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Abstract-The present study attempts to investigate numerically the heat transfer and associated convection 
characteristics arising from the interaction between a superheated turbulent argon jet and a solid object, 
a topic of critical importance to the modern rapid solidification processes. Two flow configurations are 
simulated. one a planar case that includes a slot jet issued into a circular cylindrical chamber and impinged 
on a solid cylinder, and the other an axisymmetric case that includes a circular jet issued into a circular 
cylindrical chamber and impinged on a solid sphere. The effects of the turbulence intensity of the incoming 
jet on the convection and heat transfer characteristics are studied ; in both configurations the turbulent 
transport can help enhance the heat transfer rate, causing highly non-uniform Nusselt number distributions 
around the object. Furthermore, due to the differences caused by the two geometries, flow separation can be 
completely suppressed by high turbulence intensity in the planar configuration, but not in the axisymmctric 
configuration. Efforts are made to interpret and elucidate the various characteristics exhibited by the 

solutions obtained, and to gain physical insights of the relevant processing conditions. 

1. INTRODUCTION 

THROUGHOUT metallurgical processing, quenching 
treatments have had an important role in the pro- 
duction and control of alloy microstructures. In order 
to attain a satisfactory fineness of the materials, high 
cooling rates during solidification are usually required. 
In this regard, in the 193Os, gas atomization came into 
play for the commercial production of metal powders. 
In the 195Os, the concept of rapid cooling began to 
be applied deliberately to ingots for improving their 
workability and to castings for enhancing their prop- 
erties. Since then, the area of rapid solidification pro- 
cessing (RSP) has been experiencing fast growth and 
high visibility [l-3]. A review of the existing literature 
shows that while significant advances have been made 
in the engineering aspects of rapid solidification, the 
understanding and capability of predicting the process 
dynamics is still far from satisfactory. For example, 
the determination of the heat transfer coefficient, h, in 
a realistic operating environment is not easy. Esti- 
mation, usually empirically based, of this parameter 
often contains large uncertainty ; for many processes, 
the values of h yielded by different formulas can vary 
by more than an order of magnitude [l, p. 231. 

Although the two-phase flow and solidification 
characteristics are obviously critical to the success of 
the RSP, their behaviors are affected by the initial 
heating treatment of the solid object by a single phase 
jet. For many practical RSP applications, the process 
usually starts by issuing a high temperature jet without 
solid particles to heat up the solid object as well as 

the environment within the enclosure. The thermal 
characteristics on the surface of the solid object in 
terms of temperature and temperature gradient 
distribution can substantially affect the subsequent 
operation of RSP itself, dictating the time scale of 

solidification and the microstructure of the solidified 

materials. 

The present work attempts to address the issue of 
the heat transfer and related transport characteristics 
during the initial heat-up process based on detailed 
numerical modeling. The physical problem under 
study here is that of a solid object opposing a fast 
moving and superheated fluid stream, and the heat 
is withdrawn through the solid. The flow conditions 
investigated are those of a high temperature, high 
speed jet (7000 K and 100 m s-’ at the inlet) issued 
into a chamber and impinged on a solid object of a 
constant wall temperature of 1000 K. In order to 
investigate the characteristics associated with the tur- 
bulent transport processes under different operating 
conditions, two cases including a 2-D planar con- 
figuration, which contains a slot jet interacting with a 
solid circular cylinder, and a 2-D axisymmetric con- 
figuration, which contains a round jet impinging on a 
solid sphere, are modeled. 

The goals of the present study are to elucidate the 
convective characteristics caused by jet/solid inter- 
action, to determine the distribution of heat transfer 
coefficient and the Nusselt number, and to investigate 
the effect of turbulence on the overall effectiveness of 
the cooling and mixing mechanisms of the incoming 
jet, an issue critical to RSP. Care has been taken in 
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mapping the geometric variation by ;I non-orthogon~ll 
coordinate system, and in improving the spatial rcy- 
olution by utilizing an adaptive grid technique. 11 
h&: two-equation model aided by the low Reynolds 
number modification is adopted as the turbulence 

closure. In the prcscnt study, only the single-phase 
Row of argon gas is considered in order to establish 
the basic physical picture of RSP. As already noted, 
the single-phase heat transfer process often plays a 
very critical role in determining the quality of an RSP 

operation since many aspects of the overall thermal 
characteristics of the system are dictated by it. It is 
this aspect of RSP that will bc focused on in the 
present work. Other issues such as multiphasc flow. 

