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Analysis of Particle Dynamics
and Heat Transfer in Detonation
Thermal Spraying Systems
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A computational study of pulsed detonation thermal spraying is conducted using an axisymmetric two-
dimensional transient gaseous detonation model. The variations of the particle velocity and temperature at
impact on the target surface with the particle initial loading location are analyzed for different conditions.
The geometry of the system and the loading locations of the particulate phase are key parameters in pulsed
detonation thermal spraying. Since the process is extremely transient and the gas phase experiences a wide
range of transient stages all on a timescale of a millisecond, the particle characteristics are strongly depen-
dent on the instantaneous location in the gas stream. One cycle of detonation thermal spraying occurs on a
time scale on the order of a millisecond due to the high gas velocities associated with detonation. Thus, a
precise control of the process variable parameters is required to have a successful detonation coating process.

Keywords gas-solid, particle loading, pulsed detonation, shock
wave

1. Introduction

Pulsed detonation thermal spraying (PDTS) is a coating pro-
cess in which powdered materials are deposited on a substrate
(i.e., surface to be coated) utilizing the high-energy concentra-
tion and extreme gas velocities associated with the detonation
phenomena. The powder material is accelerated and heated by
the carrier gas prior to deposition on the target surface. Upon
impact on the target surface, the powder material undergoes
plastic deformation to form platelet-shaped particles that adhere
to the surface and form a protective coating layer.

An important feature of this method of spraying is the high
particle velocity that can be achieved (~1000 m/s).l"*! This pro-
duces coating structures with low porosity, high hardness, and
high wear resistance. Another important feature of the detona-
tion coating process is that it is intermittent in nature. This cy-
clical application process keeps the sprayed substrates at low
temperature, typically around 100 °C.[>*]

A typical gas detonation coating process consists of the fol-
lowing stages.l'] A reactive gas mixture (e.g., oxygen and
acetylene) is first fed through a mixing chamber into a tubular
barrel closed at one end (Fig. 1a). Simultaneously, a powdered
material is injected into the barrel through a powder feeder.
Combustion of the gas mixture is triggered by a spark plug near
the closed end of the tube (Fig. 1b). This leads to a transition
from deflagration where the combustion wave propagates at
subsonic speed, to detonation where the combustion wave
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propagates at supersonic speed in the reactants. The detonation
wave is characterized as a high-pressure reactive shock wave
that is self-supporting due to the release of chemical energy from
the reactive gas mixture. The wave propagates downstream in
the tube toward the open end of the tube and thus accelerates the
powder particles as it passes. The collision of the high-velocity,
high-temperature powder particles with the substrate forms a
high-density coating with strong adhesion and low porosity. Fol-
lowing the detonation front is an expansion wave that propagates
rearward toward the breech end of the tube (Fig. 1b). Once the
shock front exits the barrel, it starts decaying and the gas sud-
denly expands outside the barrel. Depending on the stand-off
distance (SOD) defined as the distance between the barrel exit
and the substrate, the shock wave can reach the substrate with a
large pressure ratio. Once the shock wave strikes the workpiece,
it reflects back into the path of the incoming particles (Fig. 1c)
where the reflected shock may interact with the particles, de-
pending on the particle size, particle initial loading location as
well as other particle properties. The particles continue their
path toward the target surface. The impact of the particles on the
target surface causes the particles to adhere to the surface form-
ing a circular-splat of coating. A new gas-powder charge is fed
into the barrel and the cycle is repeated again.

