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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
are obtained for the jet Reynolds numbers 500-2000, the jet pressures 7.4-8.4 MPa, the jet mouth-to-
surface distances 1-4 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%.
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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 [1-3]. However, a laminar impinging jet
1s 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 [4-8]. 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 [10-12].
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 differences 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 i,
and impinges perpendicularly onto a flat solid surface
at a distance / from the jet mouth.

For simplification, some assumptions are intro-
duced as follows :
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NOMENCLATURE
¢ local friction coeflicient, equation (7) u, v velocity components in axial- and radial-
< specific heat of fluid at constant pressure directions
d diameter of nozzle U, V dimensionless velocity components in
D diffusivity of fluid axial- and radial-directions, Table 1
hy local mass transfer coefficient 7 average velocity at jet mouth
h, local heat transfer coefficient, equation U, jet velocity at the center of nozzle exit
(8) x,r axial and radial coordinates, Fig. 1
i specific enthalpy X, R dimensionless axial and radial
! dimensionless specific enthalpy, Table 1 coordinates, Table 1.
! 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 |
(Nu), local Nusselt number modified by the A thermal conductivity of fluid
fluid property at the reference 1 absolute viscosity of fluid
temperature P density of fluid
p pressure Tw wall shear stress, 4, (0V/0X ).
P dimensionless pressure, Table 1 ¢ dimensionless variable, equation (4)
Pe critical pressure of fluid ¥ dimensionless stream function, { URdR.
Pe Peclet number, Pr Re
Pr Prandt] number, g;c,;/4; Subscripts
Re  jet Reynolds number, p;id/p; j value at jet mouth
S source term in equation (4) w value at wall surface
Se Schmidt number, p/(pD) 0 value at stagnation-point, unless
Sh local Sherwood number, Azd/D specified.
St local Stanton number, Nu/(Re Pr)
T temperature Superscript
T, critical temperature of fluid * value normalized by fluid properties at
T,  pseudocritical temperature of fluid jet temperature.

(1) The flow is steady, axisymmetric, and laminar.

{2) The size of the solid surface is sufficiently large
and the wall thickness of the jet nozzle is negligible in
comparison with the jet diameter.

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

Hence, the governing equations are expressed as
follows:

Mass conservation:
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Fi1G. 1. Physical model and coordinate system.
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Axial momentum conservation :
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Applying the dimensionless variables listed in
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Table 1. Dimensionless variables

X R L U Vv P I ) pr A gt
x/d rid lld  ufu, vfu, (P—Pj)/Pjutz) (i—i)ey T, (T— DT —T) plpy M wly  cfcy
Table 1, we can represent the non-dimensional con- Nu = hdji, = (36/0X),, )

servation equations in a general form as
1{0 09

R G, * _ r‘;

R {ax (” RUG—R ax)

a( . 0¢
+ 7R <p RVqS—RI"aR)} =S (5
where ¢ stands for the dimensionless variables U, V,
and 7. The expressions of I and S for each dependent
variable are given in Table 2, and ¢}, A*, 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 64 above the jet mouth
and 20d from the jet axis.

The boundary conditions to be considered are as
follows :

U=1-4R* and V=1=0

at jet mouth, OA
U=V =27I/0R=0 atjetnozzle, AB
oUJGX = dV/ioX =1I=0

at upper boundary, BC

S

0(p*U)/0R = 6(p*RV)/0R = dI/OR=0 ©6)
at outer boundary, CD
U=V=0, and I=KT,)

at solid surface, DE
OU/OR =V =0I/6R =0

at axis of symmetry, EO.

The local friction coefficient ¢, local heat transfer
coefficient 4, and local Nusselt number Nu are defined
respectively as

¢r = to/(pjud/2) = —(1/Re)(@V/0X).,  (])

where the dimensionless temperature 0 is calculated
reversely from the dimensionless specific enthalpy 7
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)e = hed|dy = (06/0X), (A3/A5).  (10)

With regard to the reference temperature, the T; and
T, 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 ali
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 x41 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

hy = 4,(0T)0x), (T, —T;) (8) field is decided on the basis of the residual-source
Table 2. Variables in general form for governing equations
) r s
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criterion [16]; namely, the convergence of U, V, 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
¢ach iteration. The CPU time on an NEC ACOS/2000
computer in Tohoku University is 6001200 s for each
run.

