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Abstract The dynamic properties and thermal history of
Fe40Al at.% intermetallic particles have been estimated.
The parameters of the gas detonation process for the
investigated mixture have been calculated using thermo-
chemical code, and the motion parameters as well as
thermal history of the analyzed powder particles have been
assessed using computational fluid dynamics software and
self-developed algorithms. The appropriate models allowed
for determination of the melted volume (mass) fraction of a
certain analyzed single particle, which is dependent on a
particle diameter ranging from 10 to 160 um. The results
show that only particles with a diameter lower than 80 pm
melt under the investigated conditions. Moreover, the
estimated radial distribution of the temperature inside the
particle is almost homogenous due to relatively high FeAl
thermal conductivity and relatively low thermal conduc-
tance of the surface heat transfer. The calculated final

This article is an invited paper selected from presentations at the 2018
International Thermal Spray Conference, held May 7-10, 2018, in
Orlando, Florida, USA, and has been expanded from the original
presentation.

P< Bartosz Fikus
bartosz.fikus@wat.edu.pl

Cezary Senderowski
cezary.senderowski @uwm.edu.pl

Andrzej J. Panas
andrzej.panas @itwl.pl
Faculty of Mechatronics and Aerospace, Military University

of Technology, Warsaw, Poland

Department of Materials Technology and Machinery,
University of Warmia and Mazury, Olsztyn, Poland

Department of Aircraft and Helicopters, Air Force Institute of
Technology, Warsaw, Poland

@ Springer

velocity of particles has been referred to some experi-
mental and literature data from previous studies by other
researchers, and the results were found to be in agreement.

Keywords CFD - FeAl intermetallic powder - gas
detonation spraying - numerical hybrid modeling - particle

dynamics - particle thermal history - thermochemical code
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Ahmelt
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Right eigenvector for the linearized Jacobian
matrix

Molar mass of gas

Molar mass of ith component of gas
Number of gaseous components

Nusselt number for particle

Pressure

Prandtl number

Density of heat flux

Radial coordinate

Radial coordinate of wall surface
Individual gas constant

Energy source due to the chemical reaction
Source of chemical species i

Molar reaction rate

Reynolds number

Spraying distance

Time

Gas temperature

Barrel temperature

Particle material temperature

Particle surface temperature

Vector of conserved variables

Gas velocity

Particle velocity

Component of gas velocity vector parallel to
the boundary surface

Component of gas velocity vector
perpendicular to the boundary surface
Radial component of gas velocity

Axial component of gas velocity

Axial coordinate

Axial coordinate of powder injection point
Axial coordinate of wall surface
Concentration of the species i

Molar fraction

Melting enthalpy

Model rectangular melting peak/solidification
peak width

Temperature exponent in the Arrhenius law
Wave strength

Heat transfer coefficient

Particle surface emissivity

Rate exponent for reactant

Thermal conductivity of gas

ith Eigenvalue of the linearized Jacobian
matrix

Thermal conductivity of particle material
Dynamic viscosity of gas

Dynamic viscosity of ith species
Stoichiometric coefficients for ith reactant
Gas density

Pp Particle material density
o Stefan—-Boltzman constant

Selected Subscripts
mel Melted state
sol  Solid state

Introduction

Theoretical estimation of motion dynamics and the tem-
perature history of powder particles during gas detonation
spraying (GDS) is a crucial issue in adjustment of the GDS
process parameters to powder particle size distribution and
particle material physical properties in view of the required
coating properties. As shown in (Ref 1, 2), the appropriate
analyses involve problems characterized by coupling of
mechanical and thermodynamic phenomena. This state of
matter seriously limits the availability of analytical solu-
tions and hinders developments of general models
describing the investigated problem. Variety of parameters
of spraying system and diversity of applicable powder
materials, which differ in values of thermophysical and
mechanical parameters describing the behavior of possible
media during spraying process, result in the need to ana-
lyze every single case individually. Some of the first
reports in this domain were provided in papers by Kadyrov
(Ref 3, 4) and Ramadan and Butler (Ref 5, 6). In publi-
cation (Ref 3), which was based on simplified analytical
model of detonation, E. Kadyrov and V. Kadyrov investi-
gated the process of propulsion of powder particles. The
authors estimated the muzzle velocity of powder particles,
using a simple one-dimensional detonation model for the
explosive gas mixture. Furthermore, this approach required
the application of numerical integration of the differential
equation of motion for a particle. The analytical model was
developed in order to describe the detonation process in the
barrel. Consequently, making use of numerical schemes,
the thermal interaction between powder and gaseous
medium has been investigated (Ref 4). In both cases, the
authors (Ref 3, 4) used a one-dimensional model and their
considerations were limited to motion of the powder—gas
mixture only in the barrel. In order to reduce the effects of
these drawbacks, the authors of (Ref 5, 6) proposed a two-
dimensional numerical model which allowed for consid-
erations of additional effects, for example, particle inter-
action with reflected waves and the motion and thermal
interaction of powder in the external conditions.

