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Abstract

Recent studies on heat transfer to super-critical water (SCW) in tubes, annuli and
rod bundles have been reviewed in support of the development of supercritical
water-cooled reactors. Experimental investigations are primarily focused on the heat
transfer deterioration (HTD) to examine its general behavior, transition boundary and
physical mechanisms. Large amount of experimental data were obtained from the
experiments supplementing the extensive database previously compiled for fossil
fuel-fired power plants. Prediction methods for heat-transfer coefficient were
developed from various databases. These methods provide reasonable predictions at
normal and enhanced heat-transfer regions, but fail to capture HTD. The upstream
effects have not been considered in the prediction methods and may have an impact
on local heat transfer, particularly in a channel with a non-uniform axial power profile
or with flow/pressure transients. Most numerical studies evaluated the applicability of

turbulence models to SCW using the computational fluid dynamics tools. Significant
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challenges remain in establishing the reliability of the turbulence models and the
modeling of buoyancy and turbulent heat flux. Direct numerical simulation and large
eddy simulation have been applied in understanding the HTD phenomena. These
studies are limited to simple channels over a short axial distance at relatively low
Reynolds numbers.

Keywords: Supercritical water; heat transfer; experimental investigation; -heat

transfer deterioration; turbulence modeling; empirical correlation

Nomenclature
Cp specific heat [kJ/(kgK)]
Cp average specific heat [kJ/(kgK)]

C,, Cy, Co, Cg coefficients of AHFM model [-]

d diameter [mm]

Dyy hydraulic equivalent diameter [mm)]

f friction factor [-]

fu damping function [-]

G mass flux [kg/mzs]

Gy production of k due to buoyancy [kg/(ms3)]
_ 3

Gr Grashof number W [-]

_ _= 3

Gr average Grashof number (pb;# [-]

5 4
Gr Grashof number based on heat flux giq# [-]
g gravity constant [m/sz]

h heat transfer coefficient [kW/(mzK)]
H enthalpy [kJ/kg]

k turbulent kinetic energy [m%/s%]

L length [m]

M molecular weight [kg/kmol]

Nu Nusselt number =2 [-]

A



P pressure [MPa]

Pe, turbulent Peclet number % Pr [-]
Pr Prandtl number L/f” [-]
Pr, turbulent Prandtl number E—M [-]
H
Pr average Prandtl number L;” [-]
q heat flux [kW/m’]
gt turbulent heat flux [m3/ s3]
q" non-dimensional heat flux LI [-]
Gep
Re Reynolds number p'#ﬂ [-]
t temperature [°C]
t'2 temperature variance [°C2]
T temperature [K] or [°C]
u velocity [m/s]
ut non-dimensional velocity [-]
X length from the inlet of the test section [mm]
y* non-dimensional distance from wall [-]

Greek letters

o density [kg/m3 ]

A thermal conductivity [W/(mK)]

u dynamic viscosity [Pa-s]

Ut turbulent viscosity [Pa-s]

v kinematic viscosity [m2/s]

£ turbulent dissipation rate [m2/s3 ]

W specific dissipation rate [1/s]

¢’ Reynolds-averaging fluctuation of ¢ [-]
B thermal expansion coefficient [1/°C]
Subscripts

av average



cr
in
pc
w

Abbreviations

AHFM
CFD
DHT
DNB
DNS
GIF
HTD
LES
P/D
q/G
R&D
RANS
SCW
SCWR

bulk

critical

inlet
pseudo-critical

wall

algebraic heat flux model
computational fluid dynamic
deteriorated heat transfer
departure from nucleate boiling
direct numerical simulation
Generation-IV International Forum
heat transfer deterioration

large eddy simulation
pitch-to-diameter ratio

heat-flux to mass-flux ratio
research'and development
Reynolds-Averaged Navier-Stokes
supercritical water

Supercritical Water-cooled Reactor
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1. Introduction

Supercritical pressure fossil fuel-fired power plants with water as coolant have
been widely adopted to improve the thermal efficiency (currently about 48%) [1, 2].
The use of supercritical pressure water (SCW) in nuclear power plants was explored
in the 1960s. Since 2000, there is a renewed interest in developing the Super-Critical
Water-cooled Reactor (SCWR) to improve the economic, safety, proliferation
resistance and sustainability of the current generation of nuclear systems for
commercialized by 2030 [3]. Several conceptual designs have been 'developed,
including the Super-Critical Light-Water Reactor (SCLWR) and the Super-Critical
Fast Reactor (SCFR) of Japan [4], High Performance Light-Water Reactor (HPLWR)
of Europe [5], Canadian SCWR of Canada [6] and Super-Critical Pressure
Vodo-Vodyanoi Energetichesky Reactor (VVER-SKD) of Russia [7]. A collaborative
effort has been established for Research and Development (R&D) in support of the
development under the Generation-IV International Forum (GIF) [8].

Raising the pressure and temperature above the thermodynamic critical point of
water (374 °C, 22.1 MPa) for.the SCWRs increases the thermal efficiency from about
33% of the light-water reactors to as high as 45% [9]. This would enhance the fuel
utilization and minimize waste stream. Furthermore, phase change of water is not
encountered during normal operation at supercritical pressures facilitating the direct
transfer of ‘coolant from the reactor outlet to the high-pressure turbine (i.e., direct
cycle) eliminating the needs of steam generators (as in pressurized-water reactors) and
moisture separators (as in boiling-water reactors). This simplifies considerably the
nuclear steam supply system and reduces the reactor plant size and footprint, which
leads to significant capital cost saving compared to the current generation of nuclear
reactors [3].

Thermal-hydraulics has been identified as one of the critical knowledge areas for
the SCWR development [8]. Collaborative R&D are established for heat transfer,

hydraulic resistance, stability and critical flow within the GIF-SCWR System.



Extensive efforts have been devoted to understanding the heat transfer from channels
to SCW, which has a strong impact on the design of core and fuel of the SCWRs.
Extensive reviews were presented on heat transfer to fluids at supercritical
pressures by Cheng and Schulenberg [10], Pioro et al. [11] and Pioro and Duffey [12].
A large number of research studies on heat transfer of SCW were reported within the
last decade. Recently, Rahman et al. [13] provides a literature survey on heat transfer
at supercritical pressures for nuclear applications, covering both experimental studies
and numerical simulations. It enhances the understanding of basic heat-transfer
phenomena of SCW and is valuable to SCWR developers. Huang et al. [14] focuses
on discussing the heat transfer characteristics of supercritical fluids (water, carbon
dioxide and hydrocarbon fuels) in smooth channels as well as enhanced tubes.
Phenomena such as heat transfer deterioration and wire-wrapped spacers on heat
transfer were studied. While it is essential for engineering applications, it fails to
cover the heat transfer of SCW in rod bundles which are more relevant to the fuel
assembly of SCWR. Therefore, it is the objective of this paper to present the latest
review of experimental and numerical findings related to heat transfer at supercritical
pressures in tubes, annuli and rod bundles. It may serve as a necessary supplement to
the above-mentioned review studies. In view of the relevancy to SCWR development,
this review focuses on heat transfer to water even though significant efforts have been
devoted to the use of surrogate fluids (such as carbon dioxide and refrigerants) as

coolant in experiments.

2. Thermophysical properties of supercritical water

Thermophysical and transport properties of SCW undergo sharp and non-linear
variations at the vicinity of the pseudo-critical temperature. Fig. 1 shows the phases of
water in the pressure-temperature diagram established from the NIST-REFPROP
database [15]. At a given subcritical pressure, the temperature of liquid water
increases until the saturation point, where the water vaporizes to steam (vapor).
Continuously increasing the steam temperature would categorize as superheated vapor

(or steam). As indicated in the figure, the saturated-temperature point is unique at



each pressure and increases with increasing pressure. For pressures beyond the critical
point, the phase change from liquid to vapor is not encountered. Instead, fluid
properties vary gradually with increasing temperature until reaching the

pseudo-critical point where a sharp variation is encountered.
(Insert Figure 1)

Fig. 2 shows the variation of thermophysical properties of SCW with
temperature at various pressures. As shown in Fig. 2(a), the specific heat increases
gradually at the liquid-like region and decreases at the vapor-like region with
increasing temperature. It occurs a “A-shaped” profile at the transition. The
temperature corresponding to the maximum value of the specific heat is referred to as
the pseudo-critical temperature, which increases with pressure. The peak of specific
heat, on the other hand, decreases with increasing pressure. Fig. 2 (b) shows the
variation of density with temperature. -The density decreases with increasing
temperature; the reduction is relatively rapid at the vicinity of the pseudo-critical
temperature as the liquid-like fluid changes to vapor-like fluid. The rapid reduction at
the pseudo-critical temperature becomes less pronounced at high pressures. Similar
variations to the density are shown for the dynamic viscosity in Fig. 2(c) and for the
thermal conductivity in Fig. 2(d). However, a local peak in the thermal conductivity
exhibits as the temperature approaches the pseudo-critical point. It diminishes with

increasing pressure.

