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Over the last decade the interest in thick nano-structured layers has been increasingly growing. Several new
applications, including nanostructured thermoelectric coatings, thermally sprayed photovoltaic systems and
solid oxide fuel cells, require reduction of micro-cracking, resistance to thermal shock and/or controlled po-
rosity. The high velocity suspension flame spray (HVSFS) is a promising method to prepare advanced mate-
rials from nano-sized particles with unique properties. However, compared to the conventional thermal
spray, HVSFS is by far more complex and difficult to control because the liquid feedstock phase undergoes
aerodynamic break up and vaporization. The effects of suspension droplet size, injection velocity and mass
flow rate were parametrically studied and the results were compared for axial, transverse and external injec-
tion. The model consists of several sub-models that include pre-mixed combustion of propane-oxygen,
non-premixed ethanol–oxygen combustion, modeling aerodynamic droplet break-up and evaporation, heat
and mass transfer between liquid droplets and gas phase. Thereby, the models are giving a detailed descrip-
tion of the relevant set of parameters and suggest a set of optimum spray conditions serving as a fundamental
reference to further develop the technology.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the use of liquid feedstock as carrier of nano-sized
powders (b100 nm) in thermal spray processes has been started as
an outstanding vehicle for the deposition of submicron-sized particles
[1–3]. The consistently high level of interest in the field of suspension
thermal spraying (STS) and solution precursor thermal spraying (SPTS)
is reflected by the number of reviewpapers published [4–8]. In fact, coat-
ings made of nano-particles have shown outstanding characteristics in a
vast range of applications, I.e., aerospace, turbomachinery blades, ma-
chining, etc. Among improved advantages of nano-sized coatings are
better corrosion protection, augmentation of composite strength [9],
fire protection, water resistance [10], and high endurance [11]. Liquid
spray in general could offer unprecedented opportunities in designing
and fabricating increasingly complex material architectures with con-
trolled and hierarchical microstructures. Recent examples include the
fabrication of thermoelectric modules and solar cells made from ther-
mally sprayed silicon wafers.

One of the major challenges in processing nano-meter sized parti-
cles by high velocity thermal spraying is their precise injection into
the core of the high-enthalpy flow. As such, decreasing the particle
average size down to the nanometer scale requires a significantly
higher injection force equal to that imparted to them by the flow. In

turn, the increased cold carrier gas flow rate requirement disrupts the
high-enthalpyflow [12,13]. A first option to circumvent such a drawback
is to agglomerate nanometer-sized particles into micrometer-sized ag-
glomerates and to inject themusing a conventional route based on carrier
gas [14]. Evidently, the lower density and lower thermal conductivity of
those particles has to be taken into account when adjusting the torch op-
erating parameters since heat is diffused slower within such agglomerat-
ed particles compared to the fully dense particles of the same diameter.
Although particle handling is easier, another disadvantage of such an ap-
proach is that the coating does not exhibit a complete nano-mater-sized
structure. To overcome the above mentioned problems, suspension of
nano-particles in either aqueous or organic solvent has recently being
employed, which allows using very fine particles for thermal spraying
coatings achieving in this way full coating nanostructure[2,3,12,15–19].

High velocity suspension flame spraying (HVSFS) is based on the
conventional high velocity oxy-fuel (HVOF) thermal spraying process
andwas developedwith the aim of spraying submicron or nanoparticles
suspensions with hypersonic speed to deposit thin and very dense coat-
ings achieved through experimental studies [2,3,19–21]. HVSFS uses a
liquid solvent as carrier fluid to process nano-scale materials, in which
the coatingmaterial is in the form of a suspension. A suspension is a het-
erogeneous mixture containing solid particles and a solution or solvent
(water, ethanol, or isopropanol) [18]. When the suspension is made of
water, poor coatings are obtained due to insufficient flame enthalpy.
Much better results are obtained with ethanol, but even a low percent-
age of water in ethanol drastically cools the flame. Injecting combustible
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liquids raises the combustion chamber pressure, resulting in instabilities
in the acetylene flow (acetylene–oxygen giving the highest combustion
temperature). Thus propane and ethane are used [21] to achieve stable
flames with the Top-Gun system while Oberste-Berghaus et al. [20]
have chosen propylene with the DJ2700 system.

There are, however, very limited numbers of numerical studies in
the literature about HVSFS process since most of the work undertaken
to date in this field is mostly focused on plasma and HVOF spraying
processes. To best of our knowledge, there is only one numerical in-
vestigation of HVSFS process conducted by Dongmo et al. [22]. The
work is 3D modeling and analysis of the combustion and gas dynamic
phenomena of the HVSFS process, including the modeling of ethanol
evaporation and analysis of the interaction mechanisms between gas
and liquid aswell as between gas and particles, performed at the exam-
ple of an industrial TopGun-G torch. An Eulerian approach is used to
solve the thermal and flow fields of gas while the particle trajectory is
modeled in a Lagrangian fashion. The turbulence model is the k-ε and
the eddy dissipation and the finite rate chemistry models are used to
solve pre-mixed propane/oxygen and non-premixed ethanol/oxygen
combustions respectively. A liquid evaporation model is employed to
predict heat and mass transfer between two phases. The model uses
two mass transfer correlations depending on whether the droplet is
above or below the boiling point. The boiling point is determined
through an Antoine equation which is a vapor pressure equation that
describes the relation between vapor pressure and temperature for
pure components. Finally, it is mentioned that particle break up is
modeled using the Blobmethod for disperse droplets and ETAPmethod
for disperse solids according to Weber and Reynolds number of each
particle. The results of modeling showed that the ethanol evaporation
and combustion take place in the barrel of the gun lead to highly cooling
the gas temperature and disturb the energy balance. Ideally cooling of
the gas temperature should be minimized to a very little amount and
occur inside a combustion chamber to contribute the enthalpy of com-
bustion and not imbalance the thermal andflowfields ofHVSFSprocess.
However, this study does not analyze the secondary break up of liquid
droplets, which is found in the present work to play an important
role. Furthermore the evaporation effects on gas dynamics are not
examined thoroughly. Compressibility effect and shock diamonds are
not captured outside the gun and only axial injection scheme is used
for the analysis of droplet injection.

