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Abstract-This study focuses on the hydrodynamics and heat transfer of a very high temperature liquid jet 
moving through air. The purpose was to determine the velocity and temperature fields in a jet of molten 
materials flowing from a furnace into casting devices. Understanding hydrodynamic and heat transfer 
properties of the jet is essential in controlling the flow and the solidification of molten products. The non- 
linear equations that govern this physical problem were solved numerically using a finite-difference method 
applied to a laminar and axisymmetric flow with no fluctuation of the interface between the liquid jet and 
the continuous phase. The exit velocity profile was analyzed in terms of its effect on liquid jet hydrodynamics 
and cooling properties ; and the Peclet number and jet emissivity in terms of their influence on the thermal 
exchange. In addition to the theoretical approach, experimental values were provided to validate the 
numqrical model. Jet diameter and surface temperature profile values were measured and compared. The 
nume’rically analyzed jet diameter contraction and surface temperature values were consistent with those 

obtained experimentally. 

INTRODUCTION 

The study of liquid jets has proven itself essential 
to the understanding of the fundamental problems 
encountered in the industrial application of jet flows ; 
the dispersion of one liquid in another is encountered 
in a number of situations (e.g. chemical, thermal and 
mechanical engineering industries). 

Liquid jets have also been used in a number of 
rheological studies : the development of techniques 
for measuring normal stress in polymer solutions [ 11, 
stress relaxation in polymer solutions [2,3] and super- 
ficial tension [4]. In most situations, the jet is formed 
by a fluid flowing through an orifice or a tube. At the 
exit, its shape, velocity and temperature profiles are 
altered by stress relaxation. 

A number of authors have conducted major theor- 
etical and experimental studies on the flow of a liquid 
in another fluid (liquid or gas) at the normal tem- 
perature [5-91. These works deal with the assessment 
of characteristic quantities such as velocity profiles or 
the evolution of the jet diameter. Different approaches 
and simplifications have been proposed: some use a 
constant velocity value in any given cross-section of 
the jet [lo, 111, most likely the case for very dense and 
highly-viscous liquids, and others divide the jet into a 
series of small cylinders. Duda and Vrentas [12] 
proposed a new coordinate frame to locate the posi- 
tion of the interface with a steady flow. This made it 
possible to determine hydrodynamic variables using 
boundary-layer type approximations to develop sim- 
plified momentum equations. Using this approach, 
several authors have proposed solutions for liquid- 
liquid and liquid-gas systems [13-151. The contraction 

of the liquid jet has since received experimental vali- 
dation [8, 14, 151. 

So far, there have been few studies on liquid jets 
not at normal temperature. Certain authors, such as 
Donnelly and Weinberger [IO], Fisher and Denn [16] 
and Chang et al. [I 11, have worked on isothermal jets. 
Griffith [17] and Matovich and Pearson [ 181 studied 
the non-isothermal aspects in the production of fibers. 
This work has been pursued by Shah and Pearson [ 191 
and Pearson and Shah [20]. These authors worked 
under the assumption that the temperature was con- 
stant in a given cross-section of the jet. Radev et al. 
[21] developed a numerical method for heat and mass 
transfer problems in low-temperature laminar jets 
found in immiscible liquid-liquid systems. 

The present paper focuses on the study of the mech- 
anical and thermal behavior of a high-temperature 
liquid jet flowing into another immiscible fluid. Poss- 
ible applications include industrial processes such as 
casting, atomization and spinning in which a liquid is 
decanted from furnaces into devices for the pro- 
duction of fibers, marble and molded items. These 
processes involve considerable heat transfer between 
the hot jet and the ambient medium, and progressive 
cooling occurs throughout the jet. In fiber production 
or atomization, the size of the particle is determined 
primarily by the diameter and the temperature of the 
jet at the breakup point. A thorough understanding 
of the thermal dynamics and hydrodynamics in a high- 
temperature jet would lead to improved control of 
dispersion techniques. 

