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Diameter effect on heat transfer deterioration (HTD) for supercritical water upward flow
in circular tubes and annular channels at low mass flux and high heat flux was studied
numerically based on validated turbulence model. When the same boundary conditions
were applied, i.e., mass flux, heat flux, and inlet temperature, it was observed that for
circular tubes the first peak of wall temperature moves upstream and its magnitude
increases at first then decreases as tube diameter increases, the second peak moves
downstream as tube diameter increases. For annular channels with a fixed inner diameter,
HTD is suppressed with small outer diameter, while HTD occurs gradually as outer
diameter increases. The phenomenon agrees with previous experiment studies. The
mechanism was analyzed based on fully developed turbulent velocity profiles at the
heated sections inlet. Increasing inner diameter for circular tubes or outer diameter for
annular channels will result in the decrease of maximum velocity and velocity gradient
in the near heated wall region, which makes velocity profile in this region much easier
to be flattened by the buoyancy. Then an M-shaped axial velocity profile is formed,
which will significantly decrease the Reynolds shear stress and the turbulent kinetic
energy and hence impair the heat transfer and cause HTD. At the same flow conditions,
HTD is much easier to occur in circular tubes than in annular channels with the
same hydraulic diameters.

Keywords: supercritical water, heat transfer deterioration, diameter effect, maximum velocity, velocity gradient,
turbulent kinetic energy

INTRODUCTION

The supercritical water reactor (SCWR) is one of the six generation IV nuclear systems. One
advantage of SCWR is to increase the nuclear power plants thermal efficiency, which is now
about 36-38%, to about 45-50% (Pioro and Mokry, 2011). Because no phase change occurs for
supercritical water, SCWR can reduce the capital and operational costs through eliminating steam
related facilities (Cheng et al., 2003; Pioro and Duffey, 2005).

Pioro and Mokry (2011) provided the pressure-temperature diagram of water (Figure 1). The
critical temperature and critical pressure of water are 373.95 and 22.06 MPa, respectively. Figure 2
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shows the thermophysical properties of water at 25.3 MPa.
Because of the strong variation of the thermophysical properties
in the area near the pseudocritical point, the characteristics
of supercritical water heat transfer are quite different from

35.0 T
Compressed Fluid | Supercritical Fluid
325 [
i I
30.0 1 15
0.0 High Density II & Low Density
275 | (liquid-like) I-'g- (gas-like)
S
250 | iy
I
£ sos|P22zoeampa ¥
o | Critical
s 200+ !
§ ! Point
o 175+ :
o I
15.0 | H Superheated Steam
I
I
125 :é-)
18
10.0 :m
e
75+ N
S
5.0 4 . . . . L .
200 250 300 350 400 450 500 550 600 650
Temperature, °C
FIGURE 1 | Pressure-temperature diagram of water, reprinted from Pioro and
Mokry (2011) with permission of IntechOpen.

subcritical water (Shitsman, 1963; Cheng et al., 2003, 2007; Hu
and Gu, 2018; Xiao et al., 2018).

In the design of SCWR, one important safety issue due to
the drastic property variation is the heat transfer deterioration
(HTD). Shitsman was one of those who early pointed out
the phenomenon (Shitsman, 1963). HTD usually occurs in a
situation when fluid at supercritical pressure flows upward in a
circular tube or an annular channel while it goes through the
pseudocritical point at low mass fluxes and high heat fluxes
conditions. When HTD occurs, the heated wall temperature
increases drastically and then recovers, which may cause the fuel
rod failure in SCWR. This phenomenon has been studied for
decades and it is concluded that buoyancy force leads to the HTD
(Jackson and Evans-Lutterodt, 1968; Hall and Jackson, 1969; Hall,
1971; Jackson et al., 1989; Kurganov and Kaptil'ny, 1992; Wang
et al., 2004; Bae et al., 2005, 2008; Bae and Kim, 2009; Jackson,
2013; Cheng et al., 2017).

This paper aims to investigate the diameter effect on the
behavior of HTD and to reveal the mechanisms behind these
phenomena, which could provide some valuable guidance and
support for the risk assessment in the design of SCWR. In the
following, studies of diameter effect in heat transfer experiments
of supercritical fluids in the past 50 years are reviewed (Yildiz and
Groeneveld, 2014).

