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Experiments on thermal spray by pulsed detonations at 150 Hz were conducted. Two types of pulse
detonation combustors were used, one operated in the inert gas purge (GAP) mode and the other in the
liquid-purge (LIP) mode. In both modes, all gases were supplied in the valveless mode. The GAP mode
is free of moving components, although the explosive mixture is unavoidably diluted with the inert gas
used for the purge of the hot burned gas. In the LIP mode, pure fuel-oxygen combustion can be realized,
although a liquid-droplet injector must be actuated cyclically. The objective of this work was to
demonstrate a higher spraying temperature in the LIP mode. First, the temperature of CoNiCrAlY
particles heated by pulsed detonations was measured. As a result, the spraying temperature in the LIP
mode was higher than that in the GAP mode by about 1000 K. Second, the temperature of yttria-
stabilized zirconia (YSZ) particles, whose melting point was almost 2800 �C, heated by pulsed detona-
tions in the LIP mode was measured. As a result, the YSZ particles were heated up to about 2500 �C.
Finally, a thermal spray experiment using YSZ particles was conducted, and a coating with low porosity
was successfully deposited.

Keywords CoNiCrAlY, detonation, liquid-purge mode, zir-
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1. Introduction

A detonation is a supersonic combustion wave where a
leading shock wave and a subsequent exothermic reaction
zone move together at a characteristic speed called the
Chapman-Jouguet (CJ) detonation speed. It is an important
aspect of a detonation that a hot, high-pressure, high-speed
gas flow is induced behind the exothermic reaction zone
(Ref 1, 2). Therefore, hot, high-pressure, high-speed gas jets
are intermittently obtained when a series of pulsed deto-
nations is cyclically generated in a tube, one end of which is
closed and the other end is open. Such a technology is
sometimes called the pulse detonation technology (PDT).

The PDT has been developed in the fields of aerospace
propulsion and thermal spray, almost independently. In
the field of aerospace propulsion, an internal combustion
engine by means of the PDT is called a pulse detonation
engine, which has been developed since the middle of the

Nomenclature

aCJ Equilibrium sound speed of the burned gas in the

Chapman-Jouguet state

ag Sound speed of the gas

CD Drag coefficient for a particle

cpg Specific heat of the gas at constant pressure

cs Specific heat of a particle

DCJ Chapman-Jouguet detonation speed

dDT Inner diameter of the detonation tube

ds Diameter of a particle

f Fanning friction factor

fn0 dA1ð Þ Function of dA1 whose form is determined by n0

Hg Stagnation enthalpy of the burned gas

Hg,a Enthalpy of the burned gas whose temperature is

equal to that of the ambient atmosphere

kB Boltzmann constant

LDT Length of the detonation tube

Ls Molar latent heat of fusion of the CoNiCrAlY alloy

Ls,i Molar latent heat of fusion of pure metal i

Ma Mach number of a particle

MCJ Propagation Mach number of the Chapman-

Jouguet detonation

Mg Mach number of the gas flow

mi Molecular mass of species i

ms Mass of a particle

n0 Parameter determined by c2 as n0 = (3 � c2)/
[2(c2 � 1)]

Nu Nusselt number for a particle

p Pressure of the gas

pa Pressure of the ambient atmosphere
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last century (Ref 3-8). In addition, in recent years, PDT-
based gas-turbine engines operated on the ground have
been under development (Ref 9, 10). Almost indepen-
dently of such development in the field of propulsion and
power, thermal spray technologies based on the PDT have
been developed since the middle of the last century as
well. The thermal spray technology based on the PDT,
such as the detonation gun process, can spray coatings
with high bond strengths and low porosity (Ref 11-17).

The PDT is a technology in which pulsed detonations
are cyclically initiated by controlled spark ignitions in a
combustor. Therefore, it is important that the residual hot
burned gas of the previous cycle is purged by some means
before refilling the combustor with fresh explosive gas for
the next cycle. Otherwise, the supplied fuel and oxidizer
uncontrollably start to burn as a result of the heat transfer
from the residual hot burned gas of the previous cycle, and
refilling the combustor fully with fresh explosive gas be-
comes impossible. This purge process is critically impor-
tant for the stable high-frequency operation of a pulse
detonation combustor (PDC), and often limits the oper-
ation frequency of a PDC.

Several years ago, a technology for high-frequency
operation of a PDC, where all valves are kept open, was
developed by the authors, and the PDC was successfully
operated at up to 200 Hz (Ref 18). The principles of this
operation technology are simple and as follows. The PDC
is a tube, one end of which is closed and the other end is
open, and three gas-feeding pipes for fuel gas, oxygen gas,
and inert gas are connected to the closed end of the PDC.
The supply pressures of the fuel and oxygen gases are set
equally, but only the supply pressure of the inert gas is set

pCJ Pressure of the burned gas in the Chapman-

Jouguet state

pplateau Gas pressure on the closed end of the detonation

tube when the detonation is propagating through

the detonation tube

Pr Prandtl number
_Q Heat flow to a particle

Qi Time-averaged flow rate of gas i

Ra Arithmetic mean roughness of a surface

Re Reynolds number of a particle

ReDT Reynolds number of flow inside the detonation

tube

Ru Universal gas constant

t Time whose origin (t= 0) is the ignition timing

t1 Time at which the detonation is propagating at

x=�0.15 m

t2 Time at which the detonation arrives at the PDC

exit (x= 0)

tcyc Period of cyclic PDC operation

texhaust Time at which the gas pressure on the closed end of

the detonation tube decreases to the initial

pressure

Tg Temperature of the gas

Tg,a Temperature of the ambient atmosphere

tplateau Time at which the gas pressure on the closed end of

the detonation tube begins to decrease from pplateau
Ts Temperature of a particle

