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Abstract-The physical properties of a supercritical fluid vary markedly as the temperature and the pressure 
approach its critical point. In this paper, heat transfer due to an axisymmetric laminar impinging jet onto 
a flat wall surface of uniform temperature is analyzed numerically, taking into account the temperature- 
and pressure-dependence of all physical properties of supercritical carbon dioxide. Numerical solutions 
arc obtained for the jet Reynolds numbers 50&2000, the jet pressures 7.48.4 MPa, the jet mouth-to- 
surface distances 14 times the jet nozzle diameter, and the temperature difference between the jet mouth 
and flat wall from 10 to 150 K. The differences between the supercritical pressure and the atmospheric 
pressure for the flow field and the temperature field are investigated. Also, the effects of the pressure and 
the temperature of the jet, the jet mouth-to-surface temperature difference and the jet Reynolds number 
on the heat transfer characteristic are examined. A correlating equation of estimating the value of the local 
Nusselt number for the supercritical carbon dioxide from the constant-property solution is proposed and 

the agreement between the present correlation and numerical results is within 10%. 

1. INTRODUCTION 

THE HEAT transfer of the impinging jet has been of 
interest to engineers for many years because of its 

wide applications. A turbulent jet impinging on a solid 
body can easily attain high heat transfer character- 
istics by virtue of vortex motions and intensive large- 
scale eddies [l-3]. However, a laminar impinging jet 
is also encountered in practice, especially in the case 
where the jet mouth-to-surface distance is short and 
a high stagnation pressure is not desirable. Many 
experimental and theoretical investigations have been 
carried out on the heat and mass transfer of a laminar 

impinging jet [4-81. Recently, the present authors [9] 
studied numerically the effects of the temperature- 
dependent fluid properties on the heat transfer due to 
an axisymmetric impinging gas jet onto a flat solid 
surface of a uniform temperature, with the large tem- 
perature difference between the jet and the solid sur- 
face at a pressure of 0.1 MPa. 

The necessity of the heat transfer data of super- 
critical fluids is increasing in various industrial appli- 
cations. In the supercritical region, a small variation 
in the temperature and pressure of the fluid produces 
great changes in its thermophysical properties, and 
the heat transfer characteristic is strongly influenced 
by the temperature- and pressure-dependence of 
physical properties. Existing research on the forced 
convective heat transfer of supercritical fluids is 
mainly carried out for a straight circular tube [l&12]. 
To the authors’ knowledge, there is no reference on 
heat transfer due to an impinging jet of supercritical 
fluid, except for the authors’ report in the near-critical 
region of carbon dioxide [13]. 

In the present study of the heat transfer due to an 

axisymmetric laminar jet impinging normal to a flat 

solid surface of uniform temperature, the attention is 

focused on the supercritical region of carbon dioxide 
where the physical properties have strong pressure 
and temperature dependences. The numerical analysis 

is carried out by a control volume method, taking into 
account the pressure and temperature dependence of 

all physical properties. The diflerences between the 
supercritical pressure and the atmospheric pressure 
for the flow field and the temperature field are 

discussed, and the effects of the pressure- and 
temperature-dependence of fluid properties on heat 
transfer characteristics are investigated for various 

conditions. To attain the estimating equation for the 
local Nusselt number of the supercritical carbon diox- 

ide from the present numerical solutions, the reference 
temperature method and the property correction 
method are examined, and consequently a correlating 
equation for the supercritical carbon dioxide is 

proposed. 

2. MATHEMATICAL FORMULATION AND 

NUMERICAL PROCEDURE 

2.1. Mathematical formulation 
The flow geometry and solution domain to be con- 

sidered are shown in Fig. 1. A laminar jet issues from 
a circular tube of diameter d at an average velocity U, 
and impinges perpendicularly onto a flat solid surface 
at a distance I from the jet mouth. 

For simplification, some assumptions are intro- 
duced as follows : 
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NOMENCLATURE 

L’I local friction coefficient, equation (7) u, 1: VelOCity COmpOnentS in axial- and rddiai- 

2 
specific heat of fluid at constant pressure directions 
diameter of nozzle U, t’ dimensionless velocity components in 

n di%.tsivity of fluid axial- and radial-directions, Table 1 
hd local mass transfer coefficient tl average velocity at jet mouth 
h, local heat transfer coefficient, equation &I jet velocity at the center of nozzle exit 

