW., Ang, A.S.M., Pala, Z., Shaw, E.C.,, Hussain, T., 2016. Suspension High
Velocity Oxy-Fuel (SHVOF)-Sprayed Alumina Coatings: microstructure, Nanoin-
dentation and Wear. J. Therm. Spray Technol 25, 170.-1710.

Pai, M., Bermejo-Moreno, 1., Desjardins, O., Pitsch, H., 2009. Role of Weber number
in the primary breakup of liquid jets in crossflow. Center Turbul. Res..

Sekar, J., Rao, A., Pillutla, S., Danis, A., Hsieh, S.Y., 2014. Liquid jet in cross flow mod-
eling, in: proceedings of the ASME Turbo Expo. Am. Soc. Mech. Eng. (ASME).
Shinjo, J., Umemura, A., 2019. Fluid dynamic and autoignition characteristics of early

fuel sprays using hybrid atomization LES. Combust. Flame 203, 313-333.

Srinivasan, V., Salazar, AJ., Saito, K., 2011. Modeling the disintegration of modu-
lated liquid jets using volume-of-fluid (VOF) methodology. Appl. Math. Model.
35, 3710-3730.

Tian, X.-.S., Zhao, H., Liu, H.-F, Li, W.-F, Xu, J.-.L,, 2015. Three-dimensional large
eddy simulation of round liquid jet primary breakup in coaxial gas flow using
the VOF method. Fuel Process. Technol. 131, 396-402.

Tomar, G., Fuster, D., Zaleski, S., Popinet, S., 2010. Multiscale simulations of primary
atomization. Comput. Fluids 39, 1864-1874.

Umemura, A., 2016. Turbulent atomization subgrid model for two-phase flow large
eddy simulation (theoretical development). Combust. Flame 165, 154-176.

Varga, C.M., Lasheras, J.C., Hopfinger, E.J., 2003. Initial breakup of a small-diameter
liquid jet by a high-speed gas stream. J. Fluid Mech. 497, 405-434.

Xiao, F, Dianat, M., McGuirk, JJ., 2014. LES of turbulent liquid jet primary breakup
in turbulent coaxial air flow. Int. J. Multiph. Flow 60, 103-118.

Xiao, F, Wang, Z.G., Sun, M.B,, Liang, J.H., Liu, N., 2016. Large eddy simulation of
liquid jet primary breakup in supersonic air crossflow. Int. J. Multiph. Flow 87,
229-240.

Zhang, J., Li, T,, Strom, H., Levas, T., 2020. Grid-independent Eulerian-Lagrangian ap-
proaches for simulations of solid fuel particle combustion. Chem. Eng. ]. 387,
123964.


http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0011
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0011
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0011
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0011
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0011
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0012
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0012
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0012
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0012
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0012
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0012
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0013
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0013
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0013
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0013
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0013
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0013
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0013
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0013
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0014
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0014
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0014
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0014
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0014
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0014
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0015
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0015
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0015
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0015
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0015
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0016
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0016
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0016
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0016
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0018
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0018
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0018
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0018
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0018
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0018
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0019
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0019
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0019
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0019
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0020
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0020
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0020
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0020
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0017
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0017
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0017
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0017
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0021
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0021
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0021
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0021
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0022
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0022
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0022
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0022
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0022
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0023
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0023
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0023
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0023
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0023
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0023
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0023
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0023
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0024
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0024
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0024
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0024
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0024
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0025
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0025
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0025
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0025
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0025
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0025
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0026
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0026
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0026
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0026
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0026
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0027
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0027
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0027
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0027
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0027
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0027
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0028
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0028
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0028
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0029
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0029
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0029
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0029
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0030
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0030
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0030
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0030
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0030
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0030
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0031
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0031
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0031
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0031
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0031
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0032
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0032
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0033
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0033
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0033
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0033
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0034
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0034
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0034
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0034
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0035
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0035
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0035
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0035
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0035
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0035
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0036
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0036
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0036
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0036
http://refhub.elsevier.com/S0301-9322(20)30555-3/sbref0036

	A high-fidelity simulation of the primary breakup within suspension high velocity oxy fuel thermal spray using a coupled volume of fluid and discrete phase model
	Introduction
	Numerical modelling
	Results and discussion
	Effect of co-flow on the gas velocity and temperature within the combustion chamber
	Mesh requirements for coupled VOF and DPM breakup modelling
	Effect of the co-flow on the primary breakup

	Conclusion
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	References