solidification kinetics, turbulence modulation and 
radiation due to particle loading effccls will not be 

addrcsscd here. 
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conditions adopted in the present study. (a) Planar cow 
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2. FLOW CONFIGURATIONS, PHYSICAL 

MODELS, AND NUMERICAL METHODS 

Schematic illustrations of the gcomctrics and 

boundary conditions adopted in the present analysis 

arc shown in Fig. I. For both planar and axisymmetric 
configurations, a hot plasma jet with uniform tcm- 
peraturc and incoming speed of7000 K and 100 m s ‘. 
respcctivcly. is issued into ;I large chamber, impinging 
upon a solid object, then exiting from an outlet on the 
opposite side from the inlet. In the planar cast. both 

the chamber and the solid object arc circular cylinders 
while in the axisymmetric cast, the cylinder is Ireplaced 
with a solid sphere located in the middle of a circular 

cyhndrical chamber. The ob.ject of impingcmcnt in 
both cases is of a constant outside wall tempcraturc 
of 1000 K and is located directly downstream of, and 
on-axis with, the jet. The inside wall temperature ot 
the chamber is taken as a constani value of 173 K. 
A non-uniform grid system of 81 nodes along the 
strcamwise direction and Ihl nodes along the cross- 
stream direction is used for the whole domain within 
the chamber. and the computation is conducted for 

half ofthe domain by enforcing a symmetry condition 
along the symmetry lint of the geometry. A close-up 

view of the grid distribution surrounding the circular 
cylinder is given in Fig. 2. which shows that 28 nodes 
arc used to rcprcscnt the @conictry of half of the 

cylinder (from the front stagnation point. rc. to the 
rear stagnation point. 2n). 

With the incoming velocity, density. and viscosity 

as the rcfcrcncc values, the Reynolds number based 
on the object diameter is around 2000. However, for 
conditions commonly observed in RSP. the flow 
before cntcring the chamber must be heated by 
methods such as magnetic induction [4]. Consc- 
quently, the flow cntcring the chamber usually carries 
turbulent fluctuations that can substantially alter the 
qualitative characteristics of the RSP operation. The 
turbulence effect must bc accounted for in order to 

FIG. 2. Close-up view of adaptive grid distribution in region 
surrounding the circular cylinder of the planar configuration. 
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yield a physically relevant mode1 for predicting the be reasonable working assumptions in view of the 
important process features. rapid cooling rate and low Mach number of the jet. 

The Favre, i.e. density-weighted, averaged Navier- 
Stokes equations of mass continuity, momentum, and 
energy transport, along with a modified k-e two- 
equation turbulence closure, are the basis of our com- 
putations. The equations are written in generalized 
coordinates in order to handle both the planar and 
the axisymmetric problems; they are given in the fol- 
lowing with a = 0 and 1 designating, respectively, the 
planar and axisymmetric cases. For the planar case, 
the independent coordinate, ~2, should replace r. 

2.5. Turbulence closure 
Firstly, the standard forms of the transport equa- 

tions for the turbulent kinetic energy, k, and the rate 
of dissipation of turbulent kinetic energy, E, as given 
by Launder and Spalding [6], are adopted. The eddy 
viscosity, p,, is dete~ined according to the following 
formula : 

2.1. Contirmity where p is the molecular viscosity. The original value 
of the coefficient C,, proposed by Launder and Spald- 
ing was 0.09. Later, in order to accommodate the 
region of relatively iow turbulent Reynolds number, 
various works suggested that C,, be modified as 

2.2. u-Momentum (along the axial x-direction) 

whet-c p is pressure and .D, is the total viscosity. 

2.3. l:-Momentum (along the radial r-direction) 

where the last term on the right hand side appears 
only in the axisymmetric case. 