While the process of detonation coating has been fairly well
characterized through years of laboratory experience, there is
still a need to develop analytical tools for understanding the in-
teraction between controllable process variables (e.g., chemical
composition of detonable gas, particle thermal properties, injec-
tion parameters, and particle size distribution) and characteris-
tics of the resultant thermal coating. Most of the theoretical work
on PDTS was performed using the one-dimensional Euler equa-
tions with constant gas properties.l'*! A thorough review of the
state of the current knowledge of thermal spraying was recently
performed by Fauchais et al.l! The theoretical studies on PDTS
cited therein were all based on the one-dimensional flow as-
sumption, and they concluded that much work is necessary to
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Nomenclature
C specific heat of particulate phase, J/’kg K
C, specific heat at constant pressure, J/kg K
C, specific heat at constant volume, J/kg K
Cy drag coefficient
d tube diameter, m
d, particle diameter, pm
D detonation wave speed, m/s
e specific internal energy, J/kg
E total energy per unit volume, J/m’
h specific enthalpy, J/kg
heonw ~ convective heat transfer coefficient, J/s m? K
k gas thermal conductivity, J/s mK
L tube length, m
L¢ latent heat of fusion, J/kg
m mass, kg
MW,  molecular weight of species i
Nu Nusselt number
P Pressure, bar
Pr Prandtl number
r tube radius, m
Re, particle Reynolds number
R, universal gas constant, J/kmol K
R gas constant (= R, /MW)
t time, ms
T temperature, K
u velocity component in the axial direction, m/s
v velocity component in the radial direction, m/s
Y mass fraction of species i
(0] heat of reaction, J/kg
X; axial loading location, m
x axial direction
Vi radial loading location, m
y radial direction
V velocity vector
Greek Letters
B reaction progress variable
oY specific heat ratio
d the Dirac Delta function
r ratio of specific enthalpy to internal energy
p gas dynamic viscosity, N s/m?
® chemical reaction rate, kg/m> s
p density, kg/m?
€ liquid fraction
g, particle emissivity
o* Stefan-Boltzmann constant (= 5.669 x 108 J/s m? K*)
Subscripts
conv  convection
g gas
1 liquid
m melting point
mix mixture
P particle
Prod  products
rad radiation
react  reactants
S solid
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Fig. 1 A typical cycle and sequence of events in detonation thermal
spraying (Adapted from Ref. 1 and 2)

better understand the phenomena of the pulsed detonation ther-
mal spraying. However, the analysis of the gas expansion pro-
cess and interaction with the surroundings, the shock wave de-
cay and shock reflection in PDTS cannot be justified using the
one-dimensional flow assumption, where the implementation of
the proper boundary conditions at the substrate is not possible
with this assumption, and consequently the analysis of the PDTS
process using the one-dimensional flow assumption can lead to
unrealistic analysis. A realistic multidimensional flow model is
thus required to develop a better understanding of pulsed deto-
nation thermal spraying and the phenomena associated with it.
The work performed herein addresses this issue through the de-
velopment of a transient, multicomponent compressible, two-
dimensional axisymmetric flow model.

2. Mathematical Model

The process of pulsed detonation thermal spraying is a com-
plex multiphase reactive flow that involves combustion chemis-
try, shock wave formation and propagation, detonation attenua-
tion, particle transport, shock wave decay, and shock interaction
with the substrate. The presence of fast chemical reactions, deto-
nation wave dynamics, and the associated discontinuities in the
fluid properties make this problem numerically challenging. The
computations of the PDTS process also involve large computa-
tional domains with open-ended boundaries and the implemen-
tation of numerical boundary conditions.! The gas-solid system
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in pulsed detonation thermal spraying is normally of dilute char-
acter, where the particulate phase exists only to the extent that it
does not significantly affect the gas phase characteristics. This is
so since if particles exist to a large extent in the detonable gas
mixture this may result in severe detonation attenuation or even
detonation failure, which consequently leads to failure of the
PDTS process or low-quality coatings.