In the analyzed case of pulsed detonation, the flow is
unsteady. As shown in Ref 5, during the spraying process,
the moving powder particle faces with significant changes
of thermodynamic and mechanical parameters of
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surrounding gas (Ref 5). The shock wave spreading from
the barrel outlet reflects from the flat rigid substrate sur-
face. Because the wave is spherical outside the barrel, its
intensity decreases proportionally to the square of the
distance covered. The reflected shock wave from the sub-
strate dies out extremely fast. Thus, micron-sized particles
used in the GDS process do not encounter these shock
wave transients (Ref 5, 6). As proven by Sova et al. (Ref 7),
the GDS technique is characterized by higher complexity
level in comparison with another spraying methods. This
results in much more difficult theoretical description of
phenomena during powder propulsion and structure for-
mation. This problem was additionally described in
experimental and theoretical papers (Ref 8-10), where
authors underlined the complexity of the technique and
necessity of individual approach to the GDS spraying
problem. In accordance with cited sources, for so fast and
highly non-equilibrium process, it is extremely difficult to
identify and describe all the phenomena shaping the
spraying process and defining its results.

Regarding the need for an individual approach for every
single GDS problem, a methodology of a hybrid numerical
analysis was elaborated and applied for a certain GDS case
of intermetallic Fe40Al at.% particles. The applied
methodology is based on approaches proposed by Kadyrov
and Ramadan (Ref 3-6). Similar to those analyses, a one-
way coupling between solid and gaseous phases was
applied. In contrast to previous ones, the present analysis
also accounts for heat conduction inside Fe40Al at.%
particles, which additionally extend the applicability of the
model. For a problem solution, a thermochemical code and
commercial CFD software were applied. Eventually, the
methodology was applied for determination of the terminal
state of intermetallic Fe40Al at.% powder particles under
certain experimental conditions, in which not only the
particle velocity and temperature are sought, but also the
different size of particles, which remain in solid state
during coating formation once the substrate material is
impacted.

These results are necessary as the initial conditions for
simulations of terminal ballistics processes occurring dur-
ing interaction of heated particles with the sprayed surface.

The Fe—Al phase equilibrium system shows that the
high-temperature FeAl phase solution (the composition of
which is very close to stoichiometric) is resistant to the
temperature of 1310 °C (Ref 1). This fact is highly
important because in view of lack of the feedstock material
melting in the GDS process, the GDS produced coating can
preserve the phase structure and the chemical composition
of the FeAl powder used at a great extent. Thus, the fun-
damental problem when designing the GDS process is to
select and apply spraying parameters ensuring that the

@ Springer

intermetallic particles of powder feedstock will retain solid
but with a substantially decreased Young modulus value.

Physical and Mathematical Model of the Problem
Physical Model of the Problem

Similar to Ref 5 and 6, in the present study, the whole
model consists of four main modeled elements (Fig. 1): a
barrel filled with explosive gas mixture, substrate (sprayed
surface), the surrounding air and powder particles injected
into the barrel at the powder injection point (PIP). Taking
into account the geometry of the whole system, it seems to
be reasonable to conduct numerical experiments using a 2D
axisymmetric model.

In the presented investigations, the reactant propane—
oxygen—air mixture was considered. The volume fractions
of reactants were as follows: propane: 0.202 and oxygen:
0.685. The barrel length was equal to 590 mm and was
characterized by interior diameter of 23 mm. The PIP was
located 275 mm from the barrel bottom.

The whole analysis was restricted to one single cycle of
gas detonation and particle propulsion. At the initial time
of t = 0, the detonation process is initialized on the bottom
of the barrel (at the axial coordinate x = 0). The detonation
wave propagates through the barrel, and the products of
detonation drive the powder particles. The crucial stage of
propulsion takes place in the interval of gas outflow from
the barrel, so it is necessary to investigate this process. At
present analysis, it was assumed that the ignition occurs
within the high-temperature region and the chemical
reaction spreads outside from there. The total particle sizes
range from dy,, = 10 pm to dphax = 160 pm. The particle
calculations were started at the same time and location for
different particle sizes (10, 20, 40 60, 80, 100, 120, 160

< > +——>|

Fig. 1 Scheme of gas detonation spraying system (1—detonation
initiation point, 2—barrel, 3—powder particles at powder injection
point, 4—explosive gas mixture, 5—air surrounding spraying system,
6—substrate 7—axis of the symmetry of the barrel, BL—barrel
length, SD—spraying distance, XPIP—distance between powder
injection point and the barrel bottom)
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microns), and the simulation was terminated when the
largest particle reached the coated surface.