ug Flow speed of the gas

ug,x<0 Flow speed of fresh explosive gas inside the PDC

us Speed of a particle

tCJ Specific volume of the burned gas in the Chapman-

Jouguet state

Wg Average molar mass of the burned gas in the

Chapman-Jouguet state

x Coordinate along the central axis of the detonation

tube, whose direction is from the closed end toward

the exit and whose origin (x= 0) is at the exit

Xi Mole fraction of species i

xs Position of a particle

Y Mass fraction

Yi Mass fraction of metallic component i in the

CoNiCrAlY alloy

a Heat transfer coefficient for a particle

c1 Specific-heat ratio of fresh explosive gas

c2 Effective specific-heat ratio of the burned gas in

the Chapman-Jouguet state

dA1 Dimensionless quantity determined by MCJ, c1,
and c2

Dt Time step in model calculation

eDT Surface roughness of the inner wall of the

detonation tube

ei Lennard-Jones potential well depth of species i

Uij Dimensionless quantity used for the evaluation of

the viscosity of the gas mixture

kg Thermal conductivity of the gas

lg Viscosity of the gas

lgs Viscosity of the gas evaluated at the particle

temperature

li Viscosity of pure species i

qg Mass density of the gas

qg,a Mass density of the burned gas whose temperature

and pressure are equal to those of ambient

atmosphere

qs Mass density of the CoNiCrAlY alloy

qs,i Mass density of pure metal i

ri Lennard-Jones collision diameter of species i

sjet Duration of the exhaust jet from the detonation

tube

Xli Dimensionless quantity used for the evaluation of

the viscosity of pure species i

Subscript

0 Gun exit

Abbreviations

CJ Chapman-Jouguet

GAP Inert gas purge

LIP Liquid purge

PDC Pulse detonation combustor

PDT Pulse detonation technology

slm Standard liter per minute

SOFC Solid oxide fuel cell

TBC Thermal barrier coating

YSZ Yttria-stabilized zirconia
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higher. After the ignition of the explosive gas by a spark
plug and subsequent initiation of a detonation, the gas
pressure inside the PDC becomes high and, thereby, the
supply of all gases stops. After the detonation reaches the
open end of the PDC, an exhausting rarefaction wave
propagates from the open end toward the closed end. In
addition, after the exhausting rarefaction wave reaches the
closed end, the gas pressure around the exits of the gas-
feeding pipes decreases. Because the supply pressure of
the inert gas is set higher than those of the fuel and oxygen
gases, only the inert gas is first supplied into the PDC. In
addition, after the gas pressure around the exits of the gas-
feeding pipes further decreases, the fuel and oxygen gases
are supplied with some delay compared to the inert gas.
As a result of this delayed supply of the fuel and oxygen
gases, the residual hot burned gas of the previous cycle is
purged by the earlier-supplied inert gas. In this mode, the
operation of the PDC is controlled by the spark ignitions
only. In this paper, this operation mode of a PDC is called
the inert gas purge (GAP) mode. The operation of a PDC
in the GAP mode is very stable and durable because the
GAP-mode operation of a PDC is free of moving com-
ponents, and a PDC was successfully operated in the GAP
mode at 150 Hz for 15 min continuously by the authors
(Ref 19). Although the operation of a PDC in the GAP
mode is very stable and durable, pure fuel-oxygen com-
bustion is impossible because the explosive gas is, in
principle, diluted by the inert gas for the purge process.
This indicates that the burning temperature in the GAP-
mode operation of a PDC is lower compared to the case of
pure fuel-oxygen detonation.

Recently, another high-frequency operation mode of a
PDC, which is called the liquid-purge (LIP) mode, was
developed by the authors (Ref 20). In the LIP-mode
operation of a PDC, the residual hot burned gas of the
previous cycle is purged by using the liquid-to-gas phase
transition of injected liquid droplets. The principles of the
LIP-mode operation of a PDC are as follows. The PDC is
a tube, one end of which is closed and the other end is
open, and two gas-feeding pipes for fuel and oxygen gases
are connected to the closed end of the PDC. Furthermore,
a liquid-droplet injector is installed at the closed end for
injecting liquid droplets into the PDC for the purge pro-
cess. The fuel and oxygen gases are supplied into the PDC
in a valveless mode, similar to the GAP mode where all
valves are kept open and the supply of the gases is con-
trolled by the difference between the supply pressure of
the gases and the gas pressure around the exits of the gas-
feeding pipes. In the LIP mode, during the final stage of
the gas supply, specifically just before the detonation ini-
tiation, liquid droplets are injected in the vicinity of the
closed end. After the ignition of the explosive gas by a
spark plug and subsequent initiation of detonation, the gas
pressure inside the PDC increases, and thereby, the supply
of all gases stops. In addition, at that time, the liquid-to-
gas phase transition of the injected liquid droplets begins
in the hot burned gas, in the vicinity of the closed end. The
liquid-to-gas phase transition is endothermic and accom-
panied by a roughly thousand-fold volume expansion, and
thereby, the hot burned gas is cooled and pushed toward

the open end, namely purged. That is, the LIP-mode
operation of a PDC is controlled by the spark ignitions
and the synchronized liquid-droplet injection. A PDC was
successfully operated in the LIP mode at up to 350 Hz
(Ref 20). Although the liquid-droplet injector has to be
actuated every cycle, pure fuel-oxygen combustion is
possible in the LIP mode (Ref 20). This indicates that the
burning temperature in the LIP-mode operation of a PDC
is higher compared to the GAP mode.

These technologies for the high-frequency operation of
a PDC developed by the authors, that is, the GAP and LIP
modes, require inert gas or liquid, which is usually water,
for the purge process. Therefore, these technologies are
suitable for ground applications, rather than aerospace
applications, and thermal spray seems their most suit-
able application field. So far, detonation guns of various
types for thermal spray have already been developed
(Ref 11, 12, 15, 21-34), and some of them are named, such
as the D-Gun (Ref 11, 12, 24), ADK-1M (Ref 15),
KORUND (Ref 21), Ob (Ref 17, 22), Perun P (Ref 25),
and HFPD (Ref 26-34). All detonation guns except HFPD
are rather large, typically 1-m long or more, and operate at
low frequencies, typically several Hz. Only the HFPD
detonation gun is rather small, 0.5-0.9 m long (Ref 26),
and ordinarily operates at 45-75 Hz (Ref 27-34). The
HFPD detonation gun is operated by the valveless-mode
fuel-and-oxygen supply, where the hot burned gas back-
flows into the gas-feeding pipes and is rapidly cooled
there, and the cooled burned gas is reintroduced into the
PDC for utilization in the purge process (Ref 26). The
PDCs developed by the authors experience the backflows
of the burned gas into the gas-feeding pipes as well as the
HFPD detonation gun. However, in the PDCs developed
by the authors, it is not expected that the burned gas
cooled in the gas-feeding pipes purges the hot burned gas
of the previous cycle, but expected that the introduced
inert gas or vapor of the introduced liquid droplets purges
the hot burned gas of the previous cycle. Compared with
the existing detonation guns for thermal spray, the PDC
developed by the authors can be operated at higher fre-
quencies and, therefore, has the possibility to be down-
sized without sacrificing spray rate. Accordingly, it is
significant to experimentally investigate the ability of the
developed high-frequency PDCs regarding thermal spray
from the viewpoint of the application of high-frequency
PDT.

This paper shows the results of the experimental
investigations of the ability of the developed high-fre-
quency PDCs to heat and accelerate solid particles by
using CoNiCrAlY and yttria-stabilized zirconia (YSZ).
These materials were chosen because CoNiCrAlY is often
used for thermal barrier coatings (TBCs) (Ref 35) and
YSZ is often used for TBCs (Ref 35) and solid oxide fuel
cells (SOFCs) (Ref 36). In the following sections, first
described are the experimental measurements of temper-
ature and speed of in-flight CoNiCrAlY particles heated
and accelerated by using high-frequency PDCs operated
in the GAP and LIP modes. Next, the experimental results
are compared with the results of simple model calcula-
tions, and the difference in the particle heating and
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acceleration processes between the GAP and LIP modes
is discussed. After that, experiments on the thermal spray
of YSZ using a high-frequency PDC operated in the LIP
mode are described. Finally, the main conclusions are
summarized.