The gas and particulate phase governing equations in this
work are represented in a Eulerian and Lagrangian reference
frames, respectively. The gas flow is assumed inviscid com-
pressible, where the viscous effects are confined only to the in-
teraction between the gas and the particles. The chemical reac-
tion is assumed to take place in a one-step irreversible process.
The particulate phase is assumed to be very sparse that it has no
effect on the gas phase. In this case one talks about a one-way
coupling between the gas and the particulate phases. The gas-
phase governing equations thus reduce to the reactive Euler
equations:

ap d(pu) dpv)  pv

a ax Ty v e
a(gtu) . a(pu;; P, a(g;tw __ pTW (Eq2)
a(aptv) .\ a(gzv) . 3(9";; P)__ p7v2 (Eq3)
% . a[u(lz ; P)] . a[va::9 y+ P)] _ wE y+ P) (Eq 4)
a(gts) . a(SL;B) . G(Z;B) _ % oy (Eq5)

In the above equation, x and y are respectively, the axial and
radial coordinates in an axisymmetric coordinate system. u, v are
the velocity components in x, and y directions, ¢ is the time, p is
the density, P the pressure, B is a reaction progress variable that
takes a value between 0 and 1 such that 3 = 0 indicates reactants,
B =1 products, and 0 < 3 < 1 indicates the reaction zone. The
reaction rate wg in Eq 5 is given by

|P— Py p
P T

T

(1-B7°

(.l.)B=

where P, is the initial uncompressed gas pressure. The param-
eter 7, is a constant and represents a typical time associated with
the chemical reaction. The total energy E in Eq 4 is given by

E= +l W +v) - —L+l W’ +v?) -
=pe+5plu +v) —pBQ=r +5p( +v7) —pBQ
(Eq 6)

where Q is the energy release due to the chemical reaction, e is
the specific internal energy, and I is the ratio of specific enthal-
py to internal energy given by
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In this work the gas is assumed to be thermally perfect and the
equation of state is thus:

P =pRT=p[C,(T) - C(D)]T = p[y(T) — 1]C(T)T (Eq 8)

where C,, C, are the gas specific heats at constant pressure and
constant temperature, respectively, and y(7) is the specific heat
ratio:

Y(T) = C(1)/CLT) (Eq9)

In a one-way coupling where the particulate phase has no
effect on the gas phase, it is adequate to study the dynamics of a
single particle in the gas stream of the detonation products. The
particulate phase governing equations adapted from Ref 7, 8§,
and 9 are given by

r=Tn=- (Eq7)

dx,
. (Eq 10)
dy
Ttp =v, (Eq 11)
dup 39 Cd - 2

P
dv, 3pC -
TR 2V =Vlv=v) (Eq13)

p
dTp 2 2
E - P d‘p C* [hCOnV tg, O-*(T+ Tp)(T + TP)](T_ Tp)

b
(Eq 14)

where g, and o* are, respectively, the particle emissivity, and
the Stefan-Boltzmann constant. The latent heat release due to
phase change is accounted for in Eq 14 using the effective ca-
pacitance method as given by Gross et al.l'*%;

C*=C+LS(T-T,, AT,) (Eq 15)

where L, is the latent heat, T}, is the melting temperature, AT, is
a narrow temperature range about 7,,, over which phase change
occurs, and 9 is the Dirac Delta function that has a finite value in
the range AT, and zero outside. An approximation to the Delta
function is given by

8 =—>max(0, AT, — |T-T,)) (Eq 16)
The particle specific heat is given by
C=¢gC+(1-¢)C (Eq 17)

where C, and C; are the particle specific heat in the liquid and
solid states respectively, ¢, is the fraction of the particle that is
melted, which may be derived from the above approximation of
the Dirac Delta function and assuming a linear variation of the
particle liquid fraction with temperature, where the isothermal
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phase change is assumed to take place over a narrow temperature
interval about the melting point:

&=
0, T, <Tn—AT,
(T, — T + AT,)/(2AT,), Ty~ AT, =T, =T, +AT,
1, T, > T, + AT,

(Eq 18)

C41n Eq 12 and 13 is the drag coefficient. There are many for-
mulas for the drag coefficient available in literature. Chang

etal.l''" reported that employing different drag laws in gas-solid

systems results in only small quantitative differences. For mi-
cron-sized particles in dusty detonation, the particle slip velocity
is normally small (except at the passage of the detonation front),
and the following formula for Cy (although derived from incom-
pressible flow relations) is most commonly found in the litera-
ture of dusty detonations'®'?! and is thus used in this work:

24/Re,, Re, <1
Cy= 13 (24/Re)(1+0.15 Rey*™), 1 =Re, = 10°
0.4, Re, > 10’

(Eq 19)
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Fig.2 Particle velocity versus its axial location, and gas velocity at the particle location for axial loading distance x;/L = 0.2 and radial loading distance
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where Re,, is the Reynolds number based on the slip velocity and
is defined as

_ plV — Vpldp

Rep m

(Eq20)

h.ony in Eq 14 is the convective heat transfer coefficient given by

. Nuk
conv — d

p

(Eq21)

and Nu in the above equation is the Nusselt number given by the
following relation:

Nu=2+ O.6Re:,/2Pr1/3 (Eq22)
Pr is the Prandtl number:
Pr=C,n/k (Eq23)

where p and £ are the gas viscosity and thermal conductivity.
The gas phase thermal properties are calculated based on the
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Fig.4 Particle velocity versus its axial location and gas velocity at the particle location for axial loading distance x;/L = 0.6 and radial loading distance

y/r=0.05 (L = 1.0 m, SOD = 6d)
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assumption of local chemical equilibrium. The mass fractions of
the combustion products are calculated from a chemical equilib-
rium code!"*! that utilizes the Gibbs free energy minimization
method. The JANAF tables!'*! are then used to curve-fit the spe-
cific heats of each constituent of the mixture in a sixth-order
polynomial of the form:

Chp=a,+a;T+ ayT? + a3iT3 +a,+ a5T5 + aﬁiT6 (Eq 24)

Cvi = Cpi - RU/M‘/III (ECI 25)

for a temperature range from 298.15 to 4500 K. The mixture
specific heats are then calculated using the following formulas:

Co= 2¥Cpo €= Cy= R/MW,y,

The polynomial constants for the gas mixture are found by
substituting Eq 24 into Eq 26:

a= Xa¥/, j=0,1,2,...,6 (Eq27)

The above relations apply directly to the reactants as well as
the products. However, in the reaction zone both the reactants
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Fig. 6 Particle velocity versus time and gas velocity at the particle location for axial loading distance x;/L = 0.2 and radial loading distance y;/r = 0.05
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and products coexist. In this case, the specific heats are weighted
by the mass fractions of the reactants and the products through
the reaction progress variable:

Cp = BCp,Prod + (1 - B)Cp,Reacv Cv = BCV,Prod + (1 - B)Cv,React
(Eq 28)

The viscosity and thermal conductivity of the gas mixture are
computed from the corresponding values of the individual spe-
cies using the Wilke rule.['>'®! The gas phase viscosity and ther-
mal conductivity are then fitted to the following equations:

w=(by+b,T" X 10° N s/m* (Eq 29)

k=(cy+c,T? X 107 J/smK (Eq 30)

where by, by, by, ¢y, ¢;, ¢, are constants calculated upon curve-
fitting the data. The values of the gas viscosity and thermal con-
ductivity in the reaction zone are weighted by the mass fraction
of the reactants and products in the same way as the specific
heats (Eq 28).

The particulate phase material used in this work is aluminum
oxide (A1,05) with the following properties®:

T, =2327K, p,=3924 kg/m’, C,=775 J/kg K
C,=1887.6 J/kgK

Li=1.09 X 10°J/kg, &,=0.19
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Fig.8 Particle velocity versus time and gas velocity at the particle location for axial loading distances x;/L = 0.6 and radial loading distance y;/r = 0.05

(L=1.0m, SOD = 1d)
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Fig.9 Particle temperature versus time and gas temperature at the particle location for axial loading distances x;/L = 0.6 and radial loading distance

y/r=0.05 (L= 1.0 m, SOD = 1d)
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3. Numerical Solution Method