2.4. Energy equation 

where cf, is enthalpy, T is tem~rature, and k, is the 
total thermal conductivity. It is noted that for argon, 
the radiation heat transfer is negligible compared to 
other transfer modes if the gas temperature is lower 
than 9500 K 151. It is noted that the Mach number of 
the incoming jet is about 0.3. Furthermore, due to the 
sudden expansion and rapid cooling of the jet, the 
Mach number within the whole enclosure is low and 
the contribution of the kinetic energy to energy bal- 
ance is insignificant. Since the ratio of the Reynolds 
number to Mach number is high, the viscous dis- 
sipation terms are low, and are neglected as well. 
Finally, the local the~odynamics equilibrium is 
assumed throughout and the effect of dissociation and 
recombination is neglected, which for argon seem to 

c, = O.OSf,. (6) 

The function f;‘ represents a damping mechanism of 
the turbu’lent transport in a region where the turbulent 
fluctuation is not vigorous. A number of low Reynolds 
number k--E models for single-phase flows have been 
proposed and tested 1’7-91. The following formula 
appears to yield good performance under many 
conditions : 

The magnitude of,fl depends on the local turbulent 
Reynolds number, R,. The above formula for,f;, was 
originally proposed by Launder and Sharma [9, IO]. 
A turbulent Prandtl number of 0.8 is used for all cases 
studied. 

The original as well as the modified k--E turbulence 
models were developed in the context of the constant 
property flows. Extending them to solve the flows 
with substantial property variations is obviously not 
straightforward. Some of the modeling related issues 
between the Reynolds-averaged and the Favre- 
averaged equations have been discussed by Pope [ 1 I]. 
Experiences gathered in the area of turbulent reactive 
flow calculations [ 12, 131 indicate that by resorting to 
the Favre, instead of the Reynolds, averaging process, 
the density Auctuation terms do not appear explicitly, 
and the turbulence closures developed for the variable 
property flows can often be applied with accuracy 
comparable to that for the constant property flows. It 
is with this background that the modified k-8 model 
outlined above is adopted. In view of the large tem- 
perature variations encountered in the present system, 
the thermodynamic properties cannot be taken as con- 
stants. The present model is developed based on the 
notion of local thermodynamic equilibrium, which 



Table I. Properties of argon gas in MKS umts 

Note: The values shown are used as the reference points. Propertics at temperatures other than 
the above tabulated ones are calculated by linear interpolation. 

appears reasonable due to the fact that the Mach 

number is low throLlgho~It because the high speed 
fluids are also of high temperature. The gas properties 
are determined by the local gas tenlperaturc~ as given 

in Table 1. 
The present level of approximations of the govern- 

ing equations has been adopted for modeling both 
the turbulent and laminar processes of the high 
temperature arc and torch flows [4. 5, 14-161 with 
meaningful results obtained. 

The above set of equations is solved using a 

pressure-correction type of semi-implicit finite volume 
formulation in arbitrary curvilinear coordinates [ 17, 

181. The convection terms in the lnomentum equa- 
tions are approx~inated by a second-order upwind 
scheme. The pressure as well as all the second-order 
derivative terms arc discretized by second-order 
central differcncc schemes. An adaptive grid method 
developed previously [19] is cxtcnded and applied 
here. The method is based on the multiple one-dimen- 
sional procedure of equidistribution concept. The 
weighting function is comprised of the contributions 

from the smoothness constraint. and combined vel- 
ocity and temperature gradients. The original method 
treats the changes of flow variable along each family 
of coordinates independently. In the present work. 
the Laplace equation is used as a postprocessor to 

reduce the mesh skewness. The Laplacr equation is 

solved by a point-SOR procedure. It is well established 
that the pointSOR method can first eliminate the 
high wave number parts of error during the course of 
iteration. It is relatively slow in overall convergence. 

Hence, by utilizing the procedure for, say, five to 
ten iterations, the resulting grid system can exhibit 
improved control of grid skewness while largely 
retaining the same clustering characteristics, both 
desirable for our purpose. 

Regarding the question of the grid resolution used 
in the cotl~putation, since there is no available exper- 
imental rne~~surernellt to assess the quantjtative accu- 
racy of the solutions. it is our opinion that for prob- 
lcms as complicated as the present one, computation 
may be best used as a tool to offer some understanding 
of the major physical characteristics involved. It can 
also delineate the qualitative trends of the overall 
process dynamics. 

