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Abstract

Numerical analysis has been carried out to investigate forced convective heat transfer to water near the critical region in a horizontal
square duct. Near the critical point convective heat transfer in the duct is strongly coupled with large variation of thermophysical prop-
erties such as density and specific heat. Buoyancy force parameter has also severe variation with fluid temperature and pressure in the
duct. There is flow acceleration along the horizontal duct resulted from fluid density decrease due to the heat transfer from the wall.
Local heat transfer coefficient has large variation along the inner surface of the duct section and it depends on pressure. Nusselt number
on the center of the bottom surface also has a peak where bulk fluid temperature is higher than the pseudocritical temperature and the
peak decreases with the increase of pressure. Flow characteristics of velocity, temperature, and local heat transfer coefficient with water
properties are presented and analyzed. Nusselt number distributions are also compared with other correlations for various pressures in

the duct.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently fluids near the critical region have been used
widely in many application areas. Especially heat exchan-
ger systems of power generation, superconductor, and
environmental systems for fluids near the critical region
are of continuing interest. Near the thermodynamic critical
point fluid flow and heat transfer characteristics are quite
different from those of constant property case and they
are very complicated due to the large variation of thermo-
dynamic and transport properties as shown in Fig. 1. The
characteristics of momentum and heat transfer to the
supercritical fluid are strongly coupled with the highly
non-linear variation of the fluid properties, which makes
flow phenomena more unpredictable compared with the
constant property case.

* Tel.: +82 63 850 6687; fax: +82 63 850 6691.
E-mail address: 1sheagle@wonkwang.ac.kr

0017-9310/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijheatmasstransfer.2007.09.016

Since 1930s many experimental and theoretical studies
[1-16] have been performed to investigate the fluid flow
and heat transfer phenomena near the critical point due
to various applications. Most of these studies are for con-
vective heat transfer in a tube under steady state which is
typical of various applications, and a lot of heat transfer
correlations [1,2,25] have been suggested. For convective
heat transfer near the critical region in non-circular ducts
less research has been done relatively although application
areas are increasing. Pioro et al. [1,13] analyzed heat trans-
fer correlations and experimental data on heat transfer to
supercritical fluids inside channels through the literature
survey. They showed that there is a significant difference
in heat transfer coefficients calculated from various correla-
tions and the differences in the prediction of supercritical
heat transfer are due to the significant variations in thermo-
physical properties near the pseudocritical temperatures.
Lee and Howell [5,6] investigated turbulent convective heat
transfer in a vertical tube with numerical modeling which
includes the effects of fluid property variations near the
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Nomenclature
b internal duct width (m) T pseudocritical temperature (K)
Dy, hydraulic diameter (m) u velocity (m/s)
C, specific heat at constant pressure (J/kg K) K turbulent kinetic energy (m?/s%)
Gr Grashof number, pgfqwD*/(16ku?) € dissipation rate (m?/s°)
Gr* local Grashof number, |p,, — p|pvgDi / 1 I turbulent viscosity (kg/m s)
h heat transfer coefficient (W/m? K) p density (kg/m?)
i enthalpy (J/kg)
Nu Nusselt number, 2D/ky, Subscripts
P pressure (Pa) c critical point
Pr reduced pressure, P/P, b bulk fluid
q heat flux (W/m?) iJ general spatial indices
Re;, inlet Reynolds number in inlet
s circumferential distance inside the duct (m) w wall
T temperature (K)
T non-dimensional temperature, kin(T — Tin)/
Gw - Dh
. . . . 1.2x10° properties variation, acceleration, and buoyancy force. Pit-
800 la et al. [24] suggested a correlation to predict heat transfer
700 1.0x10° coefficient of supercritical carbon dioxide during in-tube
600 | . cooling based on the numerical predictions and experimen-
< sool 8.0x10 o tal data. Zhou and Krishnan [27] predicted laminar and
£ soxio’ © turbulent heat transfer for channel flow of supercritical
< 0 & CO, and showed that heat transfer rate for upward flow
300 a0xio* S could be less than no-gravity case because of lower turbu-
200 | lent viscosity. And Hirota et al. [17] performed an experi-
ool 2.0x10* mental analysis of turbulent heat transfer in a straight
I 7 square duct for air. Yucel and Guven [18], and Da Silva
T T - T Miranda and Anand [20] investigated convective heat

temperature (K)

Fig. 1. Thermophysical properties variation of water near the critical
region (P =24 MPa).

critical point. Liao and Zhao [10,11,26] experimentally
analyzed heat transfer for supercritical carbon dioxide
flowing in micro channels with numerical simulation, and
suggested a heat transfer correlation from the experimental
results.