2. Experimental Arrangement

In the experiments, two types of PDCs were used, one
operated in the GAP mode and the other in the LIP mode.
The PDCs used in the experiments are shown in Fig. 1 and
2. Both PDCs were made of stainless steel, 10 mm in inner
diameter, 350 mm in length, and were water-cooled.
Automotive spark plugs (NGK, R847-11) were used for
ignition. A 1.5-mm-inner-diameter powder supply nozzle
was installed in each PDC at 150 mm from the PDC exit.
Although detonations were intermittently initiated in the
PDC, the powder was continuously supplied to the PDC
using a commercially available powder feeder (GTV, PF
2/1) together with a carrier gas (argon) whose flow rate
was 20 standard liter per minute (slm) and supply pressure
was 1.09 MPa. In this paper, pressure is shown in absolute
pressure, and the gas flow rate is shown in slm, which is the
volume flow rate converted to standard conditions: 20 �C
and 1 atm. The fuel was ethylene, and the oxidizer was
oxygen. In all experiments, gases were supplied to the
PDCs in the valveless mode, and their time-averaged flow
rates were controlled using commercially available mass
flow controllers.

In the GAP-mode operation, argon was used as the
purging gas, which was supplied to the PDC inclined 45�
from the tube axis toward the closed end, as shown in
Fig. 1. Ethylene and oxygen were supplied to the PDC in
opposing directions for quick mixing. Two spark plugs
were installed at 57 and 77 mm from the closed end.

In the LIP-mode operation, a liquid injector, which was a
fuel injector (MITSUBISHI, 1465A010) used in an auto-
mobile gasoline direct injection engine, was installed at the
closed end, as shown in Fig. 2. By using the liquid injector,
water droplets were injected at a supply pressure of 7.1 MPa
into the PDC, where the Sauter mean diameter of the water
droplets was 24.4 lm and the spray cone angle was 35� (half
angle). Taking into account the spray cone angle of thewater
droplets, the gas-feeding pipes for the ethylene and oxygen
were installed in the PDC at an angle of 35� from the tube

axis, as shown inFig. 2.A sparkplugwas installed in thePDC
50 mm from the closed end.

The powders used in the experiments were CoNiCrAlY
(Oerlikon Metco, Amdry 9951) (Ref 37), with a mass ratio
of Co:Ni:Cr:Al:Y= 5:4:2.5:1:0.05 and a melting point of
about 1340 �C (Ref 38), and ZrO2-8 wt.% Y2O3 (Oerlikon
Metco, Metco 204NS) (Ref 39), with a melting point of
about 2800 �C. Figure 3 and 4 show a photograph and
particle-size distribution of the CoNiCrAlY powder and
the ZrO2-8 wt.% Y2O3 (YSZ) powder, respectively. Here,
ds and Y(ds) denote the particle diameter and mass frac-
tion, respectively. The number of particles of a specified
diameter ds is proportional to Y(ds)/ds

3. For the particle-
size distribution shown in Fig. 3(b), the number fractions
of CoNiCrAlY particles are 0.37 for ds = 5-10 lm, 0.49 for
ds = 10-20 lm, 0.13 for ds = 20-38 lm, and 0.0015 for
ds = 38-45 lm, where the medium value of each diameter
bin in Fig. 3(b) was used as ds in the calculations of Y(ds)/
ds
3. In addition, the average diameter weighted by the mass

fraction was 24 lm, although the average diameter
weighted by the number fraction was 14 lm. For the
particle-size distribution shown in Fig. 4(b), the number
fractions of YSZ particles are 0.71 for ds = 11-24 lm, 0.26
for ds = 24-54 lm, 0.034 for ds = 54-99.5 lm, and 0.0027 for
ds = 99.5-125 lm. In addition, the average diameter
weighted by the mass fraction was 59 lm, although the
average diameter weighted by the number fraction was
25 lm.

For the measurements of the temperature and speed of
the in-flight particles, SprayWatch 2i (Oseir Ltd., Finland)
was used, which was based on a single CCD camera with a
field of view about 21 mm in the horizontal direction and
about 28 mm in the vertical direction and a depth of about
6 mm. The temperature of the particles was measured by

Fig. 1 Pulse detonation combustor (PDC) for the inert gas
purge (GAP) mode operation

Fig. 2 PDC for the liquid-purge (LIP) mode operation

Fig. 3 Photograph (a) and particle-size distribution (b) of the
CoNiCrAlY powder

Journal of Thermal Spray Technology Volume 25(3) February 2016—497

P
e
e
r
R
e
v
ie
w
e
d



two-color pyrometry at 700 and 850 nm, where the mea-
surement time duration was set to 0.2 ms. The particle
speeds were measured from the length of the particle
traces during the known exposure time, which was set to
0.5 ls. Although the heating and acceleration processes of
a particle depend on its size, any information about the
sizes of the diagnosed particles cannot be obtained by this
diagnostic equipment. In this sense, the temperature and
speed measured by SprayWatch 2i mean the typical tem-
perature and speed of the in-flight particles.

3. Heating and Acceleration of CoNiCrAlY
Particles in GAP and LIP Modes

3.1 Experiments

The operation conditions of the PDCs in the GAP and
LIP modes are summarized in Table 1. The parameters of
the CJ detonations were calculated using the chemical
equilibrium calculation software STANJAN (Ref 40) for
an initial temperature of 300 K and an initial pressure of
1 atm. Both PDCs were operated at 150 Hz for 20 s. The
supply rate of the CoNiCrAlY powder was 20 g/min. The
center of the field of view of SprayWatch 2i was set
100 mm from the PDC exit on the elongation of the PDC
axis, and the start time of the measurement was varied
every 0.2 ms from the ignition timing by which the time
origin t= 0 was defined. The temperature and speed of the
in-flight particles were measured without a substrate to be
sprayed.

The measured temperature and speed of the
CoNiCrAlY particles are shown in Fig. 5, where Ts and us
denote the temperature and speed of the particles,
respectively. The vertical error bars show the standard
deviations of the data, and the horizontal error bars cor-
respond to the time duration of the temperature mea-
surement. The time regions in which data are not plotted
correspond to the time regions in which the self-emission
of the particles was too weak to be observed. The time
duration in which the experimental data were obtained
was about 1.2 ms per cycle for both of the GAP and LIP
modes. This value can be explained from the analysis of
the wave dynamics in a detonation tube. The duration of
the exhaust jet from a detonation tube sjet corresponds to
the difference between the time when a detonation
reaches the exit of the detonation tube and the time when
the gas pressure on the closed end of the detonation tube
returns to the initial pressure. According to Ref 7, sjet is
given by the following formula.

sjet ¼ 2
c1M

2
CJ

c1M
2
CJ þ c2

fn0 dA1ð Þ � 1½ �
�

þ2
c1M

2
CJ þ c2

c1M
2
CJ þ 1

c2 þ 1

2c2

� �� c2þ1

2 c2�1ð Þ
�1

9=
;

LDT

DCJ

dA1 ¼
c1M

2
CJ þ c2
2c2

c1M
2
CJ þ c2

c1M
2
CJ þ 1

c2 þ 1

2c2

� �c2þ1

c2�1

2
4

3
5

ðEq 1Þ
In the above formula, LDT denotes the detonation tube
length,DCJ denotes the CJ detonation speed, MCJ denotes
the propagation Mach number of the CJ detonation, c1
denotes the specific-heat ratio of the fresh explosive gas,
c2 denotes the effective specific-heat ratio of the burned
gas in the CJ state, and fn0 dA1ð Þ is a function of dA1 whose
form is determined by n0 = (3 � c2)/[2(c2 � 1)] and given
in Ref 7. Calculating sjet for the conditions of the present
experiments, sjet is approximately 1.3 ms for both the
GAP and LIP modes, which agrees well with the above
value (1.2 ms).

