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A new method for a combustion-free spraying is studied fundamentally by modeling and simulation in
comparison with first experiments. The article focuses on the numerical simulation of the gas-particle
nozzle flow, which is generated by the shock reflection at the end wall section of a shock tube. To study
the physical fundamentals of this process, at present only a single shot operation is considered. The
particles are injected downstream of the nozzle throat into a supersonic nozzle flow. The measurements
of the particle velocity made by a laser Doppler anemometry (LDA) set up show that the maximum
velocity amounts to 1220 m/s for stainless steel particles of 15 lm diameter. The CFD-Code (Fluent) is
first verified by a comparison with available numerical and experimental data for gas and gas-particle
flow fields in a long Laval-nozzle. The good agreement implied the great potential of the new dynamic
process concept for cold-gas coating applications. Then the flow fields in the short Laval nozzle designed
and realized by the Shock Wave Laboratory (SWL) are investigated. The gas flow for experimentally
obtained stagnation conditions is simulated. The gas-particle flow without and with the influence of the
particles on the gas flow is calculated by the Surface Engineering Institute (IOT) and compared with
experiments. The influence of the injection parameters on the particle velocities is investigated, as well.

Keywords cold gas spraying, process design, process model-
ing and simulation, shock tube technology

1. Introduction

At present, there exist several coating techniques
collectively called ‘‘thermal spraying,’’ which find a wide
field of industrial applications of high performance coat-
ings. The choice of the right technology is strongly
dependent on the desired coating properties as well as the
used coating and substrate material.

For the production of highly porous ceramic thermal
barrier coatings, for example, high thermal and kinetic
energies of the powder particles are needed. These
demands are fulfilled by the atmospheric plasma spraying.
Contrarily the deposition of polymeric coatings demands

lower values of both parameters what makes the flame
spraying process the right choice. Another example is the
production of dense, highly homogeneous protective
coating against wear or oxidation and for the deposition of
electrical insulators. Here, mostly metallic and ceramic
materials are used and high kinetic energies combined
with low temperatures are needed what can be provided
by high-velocity oxygen fuel spraying (HVOF). The
moderate temperatures and almost nonexisting oxidation
processes that lead to small metallurgical changes in the
powder properties and a low thermal load of the substrate
(Ref 1). The energy for the good particle-surface adhesion
is provided by the high portion of kinetic energy, which is
transferred with a high efficiency into the bond strength.

The crucial requirements for higher particle velocities
and lower operation temperatures posed by the industry
on the coating processes lead to the development of the
cold-gas dynamic spraying (CGDS) technology (Ref 2, 3),
where the powder material is accelerated in a supersonic
nozzle flow. This continuous combustion free process,
mostly driven using inert gases, is very well applicable for
ductile and oxidation sensitive materials. The higher
velocities and lower temperatures, compared to the
HVOF process, allow a homogeneous deformation of the
powder particles at the surface (no breaking) resulting in
outstanding bond strength at the interface coating sub-
strate. A typical parameter set for the conventional CGDS
process is displayed in Table 1 (Ref 4).

A great potential for a further increase of the particle
velocities at operating temperatures comparable to the
ones occurring in the CGDS lies in the combination of the
conventional CGDS technology with the well-established
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shock tube techniques. This particular form of a wind
tunnel is applied for experimental investigations of the
ablation and erosion of spacecrafts by particle impacts
during their re-entry into the atmosphere. Hereby, the
experiments are performed to reproduce the interaction of
high-energetic particles (vP � 2000-3000 m/s) with the
vehicle�s surface and to identify and understand the
emerging damaging mechanisms. Already several years
ago magnesia particles with a diameter of 100 lm were
accelerated using an arc heater combined with a supersonic
nozzle up to velocities of 1800 m/s (Ref 5). Even higher
speeds have been achieved using an arc-heated facility with
helium as propellant. The gas expansion in a long, slender
nozzle leads to gas velocities of up to 5000 m/s, the injected
graphite particles with 80 lm diameter were accelerated
up to 3000 m/s (Ref 5). These preliminary results lead to
the idea, that applying the shock tube technology to
accelerate coating particles exhibits a promising concept
for a new coating technology (Ref 6). The optimal choice
of the process parameters can provide high quality coatings
deposited at low temperatures. The development of un-

steady cold spraying processes for the achievement of
higher particle velocities is a recent research topic. For
example, an alternative concept for a pulsed-cold-gas dy-
namic process is presented in Ref 7.