Mathematical Formulation of the Problem

Taking into account the assumed axial symmetry of the
considered problem, the gas dynamics are described by the
equations of conservation of mass, momentum and energy,
which can be written in the following form (Ref 11):mass
continuity equation:

a_p + o(pvx) , O(pvr) | pvr

ot o o Tr 0 (Ea 1)
equations of species transport:
0pYi  0(Yipvy)  0(Yipvi)  Yipw: B
ot + Oox * or * r =R (Eq 2)
momentum equations:
O(pvy) | 10(rpvyve) | 10(rpvivy)
ot ro ox r or
o 10 v, 2 .
‘aﬂax{ <2a—‘§<v'”>>} (Eq 3)
L10[ (o,
ror "M\ or T ax
O(pve) | 10(rpvyvy) | 10(rpvevy)
ot r ox r or
op 10 o, 2 o
BTN {rﬂ@agw'”)]
10 o, On Ve 22U o
+‘a—{ (ar+a )}‘2%*57(“)
(Eq 4)
energy equation:
O(pE -
%+V-(V(0E+p)) =Ry
ov; ve\2 [ Ovy 2
e (340 (2)] &0

n (avx+avr) _gﬂ(la(rvr)_’_%)Z
or 0 3" \r Or Oox

In the above equations, the following denotations were
used: p—gas density, +—time, v,—axial component of gas
velocity, v,—radial component of gas velocity, x—axial
coordinate, r—radial coordinate, Y—concentration of the
species i, R—source term of species i, p—pressure, p—
dynamic viscosity, E—total energy per unit mass, and R,—
the source, which represents the energy source due to the
chemical reaction.

With regard to the low values of pressure of detonation
products in the case of gaseous explosive mixtures (several

megapascals), the equation of state for perfect gas has been
selected (Ref 12):

R
p=ryT (Eq 6)
where R denotes the universal gas constant, T is the tem-
perature, and M,, is the molar mass of gas.

The “reaction term” in Eq 2 represents the kinetics of
chemical reactions in the detonation wave. In the presented
paper, this term is based on the Arrhenius law (Ref 11, 13).
The source of chemical species i generated by chemical
reaction R; is calculated based on molar rates of destruc-

tion/creation of species i:
R; = M,,R; (Eq7)

The molar rate R; is estimated by the following relation:

R = (v] = <kHC" ) (Eq 8)
where
k = AT e E/RT (Eq 8a)

C; denotes the molar concentration of each reactant, 1/ is
the rate exponent for each reactant, f§ is the temperature
exponent in the Arrhenius law, and E, is the energy of
activation.

The coefficients in Eq 8 and 8a have been selected to
adjust the gas parameters at the Chapman—Jouguet (Ch-J)
surface to values obtained from the thermochemical code
TIGER (Ref 1). Taking into account that the parameters of
the detonation wave determine the dynamics of the whole
process, in Table 1, the values of crucial parameters of the

Table 1 Summary of crucial parameters describing the front of the
detonation wave in propane—oxygen—air mixture obtained with
TIGER thermochemical code (Ref 1)

Reactants Products
Symbol Mass fraction, % Symbol Mass fraction, %
CsHg 26.2 H,O 29.8767
0O, 66.5 CcO 44.0411
N, 7.2 H, 1.4390
Ar 0.1 N, 5.6699
Ch—J parameters CO, 9.3105
dchy, M/S 1425 0, 6.1479
D, m/s 2614 NO 3.5111
Uchy, /S 1188 NO, 0.0037
Dchy» MPa 4.444 N,O 0.0000
Tons, K 4461 NH; 0.0002
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wave and the compositions of reactants and products are
summarized.

In the analyzed case, the gas properties are strongly
dependent on temperature. The dependence of temperature
on the dynamic viscosity of applied media was included in
the Sutherland form (Ref 11):

- Cl/,tiTlls

) VT Eq 9
M T o (Eq9)

where the constants C;, and C,, were estimated using
thermophysical tables included in (Ref 1, 14). The value of
dynamic viscosity for a mixture was estimated using the
molar fractions z; and values of viscosity y; for the
respective species:

N
Hmix = Zzi:ui
i=1

For the investigated detonation products, these constants
were Cy, pp=1.7 X 107% and Cy, pp =900. Using a
similar approach, the Sutherland coefficients for approxi-
mation of the thermal conductivity of detonation products
were

(Eq 10)

Cipp = 4 x 1073 and Cypp = 200.

The specific heat of a species was assumed to be dependent
on temperature in the piecewise polynomial form:

cpi =Coi +C1;T+Cy; T* + C3; T + Cy;T* (Eq 11)

where C,,; (m = 0,...,4) are constants for certain tempera-
ture subintervals.

All the boundaries of the computational domain (except
the axis of symmetry) were treated as the walls, which
imposes the nonslip and reflecting boundary conditions for
the problem of gas dynamics. This approach results in
values of components of gas velocity on the boundaries of
computational domain, which can be presented in the fol-
lowing general form:

Vpar (xwallv Twall t) = Oa
(Eq 12)

Vperp (xwalla T'wall s t) =0 ;

where Vperp, Vpar denote perpendicular and parallel (to the
wall surface) components of the gas velocity, Xy and ryay
are the wall coordinates in the cylindrical coordinate
system.

The initial temperature of the investigated media was
assumed to be 300 K except a small region neighboring to
the barrel bottom wall where the detonation begins (see
Fig. 1). The initial components of velocity of media were
imposed to be equal to zero.

