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The Features of Cold Spray Nozzle Design

A.P. Alkhimov, V.F. Kosarev, and S.V. Klinkov

(Submitted 14 February 2000)

LY,
1)
D
=
2y
D
S
%.
9))
Q

This article presents the peculiarities of the supersonic nozzle design for the cold gas-dynamic spraying. The
procedure to produce the high particle velocity by correct choice of the geometrical dimensions of the
accelerating nozzles is described. Numerical and experimental research of wedge-shaped nozzles shows that
there is a nozzle with its particular dimensions for a given type of particles that produces the maximum
possible particle velocity at the moment of impact on a target surface.

the cold spray method are given there. However, some pheno
ena that influence essentially the gas dynamics and are importa
for the accelerating nozzle design are paid negligible regard i
Ref 2. These are the presence of the boundary layer along t
1. Introduction nozzle walls and the low-velocity subsonic high-pressure regio
that occurs in front of the target surface while the supersonig
One of the main problems in the gas-dynamic spray processtwo-phase jet impinges on the substrate.
is providing the optimal velocity (kinetic energy) of the particles
that form the coating! Experimental data show that the effi-
ciency of these dynamic parameters may be raised if we take careZ. Internal Gas Motion
of some effects (boundary layer along the nozzle walls and a ) ] o
local high-pressure region) that occur when the gas-powder mix- To accelerate. particles in the nozzle up to the gas velocity, i
ture moves in the supersonic nozzle and when the jet impingesiS necessary to increase the nozzle lehgtHowever, as the
on the substrate. Thus, the consideration of the problems con-n0ozzle length increases, the boundary layer thickness increasg
Cerning the development Of the Laval nozzles app“ed for the This leads to the decrease of the effective nozzle cross-section
spraying is urgent. Gas-dynamic principles that are at the basisareéa downstream in comparison to the geometrical cross-seg
of this article are generally true for all conventional thermal spray tional area. As a result, the gas velocity decreases at the noz2
techniques that use two-phase gas-particle mixture flows. The€Xit in comparison to the ideal gas flow velocity.
common problems for these techniques are the increase of pro-
ductivity and the lower product costse., the possibility to 2.1 Modeling Gas Motion
rapidly apply the coatings over the larger surface area under the _ ] o
lower gas flow rate and energy consumption conditions. One of ~ Now we consider the gas motion model inside the rectangu
the ways to solve this problem is to use flat two-phase jets of lar supersonic nozzle. The model proposed consists of two dif
small thickness. This decreases the carrier gas consumption anderent parts that are divided by boundary layer meeting.
allows more even material deposition. This article is dedicatedto ~ Before Meeting. When the boundary layer thickness is small
the design and study of the nozzle shapes that produce these jet&nough, the gas parameters in a flow core near the nozzle ax
F|gure 1 ShOWS the Shape and geometncal dimension nomenyary aCCOI’dII’Ig to the Isentl’OpIC formulas. HOWGVGI‘, INcreasing
clature of these nozzles. Expansion from the nozzle throat to the2long the wall, the boundary layer decreases the cross section
outlet cross section is assumed to be proportional to the axial cothe cannel by the vald U, wheres* is the displacement thick-
ordinatej.e., the angle of the nozzle generator slope to the noz- Ness usually defined by the expression

Keywords boundary layer, bow shock, cold spray, jet, modeling,
nozzle

zle axis is constant. These nozzles are easily produced and make 2 oV

it possible to vary one of the dimensions of spray spot and ob- 6* = J; T ov %dy (Eq 1)

tain the minimum possible spray spot size that is necessary in AnVm

some cases of the practical application. The displacement thickness has proper physical sense. It is

The particle velocity increase is known to result in better gistance by which streamlines of external current are departe
coating quality, as demonstrated by high-velocity spray methods;om the wall owing to a diminution of a velocity in the bound-
and devices (HVOF, JP5000, and CGS). Therefore, designedyry jayer. The displacement thickn@éss calculated with the

nozzles should provide high particle velocities. aid of Karman (Eq 2) frof
The basic gas-dynamic principles of the cold spray nozzle de-
sign are presented in Ref 2. A brief description of the setup dd** _Ct J* *%(2 +H, - Mz)dy (Eq 2)