As shown in Fig. 5(a), the highest particle temperature
observed in the LIP-mode operation was higher than that
in the GAP-mode operation by about 1000 K. On the
other hand, the CJ temperature for the LIP-mode opera-
tion was higher than that for the GAP-mode operation by

Fig. 4 Photograph (a) and particle-size distribution (b) of the
yttria-stabilized zirconia (YSZ) powder

Table 1 Operation conditions of PDCs for experiments on CoNiCrAlY particles

Operation mode GAP LIP

Supply pressure of C2H4 and O2, MPa 0.60 0.50
Supply pressure of Ar, MPa 1.09 …
Supply rate of C2H4, slm 88 106
Supply rate of O2, slm 240 300
Supply rate of Ar, slm 600 …
Composition of explosive gas 1.1C2H4+ 3O2+ 6.4Ar 1.1C2H4+ 3O2

Temperature at CJ surface, K 3597 3968
Pressure at CJ surface, MPa 2.512 3.496
Gas speed at CJ surface relative to the unburned gas, m/s 857 1114
Mass of injected water per cycle, mg … 25
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about 370 K, as shown in Table 1. The difference in the CJ
temperature between the two different operation modes
seems to have the largest influence on the difference in the
particle temperature between the two different operation
modes measured at the time when the self-emission of the
particles begins to be observable, namely at t= 0.6 ms.
However, the particle temperature measured at that time
for the LIP-mode operation was higher than that for the
GAP-mode operation by about 1400 K. That is, the
experimental results showed that the difference in the
particle temperature measured at t= 0.6 ms between the
two different operation modes was much larger than the
difference in the CJ temperature between the two differ-
ent operation modes. In contrast, regarding the speed, the
speed of the gas flow induced by the CJ detonation for the
LIP-mode operation was higher than that for the GAP-
mode operation by about 260 m/s, as shown in Table 1.
The difference in the speed of the detonation-induced gas
flow between the two different operation modes seems to
have the largest influence on the difference in the particle
speed between the two different operation modes mea-
sured at t= 0.6 ms. However, the particle speed measured
at that time for the LIP-mode operation was higher than
that for the GAP-mode operation only by about 130 m/s.
Further, the highest particle speed measured for the LIP-
mode operation was higher than that for the GAP-mode
operation only by about 50 m/s. That is, on the contrary to
the case of the particle temperature, the experimental
results showed that the difference in the particle speed
measured at t= 0.6 ms between the two different opera-
tion modes was much smaller than the difference in the
speed of the detonation-induced gas flow between the two
different operation modes. Summarizing the above results,
the differences in the measured particle temperature and
speed between the two different operation modes were
qualitatively as expected, but quantitatively not. In the
following section, the experimental results are quantita-

tively discussed by comparing them with the results of
simple model calculations.

3.2 Model Calculations

In section 3.2, described are the detailed methods for
the calculations for the particle temperature and speed
measured at the time when the self-emission of the par-
ticles begins to be observable, namely at t=0.6 ms. In the
model calculations, the x-axis is set as the central axis of
the PDC, whose direction is from the closed end toward
the exit and whose origin (x=0) is at the exit, and the
temperature and speed of a particle only on the x-axis are
calculated. The boundary conditions for the particle tem-
perature and speed are Ts = 300 K and us = 0 at
x=�150 mm, corresponding to the location of the powder
feeding nozzle, as shown in Fig. 1 and 2. The initial con-
ditions for the thermodynamic state of all gaseous media
are p=1 atm and Tg = 300 K, where p and Tg denote the
pressure and temperature of the gaseous media, respec-
tively. Because the objective of the present model calcu-
lations is to calculate the particle temperature and speed
measured at the time when the self-emission of the par-
ticles begins to be observable, the following situation is
assumed. Initially, fresh explosive gas flows through the
PDC, namely a straight tube, toward the exit, and a
spherical particle of a specified diameter is accelerated by
the flow of fresh explosive gas. After the ignition, a CJ
detonation propagates toward the PDC exit. At a certain
instant, both the particle and the detonation arrive
simultaneously at the PDC exit. After that time, the par-
ticle is heated and accelerated by the jet of the burned gas
outside the PDC. The assumed situation is explained some
more. Let us consider particles of a specified diameter. In
the present work, solid particles were continuously sup-
plied to the PDC although detonations were intermittently
initiated. Therefore, before ignition, particles of a speci-
fied diameter existed in the fresh explosive gas flow inside
the PDC everywhere between the powder feeding nozzle
and the PDC exit and also outside the PDC. Accordingly,
a group of such particles necessarily encountered a deto-
nation at the PDC exit. Indeed, another group of such
particles supplied earlier to the PDC encountered a hot
burned gas jet outside the PDC and reached the field of
view of SprayWatch 2i earlier than the particles encoun-
tering a detonation at the PDC exit. However, for sim-
plicity, it was assumed that the particles encountering a
detonation at the PDC exit contributed the experimental
data measured at the time when the self-emission of the
particles began to be observable.

In the model calculations, the position xs, speed
us = dxs/dt, and temperature Ts of the spherical particle of
a specified diameter are calculated as a function of time t
using the following formulae:

xs t þ Dtð Þ ¼ xs tð Þ þ us tð ÞDt ðEq 2Þ

us t þ Dtð Þ ¼ us tð Þ þ CD
1

2
qg

ug � us
� �3
ug � us
�� �� pd

2
s

4

1

ms
Dt ðEq 3Þ

Fig. 5 Measured temperature (a) and speed (b) of the in-flight
CoNiCrAlY particles
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Ts t þ Dtð Þ ¼ Ts tð Þ þ a
Tg � Ts

� �
pd2s

mscs
Dt ðEq 4Þ

In the above formulae, Dt denotes a small time step set to
1 ls in the present calculations, CD denotes the drag
coefficient for the particle, qg denotes the mass density of
the gas, ug denotes the flow speed of the gas, ms denotes
the particle mass, a denotes the heat transfer coefficient
for the particle, and cs denotes the specific heat of the
particle. The nonuniformity of the temperature in the
particle is ignored. When the particle temperature is equal
to the melting point (1340 �C), the heat flow to the particle
_Q is evaluated by the formula _Q ¼ a Tg � Ts

� �
pd2s , and the

particle temperature is equal to the melting point until the
fusion of the particle finishes. In addition, the influence of
the heating and acceleration of the particles on the ther-
modynamic and gasdynamic states of the gas flow was
ignored. This was because the mass flow rate of the sup-
plied gas was 1418 g/min in the GAP-mode operation and
523 g/min in the LIP-mode operation, which were much
larger than the mass flow rate of the CoNiCrAlY powder,
which was 20 g/min. More detailed calculation methods
are described below.

3.2.1 Calculation Methods for the Drag Coefficient CD

and Heat Transfer Coefficient a. The drag coefficient for
the particle is evaluated by the following formula (Ref 41,
42).