(Insert Figure 2)

3. Heat-transfer behaviors

As indicated previously, phase change of water is eliminated with increasing
temperature at supercritical pressures. Therefore, current safety criteria for nuclear
reactor operation, based on the departure from nucleate boiling (DNB) or dryout, are
no longer applicable [8]. Instead, developers of the SCWR concepts have adopted the

peak cladding and fuel centre-line temperatures as the criteria. This would require



improved understanding of the heat-transfer phenomena at supercritical pressures and
accurate prediction methods for heat-transfer coefficients.

In view of the lack of phase change, water at supercritical pressures is considered
a single-phase fluid with associated single-phase heat transfer characteristics in a
heated channel. These characteristics can be represented with a single-phase
heat-transfer correlation, such as the Dittus and Boelter [16] correlation which is

expressed as:

1

Nuw, = 0.023RefPr? (1)

However, the sharp variations in the thermophysical properties at the vicinity of

the pseudo-critical point challenge the application of this heat transfer correlation. In
addition, the complex buoyancy and acceleration effects at the near-wall region have
led to significant changes to the single-phase heat-transfer characteristics. Fig. 3
presents the ratios of the experimental heat transfer coefficient, 4, to the prediction
using the Dittus-Boelter [16] correlation, hg, with bulk-fluid temperature at various
heat fluxes in a vertical heated tube. At the heat flux of 200 kW/mz, the ratio of
heat-transfer coefficient is smaller than 1 at the bulk-fluid temperature of 550 K and
increases gradually with bulk temperature to a local maximum at the vicinity of the
pseudo-critical point (658 K). It decreases sharply at the pseudo-critical point, beyond
which the reduction becomes gradual and approaches the value of 1 with increasing
bulk-fluid temperature. The peak in heat-transfer-coefficient ratio has been identified
as the heat transfer enhancement. However, the identification is mainly attributed to
the predicted trend in heat-transfer coefficient using the Dittus-Boelter [16]

correlation, as shown by the green line in Fig. 3.
(Insert Figure 3)

The peak ratio of heat-transfer coefficient becomes lower and shift to low
temperature with increasing heat flux. On the other hand, the drop in heat-transfer
ratio is more severe and forms a valley near the pseudo-critical temperature. The peak

and valley in heat-transfer ratio may occur at the same heat flux, which indicates a



transition in the heat transfer mechanisms. As described by Cheng and Liu [17], R&D
efforts focused on the understanding of these behaviors.

Before proceeding to the next section, some definitions related to the heat
transfer at supercritical pressures need to be clarified. The pseudo-critical temperature
region refers to the temperature range of *25 °C around the pseudo-critical
temperature, where the thermophysical properties vary sharply [18].< The
corresponding range of enthalpy is referred to as the pseudo-critical enthalpy region.
Normal heat transfer refers to the heat transfer coefficients similar to-those predicted
using the Dittus-Boelter [16] correlation in regions far from-the pseudo-critical
enthalpy region. Enhanced heat transfer is characterized by an increase in heat
transfer coefficient beyond the prediction of the Dittus-Boelter [16] correlation (i.e.,
h/hy>1). Deteriorated heat transfer (DHT), or heat transfer deterioration (HTD), is
characterized by the rapid increase in the wall temperature or the drop in the heat
transfer coefficient compared to normal heat transfer. Unlike the features of DNB, it
is difficult to identify the onset of HTD due to the relatively gradual increase in the
wall temperature. Heat-transfer ratio less than 0.3 (i.e., h/hy<0.3) is often considered

as the occurrence of HTD [11, 19,20].
4. Experimental investigations

4.1. Heat transfer in tubes, annuli and rod bundles

The investigation on heat transfer of SCW originated from the 1950s driven by
the need of developing supercritical fossil fuel-fired power plants. Up to now, more
than 200 experimental papers have been published, most of which were reviewed in
Pioro and Duffey [21]. Earlier studies, such as Shitsman [22], Bishop et al. [23],
Swenson et al. [24] and Yamagata et al. [19], focused on experiments with SCW
flowing inside tubes. These studies showed that the heat transfer is enhanced when the
bulk temperature is below while the wall temperature is above the pseudo-critical
temperature. The enhancement diminishes gradually with increasing heat flux. DHT
occurs at relatively low mass fluxes or high heat fluxes with a rapid increase in the

wall temperature. It has been observed at locations near the inlet of the test section or
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close to the pseudo-critical temperature. Heat-transfer data obtained from these
experiments have been applied in benchmarking or validating computational fluid
dynamics (CFD) tools and models.

Despite of the availability of experimental heat transfer data at supercritical
pressures, additional heat-transfer experiments with SCW are still required because (i)
the physical mechanisms of the DHT phenomena are still not fully understood, (ii)
about half of the heat-transfer data of SCW are no longer available, especially those
obtained prior to 1965 [25]; (iii) available data have an uncertainty of 15% or more,
due to the discrepancy in thermophysical properties adopted in-the analyses and in
calculating methods for wall temperature [26]. Table 1 lists the heat-transfer

experiments with SCW in tubes performed after 2005.
(Insert Table 1)

As shown in Table 1, recent heat-transfer experiments of SCW in smooth tubes
covered the pressures from 11 to 32 MPa, mass fluxes from 170 to 2200 kg/mzs, heat
fluxes up to 3210 kW/m?* and tube diameters from 6.28 to 43 mm. Those with large
diameter tubes (i.e., Yin et al. [32], Zhu et al. [33], Yu et al. [36, 37] and Lei et al.
[45]) were performed “mainly for understanding the heat transfer of SCW in
water-walls of the supercritical boilers. Other experiments using small-diameter tubes
ranging from 6.28 to 7.6 mm (i.e., Pis’menny et al. [29, 30], Zhao et al. [41] and Gu et
al. [43]) are more relevant for fuel-assembly development of SCWRs, although this
range of diameter is still beyond the subchannel sizes in most SCWR fuel-assembly
concepts [47]. Kirillov and Grabezhnaya [26] and Mokry et al. [34, 35] focused on
expanding the heat-transfer database to improve the heat-transfer correlation in
support of the thermal design of SCWR fuel assembly. Experiments of Zhao et al.
[41] and Gu et al. [43] covered the relevant range of conditions for SCWR
development. Data from these experiments are applicable in quantifying the effects of
tube diameter and flow direction on heat transfer.

Experiments with horizontal flow are of less interest for fuel assembly analyses

but could be applied in piping analyses. These experiments showed non-uniform
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wall-temperature distributions around the tube circumference, where a higher wall
temperature was observed at the top than at the bottom portion of the tube. It is
attributed to the buoyancy effect leading to a drastic drop in density within the
boundary layer. The temperature difference between the top and bottom regions
becomes pronounced with increasing heat flux or decreasing mass flux.

Experimental data obtained with simple tubes are not directly relevant in
fuel-assembly analyses. This is attributed to the geometry difference in heated surface
(i.e., concave shape in tubes compared to convex shape in fuel rods), the presence of
spacing devices, gap effect, flow and enthalpy imbalances, etc. Nevertheless,
tube-data-based correlations have been applied in system codes [48; 49], sub-channel
codes [50] as well as CFD tools [51] for the preliminary design and analysis of fuel
assemblies. Verification and validation of these tools against experimental data are
required with bundle subassemblies at relevant conditions. Heat transfer experiments
with SCW flowing through bundles ‘are scarce due mainly to the lack of
supercritical-pressure test loops, techmical difficulties in test-section construction,
high operating cost and extensive operating duration [10, 52]. Pioro and Duffey [12]
reviewed that, as of 2004, the majority of experiments were performed with tubes and
only two studies (Dyadyakin and Popov [53] and Silin et al. [54]) were carried out
using bundles. In the last decade, several experimental studies on heat transfer to
SCW were performed with test sections other than tubes, generating a large amount of
data points in support of developing SCWRs. These recent studies are summarized in

Table 2.
(Insert Table 2)

Licht et al. [55] performed heat transfer experiments with SCW in two annuli
(one with a circular shroud and the other with a square shroud). They observed a
notable effect of channel geometry on HTD. In a subsequent experiment [74], the
mean and turbulent velocities were measured using a two-component laser Doppler

velocimetry system to understand the phenomena of heat transfer enhancement and
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deterioration. These measurements were applied for validating and improving
turbulence models in CFD tools.