A high-resolution shock capturing numerical method with a
total variation diminishing (TVD) property is used to solve the
gas phase governing equations, where the time splitting and flux
vector splitting techniques are used in conjunction with a two-
step Runge-Kutta TVD scheme due to Shu and Osher.!'”? The
non-homogeneous part of the gas phase governing equations as
well as the particle equations are solved using the DIVPAG sub-
routine of the IMSL library.!'®] Detonation is initiated by assum-
ing that the ignition of the reactive mixture near the closed-end
of the barrel raises the gas pressure and temperature and creates
a discontinuity in the gas properties. The computations proceed
from this initial state where the chemical reaction is activated
and the initial discontinuity develops into a detonation front. Re-

e
%—_:_—-_—_.___ —

flective boundary conditions are used at solid boundaries while
transmissive boundary conditions are used at the open bound-
aries of the computational domain. The computational domain is
extended in both axial and radial directions to include the flow
regions outside the barrel and beyond the target plate, where the
open boundaries are placed far enough to ensure that the flow is
not influenced by the transmissive boundary conditions. The
complete details of the numerical scheme, the initial and bound-
ary conditions and the extension of the computational domain
are available elsewherel® and are thus not repeated here.

4. Results and Discussion

The gas phase evolution and transients in PDTS systems
were analyzed in a companion article,l'®! where it was shown
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Fig. 10 Heat transfer coefficients versus particle axial location for particles of different sizes loaded at x;/L = 0.2, y,/L = 0.05 (L = 1.0 m, SOD = 6d)
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Fig. 11 Heat transfer coefficients versus particle axial location for particles of different sizes loaded at x;/L = 0.6, y;/L = 0.05 (L = 1.0 m, SOD = 6d)
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that the gas flow passes through many transient stages inside the
barrel and after it exits to the surroundings. The focus of the
analysis presented here is on the particulate phase dynamics and
thermal analysis in PDTS systems. The reactive gas mixture
used in this analysis is C,H,/O,/N,, with O/C =1, %N, =40, and
the resulting detonation wave speed for this mixture is 2464
m/s.!] The detonation wave speed (D) is computed numerically
at the Chapman-Jouguet (CJ) point at the Hugoniot of the re-
acted gas, D = (u + a), u is the gas velocity, and a is the speed
of sound.

The particle is assumed to melt over a range of temperatures
about the particle melting point with A7, = 1 K. Several tube
lengths are considered in this study while the tube diameter is
taken as d = 0.025 m.

The most important parameters of interest as far as the par-

750

ticulate phase is concerned are the velocity and the percentage
melt of the particle at the instant the particle reaches the target
surface. The particle velocity at impact on the target surface
should be high enough to achieve high hardness and low poros-
ity coating layer. Also, the particle percentage melt is of primary
importance since, if a particle reaches the target surface in its
solid state it can bounce back, and if completely melted, it may
splash. The particles should all have near-uniform velocity and
percentage melt upon impact on the substrate to achieve a coat-
ing layer with uniform properties.

4.1 Internal and External Particle Dynamics

To see how a solid particle responds to gas flow in PDTS, the
particle velocity and temperature are plotted against the particle
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[}
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L L

0.30

0.40
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Fig. 12 Particle velocity and temperature at impact on the target plate versus axial loading location for L = 0.5 m (d, = 30 um, y,/r = 0.05)
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Fig. 13 Particle velocity at impact on the target plate versus axial loading location for L = 0.75 m (d,, = 30 pm, y;/r = 0.05)

256—Volume 13(2) June 2004 Journal of Thermal Spray Technology



axial location (Fig. 2-5) in the gas stream from the initial loading
position to the terminal location at the substrate for different par-
ticle sizes and initial loading locations. The gas velocity and
temperature at the location of the particle is also shown on the
same plots. The stand-off distance taken for this case is six tube
diameters. The substrate in this case is far enough from the barrel
exit plane so that the gas expands freely, where the exiting shock
wave reaches the plate with a vanishing strength'! leading to
negligible shock reflection effects.