Asinari [14] also numerically investigated turbulent con-
vective heat transfer in micro channel for supercritical CO»,.
He proposed a modified turbulence closure model with
velocity fluctuations and thermophysical properties varia-
tion within the frame work of mixing length theory and
showed from comparison with other correlations that heat
transfer impairment exists in the micro channels. Tatsum-
oto et al. [15] performed numerical investigation on the
heat transfer characteristics in a two-dimensional parallel
duct for various gaps with helium and showed that
steady-state critical heat flux increases with the increase
of gap distance. McEligot and Jackson [16] analyzed dete-
rioration criteria for convective heat transfer in non-circu-
lar duct using typical flow parameters such as fluid

transfer enhancement characteristics in channels with por-
ous material, and Luo et al. [19] also numerically predicted
forced convection of a fully developed turbulent flow in
parallel plates with periodic ribs.

These studies show that the properties variation of
supercritical fluids severely affect fluid flow and heat trans-
fer and they should not be neglected near the critical
region. Despite the several studies convective heat transfer
characteristics in a non-circular duct for the supercritical
fluids are not well understood while there is not sufficient
experimental data to analyze because of the large number
of flow variables and difficult range of thermodynamic
pressure and temperature. In this study forced convective
heat transfer to water near the critical region inside a hor-
izontal square duct is predicted by numerical modeling to
investigate the momentum and heat transfer coupled with
the large variations of thermodynamic and transport prop-
erties including proximity effect to the critical point.

2. Numerical modeling

The problem to be analyzed is turbulent forced convec-
tive heat transfer to near-critical water flowing through a
smooth-walled horizontal square duct with constant heat
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flux. The flow is assumed to be steady-state with local ther-
modynamic equilibrium. The time-averaged three-dimen-
sional governing equations of continuity, momentum,
and energy with standard approximations and turbulence
modeling are as follows:

(a) Continuity

0

3y (Pui) =0 (1)
(b) Momentum

0 _0p 0 P

> (puu;) = — o +— o) (Tij + sz,-) + pg; (2)
(c) Energy
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(d) Turbulent kinetic energy
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(e) Dissipation
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In this study, the turbulent flow model follows x—¢
model proposed by Lam and Bremhorst [21]. The shear
stress tensors have the following forms:

(0w  Ou; 2 Oy
u(@xj + ox; 3 0y ka> (6)
Ou; Ou; 2 . Ou 2
R _ T AN i .
Ty = <6xj * ox; 3 i axk> 3 pka; @

Here turbulent viscosity is defined as follows:

g, Gk ®)

2
pk- _
Ry = e R, =

where f, = [1 — exp(~0.025R,))(1 +205)2
o (O f 1 — exp(—RY).

" Constants m} the turbulence modeling are defined in
Table 1. Pr is the turbulent Prandtl number and is set to
be 0.9.

As flow boundary conditions fully developed velocity
and constant temperature are assumed at the inlet of the
duct. The turbulence intensity at the inlet is equal to 5%

Table 1

Constants in the xk—¢ model

Cu Csl Cl»;Z O O 0B
0.09 1.44 1.92 1.3 1.0 1.0

and the length scale is set to be 0.035Dy, as in Li et al.
[4]. Constant heat flux boundary condition is applied at
the duct outside. This numerical analysis is performed on
the left half of the parallel duct system with symmetry con-
dition at the vertical section plane. All thermodynamic and
transport properties of water are calculated with the com-
puter code of Lester et al. [22]. The geometry is horizontal
square duct of stainless steel with length of 1.0 m, inner
width of 0.01 m, and thickness of 0.001 m.