3. RESULTS AND DISCUSSION 

The mean flow field for all cases is considered to be 
stationary in time. For the present flow configuration, 

depending on the infet and boundary conditions, the 
flow can be non-stationary in time. As already men- 
tioned, because the flow has been agitated before 

entering the chamber, the incoming turbulence level is 
relatively high. The level of incoming turbulent kinetic 
energy is considered to be 0.05(u,,,,,,)2 or higher. II 
li,,,,, is lower than 0.02(~1,,,,,)~, the model predicts that 
the mean flow field becomes non-stationary. For the 
range of k,,,,, considered in the present work. con- 
verged stationary mean flow solutions can always be 

obtained. 

The planar configuration, comprising a slot jet 
interacting with a circular cylinder within a circular 
cylinder chamber, is investigated first. Two levels of 

turbulent kinetic energy of the incoming jet, k,,,,,. are 
considered ; in the first case, I?,,,,, = O.O5(u,,,,,) ‘, while 

in the second case, kiR,Ct = 0.15(~,,,~,)~. The value ofthe 

turbulent dissipation rate at the inlet. I:,,,,~,. is assigned 
according to the equilibrium condition, i.c. 

where L,,,,,, the inlet width, is chosen as the length 
scale. This practice has been con~moniy adopted for 

complex flow computations [ 12, 131. 
Based on the solutions obtained on the original 

curvilinear grid system, a new adaptive grid is gcn- 
erated and the final solution is obtained on it. A closc- 
up view of the adaptive grid distribution in a region 
surrounding the cylinder for the case of 5% turbulent 
fluctuation is given in Fig. 2, which depicts clustcrcd 
and non-uniform grid concentration in the region 
where the A ow accelerates, resulting in higher solution 
gradients thcrc. In the rear domain of the cylinder. 
the flow slows down and the velocity as well as the 

temperature gradient there become more modest. 
Selected plots of convection, tempe~~turc, and tur- 
bulence transport characteristics arc given in Figs. 3 
and 4 for the two different incoming turbulent inten- 
sities. Both similarities and differences can be readily 
observed. 

Overall, as expected, with a higher value of k,,,,,,, 
the turbulent mixing capability is stronger, resulting 
in faster decay rates of the jet temperature both before 
and after impinging on the solid cylinder. Accord- 
ingly, the solution for a higher k,,,,, exhibits higher gas 
temperature levels within the chamber and lower gas 
temperatures at the chamber exit. A striking difference 
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FIG. 3. Solution characteristics of the planar configuration with k,,,,, = O.OS(U,,,,,) ‘, (a) Streamlines in 
whole domain, (b) velocity vectors around circular cylinder, (c) isotherm distribution, and (d) turbulent 

Reynolds number distribution. 

exists in the velocity field, where for the case of 
k ,nlet = 0.05(~~,,~,,)*, there is a massive separation at 
the rear end of the solid cylinder; for the case of 
k ,nlct = 0.15(~~&~, however, despite the flow also 
experiencing similar adverse pressure gradients 
around the solid cylinder, a higher turbulence level 
causes the separation to be completely suppressed. 
The mechanism behind this phenomenon is identical 
to the well-known fact that the viscous drag of the 
turbulent flow over a circular cylinder is less than that 
of the laminar flow due to the retardation of the point 
of flow separation [20, p. 971. Another noticeable 
feature of the convection field is the pair of contra- 
rotating eddies formed within the chamber. The eddies 
are induced by the combined effects of the high speed 
jet and the no-slip chamber wall conditions. The over- 
all strengths of these eddies are not much affected 

by k,,,,,. 
The distribution of the turbulent Reynolds number 

reveals information that can be utilized to help inter- 
pret the aforementioned solution characteristics with 