The powder particles were assumed to be spherical, and
their diameter varied from 10 to 160 um. As mentioned
before, a one-sided coupling was assumed regarding the
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interaction between the particle and surrounding gas (cf.
also Ref 3-6). This means that only the gas affects the
powder particle behavior. This assumption limits the
applicability of presented model to qualitative analyses
only. It should be noticed that in real spraying conditions,
the powder fulfill coefficient can reach relatively high
values; therefore, the volumetric ratio flow of the particles
is also important to consider whether a flow is dilute (Ref
15). This state of the matter would impose necessity of
application of fully Eulerian two-way coupling to describe
the multiphase flow. The advantage of applied approach is
that it significantly reduces computational cost (computing
time) by enabling implementation of the discrete Lagran-
gian method to describe particle motion, which is equiva-
lent to assumption of no effect of a solid phase flow on the
gas flow. This approach significantly reduces number of
equations describing model of the problem.

During the real GDS process of FeAl powder deposition,
the following proportion was applied for a single cycle:
199 mg of gas and 87 mg of FeAl. Based on the experience
of skilled attendants of the Perun-S gun, apparently only
20-50% of powder is effectively used during the whole
process. This suggests the necessity for application of fully
Eulerian approach to model the multiphase flow which in
consequence leads to the above-mentioned difficulties. One-
way coupling results in overestimation of the critical particle
diameter caused by both kinetic and thermal transport of
energy from detonation flow to the condensed—aerosol
phase. Thus, the performed analysis with application of
discrete Lagrangian modeling of the particle motion, despite
its limitations, resulted in more precise estimation of
parameters of the real GDS process than the data available
before (cf. Ref 1). Moreover, analysis of the obtained results
enabled constructive “criticism” of our predecessors, where
further steps, in numerical analysis of presented problem,
will be concentrated on extension of numerical models. In
Ref 16, a review of models of the interaction of spherical
particles with gaseous media was presented.

Taking into account the obtained results, the following
equation of particle motion was applied:

dv
SRy (V- T) (Eq 13)
t
where
18u CpRe
Fy=—— Eq 1
CT pd2 24 (Eq 13a)
in which
d.o-lv—
Re = %‘H (Eq 13b)

and the commonly used Morsi—Alexander formula (Ref
17, 18)
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a as Ah

Co=ar+_—+-> (Eq 13¢c)  Ac = —omelt Eq 15
Re  Re? C AT ppase (Eq 15)

was utilized for the drag coefficient Cp dependence on the
Reynolds number Re. In the above expressions, v, denotes
the particle velocity, dj, is the diameter, p,, is the density of
the particle material, and a;, a, and a; are constants
available in the literature sources (Ref 17, 18) and sum-
marized in Table 2.

The next part, one of the most important elements of the
whole analysis, is the estimation of the thermal history of
powder particles. During acceleration, particles exchange
heat with surrounding gas detonation products. In condi-
tions of neglected phase transition, regarding low values of
Biot number characterizing the investigated problem, the
lumped parameters model for the particle heating process
would have been successfully applied. Taking into account
possible significant influence of phase transition phe-
nomenon, authors decided to apply distributed parameters
model for heating process. In order to assess the tempera-
ture distribution inside the particle, it is necessary to solve
the Fourier—Kirchhoff equation (Ref 19), complemented
with appropriate initial and boundary conditions, describ-
ing the heat transfer between the gases and particle surface.
Assuming a spherical shape of the particles and homoge-
nous distribution of heat flux on the surface of the particle,
the equation of heat transport can be reduced to a one-
dimensional form:

%_ ! ﬁ 2,1%
or  p,c(Ty)r2or "y

In the above equation, T}, denotes the temperature of the
particle material, ¢(7,) its specific heat, and A, the thermal
conductivity of the powder.

As the phase transition is concerned, instead of solving
the classical Stephan problem, the melting enthalpy Ay,
was included into the particle specific heat dependence on
the temperature. The melting was modeled with a rectan-
gular “peak” of AT,p.e = 20 K width and a height of:

(Eq 14)

Table 2 Coefficients of Morsi-Alexander formula for different
intervals of Reynolds number (Ref 17, 18)

Re ap a as

Re < 0.1 0 24 0

0.1 <Re<1 3.69 22.73 0.0903

1 <Re<10 1.222 29.1667 — 3.8889

10 < Re < 100 0.6167  46.5 — 116.67

100 < Re < 1000 0.3644  98.33 — 2778

1000 < Re < 5000 0.357 148.62 — 475 x 10*
5000 < Re < 10,000 0.46 —490.546  57.87 x 10*
10,000 < Re < 50,000  0.5191 — 1662.5 5.4167 x 10*

In order to include heat transfer between gas and particle
surface, the Neumann boundary condition was applied:

q.r:dp /2 =

(Eq 16)

s — 4 barrel

=~ (Typs = T) = &+ 0| T~ Tyl

where o, is the heat transfer coefficient, T}, the temperature
of the particle surface, ¢, its surface emissivity, and ¢ the
Stefan—Boltzmann constant.