The present study focused on the gravity flow of a 
high-temperature liquid moving through a circular 
orifice. The flow was steady and the jet was assumed 
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constants 
heat capacity of the jet [J kg-’ K-‘1 
energy of activation of the jet [J mall’] 
unknown (I/i3 U,, VI, V,, R or TJ 
Froude number, lJj?,/(2gRN) 
gravity constant, 9.81 m s-’ 
radial unit vector 
axial unit vector 
normal vector pointing away from the 
jet surface 
modified Froude number, 
(1 -pIIp2)*&IFr 
dimensionless pressure, P*/(p* U,&) 
pressure [Pa] 
Peclet number, 

Pe, = ~&&IX = r&,, 
Prandtl number, Pr, Pe,/Re, 
dimensionless radial coordinate, r*/R, 
radial coordinate [m] 
dimensionless jet radius, R*/RN 
jet radius [m] 
Reynolds number, 

%= (~P,&.&)IL~~ and 
Rer = (~PIGJ&)IP~ 
gas constant, 2 cal mall’ K-’ 
nozzle radius [m] 
dimensionless temperature, T*/T, 
temperature [K] 
exit mean temperature [K] 
dimensionless axial component of 
velocity, U*jU, 
axial component of velocity [m s-‘1 
exit mean velocity [m ss’] 
dimensionless radial component of 
velocity, V*/l& 

V* radial component of velocity [m s-‘1 
We Weber number, (pz U& D,)/cr, 2 
Z dimensionless axial coordinate, z*/R, 
Z* axial coordinate [ml. 

Greek symbols 
emissivity 
angular coordinate 
thermal conductivity of the jet 
[W rn-’ K-‘1 
dynamic viscosity [Pa s] 
dimensionless axial coordinate, z 
density [kg rn-‘1 
Stefan-Boltzmann constant, 
5.67 x lo-* W m-* Kd4 
interfacial tension [N m-‘1 
flow characteristic time [s] 
thermal characteristic time [s] 
radiative heat flux 
thermal diffusivity of the jet, 

4MM [m" ~~‘1 
stream function. 

Subscripts 
1 relative to the continuous phase 
2 relative to the jet phase 
i relative to the radial direction 

j relative to the axial direction 
00 to infinity. 

Notations 
D/Dt total derivative 
d/at local derivative 
dldx partial derivative with respect to x 
9 operator nabla. 

- 

NOMENCLATURE 

to be an opaque, gray, diffuse body in a large enclos- 
ure. The jet was also assumed to be free of internal 
heat sources and forming a continuum of liquid with 
a regular surface over the length under study (Fig. 1). 
Its viscosity and thermal conductivity were assumed 
to be constant during the process. Both fluids were 
assumed to be Newtonian, immiscible and incom- 
pressible. The jet retained its axisymmetrical aspect 
for flow conditions with a Reynolds number of less 
than 1000. 

The evolution of velocity and temperature fields, as 
well as jet contraction, are obtained by numerically 
resolving balance equations that use a boundary layer 
approximation. The numerically-calculated jet radius 
and surface temperature values are compared with the 
experimental results obtained using photographic and 
infra-red techniques. 

PHYSICAL MODEL 

The configuration under study consisted of molten 
materials being poured under steady laminar 
conditions. 

This system included two phases : a highly viscous 
liquid (i.e. the pouring jet) and a relatively non-viscous 
gas or continuous phase (i.e. air). The continuous 
phase will, however, be considered as a viscous phase 
in order to retain a scheme general enough to be 
applied to the hydrodynamics of liquid-fluid systems. 
The thermal aspects have been limited to liquid-gas 
systems. 

With molten jets flowing through air, the Peclet 
number Pe (i.e. the ratio of thermal time to flow time) 
is found to be approximately 104, depending on exit 
conditions. The characteristic flow time is insignificant 
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Fig. 1. Physical model of the decantation process and mesh representation. 

compared to that of heat diffusion. In such conditions 
temperature variations are expected to be most pro- 
nounced near the surface of a jet with isothermal exit 
conditions. 

The viscosity of molten materials is often deter- 
mined by their temperature. The dynamic viscosity of 
these fluids is expressed using an exponential law (see 
Appendix) similar to those given in refs. [22, 231. 
These molten products are generally poured at a tem- 
perature of approximately 2000°C and reach the cast- 
ing devices before they have solidified (solidification 
occurs at about 1800°C). In this range, the viscosity 
of the jet varies by a factor of nearly 10. In such 
conditions the continuous phase is gaseous and the 
viscosity ratio pr/p2 is nearly constant (close to zero). 
Variations therefore have little significant influence on 
the velocity distribution in the jet [13, 141. For this 
reason the initial viscosity value of the jet was retained 
throughout the decantation process. 