Yamagata et al. (1972) experimentally studied heat transfer
characteristics of supercritical water flowing vertically upward
in tubes. They reported the relation between the limit heat
flux and mass flux for the flow in 10 mm ID tube (Figure 3A).
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FIGURE 2 | Thermophysical properties of water at 25.3 MPa, reprinted from Cheng et al. (2017) with permission of Elsevier. (A) Density, (B) Specific heat,
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FIGURE 3 | (A) Limit heat flux vs. mass flux for HTD, reprinted from Yamagata et al. (1972) with permission of Elsevier, (B) Diameter effect on Ty, at a supercritical
pressure with different heat fluxes, adapted from Zahlan et al. (2015) with permission of Elsevier.
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For a given mass flux, when heat flux is larger than the limit
value, HTD occurs. However, this relation was achieved at a
fixed tube diameter (10 mm ID) and may not be applicable to
other diameter tubes. For a given mass flux, heat flux and inlet
temperature, if we know the diameter effect on the heat transfer,
then we can estimate whether HTD is more or less severe in a
different diameter tube based on previous experimental data and
get a deeper understanding on HTD phenomenon.

Ackerman (1970) conducted experiments on supercritical
water heat transfer at extensive flow conditions in tubes of several
different diameters. For a given pressure and tube diameter, the
limit curve between the heat flux which will cause HTD and mass
flux is presented in Figure 9 in their paper (Ackerman, 1970). The
limit curve shows that operation in the lower right region of the
curve for a given diameter will cause HTD. Operation above and
to the left will result in normal heat transfer. For a given pressure
and mass flux, increasing the diameter will move the curve to the
left and HTD will occur at a lower heat flux. They found that the
HTD onset heat flux decreased about 28.6% for the 24.4 mm tube
when compared with the 9.4 mm tube.

Shiralkar and Griffith (1970) studied HTD of supercritical
CO; flowing upward in two tubes with 3.18 and 6.35mm
diameter, respectively. It was observed that the peaks of wall
temperature during HTD of the 6.35mm ID tube were much
sharper than the 3.18 mm ID tube.

Yamashita et al. (2003) conducted experiments on heat
transfer of a supercritical pressure fluid flowing upward in
uniformly heated tubes with different diameters, using HCFC22
as a test fluid. They reported the relation between the HTD onset
heat flux and bulk enthalpy considering the tube diameter effect.
It was found that the limit heat flux increases with smaller tube
diameters, which is similar to Ackerman et al.’s results.

Song et al. (2008) experimentally investigated the heat transfer
of supercritical CO, flowing upward in tubes at two different

diameters (4.4 mm and 9.0 mm ID) for the same mass flux and
heat flux. They found that in larger diameter tubes the flow was
more susceptible to HTD due to buoyancy.

Kim et al. (2008) conducted lots of experiments on
supercritical CO, heat transfer for various geometries including
tubes with 4.4 and 9.0mm ID, respectively, and an annular
channel with 10 mm OD and 8.0 mm ID. They found that under
the same flow conditions with low mass fluxes, HTD occurred
in a 9.0 mm tube, while HTD was suppressed in the 4.4 mm tube
and in the annular channel.

Bae et al. (2010) studied heat transfer to supercritical CO,
flowing upward and downward in tubes with 6.32 mm ID. The
results were compared with the data provided by Song et al.
(2008) and Kim et al. (2008) of 4.4 mm and 9.0 mm tubes and they
found that under the relatively low heat flux of 30 kW/m?2, HTD
occurred in the 9.0 mm tube while normal heat transfer persisted
in the tubes of 4.4 and 6.32 mm.

Zahlan et al. (2015) performed extensive thermal hydraulic
tests for CO, upward flow in two heated tubes with 8 mm and
22 mm ID at supercritical pressure conditions. The heat transfer
characteristics of supercritical CO; in the two tubes are shown
in Figure 3B. When q equals 50 kW/m?, normal heat transfer
occurs in both tubes. While when q equals 70 kW/m?, some HTD
is observed in the 22 mm ID tube but not in the 8 mm ID tube.
When q equals 125 kW/m?, obvious HTD occurs in both tubes
and it can be seen the wall temperature peak moves upstream and
its value is larger in 22 mm ID tube.

