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Abstract

While built on a sound physical foundation, isentropic, one-dimensional models generally used to analyze the dynamics of dilute two-phase
(feed-powder particles suspended in a carrier gas) flow during the cold-gas dynamic-spray process, require the use of numerical procedur
to obtain solutions for the governing equations. Numerical solutions, unfortunately, do not enable an easy establishment of the relationship
between the gas, process and feed-powder parameters on one side and the gas and the particle velocities at the nozzle exit and the part
impact velocity, on the other. Analytical solutions for the governing equations in the limits of small and large relative particle/gas velocities
and a multiple non-linear regression analysis are used, in the present work, to develop analytical functions which can be used to compute tf
gas and the particle exit velocities and the particle impact velocity for a given set of the gas, process, and feed-powder parameters. The resul
obtained using the analytical functions are found to be in a very good agreement with their numerical and experimental counterparts.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction A simple schematic of a typical cold-spray device is
shown inFig. L Compressed gas of an inlet pressure on the
The cold-gas dynamic-spray process, often referred to order of 30 bar (500 psi) enters the device and flows through
as simply “cold spray,” is a high-rate material deposition a converging/diverging nozzle to attain a supersonic ve-
process in which fine, solid powder particles (generally locity. The solid powder particles are metered into the gas
1-50um in diameter) are accelerated in a supersonic jet of flow upstream of the converging section of the nozzle and
compressed (carrier) gas to velocities in a range betweenare accelerated by the rapidly expanding gas. To achieve
500 and 1000 m/s. As the solid particles impact the target higher gas flow velocities in the nozzle, the compressed
surface, they undergo plastic deformation and bond to thegas is often preheated. However, while preheat tempera-
surface, rapidly building up a layer of deposited material. tures as high as 900K are sometimes used, due to the fact
Cold spray as a coating technology was initially developed that the contact time of spray particles with the hot gas is
in the mid-1980s at the Institute for Theoretical and Ap- quite short and that the gas rapidly cools as it expands in
plied Mechanics of the Siberian Division of the Russian the diverging section of the nozzle, the temperature of the
Academy of Science in Novosibirgk,2]. The Russian sci-  particles remains substantially below the initial gas preheat
entists successfully deposited a wide range of pure metals,temperature and, hence, below the melting temperature of
metallic alloys, polymers, and composites onto a variety of the powder material.
substrate materials. In addition, they demonstrated that very The actual mechanism by which the solid particles deform
high coating deposition rates on the order of Bmin (~ and bond during cold spray is still not well understood. The
300 f&/min) are attainable using the cold-spray process.  prevailing theory for cold-spray bonding postulates that, dur-
ing impact, the solid particles undergo plastic deformation,
mspondmg author. Telg 1-864-656-5639: disrupt thin (oxide) surfac.e films and, in turn, achieye.inti—
fax: +1-864-656-4435. mate conformal contact with the target surface. The intimate
E-mail address: mica.grujicic@ces.clemson.edu (M. Grujicic). conformal contact combined with high contact pressures
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Nomenclature

nozzle cross-section area

specific heat

drag coefficient

drag force

convective heat transfer coefficient
thickness of the stagnant region
mass

mass flow rate

pressure

gas constant

Reynolds number

molecular speed ratio

temperature

velocity

axial distance from the nozzle throat
viscosity

specific heat ratio

density

(?;UUS'B VTUQO:D

DRRETE XS HW

Subscripts

o] stagnation quantity

e nozzle-exit related quantity
p particle quantity

S shock related quantity

Superscripts
* nozzle throat quantity

impact related quantity

optimal quantity

stagnant region related quantity

impact
opt
st

promotes bonding. This theory is supported by a number
of experimental findings such as: (a) a wide range of duc-

tile (metallic and polymeric) materials can be successfully

cold-sprayed while non-ductile materials such as ceramics
can be deposited only if they are co-cold-sprayed with a

ductile (matrix) material2]; (b) the mean deposition parti-

cle velocity should exceed a minimum (material-dependent)

critical velocity to achieve deposition which suggests that

Powder Feeder

Substrate

Gas
Inlet

Gas Heater

Fig. 1. Schematic of a typical cold-gas dynamic-spray system.
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sufficient kinetic energy must be available to plastically

deform the solid material and/or disrupt the surface film
[3]; and (c) the particle kinetic energy at impact is typically

significantly lower than the energy required to melt the par-
ticle suggesting that the deposition mechanism is primarily,
or perhaps entirely, a solid-state procgbs8].