To predict hydrodynamic and thermal behavior of 
the liquid jet, the flow was assumed to be steady and 

the jet (an opaque, gray, diffuse body in a large enclos- 
ure) to be free of internal heat sources, forming a 
continuum of liquid with a regular surface over the 
length under study. Only radiant heat exchanges were 
taken into account at the jet surface. The jet retained 
its axisymmetrical aspect under different flow con- 
ditions (Fig. 1). Its thermo-physical properties were 
held constant. Both fluids were assumed to be New- 
tonian, immiscible and incompressible. 

Equations 
In accordance with these hypotheses, the system is 

described using mass, momentum and energy con- 
servation equations. 

The jet can be represented in a cylindrical coor- 
dinate frame, the origin of which coincides exactly 
with the center of the pouring orifice, and the z-axis 
with the pouring axis of the jet. The continuous phase 
is located in the same coordinate frame (Fig. 1). 

The equations representative of the pouring process 
are made dimensionless by using characteristic quan- 
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tities at the nozzle : the mean velocity U, for velocities, 
the mean temperature TN for the temperature, the 
radius of the orifice R, for lengths, and the quantity 
p2 U& for the pressure. 

For large enough Reynolds numbers, the flow field 
can be described accurately by means of boundary- 
layer type approximations ; such approximations have 
been validated for slender jets [13-151. This con- 
siderably simplifies the system of equations. The main 
direction of the flow is the same as that of the jet axis ; 
thus : V CC U and ajaz << ajar. The radial pressure 
gradient is negligible in both phases. 

As the boundary is unknown, the interface cannot 
be located in the classical coordinate system. Duda 
and Vrentas [12] overcame this mathematical diffi- 
culty by introducing a protean coordinate frame, 
($, 8,t) (Fig. 1). In this new coordinate system, the 
independent variable $ represents the stream function 
(whose value is known exactly at the jet surface). 
Thus : 

2&J a* -= 
ar dZ 

-rv (=z. (1) 

In the new coordinate system, the balance equations 
of the jet phase are as follows : 

Momentum : 

Energy : 

a*T* 
+r2u:- a** 1 (4) 

where Fr is the Froude number, Re, the jet phase 
Reynolds number, and Pe, the Peclet number of the 
jet. The following variable transformation equations 
are also used : 

ar i ~=_ 
a* ru, 

ar v, _=_ 
at G’ 

For the continuous phase : 

Continuity : 

(6) 

(7) 

Momentum : 

,,~+u&&[~~~~)] (8) 

apI -_=o 
ar 

where Re, is the continuous-phase Reynolds number. 
Beyond the viscous boundary layer, the continuous 

phase is inactive ; which gives 

p2 ah 1 

pl aZ 2Fr (10) 

Boundary conditions 
At the exit (5 = 0) 

The velocity and temperature profiles must be 
defined : 

In the or$x 
-Either parabolic or flat velocity profiles can be used : 

U;(O,$) = 4(1-2$) or 

UZ(O,$) = 1 V*(O,$) = 0. (11) 

-The temperature profile is assumed to be flat in the 
jet: 

T,(O,ti) = 1. (12) 

Adjacent to the orifice 

U1 (0, r) = 0 VI (0, r) = 0. (13) 

At the interface 
At the interface, $(R) = i. This value is obtained 

by expressing the mass flow rate between the exit and 
any other cross-section of the jet. 

Equilibrium at the interface 
As demonstrated by Yu and Scheele [15], the con- 

tinuity of the normal and shear stresses can be reduced 
to 

(14) 

and 
2 

P,-P, =p 
RWe’ (15) 

P2 - PI is the dimensionless pressure jump caused 
by the curvature of the interface. We is the Weber 
number. 