In the presented simplified model, like in models pre-
sented by our predecessors (Ref 3-6), it was assumed that
even melted particles preserve their initial spherical shape.
We did not account for particle evaporation or fragmen-
tation. These assumptions were justified over the course of
indirect experimental investigations—by comparing the
powder feedstock particle size distribution with distribu-
tion of the powder that had been shot into the water. The
comparison showed no significant differences. Surface
tension forces seem to be strong enough to preserve molten
alloy droplets from fragmentation. The same seems appli-
cable for the evaporation effects. Taking into account the
above-mentioned argument, o, was estimated using the
expression proposed by Ranz and Marshall (Ref 20), which
is usually applied for interaction of gas with solid-state
particles:

- (Eq 17)

o - d
Nup = =—-L =2+ 0.6Re"’ - Pr"¥
A

where Nu,, is the Nusselt number, and the Prandtl number
Pr is as follows:
p— —Cp i ll[

A

Pr (Eq 18)
The assumed thermophysical properties of FeAl powder
material are summarized in Table 3 (Ref 21).
Commenting on the values presented in Table 3, it
should be precisely underlined that these values are

Table 3 Thermophysical properties of FeAl powder particles applied
in simulations (Ref 21)

Parameter Solid Liquid

0-1395 °C 1395-
2690 °C

Density pp, kg/m’ 5800 4806

Specific heat ¢, J/(kg K) 0.301-1, + 520 890

Thermal conductivity A,, W/(m K) 15 71

Surface emissivity &, 0.7

Melting enthalpy Al kI/kg 288
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estimates (Ref 16). Therefore, in order to avoid difficulties
with reconfiguring the geometrical model of a spherical
particle, the authors neglected the changes in the dimen-
sions of the particles and hence in their density. The sim-
plification effect on the particle dynamics can be estimated
as follows.

As already stated, the phase transition causes a change
in material density and in turn results in the increase in a
particle diameter while the material melts. Thus, the rela-
tive change in the drag function from (13) is expressed as:

__ 184 ComenRemen

Fament _ Ppmeltymett (E 19)
F. B 184 CpsResol * q
dsol &2 4
ﬂp sol%psol

The ratio of the Reynolds number for two states of the
particle can be estimated using of the following relations:

Remelt _ dp melt

Eq 20
Rego dp sol ( d )
and
dpmelt _ 3 ppsol (Eq 21)
dpsol Ppmelt

After substitution into (19) and simplification, one can
easily obtain:

2/3
dee]t _ (ppsol> CDmelt

(Eq 22)

Fd sol Pp melt CD sol

where the first term can be estimated as:

2/3
Posol )1,
ppmell

The second term of Eq 22 converges monotonically to
unity from below as the Cp converges monotonically to a;
(cf. Eq 13c) from above as shown in Fig. 2. Sensitivity of
the Cp to Re number changes increases while Re tends to

100
10
a
Q
!
T —————
0.11
0.1 1 10 100 1000 10000

Re

Fig. 2 Function Cp(Re) for the most sensitive region
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zero. As for most of the particle tracking time, we expe-
rience Re > 10 and the analyzed relative difference (19) is
not greater than 1.13. As the Re number tends to zero, the
difference decreases. In our case, minimum values of Re
number are achieved for the smallest particle of 10 um
diameter, but the Re number values lower than 2 were
observed for less than 1% of the tracking time. For Re = 2,
the following estimation applies:

CDmell ~ 0.95

Dol

and the total relative difference (19) decreases to about
1.07.

Influence of the diameter changes on the convective heat
exchange of the particle surface can be estimated using the
following ratio:
dg melt %t melt . dp melt 2 + 0.6Re%> . pro33

melt
B Eq 23
dpsol 2+ O.6Re8£ . pr033 (Eq 23)

2
dp sol%tsol

The maximum value of the above-written relation can be
estimated on 1.1.

The above calculated values characterize extreme con-
tribution to the uncertainty budget at quantitative analyses.
However, one should remember that the dynamic and
thermal history of every tracked particle is so diversified
that possible errors can be compensated due to changes in
polarity of the velocity and temperature differences.

Numerical Simulation Procedure

Nowadays, many commercial computational codes are
available to formulate and solve problems of fluid
dynamics. In the presented case, Ansys Fluent CFD soft-
ware was applied. Taking into account the dynamic char-
acter of the whole phenomenon with the presence of
detonation and shock waves, it seems reasonable to apply
an explicit scheme used in a density-based solver. Over the
years, many so-called shock capturing numerical schemes
have been developed. Most often, they are “upwind
schemes,” and one of the most well-known approaches to
deal with the considered phenomena is the application of
Roe’s approximate Riemann solver, which was described
in detail in (Ref 22, 23). This scheme is based on the
Godunov method and has been modified to become
effective despite its disadvantages and problems during
investigations of extremely supersonic phenomena.

To briefly demonstrate the fundamentals of this
approach, a simple system of partial differential equations
is considered:

U OF _

oU | OF _ Eq 24
o | ox (Eq 24)
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where U denotes the vector of conserved variables, F is the
flux vector, and S is the source vector.