2. Methods

2.1 Shock Tube Concept

The conceptual design of the modern spraying equip-
ment is pictured schematically in Fig. 1.

At the initial time t1 (Fig. 1a), the high-pressure
chamber is separated from the low-pressure region by a
steel membrane. After the bursting of the membrane at
time t2 (Fig. 1b), a transient shock is formed in the low-
pressure region moving with a high velocity toward the
entry of the nozzle. Due to multiple reflections of the
shock, the gas in front of the entry is heated up strongly.
The nozzle entry is much smaller than the shock tube
inner diameter; the incident shock is fully reflected from
the nozzle entry. Furthermore, the multishock reflection
only occurs in a very short period during the nozzle
starting process. Then the reservoir will stay in an almost
stable condition for a long period about 10 ms, which is
the testing time. The particles are injected in the testing
time so that the multishock reflection process has no
influence on the nozzle flow. In our numerical simulation,
the reservoir condition is given by the condition in the
testing time and keeping constant, which is a good
approximation. The values of the pressure and tempera-
ture reached in the reservoir are much higher than the

Table 1 Typical parameter set of cold gas dynamic
spraying (Ref 4)

Physical parameter Value

Mexit 3.8
Tstagnation 600 K
pstagnation 30 bar
vexit of nitrogen 800 m/s
Vexit particles Cu d = 15 lm 550 m/s
Texit particles Cu d = 15 lm 400 K

Fig. 1 Principal design of the shock tube spraying device; HPS—high pressure section of the shock tube, LPS—low pressure section of
the shock tube
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values which typically are realized in the cold-gas spraying
process. After an unsteady supersonic flow is established
in the nozzle, the powder material is injected into the
supersonic flow at the time t3 (Fig. 1c) and is accelerated
towards the substrate, where a bow shock is created.

The innovative spraying facility will be operated
intermittently. The main problem to be solved is to
experimentally and numerically optimize the geometry
and operation parameters to achieve particle velocities of
more than 1500 m/s at an acceptable low temperature le-
vel. The work presented here will show the results of
preliminary investigations of the new concept, while the
detailed description of the experimental facility with
optimized geometry and parameters will be given in a
separated paper. The emphasis of this work is on the
achievement of high particle velocities. The particle
deposition will be investigated in further work and ques-
tions like microstructure and coating properties (Ref 8) as
well as erosion based on impact-induced fusion (Ref 9)
will be then investigated.

2.2 Model Set up for the Reference Long
LAVAL-Nozzle

Modeling and simulation is an effective tool for process
investigation and design also for cold spraying (Ref 10).
The numerical simulations of the nozzle flow were started
with verification calculations. The main aim of this veri-
fication part is to check the reference flow data, which are
available for a long nozzle applied and experimentally
tested in an ablation-erosion facility (Ref 5).

The calculation set up is described in Table 2. For a
defined reference cross section (x = 1.43 m) the flow data
in Ref 5 is used for the verification of the numerical results
calculated using the FLUENT software. The reference
data is listed in Table 3.

Steady state calculations were performed for an un-
loaded gas flow in an inviscid laminar and turbulent mode
as well as for a loaded flow in the laminar and turbulent
case to verify the available reference data. All simulations
for a turbulent flow were performed using the k-e-model.
It was assumed that the only force influencing the particles

motion was the drag force; this is fulfilled with a high
precision for convection-dominated flows. The drag force
coefficient of a spherically shaped particle with the option
‘‘high-Mach-number’’ was chosen for the numerical
models. As a test particle a copper sphere with the
diameter of 10 lm was used. All numerical simulations
were performed using air as carrier gas.