more physical insight. As evidenced by the low Reyn- 
olds number modification expressed in the form of the 
function& the flow is considered to be fully turbulent 
only when the turbulent Reynolds number is high 
enough. According to the present turbulence model, 
a smaller R, causes a lowerf,, which, in agreement 
with reality, reduces p,. For example, a value of 
R, = 100 corresponds tof, = 0.685, meaning that the 
resulting eddy viscosity will be less than 70% of the 
value yielded by the original k-c: model. Figure 3(d) 
shows that for the case of k,,,,, = 0.05(~,,,,,)~, the 
values of R, at the rear of the solid cylinder become 
lower than 50, resulting in a much reduced influence 
of turbulence on the overall transport processes. 
Consequently, the flow separates there. For 
k ,n,et = 0.15(ui,,,J2, on the other hand, the level of R, 
in the region surrounding the solid cylinder is higher, 
indicating a stronger ability for the fluid to resist flow 
separation. It is noted that in the bulk domain occu- 
pied by the induced eddies, the turbulent Reynolds 
number is low for both cases. This observation sug- 
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FE. 4. Solution characteristics of the planar configuration with k,,,,, = O.l5(U,,,,,)‘. (a) Streamhnes in 
whole domain, (b) velocity vectors around circular cylinder, (c) isotherm distribution, and (d) turbulent 

Reynolds number distribution. 

gests that the jet-induced eddies are not very tur- 

bulent. 
Figure 5 depicts more detailed profiles of the impor- 

tant thermal characteristics of the process. The solu- 
tions associated with the two values of k,,,,, are com- 
pared. Three quantities are displayed in Fig. 5, 
including the temperature profile along the symmetry 
line from the chamber inlet to the outlet, and the 
effective heat transfer coefficient, /z, as well as the 
Nusselt number, Nu, along the surface of the solid 
cylinder. The temperature profiles show monotonic. 
smooth decays from the inlet toward the solid cylinder 
until the fluid reaches the front stagnation point. 
where sudden and drastic drops of several thousand 
Kelvin are observed. At the rear stagnation point, the 
fluids maintain temperatures of more than 2000 K 
for both cases ; they then gradually decay toward the 
chamber outlet. 

As expected, the jet of higher turbulent fluctuation 
experiences a higher degree of mixing before reaching 
the solid cylinder, as indicated by the substantially 

faster rate of decay of the temperature profile in the 
region upstream of the solid cylinder. Accordingly, 
the temperature variation from the fluid to the cyl- 
inder wall at the front stagnation point is smaller for 

the case of k,,,,, = 0.1 5(u,,,et)2 ; however, this does not 
mean that its effective heat transfer coefficient h at the 
front stagnation point is lower. On the contrary, as 
shown in Fig. 5(b). the value of h for k,,,,,, = 
0.15(24,,,,) is more than 2.5 times that for k,,;,, = 

0.05(%“,,, )‘. The difference exhibited between h and 
T is, of course, caused by the effect of k,,,,,, on 
the values of eddy thermal conductivity at the front 
stagnation point. A higher k,,,,, results in higher tur- 
bulence production at the front stagnation point. 
which, in turn, results in higher pt and k, there. 

For flow with k,,,,, = 0.15(~,,,,,)~, while the tem- 
perature at the from stagnation point is lower, it has 
higher eddy viscosity. Figures 5(a) and (b) together 
indicate that the ratio of k, at the front stagnation 
point between k,,,,, = 0.1 5(ui,,,,)* and k,,,,, = 

0.05(~,,,,,)~ is more than a factor of 3; this ratio 
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FIG 5. Effect of kin,,, on (a) temperature profile along symmetry line of the domain, (b) heat transfer 
coellicient. and (c) Nusselt number on the surface of circular cylinder of the planar configuration. 

is higher than that of the inlet value between the two 
cases. Under the equilibrium condition, pt (and k,) is 

proportional to (k,,,,,)“.5. Hence, it is clear that it 
is the local turbulence production around the front 
stagnation point instead of the higher turbulence level 
of the incoming jet itself that is responsible for the 

enhanced heat transfer rate there. One should note 
that the definition adopted here for h is based on the 
temperature difference between the incoming jet and 
the outside wall of the solid cylinder. i.e. 

hZF 4 
Inret - Tcyrinder 

(10) 

where 4 is the local heat transfer rate from the fluid 
to the solid surface. Figure 5(c) compares the Nusselt 
number, defined as 