3. NUMERICAL RESULTS AND DISCUSSION

3.1. Constant property solutions (CPS)

If one adopts a limit of 7,/7;— 1 in the present
analysis, then the dimensionless properties, ¢, 1*, 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 employment of a relation of
heat mass transfer analogy, Nu = (Pr/Sc)** Sh. The
numerical solutions of Deshpande and Vaishnav [5]
are those for the local friction coefficient on an
impingement surface.
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F1G. 2. Comparison of present constant property solutions
with existing results by others.
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Fi6. 3. Comparison in the stagnation-point Nusselt number
between present constant property solutions and results of
correlating equation (11).

Figure 3 shows a typical result in terms of the stag-
nation-point Nusselt number Nu, with constant-
property solutions (CPS) for various Reynolds num-
bers Re, jet pressures p; and jet temperatures T;. The
present CPS results for 500 < Re <2000, 0.1
MPa < p; < 8.4MPa,and 305K < 7; < 320 K within
an error of 3% can be well correlated with the fol-
lowing equation :

Nuf = 1.71Re** Pr®?, (1
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 ¢, of a fluid becomes
infinity at the critical point [10]. 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 pressure p, = 7.3825 MPa and the critical tem-
perature T, = 304.21 K.

Figure 4 shows typical pressure- and temperature-
dependences of specific heat ¢,, thermal conductivity
4, density p, viscosity u 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 1.0 < p/p. < 1.15, the pseudocritical
temperature T, which is obtained from a relation of
the pressure, the temperature and the specific heat by
using the PROPATH can be introduced as
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FIiG. 4. Temperature- and pressure-dependence of carbon dioxide. (a) Specific heat; (b) thermal con-
ductivity ; (c) density ; (d) viscosity ; (¢) Prandtl number.
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Ty = To(plp)™'*". (12)

In Figs. 4(b)—(d), 4, p and u show extreme tem-
perature dependence in the vicinity of the T, 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 7= 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.

3.3, Variable-property solution (VPS)

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 [17].

Figure 6 shows a typical distribution of streamlines
and isotherms for L = 2, Re = 1000, 7; = 310 K and
T, = 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
p; = 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 p; = 8.0 MPa is far from the jet mouth. However,
the thickness of thermal boundary layer in the tem-
perature field at p; = 8.0 MPa becomes extremely thin-
ner than that of p, = 0.1 MPa. This seems to be infly-

i
500 600
T K

Fi1G. 5. Temperature- and pressure-dependence of thermo-
physical properties normalized with properties at 310 K.

0]
310

J.-K, KM and T. AIHARA

enced by the difference of pressure and temperaturc
dependences of physical properties as shown in Figs.
4and 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 7,/T; on the axial dis-
tribution of the radial velocity ¥ and the temperature
fat p; = 0.1 MPa and 8.4 MPa for L = 2. Re = 1000
and 7; =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 p; = 0.1 MPa and 8.4 MPa is little more pro-
nounced than that of the temperature 0 distribution.
As the temperature ratio T,/7; is increased, the vel-
ocity gradient and the temperature gradient of p, = 8.4
MPa become steeper than those of p; = 0.1 MPa.

Figure 8 shows the effect of the jet pressure on the
local heat transfer coefficient at the stagnation point.
As the temperature ratio 7T,/7, approaches unity,
the heat transfer coefficient A, at the jet pressure
p; = 0.1 MPa decreases but the 4, in the case of the
supercritical jet pressures p, > 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 p; 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 3. In comparison with the pseudocritical
temperature T, of each jet pressure p; at the jet tem-
perature T, = 310 K in Fig. 8, the T, of p; = 8.4 MPa
becomes closer than that of p, = 7.4 MPa. Therefore,
it is considered that the stagnation-point heat transfer
coefficient at p; = 8.4 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 temperature
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 7 is close to the 7}, and as the temperature
ratio T,,/T; approaches unity, a ratio containing the
region of pseudocritical temperature in the boundary
layer increases; comsequently, the enhancement of
heat transfer appears remarkable. This tendency is
pointed out in an experimental study of frec con-
vective heat transfer in supercritical carbon dioxide
[18].