CD ¼ 24

Re
1þ 0:1806Re0:6459 þ Re

24

0:4251

1þ 6880:95
Re

 !

�
1þ exp � 0:427

Ma4:63
� 3

Re0:88

� �
1þ Ma

Re 3:82þ 1:28 exp �1:25 Re
Ma

� �� 	
ðEq 5Þ

In the above formula, Re andMa denote the Reynolds and
Mach numbers of the particle, respectively, and are de-
fined by

Re ¼
qg ug � us
�� ��ds

lg
; ðEq 6Þ

Ma ¼
ug � us
�� ��

ag
; ðEq 7Þ

where lg and ag denote the viscosity and sound speed of
the gas, respectively.

The heat transfer coefficient for the particle is evalu-
ated by the following formula (Ref 42-45).

a¼Nu
kg
ds

� Nu¼
2þ 0:4Re

1
2 þ 0:06Re

2
3


 �
Pr0:4 lg

�
lgs

� �1
4

1þ 3:42 Ma
RePr 2þ 0:4Re

1
2 þ 0:06Re

2
3


 �
Pr0:4 lg

�
lgs

� �1
4

h i
8><
>:

9>=
>;

ðEq 8Þ
In the above formula, Nu denotes the Nusselt number for
the particle, kg denotes the thermal conductivity of the
gas, lgs denotes the viscosity of the gas evaluated at the
particle temperature, and Pr denotes the Prandtl number
defined by

Pr ¼
cpglg
kg

ðEq 9Þ

where cpg denotes the specific heat of the gas at constant
pressure.

3.2.2 Calculation Methods for the Thermodynamic and
Transport Parameters of Gas. The fresh explosive gas and
the burned gas are treated as different kinds of calorically
perfect gases, where a calorically perfect gas indicates an
ideal gas with constant specific heats. The chemical com-
position of the burned gas is simplified so that it is the
same as that of the CJ state computed using the chemical
equilibrium calculation software STANJAN (Ref 40). The
effective specific-heat ratio of the burned gas is evaluated
by

c2 ¼
a2CJ

pCJtCJ
; ðEq 10Þ

where aCJ, pCJ, and tCJ denote the equilibrium sound
speed, pressure, and specific volume of the burned gas in
the CJ state, respectively. The specific heat of the burned
gas at constant pressure is evaluated by

cpg ¼
c2

c2 � 1

Ru

Wg
; ðEq 11Þ

where Ru denotes the universal gas constant and Wg de-
notes the average molar mass of the burned gas in the CJ
state.

The viscosity of the gas is evaluated by the following
formula (Ref 46).

lg ¼
X
i

XiliP
j XjUij

ðEq 12Þ

In the above formula, Xi denotes the mole fraction of
chemical species i and the quantities li and Uij are given
by

li ¼
5

16

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pmikBTg

p
pr2iXli

; ðEq 13Þ

Uij ¼
1ffiffiffi
8

p 1þmi

mj

� ��1
2

1þ li
lj

 !1
2

mj

mi

� �1
4

2
4

3
5
2

; ðEq 14Þ

where mi denotes the molecular mass of chemical species
i, kB denotes the Boltzmann constant, ri denotes the
Lennard-Jones collision diameter of chemical species i,
and the quantity Xli is given by the following formula (Ref
47).

Xli ¼
1:155

kBTg

�
ei

� �0:1462 þ 0:3945

exp 0:6672kBTg

�
ei

� �

þ 2:05

exp 2:168kBTg

�
ei

� �
ðEq 15Þ

In the above formula, ei denotes the Lennard-Jones
potential well depth of chemical species i. The values
of the Lennard-Jones collision diameter ri and the
Lennard-Jones potential well depth ei are given in
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Table 4.3 of Ref 47. Taking into account the correction for
the polar molecule H2O, the quantity XlH2O is given by the
following formula (Ref 48).

XlH2O ¼ 1:155

kBTg

�
ei

� �0:1462 þ 0:3945

exp 0:6672kBTg

�
ei

� �

þ 2:05

exp 2:168kBTg

�
ei

� �þ 0:2� 1:2172

kBTg

�
ei

ðEq 15aÞ

The thermal conductivity of the gas is simply given by the
following modified Eucken correlation (Ref 49) from the
evaluated viscosity of the gas lg.

kg ¼ Ru
1:32

c2 � 1
þ 1:77

� �
lg
Wg

ðEq 16Þ

3.2.3 Calculation Methods for the Thermodynamic
Parameters of the CoNiCrAlY Particles. In order to cal-
culate the heating and acceleration processes of a CoN-
iCrAlY particle, the values of mass density qs, specific heat
cs, and molar latent heat of fusion Ls of the CoNiCrAlY
alloy are needed. The mass density of the CoNiCrAlY
alloy is evaluated by

qs ¼
1P

i Yi

�
qs;i

; ðEq 17Þ

where Yi denotes the mass fraction of metallic component
i in the CoNiCrAlY alloy and qs,i denotes the mass density
of pure metal i. The molar latent heat of fusion of the
CoNiCrAlY alloy is evaluated by

Ls ¼
X
i

XiLs;i; ðEq 18Þ

where Xi denotes the mole fraction of metallic component
i in the CoNiCrAlY alloy and Ls,i denotes the molar latent
heat of fusion of pure metal i. The specific heat of the
CoNiCrAlY alloy is evaluated by the following formula,
referring to the data given in Ref 50.

cs J= kg Kð Þ½ � ¼ 350þ 0:268� Ts½�C� for Ts<1340
708 for 1340 � Ts

�

ðEq 19Þ
3.2.4 Calculation Methods for the Gas Flow State

Inside the PDC. The gas flow state of the fresh explosive
gas inside the PDC is evaluated as follows. The time-av-
eraged flow rates of ethylene QC2H4

, oxygen QO2
, and ar-

gon QAr supplied into the PDC are known. However,
these gases are supplied into the PDC in the valveless
mode; therefore, their instantaneous flow rates are deter-
mined by the relation between their supply pressures and
the instantaneous gas pressure in the vicinity of the exits
of the gas-feeding pipes. The time history of the gas
pressure in the vicinity of the exits of the gas-feeding pipes
is simply approximated by the analytical solution given in
Ref 7 on the time history of the gas pressure on the closed
end of a detonation tube, one end of which is closed and
the other end is open. According to Ref 7, on the

assumption that a CJ detonation begins to propagate in an
explosive gas at rest from the closed end toward the open
end at time t= 0, the pressure on the closed end is constant
at pplateau until the time tplateau. After that time, the pres-
sure gradually decreases to the initial pressure at time
texhaust. Assuming that the initial pressure and temperature
of the fresh explosive gas are respectively 1 atm and
300 K, it is evaluated that tplateau = 0.58 ms, pplateau =
0.92 MPa, and texhaust = 1.44 ms for the GAP-mode oper-
ation where c1 = 1.4685, c2 = 1.1697, DCJ = 1901.3 m/s, and
MCJ = 5.9959. In addition, tplateau = 0.46 ms, pplateau =
1.28 MPa, and texhaust = 1.43 ms for the LIP-mode opera-
tion where c1 = 1.3255, c2 = 1.1411, DCJ = 2423.8 m/s, and
MCJ = 7.4145. In the present experiments, the supply
pressure of argon was 1.09 MPa, and that of ethylene and
oxygen was 0.60 MPa for the GAP-mode operation and
0.50 MPa for the LIP-mode operation, as shown in Ta-
ble 1. Therefore, the effective supply duration of argon
in a cycle is simplified from tplateau to tcyc (1/150 s), and
that of ethylene and oxygen in a cycle is simplified from
texhaust to tcyc, where tcyc is the period of the cyclic
operation at 150 Hz. By using the above simplification,
the flow speed of the fresh explosive gas inside the PDC
ug,x<0 is evaluated by the following formula:

ug; x<0 ¼
4

pd2DT

QArtcyc
tcyc � tplateau

þ QC2H4
þQO2

ð Þtcyc
tcyc � texhaust

� �

ðEq 20Þ
In the above formula, dDT denotes the inner diameter
of the PDC. By using the above formula, it is evaluated
that ug,x<0 = 228 m/s for the GAP-mode operation and
ug,x<0 = 110 m/s for the LIP-mode operation. In summary,
the gas flow state of the fresh explosive gas in the region of
x < 0 is given by the uniform steady flow of p=1 atm and
Tg = 300 K with a flow speed of ug,x<0.

Here, the assumption of p= 1 atm stated above is
examined. The Fanning friction factor f for a steady flow
inside a straight cylindrical tube is defined by

f ¼ dDT

2qgu2g

Dp
Dx

; ðEq 21Þ

where Dp/Dx denotes the pressure drop per unit length.
According to Ref 51, the Fanning friction factor is given
by the following formula:

f ¼ �4:0 log10

eDT=dDT

3:7065

� 5:0272
ReDT

log10

eDT=dDT

3:827

� 4:567
ReDT

log10

eDT=dDT

7:7918


 �0:9924

þ 5:3326
208:815þReDT


 �0:9345
2
64

3
75

8>>>><
>>>>:

9>>>>=
>>>>;

0
BBBBBBB@

1
CCCCCCCA

2
66666664

3
77777775

�2

3�103 �ReDT � 1:5�108; 0� eDT=dDT � 5�10�2
� �

ðEq 22Þ
In the above formula, eDT denotes the surface roughness
of the inner wall of the tube and ReDT denotes the Rey-
nolds number of the flow inside the tube defined by
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ReDT ¼
qgug; x<0dDT

lg
: ðEq 23Þ

Based on the assumption eDT/dDT � 10�3, it is evaluated
that f � 0.0053 for the GAP-mode operation,
where lg = 2.07 9 10�5 Pa s and ReDT= 1.63 9 105, and
f � 0.0057 for the LIP-mode operation, where
lg = 1.70 9 10�5 Pa s and ReDT= 8.10 9 104. Although
the above values of the Reynolds number imply that the
flows inside the PDC are intrinsically turbulent without
powder injection, the intrinsic turbulence of the flows is
ignored in the present model calculations for simplicity.
From the evaluated values of the Fanning friction factor,
the pressure drop for Dx= 150 mm, which is the distance
between the powder-injection nozzle and the PDC exit, is
estimated to be 0.12 atm for the GAP-mode operation
and 0.025 atm for the LIP-mode operation. From these
estimated values of the pressure drop, it is considered that
the assumption of p= 1 atm does not contribute significant
errors.

3.2.5 Calculation Methods for the Gas Flow State
Outside the PDC. A particle that is accelerated by the
flow of fresh explosive gas until it arrives at the PDC exit
is heated and accelerated by the jet of the burned gas
outside the PDC. In the present model calculations, the
gas flow state at the PDC exit, which is denoted by sub-
script 0, is simplified to be equal to that at the CJ surface
of the detonation because the objective of the present
model calculations is to calculate the particle temperature
and speed measured at the time when the self-emission of
the particles begins to be observable. That is, the param-
eters at the PDC exit are set so that p0 = 2.512 MPa,
Tg,0 = 3597 K, qg,0 = 2.694 kg/m3, and ug,0 =DCJ � aCJ +
ug,x<0 = 1085 m/s for the GAP-mode operation, and
p0 = 3.496 MPa, Tg,0 = 3968 K, qg,0 = 2.326 kg/m3, and
ug,0 = 1224 m/s for the LIP-mode operation, where
DCJ � aCJ denotes the gas speed at the CJ surface of the
detonation relative to the unburned gas. Furthermore, the
Mach number of the burned gas jet at the PDC exit is
given as Mg,0 = ug,0/aCJ = 1.0 for the GAP-mode operation
and Mg,0 = ug,0/aCJ = 0.93 for the LIP-mode operation.

According to Ref 52 and 53, the flow speed and tem-
perature of the burned gas jet on the x-axis outside the
PDC are given by the following formulae, which were
developed for steady jets.

ug xð Þ
ug;0

¼
1 for x�Lc

1�exp �1
.

j 2x
dDT

ffiffiffiffiffiffi
qg;a
qg;0

q
�0:70


 �h i
for x>Lc

(

j¼ 0:08 1�0:16Mg;0

� �
qg;a
�
qg;0

� ��0:22
;Lc ¼

0:70dDT

2j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qg;a
�
qg;0

q
2
64

3
75

ðEq 24Þ

Hg xð Þ �Hg;a

Hg;0 �Hg;a

¼

1 for x � 0:70dDT

0:204

ffiffiffiffiffi
qg;a
qg;0

q

1� exp �1
.

0:102 2x
dDT

ffiffiffiffiffiffi
qg;a
qg;0

q
� 0:70


 �h i
for x> 0:70dDT

0:204

ffiffiffiffiffi
qg;a
qg;0

q

8>>><
>>>:

ðEq 25Þ
In the above formulae, qg,a denotes the mass density of the
burned gas whose temperature and pressure are equal to
those of the ambient atmosphere, namely 300 K and

1 atm, and Hg xð Þ ¼ cpgTg xð Þ þ 1
2 ug xð Þ
� 	2

, Hg;0 ¼ cpgTg;0þ
1
2u

2
g;0, and Hg,a = cpgTg,a, where Tg,a denotes the tempera-

ture of the ambient atmosphere, namely 300 K. In the
present calculations, qg,a = 1.302 kg/m3 for the GAP-mode
operation and qg,a = 0.8919 kg/m3 for the LIP-mode
operation. Regarding the burned gas pressure on the x-
axis outside the PDC, the linear distribution given by the
following formula is assumed because more appropriate
empirical formulae or assumptions cannot be found by the
authors.

p xð Þ ¼ p0 � p0 � pað Þ x
Lc

for x � Lc

pa for x>Lc

�
ðEq 26Þ

In the above formula, pa denotes the pressure of the
ambient atmosphere, namely 1 atm. Furthermore, the
mass density of the burned gas on the x-axis outside the
PDC is given by the following formula.