As the cold-spray process does not normally involve the
use of a high-temperature heat source, it generally offers
a number of advantages over the thermal-spray material
deposition technologies such as high velocity oxy-fuel,
detonation gun, plasma spray, and arc spray. Among these
advantages, the most important appear to be: (a) the amount
of heat delivered to the coated part is relatively small so
that microstructural changes in the substrate material are
minimal or nonexistent; (b) due to the absence of in-flight
oxidation and other chemical reactions, thermally- and
oxygen-sensitive depositing materials (e.g. copper or ti-
tanium) can be cold sprayed without significant material
degradation; (c) nanophase, intermetallic and amorphous
materials, which are not amenable to conventional ther-
mal spray processes (due to a major degradation of the
depositing material), can be cold sprayed; (d) formation
of the embrittling phases is generally avoided; (e) macro-
and micro-segregations of the alloying elements during so-
lidification which accompany conventional thermal spray
techniques and can considerably compromise materials
properties do not occur during cold spraying. Consequently,
attractive properties are retained in cold-sprayed bulk ma-
terials; (f) “peening” effect of the impinging solid particles
can give rise to potentially beneficial compressive residual
stresses in cold-spray deposited mater{&lsin contrast
to the highly detrimental tensile residual stresses induced
by solidification shrinkage accompanying the conventional
thermal-spray processes; and (g) cold spray of the materials
like copper, solder and polymeric coatings offers exciting
new possibilities for cost-effective and environmentally-
friendly alternatives to technologies such as electroplating,
soldering and paintingd].

The solid-state particle-bonding mechanism discussed
above suggests and experimental observatii@jscon-
firm that it is desirable to maximize the velocity at which
feed-powder particles impact the target surface. While, in
general, this can be accomplished by increasing the inlet
pressure of the carried gas, for practical and economic rea-
sons, it is desirable to maximize the particle impact velocity
at a given level of the carrier-gas inlet pressure by properly
selecting the type of the carrier gas, its inlet temperature
and by optimizing the shape of the converging/diverging
cold-spray nozzle. A detailed analysis of the effects that the
type of the carrier gas, the inlet gas temperature and the
shape of the cold-spray nozzle have on the impact velocity
of the feed-powder particles is carried out by Dykhuizen and
Smith [10] using an isentropic, one-dimensional gas-flow
model. In our recent workl1], the analysis of Dykhuizen
and Smith[10] was extended in order to include the effects
of finite values of the particle velocity and the effect of
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variability of the gas/particle drag coefficient. While the for monoatomic gases like helium and 1.4 for diatomic
one-dimensional model of Dykhuizen and Smjil®] has gases like nitrogen and oxygen, respectively. Since air is pri-
been found to be quite successful, its numerical nature doesmarily a mixture of nitrogen and oxygen, it is considered as
not enable an easy establishment of the relationships be-a diatomic gasy takes on values smaller than 1.4 in multi-
tween the gas, process and feed-powder parameters on onatom molecular gases but such gases are rarely used in the
side and the gas and the particle velocities at the nozzle exitcold-spray process.

and the velocity at which particles impact the substrate sur- The gas velocity at the nozzle throat is equal to the speed
face, on the other. The objective of the present paper is toof sound and is defined as:

use the results of the one-dimensional model by Dykhuizen

and Smith[10] and a multiple regression analysis to de-
velop analytical functions which can be used to compute
the gas and the particle exit velocities for a given set of the
gas, process and feed-powder parameters.