From equations (15) and (lo), the momentum 
equation (3) can be expressed as 

au2 N, 
2G’,w=Re,+ 

2 aRZ 4 

WeR3 at +Re, 

(16) 
The dimensionless number Nj determines the buoy- 

ancy of the dispersed phase relative to the continuous 
phase. When N, is greater than 1 the jet contracts and 
when less than 1 the jet expands [24]. The continuity 
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conditions of the velocity components must be 
satisfied ; hence : 

u,=u, v,=v*. (17) 

Heat exchange conditions at the interface 
Radiation and convection exchanges occur at the 

jet surface (assumed to be opaque). Radiation reaches 
its highest levels with high temperature values. A sim- 
ple local estimation over a cylinder shows that the 
convection flux is less than 1% compared to the radi- 
ation flux. In these conditions, the convection flux at 
the jet surface is disregarded. 

In the protean coordinate frame, the heat flux con- 
servation equation reduced to - kn. ga T =_Qrad 
gives 

x(T,U/2,5)4--:)- b aT2 I) R(aUz -bVJ 84 ~I,2,r~ 
(18) 

wherea=n.iandb=n*k. 
i is the radial unit vector, k the axial unit vector, 

and n the normal vector pointing away from the jet 
surface. T, is the temperature of the large enclosure. 

At the jet axis ($ = 0) 

v*=o $0 gL0. (19) 

At the outer edge of the boundary layer 
The condition which corresnonds to an immobile 

continuous phase located beyond the viscous bound- 
ary layer is written as 

u, = 0 v, = 0. (20) 

This condition is valid at r -+ co but can be satisfied 
with a sufficient degree of accuracy at an appropriate 
r = rman (r,,, is chosen from numerical experiments). 

Numerical resolution oj’the system qf equations 
Heat and momentum equations are disassociated 

since both the density and the viscosity of the jet are 
constant ; hydrodynamic quantities are determined 
and then used to calculate the temperature field. 

The first and second derivatives are estimated using 
the finite-difference approach [25] on an appropriate 
grid whose increments are AI/J, A[ and Ar for the 
continuous phase (Fig. 1). This scheme is second order 
in ($, r) and implicit in 5. Making equations (4), (8) 
and (16) discrete gives two three-diagonal systems of 
equations in T2 and U: 

46.j +BI4+l,j +CiFi~,,j = D,. (21) 

The simultaneous differential equations include 
only first derivatives along the principal flow axis [. 
At a given 5, the systems of equations can be solved 
regardless of the downstream flow quantities. Since 

the velocity profile is known at [ = 0, solutions are 
calculated step by step by solving the corresponding 
system along the radial axis. For U and T2, equation 
(21) is solved using a three-diagonal algorithm. R, V, 
and V, are calculated using equations (5), (7) and (6), 
respectively. The calculation for each 4 is terminated 
whenever max (eo, eT, eR, ev) is less than 10P6: 
eF = IF:, - Ft;’ 1 and k is the kth iteration. 

RESULTS 

Several step sizes were used to establish inde- 
pendence of the numerical results from the grid and 
step size. All final calculations were performed using 

, r,,, GZ 10, A$ = 0.01, Ar = 0.01 and Ai: < 1, depend- 
ing on the jet length. Figure 2 shows the jet radius and 
surface temperature profile computed using 
At = 0.25,0.5 and 1. Figure 2 illustrates the numerical 
scheme stability. Indeed, practically no difference 
appears in the results. 

The numerical results below correspond to the 
pouring of molten oxides. The jet emerges iso- 
thermally at 2200°C through a 4 10 mm orifice. The 
characteristics of the pouring liquid are presented in 
the Appendix. The influence of the imposed exit vel- 
ocity profile, jet Reynolds number, jet emissivity and 
continuous-phase properties was examined. 

Velocityjield and,jet radius 
Figure 3 shows the evolution of the axial velocity 

along the z-axis for the liquid-gas system used in this 
study. The jet contraction is shown in Fig. 4. The two 
velocity profiles are imposed at the exit. The numerical 
results show that the gas phase offers negligible resist- 
ance to the jet flow. For the flat velocity profile at the 
exit, there is no relaxation of the velocity profile. The 
velocity is uniform in every cross-sectional area of the 
jet: the velocity profile remains flat [Fig. 3(b) and 
(b’)]. In the case of a parabolic exit velocity profile, the 
relaxation is very rapid. The interfacial axial velocity 
becomes equal to the jet axis velocity over about 20RN 
[Fig. (3a)]. 