(8) -\I, r axial and radial coordinates, Fig. 1 
i specific enthalpy X, R dimensionless axial and radia1 
I dimensionless specific enthalpy, Table 1 coordinates, Table 1. 
I distance between jet mouth and solid 

surface Greek symbols 
L dimensionless distance between jet r coefficient of diffusion term, 

mouth and solid surface, Table 1 Table 2 
Nu local Nusselt number 0 dimensionless temperature, Table I 
(Ah), local Nusselt number modified by the /I thermal conductivity of fluid 

fluid property at the reference p absolute viscosity of fluid 
temperature P density of fluid 

P pressure 7, wall shear stress, ~~(~~~~~~ 
P dinlensionless pressure, Table 1 

PC critical pressure of fluid ; 

dimensionless variable, equation (4) 
dimensionless stream function, s UR dR. 

PC! Peclet number. Pr Re 
Pr Prandtl number, p,,c,/L, Subscripts 
Re jet Reynolds number, pjZ3d/llj j value at jet mouth 
S source term in equation (4) value at wall surface 
SC Schmidt number, g/(pD) : value at stagnation-point, unless 
Sh local Sherwood number, /&d/D specified. 
S6 local Stanton number, ~~~/(~e Pr) 
T temperature Superscript 

TC critical temperature of fluid * value normalized by fluid properties at 

TV pseudocritical temperature of Auid jet temperature. 

(I) The flow is steady, axisymmetric, and laminar. 
(2) The size of the solid surface is sufficiently large & (pu) + $ ; (pro) = 0. (1) 

and the wall thickness of the jet norLIe is negligible in 
comparison with the jet diameter. Axial momentum conservation : 

(3) The effects of gravity, viscous dissipation and 
radiation are neglected. 

du au ap 8 au 
pus; +pvil, = - z + 2; 2115 

C > 
Hence, the governing equations are expressed as 

follows : it ~~~~~~~+~~~. (21 

Mass conservation : 
Radial momentum conservation : 

C 
SOLUTION DOMAIN , 

/ (3) 
/ 
/ / 
/ 
1 I Energy conservation : 
I 
1 I I 

FIG. 1. Physical model and coordinate system. Applying the dimensionless variables listed in 
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Table 1. Dimensionless variables 

X R L U V P I 0 p* /I* /I* 6 

Table 1, we can represent the non-dimensional con- 
servation equations in a general form as 

= S (5) 

where 4 stands for the dimensionless variables U, V, 
and I. The expressions of r and S for each dependent 

variable are given in Table 2, and c:, 1*, p*, and p* 
are the functions of fluid temperature and pressure. 

The reasonable locations of the boundaries BC and 

CD in Fig. 1 were examined minutely in a preliminary 
numerical experiment described in the Appendix. On 
the basis of the result, the boundaries BC and CD 

were determined to be located 6d above the jet mouth 
and 20d from the jet axis. 

The boundary conditions to be considered are as 
follows : 

U=l-4R2, and V=I=O 
, 

at jet mouth, OA 

U = V = aljaR = 0 at jet nozzle, AB 

au/ax= avjax=r=o 
at upper boundary, BC 

o’(p*U)/tJR = a(p*RV)/aR = aljaR = 0 > (6) 
at outer boundary, CD 

U= V=O, and I=Z(T,) 

at solid surface, DE 

aujaR = v = arjaR = 0 
at axis of symmetry, EO. 

J 

The local friction coefficient cc, local heat transfer 
coefficient h,, and local Nusselt number Nu are defined 
respectively as 

cf = r,/(pjui/2) = -(l/Re)(avjaX), 
h, = iw(arjax),/(rw - q 

(7) 

C-9 

NM = h,d/A, = (tW/aX),, (9) 

where the dimensionless temperature Q is calculated 
reversely from the dimensionless specific enthalpy I 
obtained by the numerical calculation, using a 

program package for thermophysical properties, 

PROPATH [14]. 
When the fluid properties are evaluated at a ref- 

erence temperature T,, the local Nusselt number is 

modified as 

(Nu), = h,d/A, = (C@/X),(ls;/A;). (10) 

With regard to the reference temperature, the 7; and 
r, are examined in the present study. 

2.2. Numerical procedure 
The discretization of equation (5) is performed by 

the control-volume method and the formulation of 
the convection and diffusion terms in equation (5) are 

calculated by using a power law scheme of Patankar 
[15]. In the numerical calculation of the flow field, 
the line-by-line iteration technique coupled with a tri- 

diagonal matrix algorithm by the Semi-Implicit 
Method for Pressure-Linked Equation, SIMPLE, is 
used. Under-relaxation factors are employed for all 

variables in order to prevent a divergence of numerical 
solutions at each iteration. In the numerical cal- 

culation of the specific enthalpy, the Gauss-Seidel 
point-by-point method is used. 