The organization of the paper is as follows: A brief
overview of the one-dimensional isoentropic gas flow model
developed by Dykhuizen and Smifi0] utilized in the
present work is presented 8ection 2 The one-dimensional
particle dynamics model also proposed by Dykhuizen and
Smith[10] is briefly discussed ifsection 3 The derivation
of the analytical functions for gas and powder-particle ve-
locities at the nozzle exit and for the impact particle velocity
are presented irSections 4.1-4,3respectively. The key
conclusions resulted from the present study are summarize
in Section 5 m

p* = VA 3)

v = /yRT* (2

whereR is the gas constant (the universal gas constant di-
vided by the gas molecular weight). It should be noted that
the superscript is used throughout this paper to denote the
guantities at the nozzle throat, that is the gas quantities un-
der the sonic conditiongq. (2)can be used to explain the
experimental finding that the low molecular weight (and,
hence, largeR), monoatomic (and, hence, largeand, in
turn, highT*) helium is a better carrier gas than the high
molecular weight, diatomic air since for the same total gas
temperaturd,, it is associated with a higher speed of sound.

From the known (user selected) mass flow raie, the
dsonic gas density can be computed as:

whereA* is the (known) cross-sectional area of the nozzle
throat.

Next, using the ideal gas law, the gas pressure at the nozzle
throat can be determined as:

2. lsentropic gas flow model

In this section, a brief overview is given of the cold-spray
gas-flow model developed by Dykhuizen and Snijith].
The model considers a typical geometry of the cold-spray p* — o*RT* (4)
converging/diverging nozzld={g. 1) and involves a number
of assumptions and simplifications such as: (a) the gas flow Once the throat pressuf® is computed, the stagnation
is assumed to be one dimensional and isentropic (adiabaticpressuré®, can be calculated using the following isentropic
and frictionless); (b) the gas is treated as a perfect (ideal) relation:
gas; _a_nd (c) the constant-pressure and the constant-volume 7\ 0D I\ D
specific heats of the gas are assumed to be constant. Py = P* (_0) — p*¥ (1 + V_) (5)

The carrier gas flow is assumed to originate from a large r* 2
chamber or duct where its velocity is zero and the pressure

. : After all the gas-dynamics quantities"( v*, p*, andP*) are
(referred to as the “stagnation” pressurepisand the tem- 9 y 9 (o )

h torred t the “total” ‘ ¢ Th calculated at the nozzle throat, one can proceed to determine
perature (referred to as the *total” gas temperaturgy.ighe these quantities along the diverging section of the nozzle.

cold-spray process is furthermore assumed to be Contm"edToward that end, the variation of one of the these quantities

by the user who can set the total temperature and the MaSY; the variation of the Mach number or the variation of the

flow rate of the gas. The gorrespondmg stagnation PressUre,ozzle cross-sectional area along the diverging section of the
can then be calculated using the following procedure:

. . . ? . nozzle must be specified. Dykhuizen and Srlih] consid-
Using bgsw dy_nam|c and thermodynarmic relations for the ered the case when the variation of the nozzle cross-sectional
compressible fluid flow, the gas temperatiifeat the small-

¢ tional tih ina/di . | area A is specified, which then allows determination of
est cross-sectional area of Iné converging/diverging Nozzie, corresponding Mach numbéd from the following
(referred to as the nozzle throat in the following) where the

Mach number (the velocity of the gas divided by the local equation:
speed of sound) is unity, can be derived B3] A 1 5 Y1\ @D
=) o)\ (6)

= (1)
A+r-1/2 Once the Mach number is determined at a given

where y is the ratio of the constant-pressure and the cross-sectional area of the diverging section of the nozzle,

constant-volume specific heats which is typically set to 1.66 the remaining corresponding gas quantitiesT, v, andp)
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can be calculated using the following isentropic relation- 3. Particle dynamics model
ships:
V1) Dykhuizen and Smitl{5] also analyzed the interactions
p— pt ( y+1 ) @) of the carrier gas with the spray particles under the approx-
2+ (y —1M? imation of a dilute two-phase (gas non-interacting solid
particles) flow. The particle velocityp, can, in this case, be