2.3 Model Set up for the New Designed Short
LAVAL-Nozzle

Based on a parametric study by a quasi-1D method
(Ref 11), the design and set up for both the shock tube and
the short LAVAL-nozzle with the simple design of the
reservoir were developed for more detailed analysis. A
conical nozzle with a half opening angle of 2.8� and a total
length of 35.56 cm was defined. The particle axial injection
device was installed in the low-pressure section of the
shock tube and extends into the supersonic nozzle part.

The chosen set up is kept close to the dimensions of
industrially applied spraying facilities and allows a good
thermal isolation as well as the essential reduction of the
boundary layer thickness in the comparison with the long
nozzle described in Ref 5. The design and set up details
are listed in Table 4.

The gas flow and particle data were experimentally
registered by means of a Pitot rake consisting of five Pitot
tubes and a thermocouple sensor, a schlieren system and a
LDA-system. The reservoir temperature and free stream
conditions are derived from the heat flux deduced from
the thermocouple signal, the Pitot pressure and the static
pressure employing the method described in Ref 12, 13.

For the realized design of the modern spraying equip-
ment several experiments with the particle injection in the
supersonic flow were carried out. Among other things the
particle velocities at the nozzle exit were measured with
help of the LDA-system. For stainless steel particles of
15 lm diameter, which were injected 5 cm downstream
from the nozzle throat with an initial velocity of 15 m/s,
the mean velocity of about 1220 m/s was registered.

3. Results and Discussions

3.1 Numerical Simulations for the Reference Long
Laval Nozzle

3.1.1 Gas Flow and Shock Resolution. For the reali-
zation of the compressible flow calculations by means of
partially decoupled solver (FLUENT segregated solver)
the stagnation conditions in the vessel were stepwise
increased up to their final values. For these intermediate

Table 2 Design and set up data of the long nozzle for
the shock free nozzle flow

Nozzle parameter Stagnation, exit data

L = 5.3086 m MExit = 10.7 pStag = 69 bar
XThroat = 50 mm XExit = 5.3086 m TStag = 2770 K
RThroat = 7.15 mm RExit = 193 mm pExit = 105 Pa

Table 3 Reference values for the long nozzle at the
cross section x = 1.43 m from nozzle inlet

Injection positions
and velocities

Gas velocity
and temperature

Particle velocities
and temperatures

XI1 = 0.0 mm vG = 2200 m/s vP1 = 1800 m/s
vI1 = 15.2 m/s TG = 700 K TP1 = 1000 K
XI2 = 200 mm vP2 = 1750 m/s
vI2 = 15.2 m/s TP2 = 850 K

Table 4 Design and set up data of the short nozzle for a
shock free nozzle flow

Nozzle Parameter Stagnation, exit data

L = 355.6 mm MExit = 5.1 pStag = 120 bar
XThroat = 0 mm XExit = 325.6 mm TStag = 1800 K
RThroat = 3.9 mm RExit = 19.8 mm pExit = 0.22 bar
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solution steps the strong shocks inside the nozzle were
numerically resolved. Figure 2 represents the results of
such an intermediate solution of an unloaded turbulent
gas flow.

The test calculations of the unloaded gas flow in the
inviscid mode, which were carried out for the present case,
validate the existence of strong shocks in the nozzle for
the intermediate solution steps, too. The position, inten-
sity and the variation of these parameters in dependence
on the variation of the stagnation conditions are in a good
agreement with the available theoretical and experimental
values.

3.1.2 Gas-Particle Flow Without Interaction. The gas-
particle flow for the long nozzle was studied to verify the
available reference values of gas and particle velocity and
the temperature (Table 3). The influence of injection
positions and velocity was investigated under the consid-
eration of the negligible intensity of the gas-particle
interaction. Some calculation results are presented in
Fig. 3.

Figure 3 shows the simulation results of the flow and
particle behavior. A single copper particle was injected at
the positions of x = 0 mm and x = 200 mm (150 mm down-
stream of the throat) with an initial velocity of 15 m/s.