In Roe’s approach, the above equation has to be lin-
earized to obtain the following form:

oUu _oU

—+A—=S Eq 25
o T (Eq 25)
where estimation of the linearized Jacobian A = g—{, is

crucial and should satisfy certain conditions to ensure
appropriate linearization. Conditions for matrix A were
exactly defined in (Ref 22). For the investigated problem
(25), in accordance with the Roe procedure, the following
expression defining the numerical convective flux Fj g at
the cells’ interface can be written:

18 - o
(FL+FR)—§Zai’7Li|K()

i=1

FLr = (Eq 26)

N —

where F; and Fgr denote the value of flux at the left and
right cells, and Z; denotes the eigenvalues of the linearized
Jacobian matrix A. The “wave strength” @; is evaluated
based on the expression:

AU g =Ux —UL=)Y aK"

i=1

(Eq 27)

where K is the right eigenvector for the linearized
Jacobian matrix.

To obtain a spatially second-order scheme, the flux (26)
is slightly modified (Ref 22).

In order to ensure satisfactory accuracy, the well-known
and commonly used fourth-order Runge—Kutta scheme was
applied for timestepping (Ref 23).

During the detonation process, a fixed timestep was
applied. Its value satisfied the condition of equality of the
CFL number to 0.66, where the CFL was calculated using
the detonation velocity and the smallest value of cell
dimension. During the outflow of gases from the barrel,
higher values of the CFL number were applied (continu-
ously increased up to 0.8).

Simulations were conducted on the mesh presented in
Fig. 3. The barrel region and the region near the barrel, due
to predicted high values of gradients of parameters, were

Fig. 3 Numerical mesh applied
during calculations (1—barrel
region; 2—coated surface; 3—
environment region)

finely meshed. In this region, the cell size was equal to
I mm. For the more distant “environmental” region, the
mesh size was increased up to 3 mm.

For numerical simulations of the heat transfer process
inside the particle, the classical second-order finite differ-
ence scheme for Eq 14 has been applied (Ref 24). In this
case, the same timestep was imposed and the spatial step
was equal to 1% of the particle’s radius.

Results and Discussion

The formulation of the analytical and numerical model
description for the heat, mass and momentum transfer phe-
nomenon to the FeAl particle thermal state evaluation was
based on the GDS experiment carried out in the Ukrainian
Academy of Sciences, at E.O. Paton Electric Welding
Institute, Kiev with “Perun-S” detonation system (Ref 1).

The feedstock powder material consists of
Fe40Al10.05Zr at.% + 50 ppm B particles with wide size
granulation distribution ranging from 10 to 160 pm,
obtained by vacuum inert gas atomization (VIGA) in CEA,
Grenoble, but volumetric particle size distribution of the
feedstock powder applied in the GDS experiments was
dominated by particles of equivalent diameter ranging from
about 38 to 75 um—after sieving (Ref 1). It was deter-
mined that the best metallurgical quality of the coatings is
achieved by employing powder particles the sizes of which
are 40-63 pm (Ref 25) and (38-75) pum (Ref 26),
respectively.

The GDS process was carried out on C45 plain carbon
steel with the following parameters: volume fractions of
reactants as 0.202 propane and 0.685 oxygen; detonation
frequency and spraying distance, respectively, 6.66 Hz and
70 mm; powder injection point of 275 mm from the barrel
bottom.

Having carried out GDS process in 100 shooting cycles,
repeatable qualities of the FeAl coating were achieved in
the shape of single spot at constant distance between gun
barrel and the surface of substrate material (with no mutual
movement in a plane perpendicular to the axis of the
stream of detonation products).

«— Axis of symmetry
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The deposited particles of the FeAl powder influenced
by high kinetic energy, temperature and the rate of defor-
mation due to the hydrodynamic impact of the detonation
products undergo plastic deformation and geometrical
changes turning into the FeAl coating, the porosity of
which is less than 0.5% (Ref 1).

As a result of the conducted simulations, the spatial
distributions of the gas physical parameters, as well as the
time history of the particles’ state and motion, were
obtained. In Fig. 4, the spatial distributions of physical
parameters along the barrel axis during the detonation
process are shown.

In Fig. 5, the particle velocities as a function of time are
presented. The obtained results comply with the results of
calculations presented in (Ref 6) regarding maximum
particle velocities. An increase in the particle diameter
seriously delays the impact, which extends the time of
thermal interaction between gases and particles.

Maximum values of powder particles’ muzzle velocity
obtained in an experimental way with the application of the
Perun—S gun were in the range of 650 to 850 m/s (Ref 27).
Comparison of the theoretical effects with experiments
suggests an acceptable discrepancy of the results: Particles
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characterized by diameters of 10 and 20 pm leave the
barrel with velocity values equal to 920 and 710 m/s,
respectively.

The gaseous-phase parameters such as gas velocity,
density and temperature experienced by particles in the
GDS process are shown in Fig. 6, 7 and 8. First peaks that
can be observed are connected with a phenomenon of
detonation wave passing by all particles at the same time,
as we assumed that injection point is the same for all
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Fig. 5 Course of powder particles’ velocities as a function of time
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Fig. 4 Spatial distribution of physical parameters of gas as a function of barrel length during the detonation process (a pressure; b density; ¢

axial component of velocity; d temperature)
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Fig. 8 Courses of gas temperature, in the vicinity of the particle
surface, as a function of time

particles. The following deceleration (Fig. 5) is caused by
the flow stagnation that lasts up to the moment at which the
wave front reaches the barrel end. From that moment, the
outflow of compressed gases accelerates particles still
remaining inside. The smallest particles decelerate once
again while reaching the outside decompression zone
(Fig. 5, 10 um curve). The deceleration of the biggest
particles is caused both by deceleration of the internal flow
due to the internal pressure relaxation and due to the out-
side flow decompression. All the discussed instantaneous

355
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5047 Yoty
e
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Fig. 9 Courses of heat transfer coefficient as a function of time

flow phenomena shape the heat transfer condition, and the
changes observed in other figures are their effects.