T — - To1 - 8) determined by solving the following differential equation:
QA+ /2) ) dvp dvp CDApp(U — Up)2
Mmp—— =Mplp—— = ——— (12)
v= M, yRT (9) dr dx 2
wherem, andA,, are the average mass and the cross-sectional
o= Po Tt (10) area of the particles, respectivep the drag coefficient,
1+ -1/2M3)Yr=b t the time andx the axial distance traveled by the particle

(measured from the nozzle throat). Under the condition
of constant gas velocity, gas density and drag coefficient,
Eqg. (12)can be integrated to yield:

Egs. (7)—(10)an be used to compufe T, v, andp at
the nozzle exit, if the given exit cross-sectional afeais
substituted foAin Eq. (6) However, it must be noted thit
T, V, andp defined in this way will reflect the true conditions (v - Up) v _ CpAppx

. . + -1=— (13)

of the gas at the nozzle exit only if a normal shock does
not take place inside the nozzle. To determine if the normal
shock will take place inside the nozzle, the ambient pressure
should be compared with the following “shock” pressure:

v—1p 2mp

It should be noted thdiq. (13)may generally not be valid
since both the gas density and the drag coefficient may vary
over the length of the nozz[@0,11]

P Pe( 2y 5 Y- 1> A simple analysis ofEq. (12) shows that the ultimate

y+1 ¢ y+1 (1) particle velocity is equal to the gas velocity. Furthermore,
examination ofEgs. (6), (8) and (9)ndicates that the gas
where subscript e is used to denote the gas quantities at therelocity within the nozzle depends on the total gas temper-
nozzle exit. ature and the nozzle geometry (i.e. the cross-sectional area
If the shock pressur®s is lower than the ambient pres- at a given axial distancé, but not on the gas pressure (un-
sure, a shock will occur inside the nozzle and the subsequentder the condition of a constant drag coefficient). However,
gas flow is subsonic so that the exit pressure is not given by Egs. (9), (10) and (12)ndicate that the initial particle ac-
Eq. (7) but it is rather equal to the ambient pressure. Un- celeration (ap/dr at vp = 0) is linearly dependent on the
der normal cold-spray operating conditions, the shock pres- stagnation pressure but independent of the total temperature.
sure is maintained above the ambient pressure so that ndrhus, while the stagnation pressure does not affect the max-
shock occurs inside the nozzle and the exit pressure is dedimum particle velocity, it has to be sufficiently high to en-
fined by Eq. (7) At the same time, the exit gas pressure, sure that the spray-particles velocity will approach the gas
Pe, is generally lower than the ambient pressure in effort velocity over a relatively short length of the diverging sec-
to maximize the exit velocity of the gas (and thus, the av- tion of the nozzle.
erage velocity of the feed-powder particles, referred to as
the particle velocity in the following). Under such condi-
tions, the one-dimensional gas dynamics model developed4. Results and discussion
by Dykhuizen and Smittji10] and briefly reviewed above
can be used to analyze the gas flow inside the nozzle. As4.1. Gas velocity at the nozze exit
the gas leaves the nozzle, it slows down as the gas pressure
tries to adjust to the ambient pressure. However, dueto arel- As discussed in thé&ection 2 the gas velocity at the
atively short nozzle-exit/substrate-surface standoff distancenozzle exit can be computed using the one-dimensional nu-
encountered in the cold-spray process, this decrease in thanerical model of Dykhuizen and Smifth0]. However, this
gas velocity is not expected to be significant. However, the model entails the solution of a non-linear algebraic equa-
impingement of the gas jet upon the substrate surface givestion, Eg. (6) and does not enable an easy access to the rela-
rise to the formation of a bow shock (stagnant) region in tionships between the carrier-gas and the cold-spray process
front of the substrate. The component of the gas velocity parameters on one side and the gas velocity at the nozzle
normal to the substrate surface in this region is quite small exit, on the other.
relative to the nozzle-exit gas and particle velocities. In ad-  An attempt was made in this section to construct an ana-
dition, the gas flow in this region is dominated by its lat- lytical function which can be used to compute the gas exit
eral component. A more detailed discussion of the stagnantvelocity for a given set of gas and process parameters. To-
region and its effect of the particle impact velocity is pre- wards that endEg. (6) is solved for the Mach numbevl
sented inSection 4.3 for different values of the nozzle expansion rafi*, and
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5 tion over the entire range of nozzle lengths<0x < oc.
| 1=1.66 Therefore, a numerical integration routine must be used to
i | solveEg. (12) While an integration procedure can be read-
- =15 ily implemented, the numerical solution for thg versusx
_ 4 B 14 p relationship obtained is not very attractive, since it does not
g | = | offer an insight into the effect of various carrier gas, pro-
E | =13 | cess, and feed-powder parameters. To overcome this limita-
z L v=1.2 | tion, analytical solutions foEq. (12)are first sought in two
S 7l =141 distinct limits: (a)vp < v and (b)vp ~ v.
ﬁ - o o* When the particle velocity is small in comparison with the
s | gas velocity, and the changes in gas density are negligible
2L (p = constant)Eq. (12)can be solved to yield:
- Eq. (6) 30Cox
i e o o Eq.(14) Vp =V oDy (18)
1= 5 — i — els — zI; J 0 where the gas density is given in terms of the stagnation gas
Nozzle Expansion Ratio density, po, and the Mach numbeM, via Eq. (10) while