It can be concluded from these previous experimental results
that the HTD onset heat flux is decreased with larger diameter
tubes, HTD is much easier to occur in larger diameter tubes
for the same flow conditions, i.e., mass flux, heat flux, and
inlet temperature. However, these conclusions are all drawn
directly from experimental data and the mechanism behind
these phenomena is still not clear. Compared with experiments,
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numerical method has got its advantage to extract more
information from the fluid field and has already been successfully
applied in the researches of supercritical fluid heat transfer
(Koshizuka et al., 1995; Yang et al., 2007; Palko and Anglart, 2008;
Cheng et al.,, 2017). In the present work, numerical simulations
were conducted for supercritical water flowing vertically upward
in circular tubes and annular channels at low mass flux and
high heat flux based on validated turbulence model to study the
diameter effect on HTD and the corresponding mechanisms.

NUMERICAL METHODOLOGY

Governing Equations and Turbulence
Model

Because the geometries of circular tubes and annular channels
are axisymmetric, the heat flux is uniformly applied on the
heated wall, 2D axisymmetric model is used in the current
simulation, which aims to greatly reduce the computational cost.
The continuity, momentum and energy governing equations in
cylindrical coordinates are given by:

Equation of continuity:

1[0 0
- {*(pr)Jrf(rpV)} =0 (1)
r | 0x ar

Equation of U-momentum:

1(d oD
;{a(er)Jrg(rpVU)}
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[ ST B Y i
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where U is the x-direction velocity, V is the r-direction velocity,

p is the density. i, is the effective viscosity given by w1, = w4+ t4,
¢ is the turbulent viscosity defined by:

J’_

Equation of V-momentum:

1[a 9, o
;{a(erV)—i-E(rpV)} =

_|_

2
ne = pCy ny (4)

where f,, is the damping function considering near-wall effect, C,

is a constant.
Equation of energy:

1[0 0 1] Mmoo ue\ oh
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0 no pe 0h
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where Pr is molecular Prandtl number, h is enthalpy. oy is
turbulent Prandtl number, which is 0.9 in all simulations.

In the past two decades, various turbulence models based
on Reynolds Averaged N-S equations were used to investigate
supercritical fluid heat transfer by a lot of researchers. However,
these models are not universally applicable and have their own
limitations, especially in predicting heat transfer deteriorations.
It is widely accepted that k-¢ models are usually found to
overestimate the heat transfer deterioration while k- models
usually underestimate it (Pucciarelli et al., 2015). Hence, it should
be very careful when choosing these models to quantitatively
study supercritical fluid heat transfer.

The Shear Stress Transport (SST) k-w turbulence model has
the advantage to combine the accuracy of k-w model in near
wall region with the good performance of k- model in the main
flow region. Several researchers (Palko and Anglart, 2008; Wen
and Gu, 2010, 2011; Jaromin and Anglart, 2013) claimed that
SST k-w model has better performance in predicting HTD in
their applications. To qualitatively study the diameter effect on
HTD, the SST k-w turbulence model is used here. Details of
SST k-w turbulence model is referred to the help documents of
Fluent 15.0.

Computational Domains

To investigate diameter effect on HTD, 7 circular tubes with
different IDs ranging from 7 to 32 mm and 6 annular channels
with fixed 8 mm inner diameter and different outer diameters
ranging from 12 to 32 mm are used as computational domains.
The geometric parameters for these circular tubes and annular
channels are shown in Table1. Schematic of the boundary
conditions of circular tubes and annular channels are shown
in Figure4. Among all these cases, geometric parameters
of Case C2 is taken from experimental data of Shitsman
(Shitsman, 1963). In Shitsman’s experiment, heat transfer of
the supercritical water flowing upward in 8 mm ID tubes
was investigated.

The computational domains of both circular tubes and
annular channels are divided into three connecting sections. The
inlet extension is used to achieve fully developed turbulence flow
without heat flux. In all cases, the length of the unheated inlet
extension is set to be 60 times of the hydraulic diameter. In the
heated section, heat flux is uniformly applied at its inner wall.
The outlet extension is to ensure no backflow occurs on the
outlet surface.

In all cases as shown in Table 1, the grids along axial x-
direction are uniform and are set to 2 mm. While the grids along
the radial r-direction are non-uniform, to increase the accuracy
(Cheng et al., 2007; Yang et al., 2007), the grids near the wall
are fine enough to make sure that y* at the first element to be
smaller than 1. In all cases, the size of the first grid is set to be
le-3 mm, the size ratio is 1.08. The r-direction node numbers are
also shown in Table 1. The values of y* in all cases are <0.3.