Razumovskiy et al. [58-60] conducted heat transfer experiments with SCW in an
annulus channel, a 3-rod bundle and a 7-rod bundle. Spacings between the heated rods
and the unheated shroud were tight in these channel configurations. DHT was
observed in these experiments at high heat fluxes.

Li et al. [61] and Gang et al. [62] performed experiments using annular flow
channels with various gap sizes and channel shapes. Wire-wrapped spacers were
installed along the heated rods. Assessments of several tube-data-based correlations
showed a good prediction accuracy for the Jackson correlation [44], as observed in
Licht et al. [55]. Yang et al. [63] conducted experiments with both upward and
downward flows inside an annular channel with a gap size of 2 mm and a heated
length of 620 mm. The effects of grid spacer and flow direction on heat transfer in
forced and mixed convections were quantified.

Li et al. [64] observed two types of HTD in an annular channel with grid spacers.
The occurrence of HTDs was attributed to buoyancy and thermal acceleration. Zhao
et al. [73] examined the effect of grid spacer on heat transfer in an annular channel.
Heat transfer enhancement is strong near the spacer but diminishes exponentially with
increased distance downstream from the spacer. A correlation was derived in
predicting the local heat-transfer enhancement due to the spacer.

Heat transfer experiments using a 2x2 rod bundle were carried out by Wang et
al. [[66,:71]. A fuel-assembly simulator (Pitch-to-Diameter, P/D=1.18) with four
heated rods was installed inside a square channel with rounded corners. The outer
diameter of each heated rod is 8 mm and the effective heated length is 600 mm. The
study was separated into two phases. The first phase focused on analyzing the heat
transfer of SCW in a bare-rod bundle whereas wire-wrapped spacers were installed on
the heated rod in the second phase. Non-uniform wall-temperature distributions were
observed around the heated rods in the bare-rod bundle. As shown in Fig. 4(a), the
maximum wall temperature was detected in the corner sub-channel while the

minimum in the central sub-channel. For the wire-wrapped bundle, the
13



circumferential distribution in the wall temperature becomes more complex due not
only to the non-uniform flow area, but also the presence of the wrapped wires. The
average heat transfer in the wire-wrapped rod bundle is better than that in the bare-rod
bundle. Jackson correlation [44] was found to be effective in predicting the heat
transfer coefficients.

Similar experiments were performed by Gu et al. [67, 68, 70] using a 2x2 rod
bundle with a rod diameter of 10 mm and heated lengths of 833 and 750 mm. The
flow channel, however, was divided into two sections. Water flowed downward in the
outer section to the bottom of the channel and reversed direction flowing upward in
the inner section where the heated rods are located. For the bare-rod bundle, the wall
temperatures along the circumference of the rod are non-uniform, as shown in Fig.
4(b). The profiles are similar to those observed by Wang et al. [66]. DHT was
observed in the wire-wrapped rod bundle, the spacers appeared to suppress, but not
eliminate, the occurrence of HTD. The correlations of Bishop et al. [23] and Jackson

and Fewster [69] provided accurate predictions in the heat transfer coefficient.

(Insert Figure 4)

4.2. Influencing factors on heat transfer

Significant effects of the enthalpy, heat flux, mass flux, pressure, flow area, flow
direction, channel geometry, spacing devices and upstream flow conditions have been
observed on heat transfer at supercritical pressures. Ample experimental data and
information were obtained. Selected studies are presented below.

4.2.1. Effects of system parameters

Similar observations were noted in tubes [19, 24, 40, 75], annuli [55, 61, 62] and
rod bundles [66-68, 71]. Normal and enhanced heat transfer were observed at low
heat fluxes where the heat transfer coefficient increases gradually with bulk enthalpy
at the liquid-like region but rather rapidly at the vicinity of the pseudo-critical
enthalpy. The trend reverses at the vapor-like region with high bulk enthalpy. This has
resulted in a peak in the heat transfer coefficient near the pseudo-critical point. The

peak reduces in magnitude and shifts to the low-enthalpy region with increasing heat
14



flux. However, little changes in the heat transfer coefficient with heat flux were found
at the low- and high-enthalpy regions beyond the vicinity of the pseudo-critical point.
Effectiveness of heat transfer reduces with increasing heat flux and the peak of heat
transfer coefficient diminishes gradually. At high heat fluxes, HTD, which is
characterized by a rapid drop in the heat transfer coefficient, could be encountered at
liquid-like fluid conditions near the pseudo-critical point. The heat transfer coefficient
recovers gradually beyond the HTD point. This phenomenon was detected by Gang et
al. [62], Yang et al. [63], Wang et al. [66, 71] and Gu et al. [67, 68]. The transition
from enhanced heat transfer to DHT with increasing heat flux was reported in
Shitsman [22] and Li et al. [61].

For forced convective flows, the heat transfer coefficient usually increases with
increasing mass flux. HTD was observed by Gang.etal: [62] in their experiment with
a 6-mm gap annulus at the pressure of 25 MPaj heat flux of 600 kW/m? and mass flux
of 350 kg/mzs. As the mass flux was increased from 350 to 690 kg/mzs, HTD was not
encountered and an enhancement occurred at the vicinity of the pseudo-critical
enthalpy. The heat transfer was further improved when the mass flux was increased to
1010 kg/mzs. Similar trends have been found in other researches [33, 61, 68]. The
heat-transfer enhancement was attributed to the increase in turbulent intensity at high
mass fluxes (or large Reynolds numbers). The heat-transfer enhancement with
increasing mass flux is systematic over the entire bulk enthalpy region. However, it is
more pronounced at low than high mass fluxes [66]. Zhao et al. [41] observed a
heat-transfer enhancement at the low-enthalpy region for downward flow in a smooth
tube. However, the enhancement diminished in the pseudo-critical region, which
could be attributed to heat-transfer deterioration.

The effect of pressure on heat transfer at supercritical pressures varies with heat
transfer regimes. At a relatively small ¢/G, normal and enhanced heat transfer have
been observed. Wang et al. [66] and Gu et al. [67, 68] showed that the heat transfer
coefficient is not affected by pressure at low- and high-enthalpy regions, but increases
with reduced pressure at the pseudo-critical enthalpy region. Furthermore, heat

transfer is enhanced as the pressure approaches the critical point (22.1 MPa for
15



water). Since the variation in the heat transfer coefficient resembles the profiles of the
specific heat at various pressures, many researchers [33, 62, 76] believe that the heat
transfer enhancements occurring in the pseudo-critical region are mainly attributed to
the drastic rise in specific heat. As the fluid temperature within the boundary layer
approaches the pseudo-critical temperature, a sharp increase in the specific heat would
mean the fluid is capable of absorbing heat with a relatively minor increase in wall
temperature. Thus, the heat transfer is enhanced around the pseudo-critical
temperature. At a relatively large ratio of ¢/G, DHT may occur and the effect of
pressure on heat transfer coefficient appears reversing. Li et al. [61] and Gang et al.
[62] demonstrated that HTD at 23 MPa occurs earlier and is:more severe than that at
25 MPa under the same heat flux and mass flux conditions. Wang et al. [77]
experimentally and numerically studied the HTD.at low mass fluxes in an annular
channel. Under the same mass flux and heat flux, HTD in the downward flow
occurred at 23 MPa, but was absent at 25 MPa.