The governing equations are solved by CFD solver,
EFD-Lab with the SIMPLE algorithm [23] using the sec-
ond order upwind scheme. Convergence is checked by com-
puting the normalized mass residual in the equation of
continuity until the residual is less than 107>, Successive
iteration continues until further repetitions cease to pro-
duce relative change less than 1072 in the values of each
variable. For numerical calculation, orthogonal non-uni-
form grid system is used to give enough grid points near
the wall where there is large variation in heat transfer.
Most calculations are based on the grid system of
408,000 and grid dependence was checked with denser grid
systems. The differences between the calculated results of
temperature and heat transfer coefficient and those with
finer grid systems of 650,000 and 815,000 are less than 1%.

3. Results and discussion

3.1. Flow field and thermophysical properties distribution
with buoyancy force

Figs. 2-5 show the developing axial velocity and temper-
ature distributions with water properties in the duct for the
pressures of Pr = 1.09 and 1.36. It can be seen that there is
flow acceleration along the duct and it depends on the pres-
sure in the duct. Maximum velocity at z/b =80 for the
pressure of Pr = 1.09 is increased about 1.7 times higher
than that at z/b = 40. Flow acceleration is caused by the
density decrease due to heat transfer from the wall. As
pressure approaches to the critical pressure density varia-
tion is more severe and flow acceleration becomes larger.
Fluid velocity is high in the upper region near the centerline
of the duct due to the buoyancy force. There is very steep
temperature gradient close to the top surface and pseudo-
critical temperature region where there is large variation
of specific heat moves downward along the duct. Turbulent
viscosity distribution shows that it is quite different from
those of density and specific heat. It can be seen that turbu-
lent viscosity is much affected by buoyancy force and steep
variation of water properties near the pseudocritical tem-
perature. Its distribution depends on the pressure in the
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Fig. 2. Axial velocity and temperature distributions with the properties at the section of z/b =40 from the entrance for Pg = 1.09, Rej, =5 x 107,

Gw = 800 kW/m?, Ty, = 620 K.

duct and it increases along the duct. It also increases as
pressure approaches to the critical pressure and its maxi-
mum near the center of the duct section at z/b =80 is
increased to more than 2.8 times than that in the duct sec-
tion at z/b = 40. Fig. 6 shows the Grashof number varia-
tion with respect to temperature at several pressures for
constant heat flux in a duct. As fluid temperature
approaches to the pseudocritical temperature the Grashof
number increases rapidly and reaches a peak. There is
severe variation of the buoyancy force near the pseudocrit-
ical temperature, and it becomes even steeper as the pres-
sure approaches to the critical pressure. The peak of the
Grashof number at Pgr =1.09 is about 3.8 times higher
than that at P = 1.36.

Local buoyancy force based on the density difference
between the wall and bulk fluid in the duct can be repre-
sented as follows [11]:

Gr* — pylpiguyDy
_”_|Pw Pol P58 Dy, 9)

Ré? 1

This buoyancy force variation with bulk temperature at the
center of bottom surface is also shown in Fig. 7. The buoy-
ancy force, Gr*/Re* decreases with the increase of bulk
temperature and it depends on the pressure in the duct
while it shows transition characteristics between liquid-like
and gas-like behavior. As pressure approaches to the criti-
cal pressure, the buoyancy force variation becomes steeper
near the pseudocritical temperature and 7Ty/T, at the steep
variation of Gr*/Re* becomes closer to 1. The buoyancy
force, Gr*/Re” is much higher than 107 and it affects the
flow field as in Figs. 2-5, especially at the temperature re-
gion of Ty/Tpe < 1.01.

These flow distributions in the duct affect heat transfer
characteristics which are quite different from the constant
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Fig. 3. Axial velocity and temperature distributions with the properties at the section of z/b =40 from the entrance for Pg = 1.36, Rej, =5 x 10%,

Gw = 800 kW/m?, T}, = 620 K.

property case [17]. Fig. 8 shows the local heat transfer coef-
ficient distributions inside the surfaces of the duct. Local
heat transfer coefficient on the bottom surface is much
higher than that on the top surface and the difference
depends on the pressure in the duct. As pressure
approaches to the critical pressure the difference between
the heat transfer coefficients on the bottom and vertical
surfaces becomes larger. For Pr = 1.09 heat transfer coef-
ficient at the position of z/b = 40 is much higher than that
at the position of z/b = 80, and for P = 1.36 the difference
of the heat transfer coefficients at those positions is rela-
tively reduced. It is due to the improved turbulent trans-
port with high buoyancy force and specific heat,
especially close to the pseudocritical temperature where
there is very steep variation of density and specific heat
as in Figs. 2-5. With heat transfer from the wall water tem-
perature increases and as water temperature approaches to

pseudocritical temperature buoyancy force increases very
rapidly as in Fig. 6. There is little variation of heat transfer
coefficient on the top surface (0.0 < s/b < 0.5) with pressure
and circumferential distance because of high temperature
fluid with gas-like behavior near the surface. With heat
transfer from the wall transition behavior from liquid-like
phase to gas-like phase of heat transfer coefficient occurs
when the fluid passes through pseudocritical temperature
region in the duct.