Boundary Conditions

The thermophysical properties are already embed into Fluent,
which are based on the database of The National Institute of
Standards and Technology (NIST). The boundary conditions
in Table2 come from Shitsman’s experiment. The operating
pressure is 25.3 MPa. Inlet is set as mass flow inlet and the
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TABLE 1 | Geometric parameters of computational domains for circular tubes and annular channels.

ID oD Dp Lin Lheated Lout Total length Node number Rej,
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (r-direction)
CIRCULAR TUBES
Case C1 7 - 7 420 2,000 200 2,400 86 3.8 x 104
Case C2 8 - 8 480 2,000 200 2,400 91 4.3 x 104
Case C3 9 - 9 540 2,000 200 2,400 96 4.9 x 104
Case C4 12 - 12 720 2,000 200 2,400 111 6.5 x 104
Case C5 16 - 16 960 2,000 200 2,400 131 8.7 x 104
Case C6 24 - 24 1,440 2,000 200 2,400 171 1.3 x 10°
Case C7 32 - 32 1,920 2,000 200 2,400 211 1.7 x 10°
ANNULAR CHANNELS
Case Al 8 12 4 240 2,000 200 2,400 61 2.2 x 104
Case A2 8 16 8 480 2,000 200 2,400 91 4.3 x 104
Case A3 8 20 12 720 2,000 200 2,400 136 6.5 x 104
Case A4 8 24 16 960 2,000 200 2,400 181 8.7 x 104
Case A5 8 28 20 1,200 2,000 200 2,400 226 1.1 x 10°
Case A6 8 32 24 1,440 2,000 200 2,400 241 1.3 x 10°
A Outlet B Outlet
L,  Outlet extension L Outlet extension
q — Ly Hegted section - 1, Heatedsection
= Uniform heat flux _q -— “*® Uniform heat flux
x =Ep
r Bt
\\‘ v" Fully developed turbulent v Fully developed turbulent
\ velocity profile 1 velocity profile
v" Uniform temperature: T, E v Uniform temperature: T;,
R Ly .
Lin Inlet extension Inlet extension
Inlet Inlet
FIGURE 4 | Schematic of the boundary conditions in (A) circular tubes, reprinted from Cheng et al. (2017) with permission of Elsevier, (B) annular channels.

corresponding turbulence intensity and turbulence viscosity ratio ~ TABLE 2 | Boundary and operating conditions.
are 5% and 10, respectively. Outlet is set as pressure outlet. Heat - :

. . . . . Fluid Operating Bulk Tpc Mass flux Heat flux
flux is uniformly applied on the inner wall for both circular o 2 2

K K pressure temperature (°C) (kg/m<s) (kW/m*<)

tubes .a.nd annulflr- channels. Bulk temperature gt inlet is 324.5 at (MPa) atinlet (°C)
subcritical condition. Buoyancy force is taken into account, the
acceleration of gravity is 9.8 m/s?. Steady-state simulations are ~ Water 25.3 324.5 386 449 384.8

conducted for all cases.

Numerical Method Validati

In our previous work, Case C2 was simulated with the same
flow conditions

computational domain,

on

and

turbulence

model to study HTD phenomena. Grid independence tests
were conducted and the calculated results agreed with
Shitsman’s experiment results. In this paper, details of the
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FIGURE 5 | Wall temperature distribution in the axial direction in 8 mm ID tube,
reprinted from Cheng et al. (2017) with permission of Elsevier.
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FIGURE 6 | Wall temperature distributions in the axial direction in
circular tubes.

validation process is not provided, interested readers can refer
to Cheng et al. (2017).

RESULTS AND DISCUSSIONS

Bulk Enthalpies and Temperatures
Using the following equation, the bulk enthalpies can
be calculated:

qmIDx

h =h;
p(x) in + GAﬂuw

(6)

where x is the axial position, hj, is the inlet bulk enthalpy
corresponding to Tj,. q is heat flux, ID is inner diameter of
circular tubes or annular channels, G is mass flux, and Agg,, is
cross-sectional area. With the bulk enthalpy and the operating
pressure, the bulk temperature can be obtained.
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FIGURE 7 | Wall temperature peak positions for different diameter tubes.
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FIGURE 8 | Fully developed turbulent velocity profile in circular tubes.