4.2.2. Effects of tube diameter

Dittus-Boelter [16] correlation shows that the single-phase heat transfer
coefficient is inversely proportional to the diameter (i.e., hcd?) at a constant mass
flux. This relationship is generally valid for normal and enhanced heat transfer at
relatively large mass fluxes where buoyancy effect is negligible [37, 78-80]. The
look-up table developed by Loewenberg et al. [81] also supports this relationship
between the heat transfer coefficient and tube diameter. Gang et al. [62] observed a
strong diameter effect at a small ¢/G for water flow in annuli of two different gap
sizes. Gu et al. [43] reported a slightly higher heat transfer coefficient for a
large-diameter tube at the low-enthalpy region, but the trend reverses at the
pseudo-critical region.

Buoyancy forces become strong at high heat fluxes or low mass fluxes, and may
lead to the occurrence of HTD. Several studies [79, 82, 83] showed that buoyancy is
weakened in small-diameter tubes. Bae et al. [84] reported a slightly higher heat
transfer coefficient in large-diameter than small-diameter tubes with carbon dioxide

when HTD occurs. Yamashita et al. [78] observed that the heat transfer coefficients
16



are independent of tube diameter in the case of HTD. Yildiz and Groeneveld [85]
concluded that heat flux is the dominant factor determining the effect of tube diameter
on heat transfer. In addition, this effect varies with the heat-transfer regime, degree of
buoyancy, flow geometry and bulk-enthalpy range. Further studies are required to
quantify the effect of tube diameter on heat transfer at supercritical pressures.

4.2.3. Effects of flow direction

The effect of flow direction on heat transfer depends largely on the magnitude of
buoyancy. The direction of buoyancy is always vertically upward, which aids the
upward flow in tubes but opposes the downward flow [86]. For horizontal tubes,
buoyancy is perpendicular to the flow direction, and may introduce a strong
secondary flow on the cross-section impacting the heat transfer. Early study of
Shiralkar and Griffith [83] showed that the wall temperatures in upward and
downward flows are almost identical even at low mass fluxes, indicating that the flow
direction has a negligible effect on heat transfer. Yamagata et al. [19] found that, the
wall temperatures are almost identical for vertically upward and horizontal tubes at
low heat fluxes. With the increase of heat flux, the wall temperature at the top of the
horizontal tube is higher than that at the bottom, while the wall temperature of the
vertically upward tube'lies in between. Similar findings were also reported by Yu et
al. [37] and Lei et al. [45]. They concluded that the circumferential wall temperatures
of a horizontal tube are nearly overlapped in normal and enhanced heat-transfer
regimes; but show a large discrepancy when DHT occurs.

Yang et al. [63] compared the heat transfer of SCW in an annulus with vertically
upward and downward flows. They found that downward flow shows a superior
heat-transfer performance to upward flow, and this phenomenon becomes more
pronounced with increasing ¢/G. Wang et al. [77] further confirmed this conclusion
by the fact that DHT was observed in the upward flow but did not appear in the
downward flow at the same experimental parameters. Zhao et al. [41] compared the
heat transfer coefficients of SCW at three heat fluxes. At low heat fluxes of 520-570
kW/m?, the heat transfer coefficient in the upward flow is 50% higher than that in the

downward flow. Nevertheless, heat transfer is slightly improved in downward flow at
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medium- and high heat fluxes. The experimental results of Shen et al. [40] indicated
that the effect of flow direction is inconsistent within the entire bulk-enthalpy range.
Lower wall temperatures were observed in an upward flow at the pseudo-critical
region compared to that in a downward flow, but the trend reverses in the
high-enthalpy region.

From the above-mentioned analyses, the effect of flow direction on heat transfer
is complex and depends strongly on buoyancy. With increasing heat flux (or ¢/G),
heat transfer is more effective in the downward flow compared to the upward flow.
Heat transfer effectiveness in vertical and horizontal flows is difficult to'quantify due
to the enthalpy imbalance at the top and bottom surfaces of.a horizontal tube leading
to a temperature gradient. Additional studies are needed to quantify this effect on heat
transfer and confirm the findings of Shiralkar and Griffith [83], Shen et al. [40] and
Zhao et al. [41].

4.2.4. Effects of flow geometry

Direct comparisons of the wall temperature obtained in different flow geometries
are limited in literature. DHT was detected in a tube rather than in a rod bundle under
similar conditions (cross-sectional average values for the rod bundle) [54]. This seems
to signify an improvement in heat transfer for the rod bundle. Jackson [87] observed
that the magnitude of buoyancy-induced HTD is weakened in annuli compared to
tubes. Licht et al. [55] and Li et al. [61] also reported an increase in the heat transfer
coefficient for'annuli compared to tubes at similar flow conditions. Zhao et al. [73]
experimentally investigated the heat transfer of SCW in an annular channel. Unlike
the findings of Jackson [87], Licht et al. [55] and Li et al. [61], they stated that the
heat transfer coefficient of the annular channel is 10%-20% lower than that of the tube
in the pseudo-critical region, although the basic trends are similar. Li et al. [64]
performed a series of heat-transfer experiments in tubes, annuli and rod bundles using
SCW as the testing medium. Detailed comparisons showed that the heat transfer in
annuli is the poorest among the three channels, while the flow and heat transfer
behaviors are more stable and enhanced in the 2x2 rod bundle. In addition, DHT

occurred in the rod bundle with a P/D of 1.18 but was eliminated when the P/D was
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increased to 1.3, suggesting that large-scale bundles are more favorable to improve
heat transfer of SCW. The optimum P/D of the rod bundle was not provided, but a
value of 1.25 was recommended by Shang [88] considering the effect of flow
direction and the maximum cladding temperature.

It may be concluded that for vertically upward flow at similar experimental and
geometrical conditions, the average heat transfer in a rod bundle is the most effective
compared to tubes and annuli. However, it is inconclusive between tubes and annuli,
whereas the experimental observations are contradicting. It is worth-noting that the
CFD analysis of Liu et al. [89] showed an improved heat transfer coefficient in the
annular channel. Further validation of these predictions is required.

4.2.5. Effects of upstream condition

Swenson et al. [24] examined the variation of heat transfer coefficient along the
tube length at two inlet temperatures. They found that the heat transfer coefficients
decrease in the entrance half of the testisection but increase in the exit half. They
concluded that the thermal-entrance effect is much more pronounced for supercritical
fluids due to the severe change in the thermophysical properties. A minimal length of
56 times of Dy, is needed to eliminate this effect. Similar trend in the heat transfer
coefficient was observed in the experiment of Gu et al. [43]. They found that both the
minimum and maximum heat transfer coefficients shift to the high-temperature
direction with the increase of inlet temperature, indicating that the entrance effect
could exist over a much longer region than expected. Gupta et al. [18] developed a

heat transfer correlation which shows a £15% error in predicting the wall temperature.

x |0.608
The error was reduced to +10% after adding a term of (1 + em) to account for

the entrance effect. As pointed by Pioro and Duffey [12], it is important to perform
the heat transfer experiments of SCW using sufficiently long test sections to minimize
the entrance effect.

Recently, Cheng and Liu [17] compared respectively the experimental heat
transfer coefficients of SCW, CO, and R134a in circular tubes obtained from

Shanghai Jiao Tong University, Karlsruhe Institute of Technology and University of
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Ottawa. Large deviations exist in the experimental data from different sources. They
believed that this phenomenon is partly attributed to the upstream effect of the flow.
Due to the strong variation in the thermophysical properties, a full development of the
hydraulic and thermal boundary near the heated wall did not occur. The entrance
effect on heat transfer cannot be neglected for supercritical fluids and should be taken

into consideration when developing heat-transfer correlations.

4.3. Heat transfer deterioration

4.3.1. General behavior of HTD

The phenomenon of HTD was first reported by Shitsman [22] in a heat-transfer
experiment using a vertically upward tube. With the increase of heat flux, the heat
transfer effectiveness is gradually weakened until HTD appears. In addition, HTD
occurs initially near the outlet of the test section, and moves towards the inlet as the
heat flux increased. This behavior was also reported in subsequent investigations [19,
24, 82, 83]. Two types of HTD exist at supercritical pressures. The first type occurs at
low mass fluxes and high heat fluxes when the bulk temperature is far below the
pseudo-critical temperature [21]. This type of deterioration usually appears in the
entrance region of the test section and is mainly caused by buoyancy. The second type
occurs when the bulk temperature approaches the pseudo-critical temperature and
may appear at any part of the channel [21, 64]. Thermal acceleration is believed to be
responsible for this type of deterioration. Another feature is that the increase in the
wall temperature is a gradual process with certain limits when HTD occurs at
supercritical pressures, rather than the sharp soar as DNB takes place at subcritical
pressures [19].