It may be noticed from these plots that for the particle sizes
and the initial loading locations chosen, the solid particle expe-
riences a typical behavior that may be described as follows. At
the instant the detonation front passes by the particle, the particle
is put in motion and is accelerated to a high velocity (Fig. 2 and
4). At the same time, the particle is suddenly heated up by the hot

gases to a high temperature that, depending on the injection lo-
cation, the particle temperature may reach the melting point
(Fig. 3 and 5). After the passage of the detonation front, the par-
ticle falls in the expansion zone and continues to accelerate in
that portion of this zone where the gas velocity is still higher than
that of the particle. The particle then starts decelerating in the
remaining portion of the expansion zone where the gas velocity
becomes lower than that of the particle. Meanwhile the particle
temperature continues to increase for most of the expansion zone
width. The continuous increase in the particle temperature in this
zone is due to the fact that the hot gases are still at a higher
temperature than the particle and thus the particle temperature
continues to increase attempting to equilibrate with the hot gases
(Fig. 3 and 5). The velocity to which the particle decelerates in
the expansion zone clearly depends on the particle size as well as
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Fig. 14  Particle temperature at impact on the target plate versus axial loading location for L = 0.75 m (d,, = 30 um, y;/r = 0.05)
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Fig. 15 Particle velocity at impact on the target plate versus axial loading location for L = 1.0 m (d, = 30 um, y;/r = 0.05)
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on its initial loading location. For example, the 10 pm particle with
an initial loading location of x;/L = 0.2 decelerates to almost a zero
velocity. It may be noticed that after the passage of the detonation
front, the 10 um particle accelerates to about 880 m/s and then de-
celerates to almost zero velocity after the passage of the expansion
zone, while the 20 um particle (with the same loading location
x;/L =0.2) accelerates to about 550 m/s then decelerates to about
100 m/s, and the 30 um particle accelerates to 400 m/s and de-
celerates to about 150 m/s. This is in agreement with the fact that
the smaller the size of the particle the easier to accelerate and to
decelerate and vice versa, where the kinetic energy (for a spheri-
cal particle) is proportional to the third power of its diameter. It
may also be noted that, for the same particle size, the maximum
particle velocity attained after the passage of the detonation front
is almost the same regardless of the initial loading location.

After the passage of the detonation front and the expansion
zone where a particle reaches it minimum velocity inside the
barrel, the particle starts to accelerate due to the start of the blow-
down process during which the gas accelerates again. The gas
temperature at the particle instantaneous location continues to
decrease and, depending on whether the particle temperature has
exceeded its melting temperature range, the particle temperature
starts to decrease at the instant when the gas temperature be-
comes less than that of the particle.

As soon as the particle exits the barrel, it enters within the
transient expansion-compression zone outside the tube. The gas
exiting the tube experiences a series of successive interacting
expansion and compression waves with considerable fluctua-
tions in the gas velocity and temperature. The corresponding gas
temperature in this region drops down below that at the barrel
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Fig. 16 Particle temperature at impact on the target plate versus axial loading location for L = 1.0 m (d}, = 30 um, y;/r = 0.05)
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Fig. 17 Particle velocity at impact on the target plate versus axial loading location for L = 0.75 m (d,, = 20 pm, y;/r = 0.05)
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exit plane due to gas expansion and also fluctuates between
minimum and maximum values. At this stage, the particle con-
tinues to accelerate more rapidly toward the target, while its tem-
perature continues to decrease due to the decrease in the gas
temperature upon expansion. It may be noticed that the smallest
particle is influenced most by the gas velocity and temperature
fluctuations in the expansion-compression zone, while bigger
particles are barely affected. The particle velocity continues to
increase within the distance between the barrel exit plane and the
target surface except in the very vicinity close to the target sur-
face at which the gas velocity sharply drops to zero and conse-
quently the particle slightly decelerates. This is clearer for the 10
um particle than the other bigger particles. In the limit of in an
infinitely small particle size, the particle continuously takes al-
most the same velocity as that of the gas surrounding it and con-