HVSFS process compared to HVOF is more complex. The chemical,
thermal, thermophysical, and morphological states of the suspension
and particles during the process ultimately determine the coating
microstructure and its macroscopic properties. Parameters such as
droplet size, injection velocity, the location of solution evaporation
and initial combustion, mass flow rate of liquid feedstock, location
of injection point, flame temperature and velocity fields in the com-
bustion chamber and expansion nozzle can all have significant influ-
ence on the final outcome in terms of the coating structure and its
properties.

This paper, therefore, primarily aims to deepen the knowledge on
suchmultidisciplinary process and to address current drawbacks mainly
due to cooling effects and reduction of the overall performance of the
spray torch. The detailed parametric study includesmodeling and analy-
sis of premixed (propane/oxygen) combustion and gas flow dynamics of
HVSFS process, modeling of secondary non-premixed (ethanol/oxygen)
combustion, analysis of the interaction mechanism between gas and
liquid droplet including fragmentation (secondary break-up), vaporiza-
tion and finally analysis of the droplet injection point (axially, trans-
versely, and externally), at the example of an industrial DJ2700 torch
(Sulzer-Metco, Wohlen, Swizerland). In fact, this parametric study aims
to explore the optimum parameters for HVSFS process and provide sup-
plementary data to address the cooling effects observed byDongmo et al.
[22]. In addition useful conclusions are drawn from the analysis of
different injection schemes previously unavailable in open literature.
This study is based on and continues the numerical analysis of the

conventional HVOF thermal spray process as described in author’s ear-
lier work [23,24].

Extensive validation of the combustion, discrete phase and flow
model has been performed in earlier studies and therefore for brevity
is not repeated here. The employed turbulent, combustion and spray
models have been vigorously tested against experimental data, respec-
tively, in the open literature and have demonstrated accurate predic-
tions [23–27]. Thorough validation of the developed discrete phase
break up sub-model employed in this study can be found in [27,28].

2. Model description

In the HVSFS system shown in Fig. 1 (HVOF torchwas a SulzerMetco
DJ2700 Diamond Jet), premixed propane and oxygen are injected into
the combustion chamber through annular inlet holes. The hot gas accel-
erates down through the nozzle which contains a convergent–divergent
session. The coatingmaterial in the formof particles of size 30 to 200 nm,
which is dispersed in organic solvent (ethanol), is injected into themain
gas flow. The suspension spray then travels in the high temperature flow
region, and its liquid part, evaporates and combusts along its trajectory.
The remaining solid part of the spray which usually appears as fine ag-
glomerates of nano-particles is accelerated and deposited on a substrate.
The homogeneous liquid ethanol droplets are injected axially, trans-
versely, and externally through an inlet as depicted in Fig. 1. For barrel
and external positions, droplets are injected vertically. Theworking con-
ditions for the simulation are summarized in Table 1.

The ethanol droplets after being injected into the HVSFS flame jet
undergo several processes taking place simultaneously. The first is the
aerodynamic break-up as the slowmoving droplets are entrained into
the high velocity jet and as they accelerate in the high velocity gas
stream. Depending on their size and thermophysical properties of
the liquid and the surrounding gas, droplets can undergo severe de-
formation and eventually break up into smaller droplets. To have a
good understanding of the liquid spraying process, it is of fundamen-
tal importance to examine the physical break-up process instead of
correlating the gas dynamics with droplet fragmentation indirectly.
Although this study is intended to shed light on the importance of
ethanol atomization process, the resulted droplet diameter distribution
prior to injection are out of scope of this paper (primary break-up). The
history of suspension droplets is computed with a Lagrangian formula-
tion where the finite inter-phase transport rates and effects of turbu-
lence interactions between the droplet and gas phases are considered.
By using this treatment the evaporation history and temperature
change for droplets can be calculated during the second process of
heat exchange between the gaseous and liquid phases. The third pro-
cess is the two phase combustion where ethanol vapors chemically
react with the remaining oxygen from the primary propane-oxygen
combustion. Finally, the subsequent gas flow pattern is detailed from
the coupled set of equations described in the following section.

The conditions under which each droplet has a set of equations are:

1. The liquid droplet and oxygen gas phases have their own initial
continuous velocity and temperature and co-exist at each location.

2. Liquid phase has its own turbulent fluctuations that result in turbu-
lent droplet transport of mass, momentum and energy. The random
effects of turbulence on the particlemotion are counted by integrating
the individual particle trajectorywith the instantaneous fluid velocity.

3. The dissolved powder content is not included in this study and will
be examined in a future paper. Although, the rate of evaporation
and break of homogeneous ethanol spray might be different from
the evaporation of suspension spray, it is assumed that the nano-
particle loading is relatively low for this particular process.

Thefirst part ofmodel simulates the temperature and velocityfields of
an HVSFS flame jet. The realizable k-ε model was used for modeling the
turbulence in the jet, including compressibility effects. Both pre-mixed
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