Fig. 5 shows the variations of the wall temperature with bulk enthalpy at DHT
conditions [90]. Data were collected from Shitsman’s [22] experiments consisting of
vertically upward flows, as well as Domin’s [91] with horizontal flows. Varying mass
fluxes were studied in both cases. It is seen that for the vertical tube, DHT shows a
local peak within a narrow region in the bulk enthalpy. With the increase of heat flux,

the peak becomes higher and shifts to the low-enthalpy direction. In addition, the
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onset of HTD becomes earlier at the higher heat flux of 340 kW/m?® For the
horizontal tube, the increase in the wall temperature is not that fast compared to the
vertical tube. A peaky wall temperature is still observed, but it covers a much broader
range in the bulk enthalpy. Similar behaviors were reproduced in the modern

experiments of Yu et al. [36] and Lei et al. [45].
(Insert Figure 5)

4.3.2. Prediction for the onset of HTD

HTD should be avoided in the design and operation of SCWRs, otherwise the
rapid increase in the wall temperature may overheat the fuel cladding and thus cause a
failure of the fuel elements. Therefore, a thorough knowledge about the heat flux
beyond which DHT occurs is desirable. Great efforts have been made to correlate the
critical heat flux that determines the onset of HTD with mass flux, as summarized in
Table 3. It is seen that the expression of these formulas varies significantly. Some
correlations reflect simple relationships between heat flux and mass flux, such as
Styrikovich et al. [92] and Vikhrev et al. [93]. Other correlations (e.g. Protopopov et
al. [97] and Jackson and Hall [38]) incorporate the local thermal properties
determined by the wall temperature which is further implicitly determined by heat
flux. Thus, iterations are needed in using this kind of correlation which makes them
inapplicable without an accurate knowledge of the heat transfer coefficient. A
relatively simple correlation containing just the global parameters (i.e. heat flux, mass

flux; pressure and tube diameter) is more favorable in the pre-design of SCWRs [99].
(Insert Table 3)

Although a large amount of data has been accumulated toward understanding
HTD, assessments to the empirical correlations are not straightforward. The reason
for this issue is that most publications focused on analyzing the behavior of HTD,
rather than the onset point of HTD. Thus, the heat flux corresponding to the reported
deterioration may already be beyond the critical value. In order to assess the

predictions, such case should be excluded from the database. Schatte et al. [99]
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collected 4455 heat-transfer data points of SCW in vertically upward tubes from 14
independent sources. 451 data relevant to HTD were screened based on the definition
of h/hy<0.3, which falls within 44 independent combinations of the experimental
parameters. Within these combinations, 12 cases were further removed because the
heat flux was not reported as the critical one to cause the onset of HTD. Fig. 6 plots
the critical heat flux predicted by selected correlations from Table 3 against the
remaining data points of Schatte et al. [99] (with £15% error bars) at a pressure of 25
MPa and a tube diameter of 10 mm. It is seen that the correlations of Petukhov et al.
[31] and Li et al. [98] significantly overestimate the critical heat flux. Most of the
experimental data fall between the lower boundary of Vikhrev. et al. [93] and the
upper boundary of Ogata and Sato [96]. The comparison shows that the predictions
given by Lokshin et al. [94] and Mokry et al. [35] lie in the middle of the two
boundaries, indicating that these two correlations. may be used for preliminary
estimations. It should be emphasized that HTD depends strongly on the flow
geometry, and extrapolating the conclusions to a geometry other than tubes may be
invalid. In fact, some heat-flux points in Fig. 6 are not high enough to trigger a
deterioration in annuli and rod bundle [62, 63, 66, 71, 77]. In other words, the optimal
correlations for circular tube are usually conservative. To predict the onset of HTD in
annuli and rod bundles, the correlations of Cheng et al. [42] and Schatte et al. [99] are

recommended.
(Insert Figure 6)

4.3.3. Mechanisms of HTD

In spite of the huge amount of experimental and numerical studies, debates still
exist on the mechanisms of HTD owing to the complex variable-property flow at
supercritical pressures. In literature, there are several viewpoints to explain the
occurrence of HTD. Goldmann [102] and Ackerman [82] believed that HTD at
supercritical pressures resembles the feature of DNB. They assumed that HTD is
caused by the transition from pseudo-nucleate to pseudo-film boiling. In this process,

the low-density fluid near the wall blocks the motion of high-density fluid from the
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core in rewetting the wall, which is similar to the behaviors of the bubble and liquid
causing DNB [76]. With the increase of heat flux, the pseudo-nucleate boiling
becomes the controlling phenomenon, and finally transits into pseudo-film boiling
and leads to the deterioration in heat transfer. Nevertheless, this two-phase
fluid-dynamic-based theory is not widely accepted [24, 76, 103].

A growing number of studies [20, 38, 74, 76, 87, 104, 105] indicated that the
drastic variations in the thermophysical properties near the pseudo-critical point and
the consequent effects of buoyancy and thermal acceleration are the main reasons for
HTD. Buoyancy is caused by the difference in the radial density between the
boundary layer and the core, and is especially pronounced at low mass fluxes. As the
wall temperature exceeds the pseudo-critical temperature, a sharp drop in the fluid
density occurs in the boundary layer. With the aid-of gravity, this thin layer of “light
fluid” rises quickly and distorts the forced-convective velocity profile. For a
vertically-upward flow, the velocity gradient becomes flattened which suppresses the
turbulent production. The reduction in turbulent kinetic energy near the wall impairs
the turbulent heat and momentum diffusions and finally leads to HTD. For a
vertically-downward flow, buoyancy is in the opposite direction to the flow, which
results into a steeper velocity gradient. Thus, heat transfer is supposed to be improved
in a downward flow. The theory of buoyancy-induced relaminarization is supported
by the experimental findings that HTD occurs in the upward flow but is absent in the
downward flow under the same conditions [30, 38, 77, 106].

At high mass fluxes, HTD might still occur regardless of the flow direction. In
this case, the effect of buoyancy is negligible due to the strong inertia force, and HTD
is mainly caused by thermal acceleration. In a heated channel with a constant flow
area, the bulk temperature increases from the inlet to the outlet. As can be expected,
the bulk density decreases accordingly. Since the mass flux is constant at any part of
the channel, the fluid accelerates as a consequence of the reduction in density.
However, the velocity in the boundary layer is lower than that in the bulk flow due to
the non-sliding condition attached to the wall. The shear stress in the buffer layer

becomes smaller than that in a flow without acceleration. Thus, turbulence and heat
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diffusion are reduced, both of which result into the deterioration. The theory of
thermally-induced acceleration is upheld by investigators such as Jackson [86], Wang
et al. [76], Palko and Anglart [104, 107], Zhang et al. [106], Wen and Gu [108] and
Mohseni and Bazargan [109].

Apart from the buoyancy and thermal acceleration that stem directly from the
drastic change in the fluid density, the variation of other properties also plays an
important role to the occurrence of HTD. The temperature in the thin boundary layer
increases with the wall temperature, and once it surpasses the pseudo-critical point,
the peak of the specific heat moves away from the wall.- Consequently, the
heat-removable condition of the wall reduces further. Another important factor is the
sudden drop in the thermal conductivity at the vicinity of the pseudo-critical
temperature. Heat transfer from the wall to the boundary layer is greatly impaired due
to the decline in the thermal conductivity. Mohseni and Bazargan [109] argued that
this is the most important factor causing HTD ‘at high mass fluxes. Furthermore, the
drop in the dynamic viscosity reduces the shear stress between the near-wall layer and
the core flow. As a consequence, the flow regime in the boundary layer may
transform from turbulent to laminar. The combination of these unfavorable effects
contributes to the occurrence of HTD.