sequently reaches the target surface at a vanishing velocity. It is
clear from Figs. 3 and 5, that it is also possible that the particle
can undesirably exceed its melting point by a large amount caus-
ing the particle to probably evaporate or at least enhance the
particle oxidation by the surrounding oxygen, resulting in con-
taminated particles at impact on the target surface. On the other
hand, for particles loaded at the same location, the larger particle
always reaches the target plate at a lower velocity than smaller
ones. Also, larger particles are more difficult to heat, and it is
possible that such particles can reach the plate with temperatures
lower than their melting points. All of these conditions result in
poor thermal spraying, where the properties of the coating layer
(i.e, hardness, bond strength, adhesion, porosity content, etc.)
are dependent on the velocity and temperature at which particles
reach the target surface. Thus, depending on the reactive mixture
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Fig. 18 Particle liquid fraction at impact on the target plate versus axial loading location for L = 0.75 m (d}, = 20 pm, y;/r = 0.05)
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used, the PDTSA geometry and the solid particle properties as
well as its loading position, there must be lower and upper limits
on the particle size that may be used for efficient coating.

The other extreme case with regard to the stand-off distance
is taken as one tube diameter in front of the barrel exit plane. As
can be noticed from Fig. 6-9, the gas and particle profiles inside
the barrel are qualitatively the same as in the case of SOD = 6d
shown in Fig. 2-5, but the external field is much different. A
stand-off distance of one tube diameter seems to be too small for
the gas to expand freely outside the barrel. The gas expands at
exit, and its velocity peaks in the vicinity of the exit plane, but it
must drop to zero within 14 distance from the exit plane. Thus,
there is not enough space for the expansion-compression series
of waves to form and develop. This forms spiky velocity and

temperature profiles between the barrel exit plane and the plate
that looks like a standing shock wave and persists for a long time
before it starts to diminish. The solid particle responds to this
abrupt change in gas velocity, where it slightly accelerates then
decelerates before it reaches the target (Fig. 6 and 8) while there
is no noticeable variation in its temperature.

It can be deduced from Fig. 2-9 that the particle size, its initial
loading and the stand-off distance are three important factors
that affect the final state of the particle at impact on the target
plate. Increasing the stand-off distance increases the external ac-
celeration of the particle that adds up to that already gained in-
ternally, but at the same time decreases the particle temperature,
where it is possible that a molten particle may freeze before
reaching the target surface.
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Fig. 20 Particle temperature at impact on the target plate versus axial loading distance for L = 1.00 m (d, = 20 pm, y/r = 0.05)
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4.2 Convective and Radiative Heat Transfer

To see the relative effects of both convective and radiative
heat transfer modes, the convective and radiative heat transfer
coefficients are plotted against the particle location for the whole
of the particle path (Fig. 10 and 11). The convective and radia-
tive heat transfer coefficients are given by

k
h 7 (2+0.6Re,*Pr'"), hypy = e, 0 (T+ T )T* + T})

P

conv —

As can be seen from these plots, convection dominates over ra-
diation heat transfer along the whole path of the particle. The
convection heat transfer is about twenty to thirty times higher
than radiation, except at the points where the particle-slip velocity

-
(e, [V = V,|) is minimum, where the Reynolds number drops
drastically and so does the convective heat transfer coefficient.

4.3 Axial Loading Location and Stand-Off
Distance Effects

Calculations were performed to analyze the effects of the
stand-off distance on the particulate phase at impact on the target
surface, and are presented in Fig. 12-20. Since this factor is
interrelated with other important factors, such as the loading lo-
cation, the barrel length and the particle size, all of these factors
appear together in these plots. The tube length, the particle di-
ameter, and the radial loading location are fixed as shown in
these plots while the stand-off distance and the loading locations
are varied. It is first noticed that for a barrel length L = 0.5 m, and
particle diameter d;, = 30 pm (Fig. 12), the particle reaches the
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Fig. 22 Particle velocity at impact on the target plate versus its radial loading location for L = 1.0 m, x;/L = 0.2
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target with a temperature less than its melting point, and conse-
quently with a zero liquid fraction. This means that the solid
particle is not given enough path in this case to reach the melting
range.