Fig. 2. Variation of the gas Mach number with the nozzle expansion ratio po is related to th_e stagnation pr‘?ssms’* and the total gas
and the gas specific-heat ration, temperatureT,, via Eq. (4) As will be demonstrated later

in this section, by comparing model predictions with their

N . experimental counterparts the= constant assumption used
for several values of the specific heat rajo,The results the derivation ofEq. (18)is found to be justified.

obtained are displayed as solid lines in fig. 2 Next, a When the particle velocity is comparable with the gas
non*-lmear least squares procedure is used to fibiiversus  yg|ocity, (i.e. when the relative particle/gas Reynolds number
AJA* data for differenty values to a function: is small), the particle velocity gradient is defined as:
A k2 dv 18u(v — vp)
M=|ki—+@1- kl)i| 14 P 19
|: A dx vD3pp (19)

wherek; andky are function of the specific heat ratig,
A non-linear polynomial regression analysis is next used to
establish the/-dependence df; andk; as:

whereu is the gas viscosity which enteEq. (19)through
a relationship between the drag coefficient and the relative
Reynolds number. Integration &fq. (19)yields:

k1 = 2180629— 2435764y + 71.7925/° (15) 1810
Up ="V {Wo [—exp(— mr _ >:| + 1}

kp = —0.1224504- 0.28130¢ (16) D%,opv

(20)

A comparison of theM versusA/A* relation defined by
Eqg. (14) and the one predicted by the model of Dykhuizen
and Smith[10], Eq. (6) is shown inFig. 2 The_M versus solves the equatiof(z)e”@ = z wherez is a real or a
A/A" data based oig. (14)are shown as solid circles in - ¢ompjex number. Since this equation always has an infi-
Fig. 2 Areasonably good agreement is seen between the tWop,iia number of solutions, most of them compl&¥(2) is a

sets of results particularly for higi values encountered in - i valued function. The different possible solutions are
mono-atomic (e.g. heliu_m) and di-atomic (e.g. air, nitrogen) labeled by an integer variablecalled the branch ofV(2).
gases commonly used in the cold-spray process. Thus, the proper way to talk about the solutions of the equa-
Next Eq (8) is substituted |rEq (9) to obtain: tion W(Z)eW(Z) =z is to say that they arwk(z) wherek =
yRT, 0,+1, £2, etc. Wherr is a real number angd < —1/¢, the
v 15 1202 (7) solution to the equatioV(z)e"@ = zis multi-valued and
complex. When-1/e < z < 0 there are two possible real
Thus Eq. (17) in conjunction withEgs. (14)—(16) can values ofW(2). The branch satisfyin¥(z) > —1 is denoted
be used to compute the exit gas veloaityas a function of asWp(2) and is called therincipal branch. The branch sat-
the nozzle exit expansion raticdd/A*), and the carrier-gas  isfying W(z) < —1 is denoted asV_1(2). Whenz is real

whereW is the principal branch of the Lambéhtfunction.
The LambertW function is defined as the function that