3.2. Heat transfer coefficient distributions along the duct

Fig. 9 shows the heat transfer coefficient distributions at
the centers of top and bottom planes along the duct. There
is a large difference in the heat transfer coefficient distribu-
tions on the top and bottom planes and it depends on the
pressure in the duct. It can also be seen that heat transfer
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Fig. 4. Axial velocity and temperature distributions with the properties at the section of z/b = 80 from the entrance for Pg = 1.09, Rej, = 5 x 10%,

Gw = 800 kW/m?, T}, = 620 K.

coefficient at the center of top plane decreases near the
entrance region and for z/b > 30 its variation is little along
the duct. It is similar to the no gravity case although there
is a little difference near the entrance. However the heat
transfer coefficient at the center of the bottom plane
increases along the duct. It reaches a peak when the bulk
fluid temperature is a little (6.0 K and 9.5K for
Pr = 1.09 and Py = 1.36, respectively) higher than pseud-
ocritical temperature, and then decreases. The peak of the
heat transfer coefficient increases as pressure approaches to
the critical pressure. With the increase of pressure in the
duct axial peak position moves to downstream because of
pseudocritical temperature increase.

The flow field with properties variation and heat transfer
coefficient in the duct affect Nusselt number distribution
along the duct. Fig. 10 shows the variation of several Nus-
selt numbers with bulk fluid enthalpy for various pressures
at the center of bottom surface in the duct. These Nusselt

numbers are calculated Nu, Nupg calculated from Dittus—
Boelter equation, and Nupz which is suggested by Liao
and Zhao [11] for horizontal tube flow. Nu; 7 includes the
buoyancy effect and can be expressed as the following
correlation:

—= 0.384

Gr* 0.203 N 0.842 C
s oot () (1) ()
b Py pb

(10)
where the mean specific heat, C, is defined as
— Iy — Ip
Cp=71r 11
P Tw _ Tb ( )

These Nusselt numbers of Nu, Nupg, and Nujz have
quite different behaviors along the duct. Nu increases with
bulk enthalpy as in heat transfer coefficient distribution
and it reaches a peak when the bulk fluid temperature is
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Fig. 5. Axial velocity and temperature distributions with the properties at the section of z/b = 80 from the entrance for Pg = 1.36, Rej, = 5 x 10%,

Gw = 800 kW/m?, Tj,, = 620 K.
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Fig. 6. Grashof number variation with water temperature for various
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Fig. 7. Local buoyancy force variation with bulk temperature for various
pressures at the center of bottom surface.
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Fig. 8. Local heat transfer coefficient distributions inside the sections of
the duct.
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Fig. 9. Local heat transfer coefficient distributions at the centers of top (s/
b =10.0) and bottom (s/b = 2.0) planes along the duct.

a little (6.0-13.2 K) higher than pseudocritical temperature
corresponding to the pressure in the duct and less than wall
temperature. And as pressure approaches to the critical
pressure the peak of the Nu increases very rapidly. Beyond
the peak of the Nu there is very steep decrease with bulk
fluid enthalpy. This increase of Nu is also caused by
improved turbulent transport due to large turbulent viscos-
ity with high specific heat and buoyancy force as in the heat
transfer coefficient. Bulk fluid enthalpy at the peak gradu-
ally increases with pressure because of the increase in
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Fig. 10. Comparison of Nusselt number distributions with bulk fluid
temperature for various pressures at the centerline of bottom plane in the
duct.