Figure 9 shows the effect of the jet temperature T;
on the heat transfer coefficient %, at the jet pressure
p; = 8.0 MPa. As the jet temperature approaches the



A numerical study of heat transfer

{b) py

2521

-8 5
-
>< Ay
-2 U
0O -
1 0. |
2—l T T a M H T 18 1
o 2 6 R 10
8.0 MPa

F1G. 6. Streamlines and isotherms for L = 2, Re = 1000, T} = 310 K and 7T,, = 315 K. (a) p; = 0.1 MPa;
(b) p; = 8.0 MPa.

pseudocritical temperature T, and the temperature
ratio 7.,,/7, to unity, the rapid increase of the 4, 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 4, 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 temperature ratio 7,,/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 distribution of
the local heat transfer coefficient 4, are shown in Figs.
11 and 12, respectively. As the radial distance from the
stagnation point is increased, the 4, at the supercritical
pressure decreases monotonically like the previous
study for the atmospheric jet pressure [9]. In Fig. 11,
the local heat transfer coefficient A, increases as the
surface temperature T, approaches the pseudocritical
temperature 7,. 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 A, 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 Nu, between the CPS
and the variable property solution (VPS) based on the
reference temperature of T, and T} at the supercritical
pressure and the atmospheric pressure. In the figure,
the (Nuy), 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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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 (11). 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 < 7)/T,. < 1.14,
and 1.02 < 7,,/T,,. < 1.6 within an error of 10%.
Figure 15 shows a typical comparison of the local
Nusselt number Nu obtained by the CPS with the
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Fig. 11. Effect of the surface temperature T, on the local
heat transfer coefficient.
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F16. 12. Effect of the jet Reynolds number Re on the local
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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 resuit.

4. CONCLUSIONS

A numerical analysis has been carried out on heat
transfer due to an axisymmetric laminar impinging jet

Fluid
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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 7, and T,.
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Fi1G. 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 temperature-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 Temperature Equation
Proparty T’.= 7:’ 7= 7'“, (13)
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FiG. 15. Comparison in the local Nusselt number between
the CPS and the VPS based on reference temperature
methods and the property ratio method.
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transfer coeflicient is increased 1.5- or 9-fold by
increasing the jet pressure from the atmospheric pres-
sure of 0.1 MPa to a supercritical pressure of 8.4 MPa
in accordance with the difference of the pressurc- 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 tem-
perature of the fluid as closely as possible. Also, a
correlating equation by the property ratio method is
proposed for generally predicting the local Nusselt
number of the variable property solution from that of
the constant property solution.
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APPENDIX: EXAMINATION ON THE
LOCATION OF BOUNDARIES BC AND CD

In this paper, the numerical calculations are performed for
L = 1-4, Re = 500-2000, p, = 0.1-8.4 MPa, T, = 305-320K
and T./T; = 1.0~1.5. The extremely remarkable conditions
which the locations of the boundaries BC and CD in the

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

(1) The jet pressure p; and temperature 7} are close to the
critical point and moreover, the temperature ratio T,,/7] is
1.1; in such a case, the effect of the temperature- and
pressure-dependence of physical properties on the super-
critical carbon dioxide appears markedly as shown in Figs.
4 and §.

(2) The jet mouth-to-surface distance L is small and the
jet Reynolds number Re 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 wall.

Namely, the numerical solution in the case of L= 1,
Re =2000,p; = T4MPa, T, =305K and T,,/T; = 1.1 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 4 and the velocity
gradient (8¥/8X),, caused by the locations of boundaries BC
and CD are shown in Figs. Al and A2, respectively.