Diameter Effect in Circular Tubes

In Cheng et al.’s recent work (Cheng et al., 2017), two peaks
of wall temperature were found in the simulation results of
mixed convective heat transfer at the same flow condition
corresponding to Case C2 in the present study when HTD
occurred, which was consistent with Shitsman’s experimental
results. The wall temperature distribution in the axial direction
is shown in Figure 5 and the mechanism was explained in detail
with axial velocity profiles and turbulent kinetic energy (TKE)
distributions in radial direction.

In the present study, the simulated wall temperature
distributions in the axial direction in circular tubes with different
IDs at the same flow conditions are shown in Figure 6. The bulk
temperature in the axial direction of 8 mm ID circular tube is
presented in this figure. It shows that two wall temperature peaks
always occur at present flow conditions, no matter tube diameter
increases or decreases. The positions of wall temperature peaks
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FIGURE 9 | The axial and radial velocity, Reynolds shear stress and TKE
distributions at four different axial positions in circular tubes. (A) Case C2,
8mm ID tube, first wall temperature peak at x = 468 mm. (B) Case C4,12mm
ID tube, first wall temperature peak at x = 430 mm. (C) Case C6, 24 mm ID
tube, first wall temperature peak at x = 364 mm.

in the axial direction for different diameter tubes are shown in
Figure 7. From these figures, it can be seen that with the increase
of tube diameter, the first peak of wall temperature moves

upstream gradually and its magnitude increases first when inner
diameter is <16 mm and then decreases when inner diameter
is larger than 16 mm. This phenomenon is consistent well with
the experiment result of Shiralkar and Griffith (1970) and Zahlan
et al. (2015) as presented in Figure 3B. For the second peak, it
moves downstream gradually as tube diameter increases.

To explore the mechanism behind these phenomena, the
fully developed turbulent axial velocity profiles at the heated
sections inlet with different inner diameters for circular tubes
are extracted and shown in Figure8. In order to facilitate
comparison of these fully developed turbulent velocity profiles,
the radial positions of the heated walls are aligned to the
right. It shows clearly that for the same mass flux and inlet
temperature, the boundary layer velocity profiles are different.
As tube diameter increases, the maximum velocity in the main
flow region gradually decreases and the velocity gradient in the
boundary layer also gradually decreases. These conclusions can
also be derived by theoretical analysis. In fact, there are numerous
empirical fully developed velocity profiles for turbulent circular
tube flows. The most famous one is the power-law velocity profile
given by:

o= (1) ”

where Uy is the maximum axial velocity at the centerline. # is
a constant, which increases as Reynolds number increases. The
average velocity can be derived by integrating Equation (7):

_ R r\1/n
U- JTRZ = |:/0 (1 — ﬁ) . ZTIZTdT’] - Umax (8)

U 2n?
T = )
max (n+1)2n+1)

U 1 1
Umax=—<1+—> (2+—> (10)
2 n n
U_Ul N (o D) (R=r n a1
—5(+;)(+;)( R )

Since the average velocity U is the same for all circular tubes
due to the same mass flux and inlet temperature, the exponent n
increases with the increase of Reynolds number and diameter, we
can conclude from Equation (10) that the maximum velocity in
the main flow region decreases with the increase of tube diameter.
Based on velocity profile in Equation (11), we can see that at
the same position (R-r has the same value in Figure 8) away
from the heated wall, U decreases monotonously as tube diameter
increases. Hence, there is no intersection point for these fully
developed turbulent velocity profile when aligned to the right.
We can conclude from theoretical analysis that the gradient of
axial velocity in the boundary layer gradually decreases with the
increase of tube diameter.

According to Kurganov et al.’s experimental study (Kurganov
and Kaptil'ny, 1992), direct numerical simulations (Bae et al.,
2005, 2008; Bae and Kim, 2009) and Cheng et al.’s analysis (Cheng
etal., 2017), HTD occurs in upward flow when the axial velocity
profile in the near heated wall region is flattened due to buoyancy
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effect and an M-shaped axial velocity profile is formed. At the
same time, Reynolds shear stress and TKE in the near heated wall
region are reduced significantly.