scheme, coating properties, and advantages and limitations of dz 2 Vv, Oz

& = 6 H, (Eq3)
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= Nomenclature I-A
qg" a gas sound speed A-A
Q A nozzle throat area W
E_, C constant pressure specific heat e _ ———_ 1
Co drag coefficient N
E o friction coefficient W N
Qq_’ dy particle diameter I__ -
G gas flow rate L A
M Mach number at the nozzle axis
M*  Mach number at the nozzle exit Fig. 1 Outward shape of investigated nozzles and applied notation of
Mg Mach number of isentropic gas flow at the nozzle exit parameters
Mg Mach number after bow shock
M, particle Mach number
M averaged Mach number termined by formula 5 from Ref 4, which is an approximation of
m, particle mass experimental data:
n exit pressure ratia,e., the ratio of pressure at nozzle exit
and ambient pressure H, = 1.4(1+ 0.3W) (Eq 5)
P pressure The friction coefficient; is calculated according to expres-
Po stagnation pressure sions 6 to 9 from Ref 5
R specific gas constant '
Re, Reynolds number based nn 1— .
Re,  particle Reynolds number Cr = Cro 3 Carcan? Vé (Eq 6)
S area of the nozzle cross section
Sna  Cross-sectional area of the particle Cto = 0.0263Re;Y7 (Eq7)
T gas temperature
To stagnation temperature _pvzZ
u perimeter of the nozzle cross section Re, = m (Eq 8)
% gas velocity
Vo particle velocity Y=1y2
Vow impact particle velocity &= 2 (Eq 9)
Y gas velocity at the nozzle exit 1+ L‘lM 2
\Y, averaged gas velocity 2
Vm  axial velocity Formula 6 contains two parts. In the first pegt,defined by Eq
y  coordinate counted off from the wall to the nozzle axis 7 and 8, is a friction coefficient for low velocity flows. The sec-
z  coordinate along the nozzle axis ond part is entered into the formula to take into account the fric-
Zy  compressed layer thickness tion dependence on the Mach number. The viscogifg
%  stand-off distance calculated by the Sutherland formi#la.
Greek symbols The calculations are performed as follows. In the first step,
— : axial gas parameters are found according to isentropic formulas.
Y specific heats ratio Second, the displacement thickness is found according to the
g boundary layer thickness Karman equation. Then, new values of nozzle cross-sectional
o*  displacement thickness area are found by subtracting the calculated displacement thick-
& momentum thickness ness from the nozzle geometrical dimensions. Further, in accor-
Iz viscosity dance with the first step, new axial gas flow parameters are
p gas density found. The process rapidly converges to the only possible val-
pm  gas density at nozzle axis ues of the axial parameters and displacement thickness.
pp  density of particle material Registration of the increase in the boundary layer thickness,
p averaged gas density hence, the integration of the Karman equation, may start with the

Laval nozzle throat because the highly convergent flow occurs
in the subsonic part of a small length and the boundary layer
thickness is negligible here.
This model is limited by a condition of boundary layer junc-
h/2 i i * i i
_ oV v tion. Usingd* and M, the boundary layer thickness may be esti-
or* = %‘g%’y (Eq. 4) mated by formula 10 from Ref 6.

PmVim
i iliary signifi : i 5 1 '
and having here auxiliary significance. There is a relation be- “- = 1—7‘!; -1 (Eq 10)
tweend* and8** in accordance with formula 3. o 1+ Y =M2(1- )
Dependence on the Mach number of the ratio between the
displacement thickness and the momentum thickAgass de- where{ is the formal variable parameter of integration.
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The calculated compares with one-half of the nozzle thick- Velocity profile oo
nesd/2. The boundary layer meeting is obvious under condition - y w— ~ %
8 = h/2. Then, the model presented here becomes incorrect be J =
cause of invalidation of isentropic formulas near the nozzle axis. . y (.:EJ

After Meeting. When the boundary layers meet, the gas flow Axis S
is reconstructed downstream. This reconstruction means that th = 5= v Um g
velocity profile obtains the shape that is described by one inde- 5 —p 8
pendent on the longitudinal coordinataw. Flows of this kind h v
usually are named as automodel or self-similar flows. In this )} L3
case, calculation is executed according to Eq 11 to 15 for the ga:
flow parameters averaged over the nozzle cross section (marke Nozzle wall Xy /5) 17
here by a dash above the symbol) o/ on=y/

G = pvS = const (Eq 11) Fig. 2 Auxiliary picture to velocity profile approximation inside the
nozzle by “1/7” law

w- —s%g _F (Eq 12)

_ +_ P

dp . T=c (Eq 21)
Gc, ?T-Iz— = %diz) +VF; (Eq 13) PR
B The pressure does not vary across the boundary lager,
p=pRT (Eq 14) p = p. Written-out relationships make it possible to complete the
gas flow model inside the nozzle.