Figures Al{a) and A2(a) show the effect of the distance AB
from the jet mouth to the boundary plane BC. In comparison
to the result obtained by the AB — co extrapolation with the
result by AB/d = 6 which is used in the present study, it

T T T T
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FiG. Al. Effect of the boundary location on the local heat transfer coefficient. (a) Boundary BC; (b)
boundary CD.
60 " T T 7 7 T 60 T T T T
- 4 4x10° . —0— s
o~ o -4 4X10
Nz - 8 v
I (F) v pe0s L1 e T (3X)ar,k=o.5
~ L ED/d = 20 — als
~ Re=2x10> 4 = ~ 1 L= —
o P = 7.4 MPa N AB/d =6 =
3 7 = < 0 Re = 2x10° R
C y /7= . 3 \ Pj = 7.4 MPa <
L \ - \ 7; = 305K
i NP L N Te/7; =11
I w74 N, Y
Teeas 410° i DY R P
L (ﬂ) L v Tl
| NI X RS, o o __E?jfff’&——-————*“"“
(a) 1 L I L L t 0 (b) 1 L 1 s L 0
[0} 04 0.2 _ 0.3 0 0.05 04
asAB #/ED

FiG. A2. Effect of the boundary location on the F-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 4, is overestimated under 17% and
the value at R = 5, (h)z. s under 13% ; the V-velocity gradi-
ent at R = 0.5, (8V/0X )., r-0.s is over-estimated under 15%
and the (0V/0X), -5 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 — o extrapolation with the result by
ED/d = 20 which is used in the present study, it seems to be
probable that the A, is overestimated under 3% and (h),_ <

J.-K. KM and T. AIHARA

under 10% ; the (8¥/0X), r-0.s is overestimated under 6%
and the (0V/0X),, x_ s 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 computation
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 AB = 6d and ED = 20d.

ETUDE NUMERIQUE DU TRANSFERT THERMIQUE POUR UN JET LAMINAIRE
AXISYMETRIQUE IMPACTANT DE DIOXYDE DE CARBONE SUPERCRITIQUE

Résamé—Les propriétés physiques d’un fluide supercritique varie fortement au voisinage du point critique.
Le transfert thermique di 4 un jet axisymétrique laminaire impactant une surface plane 4 température
uniforme est analysé numériquement en prenant en compte la dépendance de toutes les propriétés physiques
du dioxyde de carbone supercritique vis-a-vis de la température et de la pression. Des solutions numériques
sont obtenues pour des nombres de Reynolds de jet 500-2000, des pressions 7,4-8,4 MPa, des distances de
tuyére a surface 14 fois le diamétre de la tuyére, et une différence de température entre jet et paroi de 10
a 150 K. On étudie les différences entre la pression supercritique et la pression atmosphérique pour le
charp d’écoulement et le champ de température. On examine les effets sur le transfert thermique de la
pression et de la température de jet. de la différence de température entre sortie du jet et surface-cible ct
du nombre de Reynolds du jet. Une formule d’estimation de la valeur du nombre de Nusselt local est
proposée pour le dioxyde de carbone supercritique par rapport 4 la solution de propriétés constantes ct
Paccord entre la formule et les résultats numériques est dans la marge de 10%.

NUMERISCHE UNTERSUCHUNG DES WARMEUBERGANGS AUFGRUND EINES
ACHSENSYMMETRISCHEN LAMINAREN AUFTREFFENDEN STRAHLS AUS
UBERKRITISCHEM KOHLENDIOXID