In the present study, when tube diameter increases, the
maximum axial velocity in the main flow region and the gradient
of axial velocity in the near heated wall region are both reduced at
the heated section inlet. Hence, for larger diameter tubes, the axial
velocity profile in the near heated wall region is much easier to
be flattened due to buoyancy, an M-shaped axial velocity profile
is formed earlier and hence HTD occurs earlier along the axial
position, which moves the first peak upstream. The axial and
radial velocity, Reynolds shear stress and TKE distributions at
four different axial positions (inlet of heated section, 100 mm
before, at and 100 mm after the first wall temperature peak)
for Case C2, C4, and C6 are shown in Figure 9. We can see
that at the axial position of the first wall temperature peak, an
M-shaped axial velocity profile is formed because of buoyancy.
The radial velocity has the maximum value, which means that
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FIGURE 10 | Wall temperature distributions in the axial direction in annular
channels.
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FIGURE 11 | Fully developed turbulent velocity profile in annular channels.

the natural convection is strongest at this position. While the
Reynolds shear stress and TKE have the minimum values at the
peak position in the near heated wall region as shown in the blue
circles, which means that the heat transfer due to turbulence is
strongly suppressed. We can also find from these figures that the
M-shaped axial velocity profile is formed earlier with the increase
of tube diameter.

Regarding the first peak magnitude, it firstly increases, then
decreases as tube diameter increases as shown in Figure 6. When
the diameters are small, the maximum axial velocity decreases
significantly as tube diameter increases as shown in Figure 8. The
decrease of velocity gradient and TKE is relatively large, hence
HTD is much more severe with the increase of tube diameter.
However, when tube diameters are large enough, the maximum
axial velocity and near wall velocity profile changes very little as
tube diameter increases. In this situation, the effect of mass flow
rate becomes larger than velocity gradient effect, more water is
used to cool the heated surface, which results in the HTD less
severe and the decrease of the first peak magnitude.

The formation process of the second wall temperature peak
is described in detail in Cheng et al’s recent work (Cheng
et al,, 2017). In phase IIT of Figure 5, the shear stress makes the
axial velocity profile flat in the main flow region and leads to
the second peak. Different from phase I, the wall temperature
response speed in phase III depends on the tube diameter. With
larger tube diameter, the wall temperature response speed is
slower and then the second peak moves downstream.

Diameter Effect in Annular Channels

The simulated inner wall temperature distributions in the axial
direction in annular channels with fixed inner diameter and
various outer diameters are shown in Figure 10. The bulk
temperature in the axial direction of the annular channel with
12 mm outer diameter is also shown here. The characteristics of
wall temperature in annular channels are quite different from the
circular tubes. It is interesting to find that when OD is <24 mm,
even though the flow conditions and the diameter of heated wall
are the same as in the circular tubes, HTD is suppressed and wall
temperature increases monotonically. The result agrees with the
experimental result of Kim (Kim et al., 2008). More interestingly,
it is found that when OD is larger than 24 mm, HTD occurs and
wall temperature peaks becomes more and more noticeable with
the increase of OD. However, compared with the first peaks in
circular tubes, the peaks in annular channels are much smaller
and smoother.

The fully developed turbulent axial velocity profiles at the
heated sections inlet with different outer diameters for annular
channels are extracted and shown in Figure 11. Similar to circular
tubes, the maximum axial velocity and the velocity gradient in
the near heated wall region decreases gradually as outer diameter
increases. When OD is small, the velocity gradient is so large
that the velocity profile in the near heated wall region cannot
be flattened by the buoyancy effect. The Reynolds shear stress
and TKE in the near wall region keeps large enough to suppress
HTD. With the increase of OD, the maximum axial velocity
and the velocity gradient decreases gradually and HTD occurs
gradually as shown in Figure 10. The axial and radial velocity,
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Reynolds shear stress and TKE distributions at four different
axial positions (inlet of heated section, 100 mm before, at and
100 mm after the wall temperature peak) for Case A6 is shown in
Figure 12. We can see that a half M-shaped axial velocity profile
is formed near the heated wall when HTD occurs in the annular
channel. Similar to circular tubes, the Reynolds shear stress and
TKE have the minimum values at the peak position in the near
heated wall region as shown in the blue circles, which means
that the heat transfer due to turbulence is suppressed. However,
these minimum values in the near heated wall region in annular
channels are much larger than those in the circular tubes, which
explains why the peaks in annular channels are much smaller
and smoother.