A non-uniform, 51 x 41 staggered grid system is 

adopted. Since every variable has a relatively steep 
gradient near the solid surface, the finest grid size 
of 0.005d is selected there ; the grid sizes are then 
monotonically increased with distances from the solid 
surface, jet mouth, and axis of symmetry, respectively, 
but no increasing ratio of the grid size ever exceeds 

1.2. It has been confirmed that finer grid sizes produce 
no significant change in the numerical results of all 
variables at each node in the solution domain. 

The convergence of numerical solutions for the flow 
field is decided on the basis of the residual-source 

Table 2. Variables in general form for governing equations 

1 0 

u pL* 
2Re 

V 11; 
- -;+&{&i*g)+;;(Rp*i}-s 2Re 

I* 
I 

2Pe c,* 
0 

1 
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criterion [ 161; namely, the convergence of U, If, and 
P is considered to have been attained when the sum 
of the absolute residual sources for each iteration 
of the respective variables is less than 0.005 of the 
dimensionless jet flow rate. With regard to the specific 
enthalpy field, the convergence is considered to have 
been attained when the absolute specific enthalpy 
difference in two consecutive iterations at every grid 
point is less than 0.0005. The validity of these con- 
vergence criteria was examined by a preliminary 
numerical experiment for various grid systems. 

With regard to the physical properties of carbon 
dioxide, the required data are taken out from the 
PROPATH program package and fed to the source 
program, so as to shorten the CPU time. The fluid 
physical properties at each grid point are evaluated at 
the respective temperature and pressure obtained by 
each iteration. The CPU time on an NEC ACOSj2000 
computer in Tohoku University is 60~1200 s for each 
run. 

3. NUMERICAL RESULTS AND DISCUSSION 

3.1. Constant property solutions (CPS) 
If one adopts a limit of T,/T, -+ 1 in the present 

analysis, then the dimensionless properties, c,*, A*, p*, 
and +u* become unity, and the solution coincides with 
the constant-property solution. In Fig. 2, the present 
numerical solutions are compared with the existing 
experimental and theoretical results; the agreement is 
satisfactory [9]. The experimental data of Scholtz and 
Trass [4] were obtained by measuring the mass trans- 
fer rate from a naphthalene plate to an impinging 
round air jet with parabolic velocity profile at the jet 
mouth. The mass transfer data are converted to heat 
transfer data through the emplo~lent of a reIation of 
heat mass transfer analogy, NM = (Pr/Sc)‘.” Sk The 
numerical solutions of Deshpande and Vaishnav [5] 
are those for the local friction coefficient on an 
impingement surface. 

% 0.3 0” 
Lo 

0.04 d 

0.2 

0.02 
0.1 

0’ 1 
0 1.0 2.0 R 3.00 

FIG. 2. Comparison of present constant property solutions 
with existing results by others. 
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FIG. 3. Comparison in the stagnation-point Nusselt number 
between present constant property solutions and results of 

correlating equation (I 1). 

Figure 3 shows a typical result in terms of the stag- 
nation-point Nusselt number NuO with constant- 
property solutions (CPS) for various Reynolds num- 
bers Re, jet pressures pj and jet temperatures q. The 
present CPS results for 500 < Re 6 2000, 0.1 
MPa < pj ,< 8.4 MPa, and 305 K < I; < 320 K within 
an error of 3% can be well correlated with the fol- 
lowing equation : 

Nu,* = 1.71Re0’ Pr” 3, (11) 

3.2. Temperature- and pressure-dependence of physical 
properties 

The fluid physical properties vary markedly as the 
temperature and the pressure approach the critical 
point. According to the van der Waals equation which 
is stated for the thermodynamic behavior by the 
attractive and repulsive forces between molecules, the 
specific heat at constant pressure cp of a fluid becomes 
infinity at the critical point [lo]. The values of physical 
properties in the present study are evaluated by the 
data of the PROPATH program package, and the 
critical point of carbon dioxide is regarded as the 
critical pressurep, = 7.3825 MPa and the critical tem- 
perature T, = 304.21 K. 