In a liquid-liquid system, the jet has a slower vel- 
ocity relief because the viscous friction at the interface 
is ‘proportional’ to the viscosity ratio ~,/,LL~, and is 
greater than in liquid-air systems [ 141. This is seen in 
Fig. (3a), where the physical properties of the con- 
tinuous phase were considered to be similar to those 
of water. The interfacial axial velocity becomes equal 
to the jet axis velocity above about 50R,. The increase 
in the density ratio p1/p2 reduces gravity effects, result- 
ing in even weaker jet contraction. 

The difference between the curves for the two types 
of exit velocity profile are due to differences in the 
bulk velocity of the jets. In all cases, velocity profiles 
release over short distances, because of the rapid relax- 
ation of stress (Fig. 3). 

Although the aspect is the same for both types of 
profile, the jet contraction can not be identical since 
the exit conditions differ. The contraction is greatest 
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Fig. 2. Test on the step size insensitivity of the numerical scheme: h = 0.25 (flat exit velocity profile: 
Re,=100;Pvz~150;F~230;We= 174). (A) Jet radius, (B) jet surface temperature. 

near the exit (Fig. 4), and parabolic exit velocity pro- 
files [Fig. 4(a) and (a’)] showed greater contraction 
than flat profiles [Fig. 4(b) and (b’)]. Further down- 
stream, the diameter diminishes slightly. In the case 
of longer jets, both types of exit velocity profile tend 
toward a single contraction curve. 

Temperature of the jet 
There have been few experimental investigations of 

thermal profiles for high-temperature jets formed of 
molten materials. A theoretical approach for non- 
isothermal liquid jets has been proposed [18, 19, 211. 

Figures 5 and 6 show the temperature variations 
along radial and axial coordinates, respectively. In a 
cross-section of the jet, the temperature decreases on 

moving from the core toward the jet surface. There is 
a considerable temperature gradient in the region near 
the interface for both profile types. The temperature 
remains fairly constant over a large portion of the 
cross-section (Fig. 5). Figure 5 shows the case of a flat 
exit velocity profile, but the same conclusions were 
obtained with a parabolic profile. 

The influence of the velocity profile was also ana- 
lyzed in terms of the cooling along the axial direction. 
Assuming that velocity and temperature profiles are 
flat in the jet cross-section, the larger the jet diameter, 
the greater the cooling (as per the energy conservation 
equation). The parabolic exit velocity profile showed 
greater contraction than the flat profile. The energy 
conservation equation indicates that there should be 
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Fig. 3. Variation of the axial velocity vs z-axis : influence of the continuous phase and the jet exit velocity 
profile (Rez = 100 ; Pr, = 150 ; Fr z 30 ; We z 174). Parabolic exit velocity profile (a, a’) ; flat exit velocity 
profile (b, b’). (-) At the jet axis ; (---) at the surface; ( * . . .) jet mean velocity. Modified continuous 

phase : a’ and b’ (pr = 1 g cme3; p, = 0.89 x lo-’ p). Air: a and b. 
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R 
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2 
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Fig. 4. Variation of the jet radius vs z-axis: inAuence of the continuous phase and the jet exit velocity 
profile(Re,= lOO;Pr,%l5O;Fr=30; We- 174). Parabolic exit velocity profile (a, a’) ; flat exit velocity 

profile (b, b’). Modified continuous phase : a’ and b’ (p, = 1 g cm-3 ; p1 = 0.89 x lo-* p). Air: a and b. 

greater cooling with a flat profile. Figure 6 shows that values for both profile types. In Fig. 6, the temperature 
the mean temperature of the fluid is greater for the can be seen to decrease by about 8% from the initial 
parabolic profile. In these flow conditions, cooling temperature at the jet surface regardless of the initial 
and surface temperatures show virtually identical velocity profile. There is practically no decrease in the 
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Fig. 5. Temperature profile in various cross-sections of the molten oxide jet flowing into air with a flat exit 
velocity profile (Re, = 100; Pr, z 150 ; Fr z 30 ; We N 174). 
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Fig. 6. Variation of the temperature of the molten oxide jet in air vs z-axis : influence of the jet exit velocity 
profile(Re,=100;Pr,~150;Frw30;Wez 174). Parabolic exit velocity profile (-A-) ; flat exit profile 