(stagnation) properties,, R, andT,. andz > 0, the solution to the equatioW(z)e"@ = z is
single-valued and real and belongs to the principal branch,
4.2. Particle velocity at the nozze exit Wo(2). The real solution of the equatiof(z)e"@ = z are

displayed inFig. 3. It is the portion of the principal branch
The non-linear first-order ordinary differential equation, for —1/e < z < 0 which is of interest in the present work
Eqg. (12) does not have an analytical (closed form) solu- since for 0< x < oo the magnitude of the Lambert function
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Fig. 3. Real branches of the Lambé&kt function.

should change betweenl andO (to ensure thai, changes
between 0 and) and forx=0, the argument of the function
Wo(2) in Eq. (20)is equal to—1/e while for x becoming
infinite the argument of the functiowp(2) in Eq. (20)is
zero. The LambeNV function is implemented in many com-
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interest in the cold-gas dynamic-spray process, they are not
shown inFig. 4.

To construct an analyticaly/v versusx function for the
entire 0< vp/v < lrange, it is next assumed that thg'v
versusx relationship for the intermediate,/v values can
be obtained as a linear combination of the two relations
predicted byEgs. (18) and (20However, before such linear
combination is constructed, the twg/v versusx functional
relations predicted b¥eqgs. (18) and (20are respectively
transformed into the following exponential forms:

(v_;>l8 — _e_«/ 3PCDX/:0PDP + l Up <L v (22)
<E> — —e 9/ Dhoo 4 q Vp RV (23)
v /20
Egs. (22) and (23%re next combined as:
% _ (P _wy (P
L= ()t 0 () @9

wherew and 1— w are the weighting factors. In princi-
ple, optimal values of the weighting factors can be obtained
by minimizing deviations of thep/v versusx relation pre-
dicted byEq. (24)from the numerical solution. This is not
done in the present work to avoid unnecessary complexities
associated with the dependence of such optimal values on

mercial general-purpose computing systems such as Matlabvarious gas, process and feed-powder parameters. A value

(used in the present work), Maple, Macsyma, and Mathe-
matica. For—1/e < z < 0, of interest in the present work,
Wp(2) can be approximated using the following nonlinear
function:

mq = —e 1 mo = —e7? m3 = —2e
slzx/z s =251 — 3 s3=4— 357 sa=s51— 2
a(s2p + 53)

Wo(z) = a/ |:1+ {a/ <3+ @t P )H 1 (21)
Particle velocities normalized by the gas velocity/v,
as a function of the length of the diverging section of the
nozzle,x, as predicted b¥egs. (18) and (2Q)are plotted in
Fig. 4 (curves labeledEgs. (18) and (20). Eqg. (18)is used
at low values ofx where theuvp/v values are small while
Eq. (20)is used at large values afwhere thevp/v values
are near unity. The following (typical) cold-spray process-
ing conditions are used to generate the results presented i
Fig. 4: carrier gas—helium, the total gas temperatiige=
600K, the stagnation pressuRy = 22 bar, gas viscosity
w = 1.9 x 105 Ns/n?; the mean particle diametddp =
10m and the particle material densily= 2.7 g/cn?. The
variation ofvp/v with x obtained using the one-dimensional
numerical model of Dykhuizen and Smitt0] is also shown
in Fig. 4 (curve labeled “Numerical”). It is seen that the an-
alytical solution given byeq. (18)agrees quite well with the
numerical solution in the regions of its validity. The same
holds for the analytical solution given Wdyg. (20) but at
very largex values. Since suckvalues are not of practical

of w = 0.5 is found to give a reasonably good agreement
between thep/v versusx relation predicted b¥q. (24)and

its numerical counterpart for a wide range of gas, process
and feed-powder parameters. A typical level of agreement
between thep/v versusx relation predicted b¥eq. (24)(de-
noted as Eq. (24)) and its numerical counterpart (denoted
as “Numerical”) is shown irFig. 4

208}

§ - Eq. (18)

g | Numerical

® 0.6 Eq. (20)

8o q.