Figure 4 shows typical pressure- and temperature- 
dependences of specific heat c,,, thermal conductivity 
i., density p, viscosity p and Prandtl number Pr of 
carbon dioxide. In Fig. 4(a), the specific heat appears 
the maximum value near the critical point, and the 
temperature at which the specific heat reaches a peak 
is known as the pseudocritical temperature T,,=. As 
the pressure is increased, the temperature T,, 
increases, but the maximum value of the specific heat 
decreases. For 1 .O < p/pc < 1.15, the pseudocritical 
temperature 7’,, which is obtained from a relation of 
the pressure, the temperature and the specific heat by 
using the PROPATW can be introduced as 
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FIG. 4. Temperature- and pressure-dependence of carbon dioxide. (a) Specific heat; (b) thermal con- 
ductivity ; (c) density ; (d) viscosity ; (e) Prandtl number. 
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Tpc = Tc(p/p,)o~‘““. (12) 

In Figs. 4(b)-(d), . n, p and p show extreme tem- 
perature dependence in the vicinity of the TP cor- 
responding to the pressure. Figure 4(e) shows a notice- 
able peak of Prandtl number by increasing the specific 
heat at the T,, of each supercritical pressure. 

Figure 5 shows a typical pressure- and temperature- 
dependence of the physical properties rendered by 

the properties at the temperature T = 310 K. The 
variation in the physical properties with the tem- 

perature at the supercritical pressure p = 8.0 MPa 

differs markedly from those at the atmospheric pres- 

sure p = 0.1 MPa. In the numerical calculations of 

variable property solution, all physical properties 
were employed the dimensionless value by each prop- 
erty at the jet temperature. 

The general effect of pressure- and temperature- 
dependent physical properties is to change the velocity 

and the temperature profile, yielding a different heat- 
transfer coefficient than would be obtained if prop- 

erties were constant [ 171. 
Figure 6 shows a typical distribution of streamlines 

and isotherms for L = 2, Re = 1000, T, = 310 K and 

7;. = 315 K. In the figure, the jet mouth is located at 
a point of X = 0 and R = 0, and the right-half of the 

jet stream flows from the center (R = 0) to the right. 

Case (a) corresponds to the atmospheric pressure 
p, = 0.1 MPa and case (b), to the supercritical pressure 
pj = 8.0 MPa. In comparison of case (a) with case (b), 

the configuration of streamlines shows no substantial 
change except that the center of circulation in the case 
of pj = 8.0 MPa is far from the jet mouth. However, 

the thickness of thermai boundary layer in the tem- 
perature field atp, = 8.0 MPa becomes extremely thin- 
ner than that ofp, = 0.1 MPa. This seems to be influ- 

3 

“4 

- 2 
*,9 
*. 
Y, 
_I 

+n: 

1 

I 
0.1 MPa ,’ 

n*/= 
.*’ . 

310 400 500 600 
T K 

FIG 5. Temperature- and pressure-dependence of thermo- 
physical properties normalized with properties at 310 K. 

enced by the difference of pressure and temperature 
dependences of physical properties as shown in Figs. 
4 and 5. Namely, it can be considered that temperature 
dependences of thermal conductivity and specific heat 
at the supercritical pressure affect remarkably on the 
temperature field. 

Figure 7 shows the effect of the radial distance R 
and the temperature ratio T,/T, on the axial dis- 
tribution of the radial velocity V and the temperature 

fl at p, = 0.1 MPa and 8.4 MPa for L = 2, Re = 1000 

and Tj = 310 K. In the figure, it is considered that 
R = 0.25 regards as the typical impinging-jet region, 

R = 0.71 as the transition region and R = 4.0 as the 

wall-jet region, and L-X = 0 means the impingement 
wall. The difference of the velocity V distribution 

between pj = 0.1 MPa and 8.4 MPa is little more pro- 
nounced than that of the temperature 0 distribution. 
As the temperature ratio TWIT, is increased, the vel- 

ocity gradient and the temperature gradient ofp, = 8.4 
MPa become steeper than those ofp, = 0. I MPa. 

Figure 8 shows the effect of the jet pressure on the 

local heat transfer coefficient at the stagnation point. 