NU =h;. 
I 

where d is the diameter of the solid cylinder and k, is 
the molecular thermal conductivity of the fluid. The 
effect of kin,,, on Nu exists mainly in a region which is 
close to the front stagnation point. Downstream of 
the stagnation point, NM appears to be very insensitive 
to kinlet. The qualitative trends exhibited in Fig. 5 are 
similar to those reported for the uniform flow over a 
cylinder [20-221. The quantitative variations are, of 
course, different. Regarding the reported studies of 
the heat transfer enhancement due to turbulence, for 
a cylinder in crossflow, it has been shown that an 
increase in the free-stream turbulence intensity from 
0 to 3% can yield enhancements in the local heat 
transfer coefficient by as much as 80% [22,23]. Similar 
trends have been confirmed either directly or 
indirectly for impinging jets [24]. Although the specific 
conditions such as the temperature and velocity levels 
and the geometric complexities of the present prob- 
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FIG. 6. Close-up view of adaptive grid distribution m region 
surrounding the sphere of the axisymmctric conliguration. 
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lems are dltkrent, the gcnerul trends observed hcrc in 

terms of turbulent heat transfer ~nh~l~~~n~~nt arc very 
consistent. Furthermore. the solutions obtained hcrc 

can link the change in turbulcncc lcvcl to both heal 

transfer and convection characteristics in an uncqui- 

vocal manner. yielding some insights of the intcr- 
action among different physical mechanisms. 

Nexi, ;hc case of a circular jet issued into a cyl- 

indrical chamber where a solid sphere is located in the 
center is studied. A close-up view of the adaptive grid 
distribution is given in Fig. 6. It is noted that except 

for the radius effect, all other geometric as wcli as 
physical boundary sp~~i~~~tions of both the planar 
and the axisymmetric configurations arc the same. 
The main difference in transport characteristics 
between the planar and the axisymmctric cases is the 

(d) 

<SO 
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FIG. 7. Solution characteristics of the axisymmetri~ con~~uration with kin,,, = 0.15(&,,,,f2. (a) Streamlines 
in whole domain. (b) velocity vectors around sphere, (c) isotherm distribution, and fd) turbulent Reynolds 

number distribution. 
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area ratio between the jet and the chamber. For the 
planar case, the slot jet is of the same height as the 

chamber, and the area ratio is proportional to L,,,,JD, 

where D is the chamber diameter. For the axisym- 
metric case, the area ratio now becomes (&_,/D)*. 
Since the circular jet occupies a far smaller percentage 
of the overall area in the chamber, the effect of the 
ambient fluid on the jet flow mixing and entrainment 
is much higher in the axisymmetric configuration. 
Accordingly, the rate of drop of the temperature and 

the rate of decay of the turbulence of the jet are higher 
in the axisymmetric case. 

The solutions of velocity, temperature, and tur- 
bulent Reynolds number for k,,,,, = 0.15(~,,,,,)’ for 
the axisymmetric configuration are presented in Fig. 
7. Compared to the case of planar configuration with 

the same k,,,,,, the temperature distribution of the 
present circular jet decreases faster. In the planar con- 
figuration, more vigorous turbulent fluctuation 
associated with a higher k,,,,, is responsible for both a 

faster mixing rate in the temperature field and a 

stronger resistance to flow separation in the velocity 
field. Here, the difference in area ratio between the 

two geometries alters some of the qualitative aspects 
of the turbulent transport. Since the strength of the 
turbulence intensity of the circular jet decays much 
faster than that of the planar jet, the region in which 
R, is larger than 100 in the axisymmetric configuration 
occupies a small domain between the chamber inlet 

and the solid sphere, while that in the planar con- 
figuration occupies a larger region, surrounding the 
whole solid cylinder. This faster rate of decrease of R, 

in the axisymmetric case means that the fluids quickly 
lose their ability to resist the adverse pressure gradient, 
and hence, flow separation occurs even with k,,,,, = 

0.15(~,,,,,)*. A case of higher k,,,,,, 0.25(~,,,,,) 2, has 
also been computed with identical geometry and 
boundary conditions to the previous cases ; it is found 
that flow separation is still unavoidable for the 
axisymmetric case. Hence. in summary, for the planar 
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FIG. 8. Comparison of (a) temperature profile along symmetry line of the domain, (b) heat transfer 
coefficient, and (c) Nusselt number on the object surface between planar and axisymmetric configurations, 

with k,,,,, = O.lS(U,,,,,)‘. 



contiguration a higher k.,,,,: is ctl’cctibc in enhancing 
the heat transfer rate and in suppressing the flow 
separation ; for the axisymmctric contiguration. it is 
not able to suppress the flow separation. Furthermore. 
although fog, both the planar and the axisymmctric 
configurations recirculating eddies arc induced within 

the chamber, the diffcrcncc in the area ratio results 
in much weaker overall convection strength for the 
axisymmetric case. 