The same calculations are repeated but for a barrel length
L=0.75m (Fig. 13 and 14) as well as for L = 1.0 m (Fig. 15 and
16). The particle has reached the melting point only for some
range of the loading distance for L = 0.75 m, and for almost the
whole range with L = 1.0 m. The particle terminal velocity in-
creases with increasing the stand-off distance, where increasing
this distance increases the particle acceleration externally that
adds up to the particle acceleration already gained inside the
barrel. However, the maximum terminal particle velocity for
a given stand-off distance is dependent on the axial loading
location.

Calculations were also performed for a particle diameter d,, =

20 pm with tube lengths of 0.75 and 1.0 m. These are shown in
Fig. 17-20. The same trend in the particle terminal velocity as for
the case with d, = 30 um is noticed. The particle terminal tem-
perature and liquid fraction are, however, different. For a tube
length L = 0.75 m, the 20 pm particle reaches the melting point
and there is a wide variation of the particle liquid fraction with
the axial loading location, while for L = 1.0 m, the particle is
exposed to excessive heating and its terminal temperature ex-
ceeds the melting point for most of the range of the axial loading
locations shown and with strong dependence on the axial load-
ing location.

Figure 21 shows the time required for the particle to reach the
substrate for particle sizes 20-30 um, and for a loading distance
range of 0.2—0.6. The 30 um particle loaded at x;/L = 0.3 takes
about 2.8 ms to reach the target surface. If each of the other
stages in a PDTS applicator cycle takes about the same time,
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then a simple calculation shows that the firing frequency of a
PDTS applicator can theoretically reach more than 100 cycles/s.

4.4 Radial Loading Location Effects

Particles loaded at different radial locations reach the target
surface at different locations and with different conditions, and
to achieve a coating layer with uniform final properties, particles
deposited on the surface should reach the surface on all locations
with minimum variations in their velocities and temperatures.
Also important is the angle of incidence at which the particle
reaches the target surface. The angle of incidence (8) here is
defined as the angle the particle velocity vector makes with the
positive x axis (i.e., ® = tan ' [v/u,]). Particles reaching the tar-
get surface with higher angles of incidence have more tenden-
cies to slip over the surface, and not to adhere to the surface
properly. Several computations are performed to investigate the

effect of the radial loading location on the uniformity of the par-
ticle terminal properties (velocity, liquid fraction and angle of
incidence), and the results are shown in Fig. 22-27 for different
parameters as shown in these plots. It is clear from these plots
that decreasing the stand-off distance produces more uniform
terminal particle velocities and liquid fractions, with negligible
effect on the particle angle of incidence. Also particles with smaller
diameters, result in less uniform terminal particle properties. For
the axial loading locations chosen in Fig. 22-27 (i.e., x;/L = 0.2 to
0.6), all the radial loading locations give near-uniform velocities
and temperatures at impact on the target surface.

5. Conclusions

A numerical study of the particulate phase dynamics and
thermal analysis in one cycle of pulsed detonation thermal
spraying is presented using a two-component, compressible, re-
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active, two-dimensional, axisymmetric flow model, with a one-
way coupling between the gas and the particulate phase. Due to
the extreme transient effects in gaseous detonation spraying, the
particle characteristics are very dependent on its instantaneous
location in the gas stream. The analysis presented here shows
that the geometrical configuration of the PDTS applicator, the
particle size, and the loading locations are important parameters
in determining the properties of the end product of a PDTS pro-
cess.

In general, increasing the stand-off distance results in an in-
crease in velocity and a decrease in temperature of the particle at
impact on the target surface. Increasing the stand-off distance
also results in less uniform properties of the coating layer where
the properties of the coating layer are dependent on the particle
characteristics upon impact on the target surface. The particle
terminal velocity and temperature are strongly dependent on the
particle axial loading location with a weak dependence on its
radial loading location. To achieve a coating layer with uniform
properties the powder material should be loaded over a narrow
range of axial locations.

Since the gas flow in a PDTS process is extremely transient
and passes through many stages during one cycle, the particle
terminal properties are very much dependent on the instanta-
neous location of the particle in the gas flow field. This dictates
that precise control needs to be exercised on the PDTS process
variables for an efficient and optimized operation.
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