As the temperature ratio T,/T, approaches unity, 
the heat transfer coefficient ho at the jet pressure 
p, = 0.1 MPa decreases but the ho in the case of the 
supercritical jet pressures p, 3 7.4 MPa represents a 
sudden increase. Moreover, it can be seen from the 

figure that the stagnation-point heat transfer 
coefficient is increased 1.5- or 9-fold by increasing the 

jet pressure pj from the atmospheric pressure of 0.1 
MPa to a supercritical pressure of 8.4 MPa. The physi- 
cal properties in the vicinity of the pseudocritical tem- 
perature T, at the supercritical state appear a remark- 
able peculiarity by little temperature change as shown 

in Figs. 4 and 5. In comparison with the pseudocritical 
temperature TV of each jet pressure ix, at the jet tem- 
perature 7; = 310 Kin Fig. 8, the TIlc ofp, = 8.4 MPa 

becomes closer than that of p, = 7.4 MPa. Therefore, 
it is considered that the stagnation-point heat transfer 

coefficient at 17, = X.4 MPa is affected significantly by 
the temperature dependence of the physical properties. 
This enhancement of heat transfer in the supercritical 
state is due to the change of temperature field and 
the velocity field. Namely, as the fluid tem~rature 
approaches the pseudocritical temperature, noticeable 
changes of the specific heat and the thermal con- 
ductivity shown in Fig. 4 and the steep temperature 

gradient in the vicinity of the heat-transfer surface in 
Fig. 7 have direct effects upon the heat transfer. In 
case the T, is close to the T,, and as the temperature 
ratio T,/lf; approaches unity, a ratio containing the 
region of pseudocritical temperature in the boundary 
layer increases ; consequently, the enhancement of 
heat transfer appears remarkable. This tendency is 
pointed out in an experimental study of free con- 
vective heat transfer in supercritical carbon dioxide 

1181. 
Figure 9 shows the effect of the jet temperature T, 

on the heat transfer coefficient ho at the jet pressure 
p, = 8.0 MPa. As the jet temperature approaches the 
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FIG. 6. Streamlines and isotherms for L = 2, Re = 1000, rj = 310 K and T, = 315 K. (a) 4 = 0.1 MPa; 
(b) p, = 8.0 MPa. 

pseudocritical temperature Tpe and the temperature 
ratio TWIT, to unity, the rapid increase of the h, is 
apparent. Therefore, it is practically advantageous to 
select the jet pressure so that the jet temperature may 
approach the pseudocritical temperature as closely as 
possible. 

The stagnation-point heat transfer coefficient h, is 
quite insensitive to the jet-to-surface distance L, as 
shown in Fig. 10. The effect of the distance L becomes 
larger as the tem~rature ratio T,/7; is close to unity. 
However, the maximum variation in the stagnation- 
point heat transfer coefficient is not more than 10% 
at most between L = 1 and 4, regardless of the jet 
pressure, the jet temperature, and the jet Reynolds 
number. Accordingly, the present numerical cal- 
culations were performed mainly for the distance of 
L = 2. 

The effects of the surface temperature T, and the 
jet Reynolds number Re on the radial dist~bution of 
the local heat transfer coefficient h, are shown in Figs. 
11 and 12, respectively. As the radial distance from the 
stagnation point is increased, the h, at the supercritical 
pressure decreases monotonically like the previous 
study for the atmospheric jet pressure [PI. In Fig. 11, 
the local heat transfer coefficient h, increases as the 
surface temperature T, approaches the pseudocritical 
temperature Tpc corresponding to the jet pressure, 
owing to the increase of portion which has the strong 
temperature-dependence of the physical properties in 
the boundary layer. Figure 12 shows the effect of the 
jet Reynolds number Re on the local heat transfer 
coefficient h,. As the Re is increased, the h, increases 

by the intensive exchange of momentum with the sur- 
rounding fluid over the impingement wall. 

3.4. General representation of local Nusselt numbers 
A fluid has its own peculiar temperature-dependent 

physical properties and it is a troublesome task to 
investigate the effects of physical properties for the 
fluid. Hence, it is helpful for practical application to 
find a method of predicting the heat transfer 
coefficient by a fluid with pressure- and temperature- 
dependence of physical properties from the constant 
property solution (CPS). 

Figure 13 shows a typical comparison of the stag- 
nation-point Nusselt number NuO between the CPS 
and the variable property solution (VPS) based on the 
reference temperature of T, and Tj at the supercritical 
pressure and the atmospheric pressure. In the figure, 
the (Nu,,), of the VPS by choosing the reference tem- 
perature of physical properties which are included in 
the Reynolds number and the Nusselt number over- 
estimates or underestimates to that of the CPS. 
Accordingly, the reference temperature method can- 
not be applied to the general representation of local 
Nusselt numbers due to an axisymmetric laminar 
impinging jet of supercritical carbon dioxide. 