The top plot shows the velocity and temperature of the
gas flow along the nozzle axis. As expected, the gas
velocity is maximal at the nozzle exit with approximately
2300 m/s. In opposite to this behavior, the temperature
has a maximum at the nozzle entry and decreases to about
170 K at the exit.

The middle plot shows the velocity and temperature of
a particle injected at the inlet x = 0 mm. Under these
conditions, the particle reaches a velocity of approxi-
mately 1770 m/s at the control section. Due to the abid-
ance in the convergent part of the nozzle the particle is
heated up to 2690 K, which is very close to the gas tem-
perature of 2770 K at this position. The most technically
applied materials melt below these temperatures. In the
expansion phase in the nozzle the temperature of the
particle decreases to about 850 K at the control section.
An injection of the particles downstream of the nozzle

Fig. 2 Resolution of the strong shock in the long nozzle for the
intermediate condition p0 = 5 bar; T0 = 500 K; pExit = 1 bar. Shock
position x = 0.5 m from nozzle inlet
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throat into the supersonic flow region leads to a much
lower thermal load of the injected material.

The bottom plot, which is valid for a particle injected at
x = 150 mm downstream of the throat, shows that the
maximal particle temperatures were kept below 1000 K.
In the control section the particles reach only a tempera-
ture of 750 K, a temperature at which the most materials
are still in the solid state, the particle velocity however
decreases in this case less than 1% to 1760 m/s. Shifting
the injection position away from the nozzle�s throat then
not only the temperature load decreases but also the
velocities, nevertheless the decrease rate of the velocity is
significantly lower than that of the temperature. Com-
paring the data of Table 3 and Fig. 3 the reference values
are in a good agreement with the simulation results, this is
of essential importance for further calculations.

3.2 Experimental and Numerical Investigations for
the New Designed Short LAVAL-Nozzle

The same flow modes as in the previous numerical
investigations of the long nozzle were simulated for this
peculiar case including unloaded and loaded gas flows,
respectively.

3.2.1 Gas-Particle Flow Without Interaction. In this
part, the gas-particle flow for the short nozzle was studied.
The influence of injection positions and velocities was
investigated under the consideration of a negligible

intensity of the gas-particle interaction. Some calculation
results are presented in Fig. 4.

The plots displayed in Fig. 4 represent the results of the
flow and particle calculations for a single copper particle
that was injected at 50 and 100 mm downstream from the
nozzle throat with an initial velocity of 15 m/s.

The top plot shows the profiles of gas velocity and
temperature along the nozzle axis. Similarly to the previ-
ous calculations, the gas velocity in this case has, as
expected, a maximum at the nozzles exit with about
1720 m/s. The temperature again has a maximum at the
nozzle inlet and decreases towards the exit down to 340 K.

At the middle plot the velocity and temperature of a
particle injected at the positions of x = 50 mm downstream
of the throat are displayed. Under these flow conditions,
the particle reaches a maximum velocity of about 1300 m/s
at the nozzle exit. This value of the particle exit velocity
indicates the deviation of still about 25% from the perfect
equilibrium with the gas exit velocity. The particle tem-
perature reaches here its maximum value of about 530 K
around the middle of the nozzle. This acceptable value is
kept with the insignificant variation of 30-40 K up to the
nozzle exit.

The bottom plot represents the velocity and tempera-
ture of a particle injected at the positions of x = 100 mm
downstream of the throat. Even though the injection
position was shifted about 20% of the whole nozzle length,
the maximum particle velocity on the nozzle exit
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decreases in this case less than 5% to 1250 m/s in com-
parison with the previous injection case. The maximum
value of the particle temperature accounts for 440 K. This
value remains approximately constant during the further
particle flight to the nozzle exit.

An injection of the particles downstream of the nozzle
throat into the supersonic flow region leads to a much
lower thermal load of the injected material. A bigger
offset of the injection point away from the nozzle throat
decreases not only the temperature load, but also the
velocities; nevertheless the decrease rate of the velocity is
significantly lower than that of the temperature. The short
dwell time of the particles in the gas flow caused by high
values of particle velocities, combined with the relatively
low particle temperatures, leads to low thermal load dur-
ing the spraying process. Almost all spraying materials
would be neither melted nor change their phase at these
operation conditions.