(-+-) (s) Surface temperature ; (m) mean temperature ; (a) axis temperature. 

temperature along the jet axis (up to 1 m from the cooling process is extremely abrupt. Beyond this 
orifice). The mean temperature decrease is approxi- zone (i.e. several diameters DN), the decrease is less 
mately 2% of the mean exit temperature over the same pronounced. 
distance. The largest temperature decrease is observed Characteristic jet parameters were analyzed for 
near the exit. Here, the extremely hot pouring liquid their influence on the evolution of temperature along 
is subjected to thermal shock after coming into contact the main flow axis. When the Reynolds number (and 
with a very low temperature environment. This consequently the Peclet number) of the jet is modified 
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Fig. 7. Temperature variation in the molten oxide jet with a flat exit velocity profile vs z-axis : influence ofjet 
phase Reynolds number Re, (or Pe,). (-) Re, = 100; Pr, z 150 ; Fr N 30; We s 174. (---) Re, = 300 ; 
Pr,~150;Fr~274;~e'el567.(-.-.-)Re~=500;Pr,~l50;Fr~760;We~4300.~~~~)Re,=800; 
Pr,z 150; Fr- 1950 ; We s 11 100. (A) (s) Surface temperature; (a) axis temperature. (B) Mean 

temperature. 

for a given mean exit temperature, variations of the Figure 8 shows the influence of the emissivity on 
surface [Fig. 7(A)] and mean temperature values [Fig. the axial, surface and mean temperature values. The 
7(B)] are inversely proportional to those of the Reyn- decrease in temperature at the jet surface increases 
olds number. With large Reynolds numbers, however, with the emissivity (up to 10% for the assumed flow 
the mean temperature changes slightly for a given jet conditions and an emissivity of 1). But these variations 
length [Fig. 7(B)]. remain slight for the mean temperature (approxi- 
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Fig. 8. Temperature variation in the molten oxide jet with a flat exit velocity profile plotted vs z-axis: 
influence of jet emissivity (Re, = 100 ; Pr, zz 150 ; Fr cz 30 ; We = 174). (s) Surface temperature ; (m) mean 

temperature; (a) axis temperature. (-) E = 1 ; (---) E = 0.7 ; (. . . *) E = 0.5. 

mately 2% 1 m from the orifice for maximum 
emissivity) 

COMPARISON OF NUMERICAL AND 

EXPERIMENTAL RESULTS 

Numerical and experimental results for a molten 
oxide jet were compared in terms of contraction and 
the surface temperature (because of the assumed 
opacity of the jet). An experimental apparatus was 
built for this purpose, as no published experimental 
results could be found at these temperature levels. The 
experimental set-up consisted of an electric furnace in 
which the oxides were melted by means of graphite 
electrodes. The liquid obtained was then poured ver- 
tically under steady-state laminar conditions. The sur- 
face of the liquid in the melting shaft was approxi- 
mately 30 cm above the injection orifice. The surface 
of the liquid was large enough to assume that the flow 
variations would be negligible during the duration of 
the measurements. (The flow stabilized several 
seconds after the initial injection.) After a steady lami- 
nar flow had developed, the acquisition system for the 
surface temperature and the jet diameter values was 
then activated. Several experiments were performed 
with different injection conditions (flow rate and mean 
injection temperature). The surface temperature of the 
jet was measured using an infra-red camera and a 
radiation pyrometer. The emissivity of the jet was 

equal to 0.8 for all experiments. The diameters of the 
jet were measured from the photographs taken during 
the pouring operation [26]. 

Figures 9-12 represent the results for two different 
typical pouring operations. The measured mean exit 
temperatures were 2160°C for the first one and 2240°C 
for the second one. The injections were performed 
through a 4 14 mm orifice and a $J 16 mm orifice, 
respectively. The exit velocity profile was assumed to 
be flat for the numerical models. This type of profile 
seemed suitable as the furnace shell was not thick 
enough to allow a parabolic velocity profile to develop 
at the exit of the injection orifice. The injection orifice 
was a hole made through the lower part of the furnace. 