F = ;cf p—vzu (Eq 15) Thus,_th_e main governing statutes of the suggeste(_j gas flo

2 model within the nozzle are as follows. In the subsonic part o

the nozzle, the calculation is performed according to the idea

In the case of constant stagnation temperature, this systengas model. From the nozzle throat, the increase of boundary la:

may be reduced to one equation: ers along the nozzle walls is numerically determined by the Kar

man equation up to the point where boundary layers meet. In thi

- 1+ Y "=M? case, the stagnation pressure near the nozzle axis is preservi

dM _ M#(d—s—lcfﬂzu) (Eq 16) Then, starting from the point of the boundary layers’ junction,

the automodel (self-similar) gas flow appears, and calculation i

performed by equations for the mean gas flow parameters. Axid

parameter values are restored in accordance with the “1/7” vg

locity distribution law.

v D/Dw In g_ene_ral, more accurate mod_els can be use_d_. _However, th

v. B0 (Eq 17) model is simple enough and permits quick acquisition of the es

m timates of the gas parameters near the nozzle axis at any a
point within the nozzle.

The gas velocity profile is expressed by the widely known ap-
proximation 17 from Ref 3.

whered = h/2. An illustrative picture is presented in Fig. 2. Pro-
ceeding from this, it is easy to obtain the relations of averaged o
and axial flow parameters. Velocity averaging performs accord-2-2 Verification

ing to formula 18, To check the calculation correctness of the mentioned mode
the axial Mach number values at the nozzle exit were measure

V= lsj'vds (Eq 18) Figure 3 shows the ratio of the real Mach number M* obtained
by either calculation or experiment and the Mach numbgr M
that should exist when the boundary layer along the nozzle wall

and, in the case of the rectangular nozzle, reduces to the expregs absent. This ratio is presented versus the ratio of the nozz

sion thickness and the nozzle length.
s T The calculation is performed for three different Mach num-
7=V o d[MD: ZV bers: M; = 2.18, 2.72, and 3.45. The ratibfiis varied in three
m sl “Lel 8™ (Eq 19) different ways:

o e varyingL from 20 to 300 mm at constant other dimensions
Other averaged parameters are originated from the law of gas ¢ gifferent Mach numbers and stagnation pressure (num
flow rate conservation, bers 3 and 4 in Fig. 3 mark these results);

varyingh from 1 to 10 mm at constant other dimensions,

__G *
=vs (Eq 20) marked by 2; and
e varyingL at the proportional varying andH (number 1
and perfect gas state equation: corresponds tb = 0.0 andH = 0.01L).
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ion 28/h <1 A 5 y
0,6 1 o)
Substrate surface
0,5 -t Y T T Fig. 4 The scheme of supersonic gas jet impingement on flat unre-
0,0 0,1 0.2 0.3 stricted obstacle. £ detached shocky = nozzle thickness, argd =
h/L distance from nozzle exit to an obstacle

Fig. 3 Dependency of the relative Mach number at the nozzle exit on
relat't‘)//eHeftg%S'Oncz‘;Eff (;K())?Iez' (113’2*22-77221Po_2115-5M’\gPaLh_:O31 the nozzle walls. To diminish the boundary layer influence under
e . = 10 mrﬁ,((g)%%_: 5 1ép0p—: 56 MPah =3 a constant nozzle length condition, it is necessary to increase the
mm,b = 3 mm, ancH = 6 mm; (4) M = 3.45.p, = 1.5 MPah = 3 nozzle thickness. However, it is shown later also to be limited.
mm,b =3 mm, andH = 20 mm; and (5) M = 2.0 to 3.35, experimental
results

3. Jet Impingement

. Let's consider a supersonic jet impingement on the normally
As a result, the values of the nozzles were calculated in thepsgitioned obstacle (Fig. 4). A deceleration and turning of a gas
following rangesh = 1 to 10 mmL = 20 to 300 mm, ant = flow occur in front of an obstacle surface. The transition from a
210 30 mm. This great calculation volume was performed for the pigp, yelocity supersonic flow to a low velocity subsonic one oc-
purpose of showing that the data are well generalized in they, ¢ by the shock that appears at some disrfoem the ob-
given coordinates. All points sit near the single curve in spite of ;o 1e surface. A high-pressure and high-density gas layer is
different calculation conditions. Also, the experimental data ¢reated between the obstacle surface and the shock. Apparently,
points (number 5 in Fig. 3) sit at the same curve. _ small particles of the deposited material coming through this
It should be noted that, wher. approaches infinity, the ratio o mhressed layer will lose some of their velocity. This quantity