As the result of evaluating the various kinds of 
property ratio method for the specific heat, the ther- 
mal conductivity, the density and the viscosity of car- 
bon dioxide, a correlating equation as expressed by 
equation (13) enables us to predict the local Nusselt 
number of the variable property solution from that of 
the CPS. 
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FIG. 7. Axial distribution of radial velocity Vand temperature on impingement surface for L = 2, Re = 1000 
and q = 310 K. In the legend, ~ refer to V and to 0. (a) TWIT, = 1.016; (b) T,/T, = 1.1; (c) 

T,,/r, = 1.5. 
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FIG. 8. Effect of the jet pressure p, on the stagnation-point FIG. 9. Effect of the jet temperature T, on the stagnation- 
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FIG. 10. Effect ofjet-to-surface distance L on the stagnation- 
point heat transfer coefficient. 

where Nu is the local Nusselt number obtained by the 
constant property solution and the stagnation-point 
Nusselt number Nu, can be obtained from the cor- 
relating equation (1 I). In Fig. 14, the stagnation-point 
Nusselt numbers of the VPS (Nu,), are compared with 
the approximate value (Nu,): obtained from equation 
(13). Equation (13) is applicable for the range of 
1 < L < 4, 500 < Re < 2000, 1.005 < T,/T, G 1.14, 
and 1.02 < T,/T, < 1.6 within an error of 10%. 

Figure 15 shows a typical comparison of the local 
Nusselt number NM obtained by the CPS with the 

102 fi=8.0MPa(~/P,=l.084) 

G=310 KtT,/‘~=L019f 

?j =O.l MPo 

5 =3lO K 

L=2 

20 
0.1 1 5 

R 

heat transfer coetbcient. 

Re Re 

FIG. 13. Comparison in the stagnation-point Nusselt number 
between constant property solutions (CPS) and variable 
property solutions (VPS) based on the reference temperature 

of Ti and T,. 
FIG. 11. Effect of the surface temperature T, on the local _~ 
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0.1 1 5 
R 

FIG. 12. Effect of the jet Reynolds number Re on the local 
heat transfer coefficient. 

local Nusselt numbers Nu, which are evaluated on the 
basis of two reference temperatures, respectively and 
of the correlating equation (13). The CPS result NU 
can be obtained from the correlating equation in the 
authors’ previous paper [9]. The radial distribution of 
the local Nusselt number evaluated by the correlating 
equation (13) agrees well with the CPS result. 

4. CONCLUSIONS 

A numerical analysis has been carried out on heat 
transfer due to an axisymmetri~ laminar impinging jet 
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FIG. 14. Comparison in the stagnation-point Nusselt number 
between present solutions and results of correlating equation 

(13) for various supercritical jet pressures. 

onto a flat surface of a uniform temperature, taking 
into account the pressure- and tempcrature-depen- 

dence of all physical properties of supercritical carbon 
dioxide. The present constant-property solutions for 

the local Nusselt number show good agreement with 
the existing experimental and theoretical results. The 
difference between the supercritical pressure and the 

atmospheric pressure for the flow field and tem- 
perature field are clarified. The stagnation-point heat 

Fluid Reference Temporaturs ~-,~otio~ 

Property T,= rj 1 &=Tw (131 
Varlablej --- 1 -c 1 -----I 
constantI 

FIG. 15. Comparison in the local Nusselt number between 
the CPS and the VPS based on reference temperature 

methods and the property ratio method. 

transfer coefficient is increased 1.5 or %fold bq 
increasing the jet pressure from the atmospheric pres- 
sure 01’0.1 MPa to a supercritical pressure of 8.4 MPa 
in accordance with the difference of the pressure- and 

temperature~dependence of the physical properties. 
The jet-to-surface distance L has little influence on 
the stagnation-point Nusselt number for the super- 
critical jet pressure. It is practically advantageous to 

select the jet pressure so that the corresponding jet 
temperature may approach the pseudocritical tcm- 

pcraturc of the fluid as closely as possible. Also, a 
correlating equation by the property ratio method is 

proposed for generally predicting the tocal Nussclt 

number of the variable property solution from that of 

the constant property solution. 

ilLknoM,l~uIqmlL~.s--The authors wish to express their thanks 
to Professor T. Ito of Kyushu University for providing a 
copy of the PROPATH program package. 
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APPENDIX: EXAMINATION ON THE 
LOCATiON OF BOUNDARIES BC AND CD 

Namely, the numerical solution in the case of L = 1, 
Re = 2000, p, = 7.4 MPa, q = 305 K and T,JT, = 1. I in the 
present study is represented by a strongly sensitive effect on 
the location of the calculation domain. In this condition, the 
effect on the local heat transfer coefficient h and the velocity 
gradient (~~~~~)~ caused by the locations of boundaries BC 
and CD are shown in Figs. AI and A2, respectively. 