The temperature, heat transfer coefficient, and 
Nusselt number profiles between the planar and 
the axisymmetric configurations for the case of 

k,,,,, = O.l5(u ,,,, ?,)’ are compared in Fig. 8. Consistent 
with the argument already made, the levels of tem- 
pcrature, /z, and /Vu associated with the axisymmetric 
configuration are lower than those associated with the 
planar configuration. 

4. SUMMARY AND CONCLUSION 

The interaction of a superheated turbulent plasma 
jet and a solid object in terms of heat transfer and 
convection features is studied in the present work. 

Both planar and axisymmetric configurations are 
investigated. A low Reynolds number version of the 
k-c two-equation model along with a finite-volume 

solution technique are utilized in the context of an 
adaptive non-orthogonal grid system. A strong influ- 
ence of the inlet turbulence intensity is obscrvcd; it is 
responsible for not only the enhanced eff‘ectiveness of 
the turbulent mixing within the gas phase and the heat 
transfer between gas and solid, but also the qualitative 
variations in the convection characteristics. For the 
planar configuration containing a slot jet, the in- 

creased turbulence intensity of the incoming fluid can 
help resist the adverse pressure gradient and suppress 
the flow separation. For the axisymmctric con- 
figuration containing a circular jet, the much smaller 
area ratio of the jet compared to the ambient gas 
volume causes the flow to separate under virtually 
all practical conditions. Nevertheless, regarding the 
implications of heat transfer rate in an RSP operation. 
it appears that the flow separation alone has little 
effect on the heat transfer distribution. It seems that 
the differences in turbulence production around the 
front stagnation point. caused by IL,,,,,,, are respon- 
sible for the major change in overall heat transfer 
effectiveness. 
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~ARACT~RISTIQUES DETRANSFERTT~ERMIQUE ET DECONVECTION D'UN JET 
TURBULENT SURCHAUFFE EN INTERACTION AVEC UN OBJET SOLIDE 

Risumi-On &die numeriquement les caracttristiques associees de la convection et du transfert de chaleur 
dam l’interaction entre un jet turbulent surchauffi: d’argon et un objet solide, un sujet d’importance critique 
pour les mecanismes rapides de soiidification. Duex configurations sent simul&es, un cas planaire qui incfut 
un jet plat dam une chambre cylindrique circulaire et frappant un cylindre solide, et un cas axisymttrique 
de jet circulaire dans une chambre circulaire cylindrique et frappant une sphere solide. On &die lcs clfets 
de I’intensite de turbulence du jet sur Its caracteristiyues de la convection et du transfert thermiquc: dans 
les deux con~gurations le transfert turbulent peut ameliorer le transfert thermique en creant des 
distributions fortement non uniforme amour de l’objct. A cause dcs differences entre les deux geometries, 
la separation de I’ecoulemcnt peut Ctre completemerit supprimee par une inter&e de turbulence &levee 
dans la configuration planaire mais pas dans I’autre axisymetrique. On essaie d’interpreter et d’eclaircir les 
diffcrcntcs caracteristiques obtenues dans les solutions et de gagncr une comprehension physique dcs 

conditions d’apparition des mecanismes. 