Recently, Mohseni and Bazargan [110] proposed another theory to clarify the
mechanisms of HTD. They believed that some available data of HTD could be better
explained by the variation of turbulent viscosity. An increase in the wall temperature
reduces the near-wall fluid density, which causes a reduction in the turbulent viscosity
(e = pfi k?/¢). According to the equations of turbulent kinetic energy (k) and its
dissipation rate (¢), both the turbulent diffusion term and production term decline as a
result of the reduced turbulent viscosity. Therefore, the turbulent thermal diffusion is
less effective and the turbulent kinetic energy is lowered, impairing heat transfer,
causing a higher wall temperature and subsequently a lower turbulent viscosity. In a
closed system, the heat transfer is impaired and eventually transforms into
deterioration. This explanation could be further supported by the fact that the peak in

the wall temperature disappeared once the turbulent viscosity was set to a constant
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value in their CFD codes. The starting point of the explanation is the set of
mathematical equations which define the relationships between the turbulent variables
and the thermophysical properties. This viewpoint is relatively new and needs to be
validated by more experimental data as well as advanced simulations.

As stated above, buoyancy-induced relaminarization, thermally-induced
acceleration and the variation of turbulent viscosity are existing explanations to. the
mechanisms of HTD. All of the three viewpoints originate from the drastic variation
in the thermophysical property near the pseudo-critical temperature, especially the
density. In addition, all three theories attribute the occurrence of HTD to the decrease
in turbulence near the heated wall. The direct influence of the thermophycial
properties on heat transfer should never be ignored, because this is the origin of the
unusual heat transfer phenomena occurred at supercritical pressures.

4.3.4. Methods to improve heat transfer

It is necessary to eliminate, or at least, suppress HTD to avoid the cladding
material from overheating. Some methods have been tested which focused on
destroying the high-temperature blocking layer attached to the wall by disturbing or
swirling the flow using grid spacers, wire-wrapped spacers or spiral ribs on the wall
surface [111, 112]. Liet al. [61] experimentally investigated the heat transfer from a
wire-wrapped rod to SCW. They found that the annular channels with and without
wrapped wires nearly produce the same Nusselt numbers, demonstrating a negligible
enhancement induced by the wire-wrapped spacer at normal heat transfer conditions.
However, the onset of HTD was postponed to downstream regions due to the
existence of the wires. Subsequently, Gang et al. [62], Yang et al. [63] and Wang et
al. [113] performed a set of heat-transfer experiments in annular channels with gaps of
2 mm, 4 mm and 6 mm using either wire-wrapped spacers or grid spacers. Unlike Li
et al. [61], they concluded that the effects of spacer on heat transfer strongly depend
on the mass flux. The heat transfer enhancement diminishes with increasing distance
from the spacer. The HTD occurring in the bare-rod annulus was not observed in the
wire-wrapped channel. Zhao et al. [73] specially studied the heat transfer of SCW in a

3.65 mm-gap annular channel with two types of grid spacer. They reported that the
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heat transfer is enhanced at the downstream of the spacer, but the enhancement decays
exponentially until a length of 40 times of Dyy. Zhu et al. [114, 115] numerically
investigated the local heat transfer behaviors induced by a standard grid spacer and a
grid spacer with split-vanes. Unfavorable results were presented that both of the two
spacers lead to an impaired heat transfer in certain regions downstream from the
spacers. It was concluded that solely using the grid spacer to reduce the cladding
temperature is insufficient.

The effects of spacer on heat transfer of SCW in rod bundles have also been
studied. Wang et al. [71] compared the circumferential wall-temperature distribution
and the average heat-transfer effectiveness between a .bare-rod bundle and a
wire-wrapped rod bundle. The maximum wall temperature in the circumference is
lowered due to the introduction of the wire wrapping. In addition, the average heat
transfer coefficient rises in the wire-wrapped rod bundle especially in the
pseudo-critical region, suggesting that heat transfer is improved by the spacer. Grid
spacers were used in the experiment of Li et al. [64] with SCW flowing inside a 2x2
rod bundle. A significant drop in the wall temperature was detected after the grid
spacer. Gu et al. [70] observed HTD in a 2x2 wire-wrapped rod bundle at a low mass
flux of 510 kg/m?s. Compared with the bare-rod bundle, they found that the enhanced
effect induced by the spacer is more pronounced at high mass fluxes and becomes less
effective with decreasing mass flux.

Grid spacer and wire-wrapped spacer can enhance heat transfer to some extent,
but the enhancement depends on the flow conditions. A proper spacer is able to
suppress the occurrence of HTD. It is noted that the methods for improving heat
transfer are not restricted to spacers. Kurganov et al. [116] stated that a relatively
higher wall roughness significantly postpones the onset of HTD, and the critical heat
flux could be increased by 15%-20%. Nevertheless, the magnitude of HTD becomes
more severe once the heat flux exceeds the critical value. Thus, sufficient knowledge

is required before putting this kind of improvement method into practice.
5. Numerical simulation
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5.1. Overview of recent numerical studies

To study the mechanisms of the unusual heat transfer near the pseudo-critical
temperature, just the macroscopic experimental data (i.e. wall temperature, bulk
temperature and heat transfer coefficient) are inadequate. In this case, CFD serves as a
necessary supplement to the experiment because it can provide the detailed flow and
turbulent information. Abundant efforts have been made in the last decade within the
frame of developing SCWRs. The applicability of several CFD codes and a number of
turbulence models have been assessed in various flow geometries. The numerical
results usually capture the trend of the experimental data qualitatively, but may show
considerable discrepancy in certain conditions. Table 4 summarizes the recent
numerical works on heat transfer of SCW in normal and enhanced heat-transfer

regimes.
(Insert Table 4)

As pointed out by Cheng et al. [117], the main challenge in numerical analysis is
the modeling of turbulence at supercritical pressures wherein the thermophysical
properties show strong and non-linear variations. Available turbulence models were
developed mainly for constant-property flow at normal pressures, but none is reported
specially for supercritical fluids. Seo et al. [57] numerically studied the heat transfer
of SCW in a vertical tube using the standard k-¢ model [143]. The results showed
good agreements with the experimental data of Yamagata et al. [19]. They concluded
that the standard k-¢ model could serve as a basic model in predicting heat transfer of
SCW. This viewpoint is supported by Zhang et al. [124] who compared the standard
k-¢, Re-Normalization Group (RNG) k-¢ [144] and realizable k-¢ models against the
experimental data of Yamagata et al. [19] for a horizontal flow. The standard k-¢
model provides more accurate predictions than the other two models. The usage of
RNG k-¢ model by Lei et al. [127] and Gao and Bai [138] were based on the
recommendation of Kim et al. [145] who studied more than 10 first-order turbulence
models in FLUENT. Good agreements were found compared with the data of

Yamagata et al. [19]. In addition, Wang et al. [113] reported that the predicted heat
27



transfer coefficients by RNG k-¢ model are satisfying against the experimental data
obtained from an annular channel. Cheng et al. [117] examined four e-type and two
w-type turbulence models in CFX and found that the ¢-type model with scalable wall
function are less sensitive to the mesh structure, while the w-type model with
automatic wall function failed to reproduce the experimental data. The anisotropic
Speziale-Sarkar-Gatski (SSG) Reynolds stress model was recommended for the
application of sub-channel geometry due to its capability in capturing second flows.
The subsequent studies of Gu et al. [120] and Wang et al. [135] further add
confidence to this recommendation.

It is seen in Table 4 that researchers have different recommendations regarding
the turbulence model. This may be attributed to the following reasons. Firstly, the
selection of a proper turbulence model depends on the flow geometry. For the simple
geometry like a circular tube, usually the standard k-¢ model can return good results.
However, in complex geometries such as a sub-channel or a rod bundle, large-scale
flow pulsation and local secondary flow may exist [146]. These flow structures could
only be predicted by anisotropic turbulence models [117]. More and more studies
[129, 147-150] support this_ viewpoint that anisotropic turbulence models provide
more realistic predictions and should be adopted in the CFD analysis of SCWRs. It is
worth noticing that while the prediction of turbulent statistics can be improved, the
heat transfer coefficients do not differ notably from those obtained by isotropic
turbulence models [148, 150]. The second reason is the near-wall treatments coupled
with turbulence models. There are two alternative treatments of the near-wall
turbulent layer, one is the wall function and the other is the full resolution scheme
[151]. For the former, the viscous sublayer and buffer layer (see Fig. 7) are not
resolved numerically. Instead, the numerical variable in the near-wall region and the
quantities at the wall are connected by semiempirical wall functions. This method
allows for a much course grid resolution (y™>30) and is usually adopted in high-Re
models. For the latter, the turbulent boundary layer is fully-resolved with large
numerical effort (y'<I), and low-Re turbulence models are required. In many cases,

full resolution is required to better capture the drastic property variations within the
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boundary layer, which confines the choice of the turbulence model. The third reason
is that the tested flow and thermal conditions vary case to case. The selected heat flux,
mass flow rate, tube diameter and flow direction significantly affect the predictions.
Existing investigations [118, 128, 150, 153] indicated that both the high-Re models
with wall function and the low-Re models with full resolution produce comparable
results for normal and enhanced heat-transfer regimes. Nevertheless, the deviation
from the experimental data becomes notable with increasing ¢/G due to the strong
effects of buoyancy. The limited tested ranges result into various recommendations of
the turbulence model. Finally, many studies listed in Table 4 drew their conclusions
based on the validation with old experimental data such as those from Yamagata et al.
[19]. Agreement with the data does not necessarily mean that the average velocity,
temperature distribution and turbulent statistics in the radial and axial directions are
sufficiently resolved [154]. Thus, newly-obtained experimental data with sufficient
accuracy should be incorporated as benchmarks in evaluating various turbulence

models applicable for SCW.