In this paper, the numerical calculations are performed for Figures A 1 (a) and A2(a) show the effect of the distance AB 
L = I-4, Re = SO~Z~O,p~ = 0.1-8.4 MPa, q = 305-320 K 
and jrK/T, = 1.0-l .5. The extremely remarkable conditions 

from the jet mouth to the boundary plane BC. In comparison 

which the locations of the boundaries BC and CD in the 
to the result obtained by the AB -+ co extrapolation with the 
result by ABjd = 6 which is used in the present study, it 

lo3 

present analysis have influence on the heat transfer charac- 
teristic and the velocity gradient over the impingement wall 
are as follows. 

(I) The jet pressure p, and temperature Tj are close to the 
critical point and moreover, the temperature ratio T,/T, is 
1.1; in such a case, the effect of the temperature- and 
pressure-de~nden~ of physical properties on the super- 
critical carbon dioxide appears markedly as shown in Figs. 
4 and 5. 

(2) The jet mouth-to-surface distance L is small and the 
jet Reynolds number fie is large ; in such a case, the degree 
of the entrainment flow near the jet mouth contributes mark- 
edly to the flow in the vicinity of the wail. 

ld 
(hl,,, 

0) I I 

0 0.05 0.1 
0 

dfiZ 

FIG. Al. Effect of the boundary location on the local heat transfer coefficient. (a) Boundary BC ; (b) 
boundary CD. 
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FIG. A2. Effect of the boundary location on the V-velocity gradient. (a) Boundary BC; (b) boundary CD. 
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seems to be probable that the local heat transfer coefficient 
at the stagnation point ho is overestimated under 17% and 
the value at R = 5, (!z)~= s under 13% ; the P-velocity gradi- 
ent at R = 0.5, (~V/lW),,=, 5 is over-estimated under 15% 
and the (aI’/~x),,s=, under 10%. Figures Al(b) and A2(b) 
represent the effect of the distance ED from the stagnation- 
point to the boundary plane CD. In comparison to the result 
obtained by the ED -+ x extrapolation with the result by 
EDjrl = 20 which is used in the present study, it seems to be 
probable that the h, is overestimated under 3% and (h)*= 5 

under 10% ; the (aI’/&r&,_, I is overestimated under 6% 
and the (8 P/ax),,,= 5 under 10%. 

As the boundaries BC and CD are located at the infinite 
distance, an accuracy of the numerical solution is increased ; 
however, a rapid increase of the CPU time by the com- 
putation is also represented in Figs. Al and A2. Therefore. 
since the relation of the accuracy and the coInputation 
expenses on the basis of the above-mentioned examination, 
the boundaries BC and CD of the solution domain in the 
present study are fixed at AR = 6d and ED = 2Od. 

ETUDE NUMERIQUE DU TRANSFERT THERMIQUE POUR UN JET LAMINAIRE 
AXISYMETRIQUE IMPACTANT DE DIOXYDE DE CARBONE SUP~R~RITIQUE 

R&sum&Les proprietts physiques d’un fluide supercritique varie fortement au voisinage du point critique. 
Le transfert thermique dii a un jet axisymetrique laminaire impactant une surface plane i temperature 
uniforme est analyse numeriquement en prenant en compte la dependance de toutes les proprietes physiques 
du dioxyde de carbone supercritique vis-a-vis de la temperature et de la pression. Des solutions numeriques 
sont obtenues pour des nombres de Reynolds de jet 500-2000, des pressions 7,4-8.4 MPa, des distances de 
tuyere d surface l-4 fois le diametre de la tuytre, et une difference de temperature entre jet et paroi de IO 
i I50 K. On etudie les differences entre la pression supercritique et la pression atmospherique pour le 
champ d’ecoulement et le champ de temperature. On examine les effets sur le transfert thermique de la 
pression et de !a temperature de jet. de la difference de temperature entre sortie du jet et surface-cihle ct 
du nombre de Reynolds du jet. Une formule d’esti~natjon de la valeur du nombre dc Nusseit local cst 
proposee pour le dioxyde de carbone supercritique par rapport a la solution de proprietes constantes et 

l’accord entre la formule et les resultats numeriques est dam la marge de 10%. 