The comparison of the numerical results for both
injection cases confirms the possibility of the precise
adjustment of the injection design on the properties of the
spraying material.

3.2.2 Gas-Particle Flow with Interaction. In this part,
the study of the gas-particle flow for the short nozzle is
continued. The influence of the gas-particle interaction is
included in the simulation models. Some calculation
results are presented in Fig. 5.

The upper part of Fig. 5 represents the normalized
difference of the gas data for the case with and without
particles, where the copper particles are injected at the

positions of x = 50 mm downstream of the nozzle throat.
As in the previous case, an initial particle velocity of 15 m/s
is chosen.

The calculations here considered the coupling between
the gas and particle flows. The particle mass flow rate
(PMF) for this calculation was adjusted to a typical value
of 15 g/min. The numerical results for this case are com-
pared with results for the case without the gas-particle
interaction (PMF = 0 g/min).

The evaluation of the displayed results allows the
conclusion that taking into account the interaction of the
particles with the gas flow negligibly influences the free gas
flow. For the investigated particle flow (PMF = 15 g/min)
compared to the case of no particle-gas interaction
(PMF = 0 g/min), the gas velocities at the exit of the nozzle
differ only by 0.6%, whereas the gas temperature shows a
difference of about 3.6%. The velocities of the powder
particles only differ by 1.1% and the temperatures by 3.4%.

This allows the conclusion that for mass flows which
are typically used in a cold gas spraying process
(PMF = 10-20 g/min) and particle diameters of 10-20 lm,
the particles do not practically influence the gas flow
itself, i.e. this interaction can be neglected for a wide range
of applications. Further calculations have also shown that
the influence of the injection flow in the experiments
(vinj = 10-20 m/s) is also negligible on the carrier gas flow.

The preliminary analysis of the parameter study of the
performed simulations predicts that for the most metallic
coating materials the position of the injector should be
chosen at 5-20% of the nozzle length downstream of the
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throat while the injection velocity can be chosen in a wide
range from 10 to 40 m/s. Within this parameter range the
injected powder will stay in the core supersonic flow
region and do not enter into the boundary layer at the
nozzle wall.

The numerical results were validated experimentally at
the SWL using steel particles with a 15 lm diameter,
which were injected 50 mm from the nozzle throat. The
comparison of the theory and experiments (Table 5)
shows a good agreement.

4. Summary and Conclusions

The experimental and numerical study has shown the
great potential of the new spray technique that is based on
the combined application of the shock tube facility with a
Laval-nozzle. Particle velocities above 1300 m/s at the
nozzle exit already have been achieved in a test facility
with a short Laval-nozzle. Thereby, the particle tempera-
tures have not exceeded the acceptable moderate value of
440 K. With respect to typical values of the particle mass
flow rate the nozzle flow velocity and temperature have
not been changed more than 5% due to the injected
particles. This weak gas-particle interaction can be esti-
mated as irrelevant for the application in practice. The
negligible influence of the injection flow and injection
velocity on the main nozzle flow indicates the possibility to
design the injection equipment in a wider range concern-
ing its alignment, position, carriergas mass flow and initial
particle velocities.

With the help of the consequent adjustment and opti-
mization of the presented test facility it will be possible to
achieve particle velocities at the nozzle exit in the range of
1500 m/s.

It should be noted that at present only single shot
operation is realized in the experimental facility. In order
to make a real coating layer, an intermittent operation is
necessary. The optimized parameters for the real coating
operation such as particle loading ratio, reservoir tem-
perature, reservoir pressure and so on will be studied in
the future and be the subject of a forthcoming paper.
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and A. Erdi, Pulsed-Cold Gas Dynamic Spraying Process:
Development and Capabilities; Thermal Spray 2007: Global
Coating Solutions, ASM International, May 14-16, 2007 (Beijing,
China), ASM International, p 19-24

8. T. Stoltenhoff, C. Borchers, F. Gärtner, and H. Kreye, Micro-
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