qg xð Þ ¼ p xð Þ
p0

Tg;0

Tg xð Þ qg;0 ðEq 27Þ

3.2.6 Determination of Representative Particle Diam-
eters. In the experiments, the particle temperature and
speed were measured by observing the self-emission from
the CoNiCrAlY particles whose particle-size distribution
is shown in Fig. 3(b). The observability of the particles
with a specified diameter must be proportional to the
product of the number of such particles and the cross-
sectional area of such a particle, where this product is
called the total cross-sectional area of the particles with a
specified diameter hereafter. For the particle-size distri-
bution of the mass fraction Y(ds), shown in Fig. 3(b), the
number of particles with diameter ds is proportional to
Y(ds)/ds

3 and the cross-sectional area of such a particle is
proportional to ds

2; therefore, the total cross-sectional area
of particles with diameter ds is proportional to Y(ds)/ds.
For the particle-size distribution of the mass fraction
Y(ds), shown in Fig. 3(b), the normalized distribution of
Y(ds)/ds was calculated, where the medium value of each
diameter bin in Fig. 3(b) was used as the denominator.
The calculated normalized distribution of Y(ds)/ds is
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shown in Fig. 6, in which the values of the representative
diameter used in the calculations are also shown. As
shown in Fig. 6, the particles whose diameters were in the
range 10-38 lm must have dominant contributions to the
present measurement. Accordingly, the model calcula-
tions were conducted for particles with diameters of 7.5,
15, 20, and 29 lm, where 15 and 29 lm are the represen-
tative diameters of particles having dominant contribu-
tions to the present measurement, 7.5 lm is for
comparison, and 20 lm is the most typical diameter of
particles having dominant contributions to the present
measurement.

3.2.7 Determination of the Time Axis in the Model
Calculations. The time axis in the model calculations
should be comparable with the experiments and is deter-
mined as follows. First, preliminary experiments were
conducted in which a pressure transducer was installed on
the side wall of the PDC at a distance of Dx=150 mm
from the PDC exit, instead of the powder feeding nozzle,
and the timing of the passage of a detonation t1 was
measured where the ignition timing was t=0. By using the
measured value of t1, the timing t2 at which the detonation
arrived at the PDC exit was evaluated by the formula
t2 = t1 +Dx/(ug,x<0 +DCJ). The evaluated values of t2 are
t2 = 0.39 ms for the GAP-mode operation and t2 = 0.28 ms
for the LIP-mode operation. In addition, the time axis in
the model calculations is determined so that a particle
accelerated by the flow of fresh explosive gas inside the
PDC arrives at the PDC exit at t2 evaluated above. This
means that larger particles are considered to be supplied
to the PDC through the powder feeding nozzle earlier
than smaller particles.

3.3 Comparison Between Experiments and Model
Calculations

Figure 7 shows the calculation results for the GAP-
mode operation (the histories of the calculated particle
temperature and speed as functions of the particle posi-
tion) together with the corresponding experimental results
(the particle temperature and speed measured at t= 0.6 ms
and x= 0.1 m). Experimentally, at x=0.1 m, the self-
emission from the particles could not be observed at
t= 0.4 ms, and the self-emission from the particles began

to be observable from t= 0.6 ms. In the model calcula-
tions, the particles did not reach x= 0.1 m at t=0.4 ms, but
particles with diameters of 15, 20, and 29 lm, which must
have dominant contributions to the measurement by
SprayWatch 2i, reached the observation region at
t= 0.6 ms taking into account the field of view of about
21 mm in the horizontal direction. In addition, the calcu-
lated temperature and speed of the particles with diame-
ters of 15, 20, and 29 lm were close to the experimental
results. Figure 8 shows a similar comparison between the
model calculations and experiments for the LIP-mode
operation. Further, for the LIP-mode operation, the
experimental fact that the self-emission from the particles
began to be observable from t=0.6 ms was reproduced by
the model calculations for the particles with diameters of
15, 20, and 29 lm. The calculated temperature and speed
of particles with diameters of 15, 20, and 29 lm were close
to the experimental results for the LIP-mode operation.
From the above comparison between the model calcula-
tions and experiments, the present model calculations are
considered valid.

Figure 9 shows the calculated acceleration process of a
particle with a diameter of 20 lm. In the model calcula-
tions, the particle speeds at x=0.1 m were 631 m/s for the
GAP-mode operation and 668 m/s for the LIP-mode
operation. The difference between these speeds is only
27% of the difference in ug,0 (gas flow speed at the CJ
surface of the detonation) between the GAP and LIP
operation modes. A particle was accelerated by the flow of
fresh explosive gas from x=�0.15 m to x=0. The gas flow
speed of the fresh explosive gas was ug,x<0 = 228 m/s for
the GAP-mode operation and ug,x<0 = 110 m/s for the
LIP-mode operation. Due to this large difference in ug,x<0

between the GAP and LIP operation modes, the calcu-
lated particle speeds at x=0 were 157 m/s for the GAP-
mode operation and 78 m/s for the LIP-mode operation.
After the particle acceleration by the flow of fresh
explosive gas, the particle is accelerated by the burned gas
jet from x=0 to x=0.1 m. The increase of the particle
speed between x= 0 and x= 0.1 m was 474 m/s for the
GAP-mode operation and 590 m/s for the LIP-mode
operation, and the difference in these values reaches 83%
of the difference in ug,0 between the GAP and LIP oper-
ation modes. That is, the increase of the particle speed due
to the acceleration by the burned gas jet intensively re-
flected the difference in the gas flow speed at the CJ
surface of the detonation. However, the difference in the
increase of the particle speed due to the acceleration by
the flow of fresh explosive gas reduced the difference in
the particle speed at x= 0.1 m to only 27% of the differ-
ence in the gas flow speed at the CJ surface of the deto-
nation.

Figure 10 shows the calculated heating process of a
particle with a diameter of 20 lm. In the model calcula-
tions, the particle temperatures at x= 0.1 m were 1988 �C
for the GAP-mode operation and 2973 �C for the LIP-
mode operation. The difference in these values was 265%
of the difference in the CJ temperature between the GAP
and LIP operation modes. This large difference in the
particle temperatures at x=0.1 m was due to the large

Fig. 6 Size distribution of the CoNiCrAlY particles for the total
cross-sectional area of the particles with a specified diameter
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Fig. 7 Comparison of the calculation results for the GAP-mode operation with the experimental results of temperature (a) and speed
(b)

Fig. 8 Comparison of the calculation results for the LIP-mode operation with the experimental results of temperature (a) and speed (b)
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difference in dTs/dx in the region 0 £ x < 0.02 m, as
shown in Fig. 10(b), where the regions in which dTs/dx=0
correspond to the particle fusion.

The origin of this large difference in dTs/dx in the re-
gion 0 £ x < 0.02 m is discussed. From Eq 4, dTs/dx can
be written as follows.

dTs

dx
¼ pd2s

mscs
a
1

us
Tg � Ts

� �
ðEq 28Þ

Figure 11(a) shows the ratios of a, 1/us, and Tg � Ts be-
tween the LIP and GAP operation modes. As shown in
Fig. 11(a), the value of aLIP/aGAP was consistently in the
range of 1.6-1.7, the value of (1/us)LIP/(1/us)GAP was about
2 near the PDC exit and, after, rapidly became about
unity, the value of (Tg � Ts)LIP/(Tg � Ts)GAP was about
unity near the PDC exit and gradually decreased from
x � 0.01 m, and, finally, the product of (Tg � Ts)LIP/
(Tg � Ts)GAP and aLIP/aGAP became about unity. From
the above, it was determined that the origin of the large

difference in dTs/dx in the region 0 £ x < 0.02 m was
mainly the large value of aLIP/aGAP in that region.