Zusammenfassung—Die physikalischen Eigenschaften eines berkritischen Fluides dndern sich deutlich,
wenn sich Temperatur und Druck dem kritischen Punkt anndhern. In der vorliegenden Arbeit wird der
Wirmeiibergang beim Auftreffen eines achsensymmetrischen laminaren Strahls auf eine ebene Wand-
oberfliche von konstanter Temperatur numerisch untersucht, wobei die Temperatur- und Druck-
abhingigkeit aller physikalischer Eigenschaften des iiberkritischen Kohlendioxids beriicksichtigt werden.
Es werden numerische Lsungen fiir folgende Parameter ermittelt: Reynolds-Zahl des Strahls von 500~
2000 ; Druck im Strahl von 7,4-8,4 MPa ; Verhiltnis zwischen dem Abstand der Diise von der Wand und
dem Diisendurchmesser zwischen 1 und 4; Temperaturunterschied zwischen dem austretenden Strahl und
der ebenen Wand zwischen 10 und 150 K. Der EinfluB der Differenz zwischen dem {berkritischen Druck
und Atmosphirendruck auf das Stromungsfeld und das Temperaturfeld wird untersucht. Ferner sind die
Einfliisse des Strahldruckes, der Strahltemperatur, des Temperaturunterschiedes zwischen dem austre-
tenden Strahl und der Oberfliche sowie der Reynolds-Zahl des Strahles auf den Wirmeiibergang von
Interesse. Es wird eine Korrelationsgleichung zur Bestimmung der értlichen Nusselt-Zahl fiir tiberkritisches
Kohlendioxid aus der Losung mit konstanten Stoffeigenschaften vorgeschlagen. Die Ubereinstimmung
zwischen den so berechneten und den numerischen Werten liegt innerhalb 10%.

YHCJEHHOE UCCHEJOBAHUE TEIUIOINEPEHOCA OT HABEI'AIOHIEA
OCECHMMETPHUHON JTAMHHAPHOM CTPYHM CBEPXKPUTHUYECKOH JABYOKHCH
YITAEPOOA
Amorams—®Pu3neckue CBOHCTBA CBEPXKPHTHYECKOH XMIKOCTH CYIUECTBEHHO HIMEHSIOTCA HO Mepe
NpubIHKeHHs TEMIIEPATYPHI H IABJICHAS K KpHTHYeCKOR Touke. B nannoit pabore, npuanuMas 8o BHAMA-
HHE 33BHCHMOCTb BCEX (PH3HYECKHX CBOMCTB CBEPXKPHTHYECKOH JBYOKHCH yTjepoja OT TEMIEPaTyphl H
JIABJICHUA, YUCJIEHHO MCCIEAYeTC TeIUIONepeHOC NpH HaberanuH OCeCHMMETPHYHOR JIAMHHADHOH CTpYH
HA IUTOCKYIO CTEHKY ¢ OfHOPOAHOH TemuepaTypoil. ITosydennl MHC/ICHHBIE peleHns nns 1ucia Peitno-
nbiaca 8 Juamazone 500-2000, nasnexus crpyn—7,4-8,4 MIIa, paccTosHHs MEXIYy HAYaNOM CTPYH H
THOBEPXHOCTbIO—1-4 OMaMeTpa COma, a TAKKE PAasHOCTH TEMMNEPATYP MEXAY HavyaloM CTpyH H
nnockoi cTenxofi, mamensromeica ot 10 go 150 K. MccnenyioTes pasimias MEXKIY CBePXKPHTHYECKHM
u arMocdepHBIM NaBJCHHSMH JUIS ToNeH TeYeHMA M TemmepaTyp. Kpome TOro, paccMatpusaercs
BJIMSHHE AABJCHAA M TEMICPATHPH CTPYH, PAa3HOCTH TEMNEpaTHp HAYANA CTPYH M HOBEPXHOCTH, 4
TaKxe yucia PeliHonpaca CTpYH Ha BeswwMHY Temiosore nortoka. Ilpennoxeno obobmarommes cooTHo-
1ICHBE Ui OLCHKH 3HAYCHHA NoKanLHoro yucia Hyccenbra IUIS CBEPXKPHTHYECKOH JBYOKHCH yIJIEpOAa
B PACTBOpE C HOCTOSHHBIMH CBONCTBAMH, M INOJYYEHO COTNACHE C MHCICHHLIMH pe3ylbTaTaMH B
npenenax 10%.