Comparison Between Circular Tubes and

Annular Channels

Even though the hydraulic diameters of Case C2 and Case A2 are
both 8 mm, it is interesting to find in Figure 13A that the heat
transfer behaviors are quite different at the same flow conditions.
HTD occurs in the circular tube but not in the annular channel,
where the heated wall temperature just increases monotonously.
Figure 13B shows the fully developed turbulent axial velocity
profiles at the heated section inlet for Case C2 and Case A2,
where the heated walls are aligned to the right. We can see

that the differences of maximum velocity and velocity gradient
between circular tube and annular channel are very small. Hence,
the reason that results in the different behaviors of heat transfer
does not just depend on the initial velocity profile at the heated
section inlet. To explain this phenomenon, let’s equally divide the
flow regions along radial direction in circular tube and annular
channel into pieces as shown in Figure 13C, where each piece
is a small annular flow region with the same thickness. For
the yellow and green flow region with the same distance away
from the inner wall in Figure 13C, the area of the green flow
region in annular channel is larger than the yellow one in the
circular tube. And the difference becomes more pronounced
along the direction of heat flow. Since the heat flux is the
same, with larger area of flow region to absorb heat in annular
channel, the water temperature in the near heated wall region
increases significantly slower than in the circular tube, then
buoyancy effect is much weaker and hence HTD is much easier
to be suppressed.

CONCLUSIONS

In this paper, diameter effect on HTD for supercritical water
upward flow in circular tubes and annular channels at low mass
flux and high heat flux was studied numerically. The simulations
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FIGURE 12 | The axial and radial velocity, Reynolds shear stress and TKE distributions at four different axial positions for Case A6 (8 mm ID, 32 mm OD, wall
temperature peak at x = 582 mm) in annular channels.
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were carried out using SST k-w turbulence model with Fluent
15.0 software. When the same boundary conditions were applied,
i.e., mass flux, heat flux, and inlet temperature, it was observed
that for circular tubes the first peak of wall temperature moves
upstream while the second peak moves downstream as tube
diameter increases. The magnitude of the first peak of wall
temperature increases first when inner diameter is <16 mm
and then decreases when inner diameter is larger than 16 mm.
While at the same boundary conditions in annular channels with
fixed inner diameters, we found that HTD is suppressed in the
situation when the outer diameter is <24 mm, and when outer
diameter is larger than 24 mm, it was interesting to find that
HTD occurs. These phenomena are consistent with previous
experiments. The mechanism of these phenomena was analyzed
in detail based on fully developed turbulent velocity profiles
in the near wall region at the inlet of the heated sections.
Increasing inner diameter for circular tubes or outer diameter
for annular channels will result in the decrease of maximum
velocity and velocity gradient in the near heated wall region,
which makes velocity profile in this region much easier to be
flattened by the buoyancy. Then an M-shaped axial velocity
profile is formed, which will significantly decrease the Reynolds
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NOMENCLATURE
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Cu
Cp
Dh
fu
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HTD

K, TKE
L
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p
Pr
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R

Re

T

u,Vv

X, I

yt

Greek symbols

T T > o™

ot
Subscripts
b

cr

e

in

out

pc

t

w

flow area, [m2]

constant of turbulence model
specific heat, [J/(kg K)]
Hydraulic diameter, [m]

damping function

acceleration of gravity, [9.8m/32]
mass flux, [kg/(mzs)]

enthalpy, [J/kg]

heat transfer deterioration

inner diameter of circular tubes or
annular channels, [m]

turbulent kinetic energy, [m2 /52]
axial length, [m]

outer diameter of annular
channels, [m]

static pressure, [Pa]]
Prandtl number, [uCp /2]
heat flux, [W/m?]

circular tube radius, [m]
Reynolds number
temperature, [°C]

X, r direction velocity, [m/s]
axial, radial position, [m]
nondimensional distance

turbulence dissipation rate, [m2 /83]

thermal conductivity, [W/(m K)]
viscosity, [kg/(m s)]

density, [kg/mS3]

turbulent Prandtl number

bulk

critical
effective

inlet

outlet
pseudocritical
turbulence

wall
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