(Insert Figure 7)

5.2. Modeling of heat transfer deterioration

Challenges are encountered in predicting HTD which is associated with strong
buoyancy, thermal acceleration as well as the sharp variations in the thermophysical
properties.. Turbulence models that are applicable in normal and enhanced
heat-transfer regimes may show large discrepancy in predicting HTD. Therefore, it is
important to examine the available turbulence models against the heat-transfer data
collected in deteriorated regime. Table 5 tabulates the recent studies with this aim,
based on which several interesting findings should be discussed.

(Insert Table 5)

High-Re turbulence models, such as the standard k-¢ model which provides
acceptable predictions for normal and enhanced heat transfer, are no longer
recommended in modeling the HTD at supercritical pressures. The main reason lies in

the standard wall function utilized in these models. There are three major drawbacks
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in the standard wall function [57]: i) all the thermophysical properties are assumed to
be constant; ii) the buoyancy term and density fluctuation are neglected, and iii) the
empirical coefficients were developed for fluids with constant properties. In fact, the
numerical simulations of Palko and Anglart [104, 107], Zhang et al. [106], Kiss and
Aszédi [150] and Sharabi and Ambrosini [153] indicated that turbulence models
relying on wall function cannot predict HTD. This makes sense because HTD is a
typical boundary-layer phenomenon while any property variation and buoyancy effect
will be neglected if the standard wall function is introduced. However; Seo et al. [57]
argued that, since the standard k-¢ model is reliable in predicting the heat transfer in
normal and enhanced regimes, efforts should be made to modify the wall function and
include variable properties and transpiration-like effects rather than concentrating on
testing the turbulence models. Laurien [151] also believed that the standard wall
function could be extended to supercritical fluids with variable properties. He
improved the wall function by integrating the energy equation over the viscous
sub-layer with its laminar flow, and by modifying Prandtl’s mixing length theory
[163] for the logarithmic layer with a probability density function for the specific heat
[164]. The new function improves the prediction of the wall temperature, but still
underpredicts the peak obtained by Ornatskij et al. [130]. More efforts are needed to
develop an applicable wall function for supercritical fluids.

The shear stress transport (SST) k- model [165] has been widely used in the
prediction of HTD [77, 89, 104, 107, 108]. This eddy-viscosity model utilizes the
standard k-« model in the near wall region (sub- and log- layers) and gradually
switches to the standard k-¢ model in the fully turbulent region [134]. Switching
between the two models is performed using the so-called blending function [166].
Thus, the SST k- model incorporates both the accuracy in the near-wall region and
the robustness in the core flow. Palko and Anglart [104, 107] numerically studied the
HTD in vertical tubes using this model and compared the predicted wall temperatures
with data from Shitsman [22] and Ornatskij et al. [130]. The two peaks in the wall
temperature [22] were captured with reasonable accuracy. In addition, the onset of

HTD and the maximum wall temperature in Ornatskij et al. [130] were also predicted
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successfully, except for the subsequent recovery process. They concluded that the
SST k- model is fully capable in modeling HTD and is recommended for further
investigation. Subsequently, similar results were reproduced by several investigations
[89, 108, 150, 158, 161]. Selected results are illustrated in Fig. 8 which was taken
directly from Liu et al. [89] and Fig. 9 which was reproduced from Palko and Anglart
[107]. It is further concluded from these comparisons that the effects of buoyancy
play a dominant role in the occurrence of HTD at low mass fluxes, but is negligible at

high mass fluxes.
(Insert Figure 8)
(Insert Figure 9)

Apart from the SST k-w model, some low-Re turbulence models are frequently
utilized in predicting HTD at supercritical pressures. Sharabi and Ambrosini [153]
tested 10 turbulence models using an in-house code THEMAT. They found that the
selected six low-Re models provide similar predictions, but tend to overestimate the
buoyancy resulting much higher wall temperatures compared to the experimental
data. Wen and Gu [156] conducted a numerical analysis using five low-Re models and
the SST k-w model.  The results were compared with the experimental data of
Shitsman [22] and Pis’menny et al. [30]. They demonstrated that all of the five
low-Re models qualitatively predict the trend of HTD in the upward and downward
flows, but show large discrepancies quantitatively. Mohseni and Bazargan [109]
examined six low-Re turbulence models against the data of Yamagata et al. [19]
collecting from enhanced heat-transfer regime and the data of Song et al. [79]
collecting from deteriorated heat-transfer regime. They reported that the low-Re
models of MK, CK and CH predict the enhancement with reasonable accuracy,
whereas only the MK model returns an acceptable prediction in the case of HTD. The
deviations are mainly originated from the various damping functions utilized as well
as the empirical coefficients in the turbulence models. Zhang et al. [106] assessed five

low-Re turbulence models and the SST k-w model against the benchmark data
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gathered from vertically upward and downward flows. Over-predictions of the
experimental wall temperature were observed and only the trends were matched.

As discussed above, most of the numerical analyses on HTD evaluated the
applicability of turbulence models using the benchmark data of Shitsman [22],
Ornatskij et al. [130] and Pis’menny et al. [30]. The SST k-w model and low-Re
model are the two models which may be used as basics for modification. However,
these two turbulence models still need further improvements. For the SST k-w model,
all existing assessments are restricted to vertical tubes with a simplified 2D _geometry.
The onset point of HTD and the maximum wall temperature could be captured
approximately, but the subsequent decay to normal heat transfer has not been
successfully predicted. Moreover, according to Lei et al. [159], SST k- model is not
the best choice to predict HTD in horizontal tubes due to the strong second flows
induced by buoyancy. For the low-Re turbulence models, current investigations
signified that the trend of HTD could be captured qualitatively but not quantitatively.
The deviation from the experimental data varies from model to model and depends on
the empirical coefficients. Finally, the prediction accuracy provided by the two
models is largely affected by the choice of the turbulent Prandtl number (Pry). An

optimal value of Pr, for SCW is still case-dependent.

5.3. Improvements to the modeling of turbulent heat flux

5.3.1. Variable turbulent Prandtl number

From Reynolds analogy [167] we know that the heat transfer is related to fluid
flow. by molecular Prandtl number (Pr), assuming that the transfer of energy and
momentum are similar in appearance. In a turbulent flow, the turbulent Prandtl
number which is defined as the ratio of turbulent viscosity and turbulent diffusivity, is
introduced to account for the turbulence contribution to energy transfer. The turbulent
Prandtl number shows its influence on heat transfer in two aspects. On the one hand,

turbulent heat flux is produced in the energy equation duo to the fluctuations of the

. . . ot
velocity and temperature, which is usually expressed as q; = _5_;5' On the other
t i
hand, the production of turbulent kinetic energy due to buoyancy, G, = —gp'u; =
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ot . . .
Bg ﬁ—:;, is also related to Pr.. Note that Boussinesq assumption [168] was used for
t i

the two expressions. In most of the numerical simulations mentioned above, the Pr;
was set to a value close to 0.85. This is ideal for the fluid with constant properties, but
is inadequate for SCW because its thermophysical properties undergo drastic
variations near the pseudo-critical temperature. An increasing number of researches
[10, 132, 169-171] believe that a constant Pr; leads to a large error in predicting HTD
at supercritical pressures. Fig. 10 shows the comparison between the measured wall
temperatures from Gu et al. [43] and the predictions using the SST k-« model with
different Pr; [172]. It is seen that the predicted wall temperatures are sensitive to the
change of Pri, and a constant value of 0.85 fails to accurately capture the experimental

data.
(Insert Figure 10)

