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HIGHLIGHTS

® A new method of developing heat transfer formulas under supercritical conditions was proposed.

® The method was based on the modified thermal wall law.

® Based on this method, the Dittus-Boelter formula and Gnielinski formula were extended to supercritical water.
® The comparison of experimental data and predicted values shows good agreement.
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An analytical method was proposed up for the prediction of heat transfer coefficient under supercritical
conditions. The new heat transfer correlation was based on the modified thermal law of the wall which
could take account of the fluid property variation across the boundary layer and could help clarify the
basic heat transfer mechanism of supercritical water. Based on this method, the Dittus-Boelter correlation

and Gnielinski correlation were extended to supercritical water. The comparisons of experimental data
and predicted values showed good agreement which confirmed the physical validity of this method.
Moreover, this method could build a bridge between subcritical region and supercritical region.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The development of supercritical water reactors requires more
accurate predictions of water and steam heat transfer coefficients
over a wide range of operating conditions. Many experiments have
been performed to investigate the forced convective heat transfer
phenomena, together with the numerical simulations and theoret-
ical analysis. Yamagata et al. (1972), Swenson et al. (1965), Bishop
etal.(1964), Shitsman (1963), and so on carried out experiments in
the earlier years in last 60s. Inrecent years, more and more activities
are being devoted to the R&D development of SCWR, such as Licht
et al. (2008), Mokry et al. (2010), Misawa et al. (2009) and Zahlan
et al. (2011). Pioro and Duffey (2007), Cheng and Schulenberg
(2001) and OKa et al. (2010) gave a review of ongoing research
about these activities. Pioro et al. (2011) assessed the work related
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with the heat transfer and pressure drop characteristics at super-
critical pressures based on the experiments of water and carbon
dioxide. Most of the studies have found that the heat transfer near
the pseudocritical point has unusual behaviors where the specific
heat capacity arrives at its maximum value. In some cases, at rela-
tively high mass fluxes, an enhancement of heat transfer occurs in
the pseudocritical region at low heat flux whose heat transfer coef-
ficientis bigger than the value predicted by subcritical correlations.
But as the heat flux increases, its magnitude is reduced. In other
cases, when the mass flow rate is small, while the heat flux is rel-
atively large, heat transfer deterioration may occur, in companion
with local wall peak temperature. This unusual behavior is believed
to be related with the sharp variation of the fluid property in the
neighborhood of pseudocritical point where small change in fluid
temperature will lead to big variation in fluid properties, as shown
in Fig. 1. This is especially possible in a heated tube under supercrit-
ical conditions when the pseudocritical point is just between the
wall temperature and the bulk fluid temperature. The crossing of
the pseudocritical line may have big influence on the velocity and
temperature profile in the wall boundary layer. At least, the phys-
ical property could not assume to be constant, and the traditional
law of the wall may be dependent on the physical properties.
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Nomenclature

B¢(Pr)  the function of Prandtl number

o Fanning frictional coefficient

Cp specific heat at constant pressure (J/kgK)

Cp average specific heat within range of (Tw — Tbh):
(hw — hp)/(Tw — Tb) (J/kg K)

Cpw specific heat evaluated at wall temperature (J/kgK)

d the pipe diameter (m)

dp the hydraulic diameter (m)

f Darcy-Weisbach frictional coefficient

F(0) function of 6

h fluid enthalpy (kJ/kg)

h the fluctuation of fluid enthalpy (kJ/kg)

k thermal conductivity (W/mK)

Nu the Nusselt number (hk/d)

Porp  pressure (Pa)

Pr the Prandtl number (pcp/k)

Pr the average Prandtl number (ucp/k)

Pr¢ turbulent Prandtl number

(Pr)q, (Pr), the average Prandtl number in laminar conduc-

tion and turbulent layer

qo or,q the wall heat flux (W/m?)

Re the Reynolds number

To pipe radius (m)

e non-dimensional pipe radius pu.rg/un

t temperature (°C)

tm the average fluid temperature (°C)

tw the temperature at the wall (°C)

t1 temperature at the upper bound of the laminar con-
duction layer (°C)

tc temperature at the centerline of the pipe (°C)

tf, t2+ dimensionless temperature in laminar and turbu-
lent region

T;1, Tp friction temperature in laminar and turbulent
region (°C)

ur friction velocity (m/s)

uy velocity component in flow direction and normal
direction (m/s)

u'v fluctuation velocity component in flow direction
and wall normal direction (m/s)

”Zz non-dimensional velocity in viscous sublayer

ut, non-dimensional velocity in turbulent sublayer

Um average velocity (m/s)

X; the coordinate component (m)

y distance from the wall (m)

y* non-dimensional distance from the wall (pu.y/u)

y{ ory} non-dimensional distance of the upper bound of the
laminar conduction layer

yo+ non-dimensional distance of the upper bound of the
viscous layer

Greek symbols

o molecular thermal diffusivity (m?2/s)

B1,62  the geometry parameters

&M turbulent viscosity (m?/s)

&l turbulent viscosity of heat transfer (m?/s)

K Von Karman constant

w molecular viscosity (kg/ms)

e turbulent viscosity (kg/ms)

w molecular viscosity at the wall (kg/ms)

bl molecular viscosity in the viscous sub layer (kg/m s)

Lp bulk average molecular viscosity (kg/ms)

v momentum viscosity (m?2/s)

0 fluid density (kg/m3)

Pbt fluid density in the turbulent sublayer (kg/m3)

Paver the bulk average density (kg/m?3)

Pw fluid density evaluated at the wall temperature
(kg/m3)

T shear stress (kg/m s2)

Tw wall shear stress (kg/ms2)

Subscript

aver bulk average

b bulk

blor1 viscous sublayer

btor2 turbulent sublayer
iso isothermal

I laminar

pc pseudocritical

t turbulent

w wall

Although many correlations have been proposed up to pre-
dict such unusual heat transfer behaviors as mentioned above, the
theoretical analysis is relatively few, attributed to the fact of the
difficulty in dealing with the complex variation of the physical
properties. In this paper, a method of predicting the heat trans-
fer coefficient based on the new thermal function of the wall was
proposed up and could provide some explanations to the strange
heat transfer characteristics.

2. The derivation of the thermal law of the wall

Generally, two kinds of mechanisms dominate the heat transfer
behaviors in the boundary layer: the molecule diffusion and the
turbulent fluctuation. And according to each of their contributions,
two zones are distinguished: the molecule heat conduction layer
and the turbulent heat diffusion layer. Based on the boundary layer
assumption, Boussinesq hypothesis and the Reynolds analogy rule,
a new thermal function of the wall could be derived in account of
the fluid property variation across the boundary layer.

The general energy conservation equation:

dph  dpwh 0 (ot —o\ 0p 0P
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In steady equilibrium two dimensional heated boundary flows,
the transient term, kinetic energy dissipation term and the pressure
drop term are neglected. According to the boundary layer assump-
tion, the flow direction scale was far larger than the wall normal
direction scale. So the axial gradient of some quantities would be
ignored in contrast with the normal direction gradients. The ther-
mal boundary equation was obtained as below:

oh oh 0 ot —
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The Reynolds heat flux term v'h’ could be modeled directly with
the Boussinesq eddy viscous hypothesis:

v = pcpVt = fpcpng—; 3)
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