M*/M c tends to unity. It means physically that, with the decrease o .omes greater the greater is the compressed layer thickness.
of the nozzle length at constant thickness or with the increase o

the thickness at constant length, the influence of the boundary .
layer on the main gas flow vanishes and the gas flow acquires th3-1 Compressed Layer Thickness

features of the ideal gas flow. _ It follows from the above discussion that, for an estimate of

The investigation carried out allows us to use Fig. 3 for rapid 5 ticle velocity loss when it moves through the compressed
practical estimates. For example, if we produce the nozzle aljyer it is necessary to determine the compressed layer thickness
h/L = 0.02, then we should wait for the nozzle exit Mach num- 54 pmach number distribution inside the compressed layer.

ber to be lowered to 0.85Mndependent of the, and M. _ Using the gas mass balance law written for the case of the rec-
Moreover, Fig. 3 also shows that the boundary layers meet at &0 1ar cross section jet impingement, it is possible to obtain
h/L of about 0.02 (dashed line). the next relationship:

In Fig. 3, two regions are presented. When the nozzle is short
the boundary layers do not meet. This region (singed as regior h
25/h < 1) sits on the right side of Fig. 3. The other region (that 2 = X4/ H (Eq 22)
sits on left side of Fig. 3) corresponds to the long nozzles, when
boundary layers meet. Physically, the meeting means that stag  Factorkis introduced into the formula for the purpose of tak-
nation pressure near the nozzle axis starts to decrease becauseing into account the gas density varying within the compressed
friction on the wall. It is reflected in Fig. 3 by the following case: layer. To determine the compressed layer thickness, several ex-
if h/L tends to zero, then M*/ildecreases. periments were carried out. The aim of the experiments was to
The results presented here prove that the nozzle lengtheninobtaink. The standoff distance, Mach number, nozzle thickness,
for the best particle acceleration purposes at a given nozzleand pressure ratio alter through the experiments. Figure 5
thickness is limited by an increase of the boundary layers alongshows the results of these experiments. The plotted ordinate is a
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1,5 Most of them are obvious. The last condition is derived from
the generalization of a great number of experimentall datad
z /h denotes that the velocity gradient at the point of a flow turn
w PY PY (point O in Fig. 4) is uniform. To be uniform here means that ve-
locity gradients are equal according to the velocity circulation
M| _|6M
Syl 6zl We can
+ + replacevwith M because tends to zero at point O. The follow-
L + ing dependency satisfies the boundary conditions mentione

o e - O% A A above:
M = M, (1.5@z) — 2.5 @z,)? + 1) (Eq 25)
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T Thus, concluding this section, the compressed layer thicknes
12 depends on the main governing parameter, which is the nozz|
Zo/h thickness. As seen from Eq 22, the compressed layer thicknes
increases when the nozzle thicknkss set to the greater value
fit9-|5 Depc?ndgngy of Comtpresfvlngs 1|aty€'5r thicjk-lr}ﬁss ;r; ?iSéancg- Theand when the ratib/H remains the same. As a consequence, it
otalrange orvaried parameters oommp/h=z./10g, an leads to the increasing loss of the particle velocity of the de
g/lre_n i'&gl't(()l%l':%ag(mchr_f lissd;mt::;tﬁgozl?‘(g;hdzthf nrqer::ﬁ'"fer pc_;sited material._This fact alone hinders t_he choic_:e of the greatg
8 mm, and M= 1.8; (3)h = 3 mm,H = 10 mm, and M= 1.8; (4)h = thickness of designed nozzles for reducing the influence of th

4.5 mm,H = 12 mm, and M= 3.1; and (5h = 3 mm,H = 10 mm, boundary layers.
M =1.8,anch=3