.‘i‘ /

o 0.4 Eq. (20)
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Fig. 4. Variation of the ratio of the particle velocity and the gas velocity
at the nozzle exit with length of the nozzle. Please see text for details.
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Thus, Eqg. (24) in conjunction withEgs. (22) and (23) the substrate, it decelerates through the formation of a bow
can be used to compute the particle velocity at the nozzle shock. If the jet is not ideally expanded, oblique shocks in
exit for a given set of the gas parametersyu, R, T, and the jet plume (denoted as “jet shocks” lfig. 5 interact
Po; the process parametefSA* andx; and the feed-powder  with the bow shock resulting in the so-called “triple-shock

parameterspp andDp,. structure”, with the third shock denoted as a “tail shock” in
Fig. 5 The interaction between the three shocks is believed
4.3. Particle impact velocity to govern the flowfield in the impingement zofigt].

A computational analysis of the impinging supersonic jet
As discussed ifBection 2 calculations of the velocity of ~ entails finding the solution to the following governing dif-
the velocity at which feed-powder particles impact the sub- ferential equations:
strate surface must include the effects associated with the,
impingement of the supersonic gas jetupon the substrate. Su- ¢ de the momentum conservation equations and a conti-
personic impinging jets have been the focus of research for

) vu2 P nuity equation for compressible turbulent fluid low;
over three decades because of their application in a number, 5p, energy conservation equation:

of diverse areas ranging from hovering of the short takeoff , cjosyre relations which enable evaluation of the velo-

and vertical landing (STOVL) aircrafts to material process- city-fluctuations based terms (called the Reynolds stress
ing (e.g. the cold-gas dynamic-spray process). While fluid  1en50r) in the Reynolds averaged Navier—Stokes and the
dynamics and acoustic properties of the supersonic imping-  energy conservation equations. Among various models for

ing jets vary considerably with the geometrical parameters  i,a closure relationship, one-equation Spalart mids|
of the nozzle, the distance between the nozzle exit and the ;.4 two-equation model (e.g. thes model[16], the k-o

substrate, the exit Mach.nlljmb.er,.etc_., some commor)_global model [17], and the shear-stress transport (SST) model
features of the supersonic impinging jets can be identified. A [18]) are most frequently used: and

schematic of the supersonic impinging jet flowfield is given | ~onstitutive relations such as the ideal-gas law, the

ir! Fig. 5 It is seen that thg impinging j?t rowﬁeId can be Sutherland’s law for the temperature-dependence of the
divided into three main regior{43]. The first region repre- (laminar) gas viscosity, and the models for the molecular
sents the main jet column in which the flow is primarily in- and the turbulent Prandtl number.

viscid and contains expansion and compression shock waves
for non-ideally expanding jets. The second region, generally  In our ongoing work, FEMLAB general-purpose finite-
referred as the impinging zone, involves the region of jet element computer prograrfl9] is used to analyze the
impingement onto the substrate. The impingement zone isflowfield in supersonic axisymmetric impinging jets. The
characterized by large gradients which cause major change®bjective of this work is to establish relationships be-
in the local flow properties. A stagnation bubble containing tween the primary-jet characteristics (more precisely the
re-circulating fluid with relatively low velocity is also de- carrier-gas characteristics at the nozzle exit) and the flow-
picted within the impingement region fig. 5. The origin field in the stagnant zone behind the bow shock adjacent
of this bubble is not well understood. Nevertheless, its pres- to the substrate. While a detail account of this work will
ence is found to affect pressure distribution over the sub- be reported in a future correspondence, some of the results
strate surface. The third region, known as the radial wall jet, obtained will be utilized here to help construct an analytical
includes the area outside the impingement zone which con-function which relates the primary-jet and the geometrical
tains the jet flow, redirected laterally outward after impinge- parameters and the flowfield of a stagnant zone adjacent to
ment. As the supersonic flow in the primary jet approaches the substrate surface.
In accordance with many previous experimental and com-
putational analyses, our work shows that the gas flow is sub-