Good agreement is observed between measured and 
calculated jet radius values (Figs. 9 and 11). The maxi- 
mal relative difference [(R,,,, - Rcxp.)/Rexp] is indeed 
less than 3%, even for a low Reynolds number (Fig. 
9). At low Reynolds numbers one observes very high 
contraction of the jet in general ; and one is near the 
limit of validity of boundary-layer type approxi- 
mations. 

The measured surface temperature decreases con- 
siderably as the jet moves from the exit of the nozzle 
toward the injection mold. Numerical simulation pre- 
dicts this result fairly accurately, but the values differ 
slightly from experimental results (Figs. 10 and 12). 
The difference between numerical and experimental 
results is more pronounced in the case with lower 
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Fig. 9. Comparison in the jet contraction vs z-axis between numerical and experimental results for a 
pouring of molten oxides where Re, x 60 and Pez N 14 000 (Fr N 9 ; We N 106). (-) Numerical results ; 

(0) experimental points ; ( 0) error bars (3%). 
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50 

Fig. 10. Comparison in the surface temperature variation vs z-axis between numerical and experimental 
results for a pouring of molten oxides where Rq x 60 and Pr, = 14 000 (Fr z 9 ; We z 106). Numerical 
model: (---) surface temperature; (--) mean temperature. (0) Experimental results; (I)) error bars 

(2%). 

Reynolds number (or Peclet number). The maximum assumed jet opacity, etc.. .). The coherence between 
relative difference [(Ts($ = l/2)exP_- T2($ = l/2)num.)/ th ese two approaches is, however, respected. The 
Tz($ = l/2),_] is less than 2% in both cases. cooling at the surface and the contraction of the pour- 

The differences can be attributed to a number of ing jet follow laws similar to those obtained from the 
factors (e.g. precision of measuring devices, falsely numerical resolution. 



2882 M. CHACHA et al. 

1 

0.95 

R 

0.9 

0.85 

0.8 

0.75 

0.7 

0 10 20 30 40 50 60 
z 

Fig. 11. Comparison in the jet contraction vs z-axis between numerical and experimental results for a 
pouring of molten oxides where Re, N 270 and Pe, z 26 500 (Fr N 24; We z 340). (-) Numerical 

results ; (0) experimental points ; (I)) error bars (3%). 
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Fig. 12. Comparison in the surface temperature variation vs z-axis between numerical and experimental 
results for a pouring of molten oxides where Re, N 270 and Pe, z 26 500 (Fr N 24 ; We z 340). Numerical 
model : (---) surface temperature ; (-) mean temperature. (0) Experimental results ; ( * ) error bars 

(2%). 

CONCLUSION be opaque. The numerical model makes it easier to 
access characteristic quantities throughout the jet and 

The dynamics and thermal states of the molten to evaluate diameter contraction, velocity profile 
material can be accurately predicted using the numeri- relaxation and cooling of the pouring jet as it moves 
cal approach, provided that the body is assumed to away from the nozzle. 
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The comparison of numerical and experimental 
diameters shows satisfactory agreement between these 
two approaches. 

The numerical model reveals several interesting 
results : 

-High-temperature jets composed of molten 
materials reveal significant differences between core 
and surface temperatures. 
-The mean temperature varies slowly moving away 
from the injection orifice. 

The numerical and experimental results both indi- 
cate a considerable decrease in the surface tem- 
perature on moving away from the nozzle. 

It should be noted that the temperature range over 
which these operations were carried out limits the 
number of experiments that can be conducted and 
gives rise to numerous experimental difficulties. 
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APPENDIX: THERMO-PHYSICAL PROPERTIES OF 
THE FLUID 

Density : 
Heat capacity : 
Thermal conductivity : 
Surface tension : 

Dynamic viscosity : 

pZ = 3500 kg m-’ 
Cp = 1000 J kg-’ K-’ 
Ic=4Wm_iK-’ 
cr12 = 0.6 N mm’ 

iL=i(cexp[&] 

E = 80 kcal mall 
p0 = 435 x lo-‘* Pa s at To = 300°C 