0,0
0

4. Particle Motion
compressed layer thickness and the plotted abscissa is a stani
off distancez,. These parameters are both dimensionalized by ~ The solution of the nozzle optimization problem is impossi-
the geometrical nozzle thickness. We can see that, in given coble without a particle motion model. In this section, we conside
ordinates, the data are not generalized. The pressurenratio in more depth the particle motion model used and discuss so
strongly influences the compressed layer thickness (number 5 irfeésults of the experimental particle velocity definition.
Fig. 4). However, if we consider only isobaric exhaustion (num-
bers 1 to 4), then, as a first approximation step, the averaged cor4.1 Particle Motion Modeling
stant valuk may be obtained. It is a very rough approximation.
To obtain a more accurate approximation, it is necessary to apply

amore accurate model of jet stream and impingement. |_|Oweverparticles on the gas flow parameters. The application of the si

until now, there has been no simple model that would allow all ; ) S
) . . gle particle model is known to be justified by low powder load-
of the above-mentioned parameters to change in a wide range;

o . - ing the gas flow (volume concentration of particles less thehn 10
This is complicated also by the appearance of nonstationary phe 4 - . . .
L . . ? to 1074 that is often used in practice. The volume concentratio
nomena as oscillations of jet and bow shock at nonisobaric ex-

haustion. The investigation of these flows is quite difficult and is defined as the ratio between the volume of all particles and th

- . - I ._.__entire volume. Thus, this parameter is dimensionless. It is sup
will not be discussed here. The purpose of this article is satisfiec - .
by acceptind as being equal to 0.4660.01 according to experi- poseq that the parucleg move along the nozzle axis and along t
mental data averaging. Thus, our research area is restricted bJet axis. Particle velocity was calculated by Eq 26 to 28:

To calculate the particle velocity, the model of the single
particle motion is used. It allows us to disregard the influence o

isobaric exhaustion consideration. 2
dv, V-V,
MgV (sz =G pi( > ) Shid (Eq 26)
3.2 Mach Number Variation
V=%

Determination of the Mach number distribution inside the ™M» = a (Ea27)
compressed layer thickness is also quite difficult. Here, we use
the widely known cunning method of polynomial approximation _ (v - Vp)pdp
between the two points at the Mach numbers, and their deriva- Re, = o (Eq 28)

tions are defined. The temporary point of reference is chosen to
be at the position of the shock at the jet axis. A polynomial of The gas parameters are taken near the axis. The drag coef
third order satisfies the following boundary conditions 23 and 24. cientC; is calculated by the Henderson approximatibn.
After the shockz = O:
4.2 Verification

M = MganddM/dz= 0 (Eq 23)
To check the calculation correctness, the particle velocity a
On the surface, = z,; the nozzle outlet was determined experimentally.
There is a problem with selecting the parameters that gene
M = 0 anddM/dz= —0.5M,/z,, (Eq 24) alize computational and experimental data. For plotting the par
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1,0 allows application of the model to the solution of the optimiza-

OO-‘!—Q tion problem.
Up/ v + o + 1
o 2 5. Optimization Problem
0,8 t A 3
v 4 To determine the particle motion parameters in the jet, the gas
A 5 parameters were assumed to be the same as the values at the noz-
zle outlet. Under the condition of the cold gas-dynamic spray
0,6 \V\A process, this simplification is justified because the standoff dis-
l A A A tances are small. The last statute allows completion of the parti-
4 v cle motion model along the entire gas-dynamic path and the
(1+085Q) ;
' onset of the search for the optimal nozzle parameters.
0,4 } It follows from the above discussion that the nozzle opti-

0,0 0,5 1,0 0 1,5 mization problem must be considered as the particle velocity
maximization not at the point of nozzle outlet but at the point of
Fig. 6 Generalized dependency of relative particle velocity at outlet of Contact with a target surfaeg,. Then, the thickness of the flat
the flat supersonic nozzle. (L= 50 mm,p, = 1.5 MPa, and, = 300 nozzles (or the diameter of the axisymmetric nozzles) and the
K, Al; (2) L = 100 mmp, = 3.0 MPa, and, = 300 K, Al; (3)L = 50 nozzle length are both the most important parameters.
mnc]ﬁ'pojsldg ||\</IPé1, f"”dg :5500 K, Cu; (t4)l_ = 1?[0 n,&rln’pod:cs MPa, To obtain optimal values of the nozzle thickness and nozzle
andfo » Cu; and (5) experimental results, Al and Cu length, we set the next limitations. The stagnation (total) tem-
perature of gas is constant (the case of heat insulated nozzle
walls). The throat areds and the values of stagnation pressure
ticle velocity at the nozzle exit, we have chosen the ratio of par-at the nozzle inlgp, are the same for the different nozzles.
ticle velocity and gas velocity at the nozzle exit, and also a com-  1h€se constraints make the gas flow rate in the different noz-
plex Q (Eq 29), which, under our judgement, characterizes all zles the same. Thus, we have considered the optimization prob-