Reynolds averaged Navier—Stokes equations which in-

sonic in the stagnant region and that the component of the
% Nozzle % gas velocity normal to the substrate surface is quite small
_ Jet Shock in comparison with the gas and particle exit-velocities. Un-
Stagnation Bubble L. . .
Primary _ _ der such conditioriEq. (12) can be integrated to yield the
Bow Shock Jet Flow Triple Point particle impact velocity af20]:
Tail Shock * Slip Line Uignpactz vpe*3ps‘LS‘/4ppr (25)
Wall Jet Y AA NN where p%t is the average gas density in the stagnant region
SRR while LSt is thickness of this region. In our ongoing work,
& ’S“bs"a'e\\ & the following relationships were found f@f! andLSt.
Recirculating Flow Impingement Zone 0% = 0e(—1.04+ 2.27Me — 0.21M§) (26)

Fig. 5. Schematic of a supersonic impinging jet flow field. LS'= Re(0.97 — 0.02M¢) 1<Ms<5 27)
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whereMg is the gas Mach number at the nozzle exit. Thus, neglect of variations of the gas density and the drag coeffi-
Eqg. (23) in conjunction withEgs. (22)—(24)can be used cient along the diverging section of the nozzle was justified.
to compute the impact particle velocity for a given set of

(stagnation) gas, process and feed powder parameter. In

addition, as suggested by Dykhuizig®]. Eq. (25)in con- 5. Conclusions

junction with. Egs. (22)—(24)can be used to determine the

optimum particle size distribution. That is, if particles are ~ Based on the results obtained in the present work, the
too large (and heavy), they will not be accelerated enough following main conclusions can be drawn. (1) Using a
with the nozzle, but their deceleration within the stagnant nonlinear regression analysis and a numerical solution
region will be modest. When the particles are too small (and for the one-dimensional isentropic gas flow in a cold-gas
light), on the other hand, they will acquire a high exit veloc- dynamic-spray nozzle, a relatively simple function is de-
|ty but may be greaﬂy decelerated within the Stagnant Zone_fined which relates the gas velocity at the nozzle exit with
Consequently, the impact velocities of particles which are the nozzle expansion ratio and the carrier gas stagnation
either too large and too heave or too small and too light will Properties. (2) Analytical solutions for the particle velocity
be relatively low and the maximum impact velocities will at the nozzle exit in the limits of very short and very long
be attained by particles of an optimum size (and weight). nozzle lengths can be combined to derive an analytical
This can be seen iRig. 6in which the effect of the particle ~ function which relates the particle velocity at the nozzle exit
size, the gas type and the feed-powder particle size on thefor intermediate nozzle lengths with various gas, process
particle impact velocity is shown. The results displayed in and feed-powder parameters. (3) To compute the velocity
this figure show that: (a) the particle size which is associated at which particles impact the substrate surface, deceleration
with the largest impact velocity scales with an inverse of the Of the particles in a stagnant subsonic region adjacent to the
feed-powder density; (b) the maximum particle impact ve- Substrate surface must be considered.

locities for the two feed powders (copper and aluminum) are
very close to each other for either choice of the carrier gas
(helium or air); and (c) helium gives rise to a substantially
higher particle impact velocities. All these findings are con- ) o ,
sistent with the results of Dykhuiz¢@0]. Also displayed in The material presented in this paper is based on work sup-

Fig. 6are the experimental results for the impact velocity of Ported by the US Army Grant Number DAAD19-01-1-0661.
copper particles with um diameter accelerated in air and The authors are indebted to Drs. Walter Roy and Fred Stan-

with 20um diameter accelerated in heliyl]. Due to the ton of the ARL for the support and a continuing interest in
observed relatively good agreement between the experimenhe presentwork. The authors also acknowledge the support
tal results and the corresponding model prediction displayed ©f the Office of High Performance Computing Facilities at
in Fig. 6, one might conclude that one of the key simplifi- Clémson University.

cations used in the development of the model involving the
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