Regarding the calculated values of the analyzed
parameters, it is reasonable to present the gas-particle heat
transfer characteristics. In Fig. 9, the heat transfer coeffi-
cient evolution in time (cf. Eq 16) is shown. The depicted
characteristics reflect changes of the accelerated particle
velocity in relation to the velocity of the surrounding
combustion gases. As expected, the obtained heat transfer
coefficient values are extremely high for small particles
(Ref 19), and these particles are exposed to a high-tem-
perature flow at the most. This situation generates a pos-
sible opportunity for melting the external part of the
powder particle. In order to demonstrate the effect of
heating during the whole process, the changes of the par-
ticles’ surface temperature as a function of time and the
radial temperature distribution for the investigated objects
are presented in Fig. 10 and 11.

The above presented results show a strong dependence
of particle motion and heat transfer parameters on particle
dimension. These parameters are the particle residence
time, particle terminal velocity and particle terminal tem-
perature. The residence time defines a period of exposure
of the particle material to highly reactive combustion
gases. With increasing particle diameter, the time for oxide
formation increases too. From the terminal ballistics, it is
known that the velocity of powder particle strongly affects
its deformation during the impact into the coated surface
(Ref 28). Additionally, the material temperature, obvi-
ously, affects the mechanical properties of particles as a
result of phase transitions and chemical reactions. The
results suggest that the particles which are most deformed
during the impact are the smallest ones.

Analysis of the obtained results indicates that there is a
critical diameter of particle below which the material melts
in the whole volume. In our case, the particle critical
diameter was evaluated to be equal to approximate 80 pum.
Moreover, what seems to be interesting is that the radial
distribution of temperature is relatively homogenous for
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each considered diameter of particle, which is the result of
the short characteristic time of the heating process in
comparison with the time of motion. This effect is espe-
cially noticeable for melted particles, due to high thermal
conductivity of melted material. The obtained results
indirectly prove that the thermal lag due to the internal heat
conduction can be neglected in case of under-consideration
powder material.

Unfortunately, experimental verification of the obtained
values of temperature is possible only by making use of
indirect methods based on investigations of the splat
structure. However, the conducted analyses make it pos-
sible to identify crucial phenomena, such as melting,
chemical reactions and particle softening, shaping the
specific properties of the coating.

The results of structure examination of the Fe—Al-type
coating sprayed in the GDS process on a C45 steel sub-
strate were presented in paper (Ref 29), in which the
structure was analyzed with SEM/EDS, TEM/SAE and
XRD methods. The results allowed explaining the forma-
tion mechanism of the coating morphology with a
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contribution of intermetallic phases such us Fe;Al, FeAl,
FeAl, and Fe,Als. It was established that the GDS coating
displayed sublayer morphology of alternate flattened and
partially melted grains with wide range of Al content
between 39 and 63 at.% (Ref 29). Partial melting of the
individual powder particles resulted in the in situ formation
of the amorphous grains and, subsequently, columnar
crystals of the Fe—Al-type phases, sequentially formed in
the volume of lamellar splats of the coating. It was found
that the inherent mechanism of the Fe—Al coating forma-
tion is attributed to plastic deformation and geometrical
changes of the strongly heated powder particles, which
undergo plastic deformation and geometrical changes in
the GDS process conditions (discussed above).

The geometrical changes and simultaneous indications
of melting of the Fe—Al coating material (in microareas)
confirm high velocity of the FeAl powder particles, addi-
tionally subjected to partial melting at a very high tem-
perature of gas detonation products.

In general, while characterizing a specific analyzed GDS
process, the obtained data are broadly consistent with the
results of the most similar studies presented in (Ref 3-6).