binders according to Eq 26: lem as it regards the variety of wedge-shaped nozzles of equal
gas flow rate producing the isobar jets.
Q = (d/L)°Hp,v,Zpo)°° (Eq 29) The calculation is executed as follows. Particle size and den-

sity, and alsqo, Ty, andA,, are set as constant parameters dur-

From the analyzing ratio (Eq 29), it is easily seen that the pa-Nd Numerical searching for optimialandL. The value ob is
rameters standing above in a numerator compensate for the e°btained using the formula
fect of parameters standing in a denominator. For example, the
particle size increase is compensated for by either nozzle IengtrAC = bh (Eq31)
or stagnation pressure increase. This same situation holds for th . )
particle density. To make this complex dimensionless, it is nec- 't was supposed that the jet exhausts in a chamber where the
essary to enter some characteristic speed into it. We used gas viPressureisLo’Pa. Tomakethe pressureinthe exhaustedjetequal
locity at the nozzle exit as the characteristic speed. Thus, the p|0tothat|nthe ambientone (isobar exhaustion), agreater dimension
presented in Fig. 6 maps the data generiadlythe chosen axis ofthe nozzle cross sgctlon atthe nozzle Eutas chosen.'
labels allow a relationship to be presented by one law. We ap- _Further, setting differeritandL values, we may obtain mas-

proximate this law by the formula sivev,, (h, L). By comparison of the obtained values of the par-
ticle velocity at impact,, (h, L), the velocity’s maximum value

A 1 and the values of the optimal parameters were found.

V' 1+0850 (Eq 30) Figure 7 presents a typical graph of isolines of the particle ve-

locities at impact,, (h, L). It is seen that curves are concentrated
around one region where the particle velocity obtains a maxi-
mum value (in Fig. 7, this region is bordered with an isoline of
580 m/s). This denotes that the maximum impact velocity can
only be produced by applying the nozzle when the values of the
length and thickness are precisely given.

Unfortunately, we did not have the opportunity to test exper-
imentally the particle velocity at impact with a surface. Thus, we
relied upon the results of the calculations. These calculations,
however, were tested experimentally at some stages, which
makes them reliable.

To find the range of the law applicability, the various change
versions of parameters included in the comkewere calcu-
lated. Appropriate numbers from 1 to 4 mark these versions in
Fig. 6. The total range of parameters Was 50 to 150 mmp, =
1to 3 MPa,T, = 300 to 500 K, particle density 2.70°to 9-1(¢,
and particle size from 5 to 8@m. Figure 6 also provides a pre-
diction of particle velocity at the nozzle outlet. First, the gas ve-
locity at the nozzle exit is obtained with the aid of Fig. 3. Then,
complex(} is calculated using this gas velocity. Finally, particle
velocity estimates are made usifigandv* in accordance with
Fig. 6.

In Fig. 6, the experimental data marked by number 5 are alsc§, Conclusions
shown. These experimental data sit at the same curve as well &
computation. This proves that the computational model de- As we can conclude from the present article, there is a nozzle
scribed above quite adequately reflects realayis reliable. It of definite dimensions for a certain type of particles that can pro-
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Fig. 7 Isolines of velocity of aluminum particlels = 10 um at impact
on the surface of an obstaclg € 15 mm,T, = 470 K, andp, = 1.5
MPa). Numbers on the curves denote values of impact velocity, m/s

vide the maximum impact velocity of particles on a substrate
surface.

We should note that the approach presented here opens an |
portunity for the spraying of the ultradispersive powddgs<

Journal of Thermal Spray Technology
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0.01 to 0.5um) in contradistinction to the traditional estimates
of the impact velocity by the velocity at the nozzle outlet. These
estimates are not useful because the particles of such a small s
form a velocity balance two-phase flow of the small relaxation
length. This means that the impact particle velocity is also ver
small. Otherwise, applying the approach described above, it i
possible to get the most favorable condition for the ultradisper
sive powder spraying.

Thus, it has been shown that the effects of boundary and co
pressed layers not considered before have a sufficient influend
on the final particle velocity; the smaller the size of the particles
the greater is their influence. This influence should be taken intg
account especially in the case of the cold spray nozzle desig
because the particle size of the commonly used powders is sm3
and the impact particle velocity is very important.

The solution suggested here is thought to yield the optima]
nozzle dimensions and impact particle velocity and, therefore, t(
forecast the behavior of the heterogeneous jet-obstacle intera
tion.
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