NUMERISCHE UNTERSUCHUNG DES WARMEUBERGANGS AUFGRUND EINES 
ACHSENSYMMETRISCHEN LAMINAREN AUFTREFFENDEN STRAHLS AUS 

UBERKRITISCHEM KOHLENDIOXID 

Zusam~nf~ung-Die physikalischen Eigenschaften eines ~~rkritischen Fluides indern sich deutlich. 
wenn sich Temperatur und Druck dem kritischen Punkt annThern. In der vorliegenden Arbeit wird der 
Wiirmeiibergang beim AuftreA‘en eines achsensymmetrischen laminaren Strahls auf eine ebene Wand- 
oberIIIche von konstanter Temperatur numerisch untersucht, wobei die Temperatur- und Druck- 
abhdngigkeit aller physikalischer Eigenschaften des iiberkritischen Kohlendioxids beriicksichtigt werden. 
Es werden numerische Losungen fur folgende Parameter ermittelt : Reynolds-Zahl des Strahls von 500- 
2000 ; Druck im Strahl von 7.4-8,4 MPa ; Verhaltnis zwischen dem Abstand der D&e von der Wand und 
dem Dusendurchmesser zwischen 1 und 4; Temperaturunterschied zwischen dem austretenden Strahl und 
der ebenen Wand zwischen 10 und 150 K. Der EinfluB der Differenz zwischen dem iiberkritischen Druck 
und Atmosph~rendruck auf das Str~mungsfeld und das Temperaturfeld wird untersucht. Ferner sind die 
EinIIiisse des Strahldruckes, der Strahltem~ratur, des Tem~raturunterschiedes zwischen dem austre- 
tenden Strahl und der Oberflkhe sowie der Reynolds-Zahl des Strahles auf den Warmeiibergang von 
Interesse. Es wird eine Korrelationsgleichung zur Bestimmung der iirtlichen Nusseh-Zahl filr iiberkritisches 
Kohlendioxid aus der Losung mit konstanten Stoffeigenschaften vorgeschlagen. Die lfbereinstimmung 

zwischen den so berechneten und den numerischen Werten liegt innerhalb 10%. 

YHCJIEHHOE ~C~E~OBAHHE TE~~O~EPEHOCA OT HA~ErA~4EA 

~OTP"W‘-'&%3HSeCKKe CBOiiCTBa CBepXKpHTHWCKOii -KOCTB CyWecTBeHHO W3MeHflIOTCX IlO Mep 

npu6~nameHuK~MnepaTypbIHnaBneHwn K iCpiTHWCKO~TO4Ke. B JlaHHOiipa6oTe,tlpIiHHMaKBOBHnMa- 
HWe 3aBBCWMOCTb BCex (PB3HYWKUXCBOfiCTB CBepxKpHTH'IeCKOfi JWyOKHCH yrnepOJla OT TeMnepaTypbI W 

naleneenn,rncnefnfo wCnenyeTcs TennonepeHoc npH ria6eraHna OcecsiMbfeTp~wioii nardnHapHoG crpya 

fia nnoc~yro creHKy c onnoponrrofi TeMnepaTypofi. IIonyyesbl wcnewibre peuretnin n.w wicna PeGHo- 

nbnca B mana3oHe 50&2ooO, naaneiiw c~pyn-7,4-8,4 Mlla, paccrore~~ newly HawnoM c~pya II 

noeepxrrocrbwl-4 nHahfeTpa conna, a -raKxe pa3eocTe TewepaTyp Mewy Haunohf CTpyH H 

nJIOCKOE% CTeHKOii, si3MeHKro~e~cn OT 10 ~0 150 K. HccJrefiyroTcn pasamrun Mex!Iy CnepxKpuTH9ecKuM 
if arr+.roc+eprrbrhs ~B~e~~~~ .aaa noneii reeYeririrr H Tebfnepaqp. KpoMe TOrO, paccMaTpHBaeTcn 

BnHxii5ie LlaBneHiiIi w TeMnepawpbI crpyu, pa3soCTrr TebnrepaTrtp Havana crpyu n floBepxHocrw, a 

faK)i(e WiCna PeiiHonbnca c~pyH Ha nenasway ~IUIOBO~O IiOTOKa. ~peJJ3iOxeHO o6o6mavmee COOTHO- 

~eHEIeAnnoueHKlr3HaqeHHRnOKanbHOrO yIlcna HyccenbTaanaCBepXKp~HrecKOii ABYOKACHymn~O~a 
B PaCTBOpe C IIOCTOPHH~IMU CBOikTBaMEi, N nonyrIeH0 cornacne c wCneHHblMn pe3ynbTaTabfu B 

npenenax 10%. 