pseudocritical temperature. Nupp also reaches a peak
where the bulk fluid temperature is close to the pseudocrit-
ical temperature. The peak of Nupg is much less than that
of Nu and for Pr > 1.36 it is very small. Nuyz shows inter-
mediate behavior between Nu and Nupg. Nujz near the
pseudocritical enthalpy is higher than Nupgp and less than
Nu. Nuyz also increases near the pseudocritical tempera-
ture and it is much higher than Nupg for overall bulk fluid
enthalpy because of large buoyancy force as in Fig. 7. For
Pr <1.27 bulk enthalpy at the peak of Nupz is much
higher than that of Nupg and close to the bulk enthalpy
of Nu peak. The difference between Nu and Nu; 7z increases
as pressure approaches to the critical pressure and the max-
imum difference is about 72% for Pg = 1.09 near the peak.
Nupz has steep variation close to the pseudocritical
enthalpy (1800 kJ/kg < iy, < 1900 kJ/kg) for Pr > 1.09.
Table 2 shows the variation of bulk fluid temperature at
the peak of the Nusselt numbers for various pressures in
the duct. As pressure approaches to the critical pressure
the differences between the Nusselt numbers increases very
severely while bulk fluid temperatures at the peaks become
closer to pseudocritical temperature. The ratios of Nupeax/

Table 2

Variation of Nusselt number peaks with bulk fluid temperature in the duct

PR Nupeak Tb(Nupeak)/Tpc Nupeak/NuDB.peuk Tb(NuDB,pe'dk)/ Tpc Nupe'dk/NuLZ,peak Tb(NuLZ,peak)/Tpc
1.09 1184.1 1.009 2.128 1.001 1.716 1.009

1.18 845.5 1.011 1.860 1.003 1.282 1.008

1.27 662.0 1.012 1.629 1.005 1.043 1.002

1.36 600.5 1.014 1.596 1.009 0.969 0.998

1.45 570.8 1.015 1.609 1.013 0.943 0.995

1.54 538.8 1.018 1.593 1.017 0.914 0.992

1.63 505.1 1.019 1.554 1.023 0.877 0.992
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Nuyzpeak are about 1.7 and 1.0 for Pr=1.09 and
Pr = 1.36, respectively, while those of Nupeax/ Ntipp peak
are about 2.1 and 1.6. For Py > 1.36 these ratios variation
is not so severe. The difference between pseudocritical tem-
perature and bulk fluid temperature at the peak of Nu is
higher than those at the peaks of Nu;y and Nupg for
Pr <1.54. And the difference between the two tempera-
tures increases with the increase of pressure in the duct.
For Pgr =1.09 A[Ty(Nupear) — Tpe] is about 6.0 K while
for Pr = 1.36 it is about 9.5 K.

4. Conclusions

Numerical simulations are performed for turbulent
forced convective heat transfer in a horizontal heated
square duct near the critical point for water. Coupled fluid
flow and heat transfer are affected by the severe property
variations near the critical region with gravity. There is
flow acceleration along the horizontal duct resulted from
fluid density decrease due to the heat transfer from the wall
and temperature variation is very steep near the top and
vertical surfaces. Fluid properties variation becomes stee-
per as pressure approaches to the critical pressure. Buoy-
ancy force variation with temperature becomes larger as
pressure approaches to the critical point.

Local heat transfer coefficient distribution has large var-
iation along the inner surface of the duct section. The heat
transfer coefficient on the bottom surface is much bigger
than those on the other two surfaces and it depends on
the pressure in the duct. As pressure approaches to the crit-
ical pressure the heat transfer coefficient increases very rap-
idly. There is a peak of heat transfer coefficient distribution
on the center of the bottom surface along the duct while
there is not severe variation of the heat transfer coefficient
on the top surface of the duct. With the increase of the
pressure the location of the peak moves to downstream
because of pseudocritical temperature increase. Nusselt
number on the center of the bottom surface also has a peak
where bulk fluid temperature is higher than the pseudocrit-
ical temperature and the peak decreases with the increase
of pressure. Nusselt number variations along the duct are
also compared with other correlations for various pressures
in the duct. Its peak is much higher than what are predicted
from previous heat transfer correlations, and the differ-
ences increase as pressure approaches to the critical pres-
sure. This study analyzes the convective heat transfer
characteristics in the horizontal duct with the effect of ther-
mophysical properties variation near the critical region.
Further experimental investigations are necessary for ade-
quate prediction of the complicated heat transfer phenom-
ena in the duct.
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