For further discussion of the origin of the large value of
aLIP/aGAP (a= kgNu/ds), the ratios of kg and Nu between
the LIP and GAP operation modes are shown in
Fig. 11(b). As shown in Fig. 11(b), the value of (kg)LIP/
(kg)GAP was constant at about 1.6, and the value of NuLIP/
NuGAP was constant at about unity. Accordingly, the
origin of the large value of aLIP/aGAP was the large value
of (kg)LIP/(kg)GAP. In the present model calculations,
the thermal conductivity kg was evaluated by using Eq 16.
For further investigation, the ratios of 1/Wg, 1.32/
(c2 � 1) + 1.77, and lg between the LIP and GAP opera-
tion modes are shown in Fig. 11(c). The values of the
viscosity of gas lg were almost the same between the LIP
and GAP operation modes. However, both 1/Wg and 1.32/
(c2 � 1) + 1.77 contributed to the large value of (kg)LIP/
(kg)GAP. That is, both the average molar mass of the
burned gas Wg and the effective specific-heat ratio of the
burned gas c2 were larger for the GAP-mode operation
than the LIP-mode operation. This was because the value
of the mole fraction of argon, which is a monatomic

Fig. 10 Calculated temperature (a) and heating rate (b) in the
heating process of a 20-lm particle

Fig. 11 Ratios of a, 1/us, Tg � Ts (a), kg, Nu (b), and 1/
Wg, 1.32/(c2 � 1) + 1.77, lg (c) between the LIP and GAP modes

Fig. 9 Calculated acceleration process of a 20-lm particle
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molecule with a large molar mass, was large (54%) in the
burned gas for the GAP-mode operation.

4. Thermal Spray of YSZ in the LIP Mode

It has been found that particles can be heated to a
higher temperature in the LIP-mode operation than in the
GAP-mode operation. Based on this, the ability of the
developed LIP-mode PDC to spray ZrO2-8 wt.% Y2O3

(YSZ), known as a high-melting-point ceramic, is exam-
ined.

4.1 Preliminary Experiments on Particle
Temperature and Speed

All experiments relevant to YSZ described in section
4.1 and 4.2 were conducted with the addition of an
extension barrel, whose inner diameter was 10 mm and
length was 300 mm, on the exit of the PDC shown in
Fig. 2. Preceding the thermal spray experiment on YSZ,
the temperature and speed of in-flight YSZ particles were
measured by using SprayWatch 2i, where the center of the
field of view was set 50 or 100 mm from the exit of the
extension barrel for determining the appropriate stand-off
distance of the thermal spray experiment. The reason why
50 and 100 mm were chosen was that, as shown in
Fig. 8(a), the temperature of the burned gas jet began to
decrease at about 70 mm from the gun exit, decreased to
about 3000 �C at about 100 mm, and then decreased lower
than the melting point of YSZ further than 100 mm. The
operation conditions of the PDC are summarized in Ta-
ble 2. The PDC was operated at 150 Hz for 20 s. The YSZ
particles were supplied into the PDC at the rate of 10 g/
min. The temperature and speed of the in-flight particles
were measured without a substrate to be sprayed.

Figure 12 shows the measured temperature and speed
of the YSZ particles, where x denotes the distance from
the exit of the extension barrel. As a result, the tem-

perature of the YSZ particles measured at x= 50 mm
was higher than that at x=100 mm, although the speeds
of the YSZ particles were almost the same in both
cases. Based on the above results, the stand-off distance
of the thermal spray experiment was determined to be
50 mm.

4.2 Thermal Spray Experiment

In the thermal spray experiment, a flat substrate of
SUS304, with dimensions of 50 mm 9 50 mm, was set at
x=50 mm, where both the PDC and substrate were fixed
spatially. The surface of the substrate was grit blasted
using aluminum oxide powder prior to the coating process,
and the arithmetic mean roughness Ra of the roughened
surface was Ra ¼ 2:42� 0:18 lm, which was measured by
using a ‘‘TOKYO SEIMITSU, HANDYSURF E-MD-
S180A.’’ The conditions of the thermal spray experiment
were the same as those of the experiments described in
section 4.1.

Figure 13 shows the YSZ coating deposited in the
present experiment. The thickness of the coating was
about 200 lm at the center. The porosity of the coating
was about 1.4%, which was determined by binarizing the
electron micrograph of the cross section of the coating
shown in Fig. 13(c). This value is close to the result of
the thermal spray experiment using HFPD (Ref 54).
Because the porosity of YSZ coatings deposited for
SOFC by using plasma spray is 2.1-6.7% (Ref 36, 55), it
is concluded that the YSZ coating deposited in the pre-
sent experiment is dense. In the present thermal spray
experiment, the measured mass increase of the sprayed
substrate was 0.09 g, corresponding to the utilization ra-
tio of the YSZ powder of 0.027 on the assumption of
stable constant powder feeding rate of 10 g/min. On the
other hand, the time width during which hot particles
were observable by their self-emission was 1.2 ms per
cycle as stated earlier, although the period of one cycle
was 6.67 ms (1/150 s). Therefore, the duty ratio of the
pulse detonation thermal spray is evaluated to be 0.18.
Accordingly, the utilization ratio of the YSZ powder was
15% of the duty ratio of the pulse detonation thermal
spray. That is, only a small portion of the supplied
powder suitably heated and accelerated for deposition
formed the coating. This may be one of the reasons why
the YSZ coating deposited in the present experiment is
dense.

Table 2 Operation conditions of the LIP-mode PDC for
experiments on YSZ particles

Supply pressure of C2H4 and O2, MPa 0.60
Supply rate of C2H4, slm 168
Supply rate of O2, slm 402
Composition of explosive gas 1.25C2H4+ 3O2

Temperature at CJ surface, K 3994
Pressure at CJ surface, MPa 3.657
Gas speed at CJ surface relative
to the unburned gas, m/s

1142

Mass of injected water per cycle, mg 28

Fig. 12 Measured temperature (a) and speed (b) of the in-flight
YSZ particles
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5. Conclusions

Two types of PDCs were prepared, one operated in the
GAP mode and the other in the LIP mode, and operated
at 150 Hz. In both cases, CoNiCrAlY particles were sup-
plied into the combustor, and the temperature and speed
of the in-flight particles were measured. As a result, both
the temperature and speed of the particles supplied into
the combustor operated in the LIP mode were higher than
those of the particles supplied into the combustor oper-
ated in the GAP mode. This was because the chemical
compositions of the explosive gas mixtures were different
between the LIP and GAP modes, and the difference in
the heating and acceleration processes in these two modes
was clarified by using simple model calculations. Fur-

thermore, a thermal spray experiment was conducted
using YSZ (8 wt.% Y2O3-ZrO2) as an example of a high-
melting-point material and a dense coating was success-
fully deposited.
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