WARMEOBERGANG UND KONVEKTION BE1 DER WECHSELWIRKUNG ZWISCHEN 
EINEM ~BERHITZTENTURBULENTEN saw_ UND EINEM FESTKORPER 

Zusrmmenfassung-In der vorliegenden Arbeit werden der Warmeiibergang und die darnit verbundene 
Konvektion, die bei einer Wechselwirkung zwischen einem iiberhitzten turbulenten Argonstrahl und einem 
Festkorper auftreten, numerisch untersucht. Dieses Problem ist von sehr groner Wichtigkeit bei modernen 
Prozessen einer schnellen Verfest~gun~. Es werden zwci Str6mun~skollfigu~tionen simuliert, eine ebene 
Anordnung, bei der ein schlitzfiirmiger Strahl in eine kreisformig-zylindrische Kammer eingebracht und 
durch einen festen Zylinder beeinfluBt wird. und eine weitere, achsensymmetrische Anordnung, bei der ein 
kreisflirmigcr Strahl in eine kreisfiirmige zylindrische Kammer cingebracht und von einer festen Kugel 
beeinflul3t wird. Es werden die Einfliisse der Turbulenzintensitlt des eintretenden Strahls auf Konvektion 
und W~rme~berg~fng untersucht. Bei beiden Anordnungen kann der turbuleute Transport dazu beitragen, 
den Warmestrom durch stark ungleichfiirmige Verteilungen der Nusselt-Zahl zu erhohen. Des weiteren 
kann aufgrund der unterschiedlichen Geometrie die Stromungsseparation bei hoher Turbulenzintensitat 
im Fall der ebenen Anordnung vollstiindig unterdriickt werden. Dies gelingt bei achsensymmetrischer 
Anordnung nicht. Es wird versucht, die Eigenheiten, die sich bei der Losung ergeben. zu in!erpretieren und 

zu erkliren und so physikalische Einsicht in die zugrundeliegenden Vorginge zu erhalten. 

XAPAKTEPHCTHKM TEIHIOHEPEHQCA M KOHBEKHHH HP&I B3A~MO~E~CTB~~ 
HEPErPETO~ TYPBY~EHTHO~ CTPYM C TBEP~bIM TEJIOM 

,&lOT~UHlT-%iCneHHO accnenyroTcn XapaKTepHcTMKu Tennoneperioca ri cBsI3anHol c HAM KOHBeKnIin 
npll B3aHMOneiicTBnn MeXCny nept?rpt?TOir Typ6yneHTHOfi CTpyeii aprOHa A TBepnMM TeJlOM, np’eRC- 
TaBJniH)mne EiCKJllOSWTeRbfiyM BalKHOCTb B nporteccax 6bxcTpOrO 3aTBep~eBawnn. MonenapymTcii SBe 

KOH~UrypaU~H TVieHMII: OAHa IBnneTCn tI33OCKOii I3 BICJEOSaeT WIOCKyW ~~,~~eKa~~~ B KpyrO- 

qw aunuenpeseeeym Kahfepy 11 Hafieralourym Ha cmoumoii wina~flp, apyraff_ocecaMMeTpuwiar, 

Korna Kpyrnan c~pys, acTeKamuax B ~pyr0ByM amaHnpe9ecKyh3 KaMepy, Ha6eraeT Ha cnnomaym 

C@epy.kiCCJIenyeTCn BJIHRHHe HHTeHCBBHOCTH Typ6yJIeHTHOCTI.i Ha6eramuefi CTpyEi Ha XapaKTepHCTEiKa 

KomeKfmi 84 Tennonepemca;np8i o6enx Kom$nrypa~nnx Typ6yneHTHblfi nepenoc MoxeT CII~C~~CTB~- 

BaTb ~HTeHC~~~Kau~~ TenJlOni?peHoCa, YTO npuBOi.inT K CymecTBeHHO HeO~HOpOXHOMy PaC~~~e~eH~~ 
'UfCeJI HyCCNbTa BOKpyr TBepfiOrO TeJIa. Kpobie TOr0,3a CYeT pa3nuqwii,O6yCnoBneHHbIX pa3HOii reo- 

MeTpHd, OTpbIB nOTOKa MOmeT nOJIHOCTbE0 nOnaBJllTbCR BbICOKOii HHT'ZHCHBHOCTbK) Tj'p6J?TeHTHOCTE3 
npH nnocKoii KoH@irypamu, B 0Tnmme OT cnyvaa 0cecwbiMeTpuwioi-i Ko@mypaukla. AenatoTcR 
ROnbiTKli O~%~CH~HI~SI pa3JIWiHbIX XapaKTepnCTnK IIOJIyYeHHbIX peUleHHii,a TaKXCe &i3H’mCKOii SSHTepn- 