The velocity range of Al,O; powder particle with a
diameter of 20 pum, as presented in (Ref 3), is similar to our
results for FeAl particles, following the application of one-
dimensional detonation model for a dissimilar explosive
gas mixture consisting of hydrogen and oxygen or acet-
ylene and oxygen (Ref 3). However, the differences
occurring in the values of particle velocity undeniably
result from the application of different explosive mixtures
and powder materials of various density (3.95 g/cm’ for
Al,O5 and 5.56 g/cm3 for FeAl, respectively) (Ref 1, 3).
Further numerical investigation on the flow of a two-phase
gas-particle stream under the detonation conditions with
propane involvement has enabled the determination of
thermal interaction between the WC powder particles and
the gaseous medium, taking into account the influence of
PIP on a single particle (Ref 4). Contrary to our results
concerning the FeAl powder, E. Kadyrov did not obtain
melting of the powder material at a relatively low tem-
perature of WC particles (approximately 2000 K), despite
using a much longer barrel of 1.8 m in length (Ref 4). The
results obtained and presented by E. Kadyrov (Ref 4)
confirm our hypothesis, which states that in dependence on
the coating material and the conditions of the GDS process
using a propane-oxygen explosive gas mixture, there exists
an upper threshold of powder particles that are not sub-
jected to melting. Furthermore, impressive properties of
sprayed coatings with low porosity, which maintain their
chemical and phase composition, are the result of a strong
plastic deformation, which highly heated powder particles
in the solid state are subjected to when colliding with the
steel substrate material due to very high kinetic energy. It is
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worth emphasizing that based on the analysis of gas flow
evolution and shock wave decay in detonation thermal
spraying systems, Ramadan and Barry Butler (Ref 4, 5)
showed that the two-phase gaseous-powder stream with
particles of Al,Oj transported under specific detonation
conditions with an equivalent diameter of 20 pum is capable
of melting at a temperature of roughly 2300 K at a velocity
comparable to the results obtained in our research for FeAl
particles. Numerical analysis (Ref 4) was based on solving
the mathematical model of the Euler equations for chem-
ical reactions with variable gas properties for axisymmetric
2D flow. In their analysis, Ramadan and P. Barry Butler
(Ref 4, 5), similar to our research, developed a lumped-
parameter model with one-sided coupling in order to
describe the propulsion of powder particles. Having
obtained comparable heat transfer coefficients with the
results of Ramadan and Barry Butler (Ref 4, 5), we also
took into account the heat transport inside particles, which
enhances the applicability of the model developed, like-
wise in the case of materials exhibiting very low thermal
conductivity.

The obtained methodology of numerical modeling was
proved to be effective in qualitative analyses. As far as
quantitative aspects are concerned, it is very difficult to
assess the accuracy of the performed simulation because of
difficulties in the experimental determination of the ana-
lyzed particle dynamics and thermal state.

Nevertheless, even in the present state, the simulation
provided valuable results that can help to explain the
mechanisms of formation of the analyzed GDS coating. In
contrast to most of the other spraying techniques, under
GDS conditions, transient mass and heat flow phenomena
play a major role. A relatively short exposition time of the
analyzed particle to a shock detonation wave creates con-
ditions that strongly diversify particles depending on their
diameter and initial position. The resulting coating is cre-
ated from particles whose states are much more differen-
tiated than are usual. This is the reason for the lower
densities of GDS coatings (cf. Ref 30). On the other hand,
complicated coupled heat and mass transfer phenomena
accompanying the GDS make theoretical prediction of
spraying effects difficult. This explains why not all hopes
placed in the GDS technology have come true (cf., e.g., Ref
31). However, the developed methodology can help in the
optimization of the GDS process parameters even by cre-
ating the possibility of sensitivity analysis.

Conclusions
The main purpose of this research was to adopt numerical

simulation procedures and to develop an effective
methodology to perform analyses focused on a certain

detonation gun spraying example. The analyzed case was
Fe40Al at.% powder deposition onto a C45 steel substrate
(Ref 29, 32). While developing the numerical model, a
hybrid approach was applied: The combustion gases’
parameters were calculated by applying thermochemical
code, and then, the detonation gas flow was analyzed in a
2-D axisymmetric geometry using commercial CFD soft-
ware. The material property data reflected the thermo-
physical data of FeAl powder (Ref I).

According to the detailed results, the following con-
clusions can be drawn from the study conducted:

e The obtained results are in qualitative agreement with
the literature data (Ref 5, 6), which proves the
effectiveness of the applied modeling methodology,
that is, the hybrid approach with the application of
commercial CFD software.

e There is a critical diameter of particle below which the
material melts in the whole volume. In accordance with
numerical data, this value can be estimated on 80 pm.
On the other hand, the experimental approach provides
value of 60 um (Ref 29, 32). Possibly applied one-way
coupling results in overestimation of the critical particle
diameter because of both kinetic and thermal transport
of energy from detonation flow to the condensed—
aerosol phase.

e Due to the relatively low surface heat transfer conduc-
tance in comparison with thermal conduction inside the
particle, the particle temperature is almost uniform and
there is no indication of partial particle melting.

e Quantitative verification of the obtained results is
extremely difficult due to the impossibility of applica-
tion of direct methods.

e The obtained data provide an explanation for the
resulting GDS coating morphology (Ref 29, 32).

e In spite of the amendments introduced to the modeling
methodology in relation to (Ref 3, 4), the proposed
model cannot still be treated as quantitative one and its
applicability is limited to just more accurate qualitative
analyses. Analyzing still remaining deficiencies, the
most problematic is assumption of a one-way coupling
between the gaseous and aerosol phases. However,
accounting for the momentum and thermal energy
transfer from the condensed phase to combustion gases
should result in decreasing particle terminal velocity
and temperature as the detonation energy should
distribute between the two phases. This in turn should
result in a better compliance between the modeling
results and the experimentally established data on un-
melted inclusions within the analyzed FeAl GDS
coating.

In general, the proposed numerical modeling methodology
proved to be effective and will be applied in analyses of
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GDS experiments performed with different spraying
parameters.
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