Hasan [173] found that the thickness of the thermal sublayer decreases with
Reynolds number and molecular Prandtl number. Based on a theoretical study, he
believed that the Pr;should be less than 0.7. Bazargan and Fraser [169] argued that
directly determining the Pr; for SCW is impracticable because it is impossible to
measure the turbulent shear stress, velocity profile, turbulent heat flux and
temperature profile at the same time. Their assessment indicated that a larger Pr;
results into. a higher wall temperature and consequently a lower heat transfer
coefficient: Mohseni and Bazargan [170] examined four correlations of Pr; using the
experimental data obtained from SCW and CO,, covering normal, enhanced and
deteriorated heat-transfer regimes. They found that the effects of Pr; on heat transfer
are significant outside the laminar sublayer. Most correlations provide reliable heat
transfer coefficients only in normal and enhanced regimes. In a subsequent work,
Mohseni and Bazargan [174] proposed a new model to calculate the Pr, which is
applicable for various supercritical fluids. The effects of heat flux, mass flux,
pressure, tube diameter, working fluid and bulk temperature were considered in this
model. They reported that the predicted heat transfer coefficient is considerably

improved using this correlation regardless of whichever low-Re turbulence model is
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used. Bae [171] stated that the Pr; is far below 1.0 in the boundary layer for
supercritical fluids and should be a function of the flow and thermal parameters as
well as the physical properties. Based on the mixing-length theory [163], a new
formulation was developed by taking the property variation into account. The
computational results agreed well against the data collected from SCW, CO, and R22:
The recovery from deteriorated to normal heat transfer was also successfully
reproduced. Tian et al. [172] theoretically and numerically studied the effects of Pr;
on heat transfer of supercritical fluids. They believed that the region where y*= 5-100
plays the most important role on heat transfer. A variable Pr; model relating to the
local flow conditions and the physical properties was developed. The validations
against the experimental data collected from SCW, CO, and R134a showed an
improved prediction in the wall temperature. Table 6 summarizes the aforementioned
assessed and proposed models in calculating the Pri. The development of variable Pr;
for supercritical fluids is relatively new, @and current evaluations are mostly focused
on surrogate fluids. More assessments to these models are demanded using the

experimental data of SCW.
(Insert Table 6)

5.3.2. Algebraic Heat Flux Model

Modeling the turbulent heat flux by Pr; is not the only way. There are three
methods to calculate the turbulent heat flux. The first method is the Simple Gradient
Diffusing Hypothesis model (SGDH), in which the turbulent heat flux is related to the
mean temperature gradient and the flow direction. Associating the turbulent heat flux
with Pr; in Section 5.3.1 belongs to this approach. The second method is the so-called
Generalized Gradient Diffusion Hypothesis model (GGDH) which was originally

developed from a second-order closure model. In this model, the turbulent heat flux,

k—— 0t . . . .
expressed as q; = —Ct;u{u]’ T 18 determined by the axial and radial temperature
j

gradients. The third method is the Algebraic Heat Flux Model (AHFM) which is

calculated as follows [179]:

34



k — ot —
ut' = —Ce - [Ctlu{u]’a—xj + (1 = Cut’

Tt -cbet? @

ax;

It is seen that the AHFM requires the calculation of temperature variance, LTZ,
which cannot be obtained by simple two-equation turbulence models. Additional
equations [106, 180, 181] have to be introduced to solve the temperature variance and
its dissipation rate.

Several investigations [106, 182, 183] showed that the turbulent heat flux is
seriously underestimated by SGDH model because the temperature change along the
flow direction is negligible compared to that in the radial direction. Xiongand Cheng
[184] found that the variable Pr, though an attractive solution, improves the modeling
of turbulent heat flux limitedly since it is mainly related to. SGDH which cannot
predict the anisotropic turbulent structures. The GGDH model is more accurate than
SGDH model, but still under-predicts the buoyancy term. Therefore, more and more
studies [106, 182-184] pay attention to the four-equation turbulence models and
utilize the advanced AHFM to improve the numerical predictions.

Zhang et al. [106] performed a heat transfer experiment using SCW and
vertically upward and downward flows. Conventional low-Re turbulence models and
the SST k-o model failed to reproduce the wall temperature trend, but the
experimental data were captured satisfactorily once the AHFM was adopted to model
the buoyancy term. Xu et al. [182] examined different combinations of SGDH,
GGDH and AHFM in the turbulent kinetic energy equation. They found that all of the
three models return good predictions in the enhanced heat transfer regime, but none of
these models is accurate in the case of DHT. They concluded that the selection of a
suitable turbulence model is more important than modeling the buoyancy term. In the
above-mentioned two studies, the AHFM was introduced only in the momentum
equation to model the buoyancy term, whereas the turbulent heat flux in the energy
equation was still closured with Pr, and SGDH model. Xiong and Cheng [184]
confirmed that the numerical prediction could be further improved by introducing the
AHFM into the energy equation. They employed various combinations of SGDH,
GGDH, AHFM and Elliptic Blending AHFM (EB-AHFM) in predicting the buoyancy

35



and turbulent heat flux, and compared the predictions with the direct numerical
simulation (DNS) of Bae et al. [185]. It was found that the EB-AHFM is superior to
other models and could be regarded as a candidate for further optimization.

Recently, using an in-house code THEMAT and CFD code STAR-CCM+,
Pucciarelli et al. [186, 187] evaluated the performance of AHFM in modeling
buoyancy based on the comparisons with a wide range of the experimental data as
well as the DNS results. Duo to the restriction of the commercial code, the AHFM
was not fully implemented into the energy equation in STAR-CCM+, but was used to
develop an improved model for the Pr.. The assessments showed that the prediction
accuracy depends on the selected turbulence model and the set of coefficients in
AHFM. It is impossible to identify a single set of parameters applicable to all the flow
conditions. Papp et al. [183] found that the coefficient C;z in AHFM determines the
magnitude of HTD (wall temperature peak) while C, has a great effect on its onset
point. Based on the evaluation, they believed that AHFM has the real capability in
simulating the distribution of turbulent heat flux. Similar to the findings of Pucciarelli
et al. [186, 187], however, a single set of parameters is insufficient in dealing with the
wide range of flow conditions. In a more recent work, Pucciarelli and Ambrosini

[179] proposed a dynamic - definition of the coefficients in the AHFM using a

dimensionless enthalpy H  which is defined as H* = Cﬁi(H —Hpc). Thus, the
p.pc

constant coefficient of (1 — C3) in Eq. (2) was replaced by the dynamic definition
Hy

of Ciy=1=Ci3 = Max (0, ezs — 0.4). Significant improvements in the prediction

of HTD have been observed for many sources of experimental data, some of which

were reproduced in Fig. 11.

(Insert Figure 11)

5.4. Advanced simulations of LES and DNS

All aforementioned numerical studies are based on Reynolds-Averaged
Navier-Stokes (RANS) equations which are time-averaged equations for the fluid

flow. To close the equation set, a proper turbulence model is needed. However,
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applying the constant-property-based turbulence model to supercritical fluids is not
straightforward due to the severe variations in the thermophysical properties. DNS is
an advanced simulation method which solves the Navier-Stokes equations directly
without any assumptions. Since the whole range of the turbulence in the spatial and
temporal scales are fully resolved, detailed information about the flow becomes
available compared to the time-averaged values in RANS. The only limitation of DNS
is the huge amount of computing resources and time, even for the flow with low
Reynolds numbers. Currently, this method has been applied to study the heat transfer
phenomenon of supercritical CO,[185], but none is reported for SCW. An alternative
method is the large eddy simulation (LES) [190], which reduces.the computational
cost by resolving only the large-scale eddies. A filtering function is used to
distinguish between the large and small scales. Although LES is computationally
cheaper than DNS, applying this method to investigate the heat transfer of SCW is
still rarely seen in publication. Ni¢eno and Sharabi [191] performed LES to study the
flow behavior and heat transfer of SCW in upward and downward tubes. Since the
heat transfer to supercritical fluids is inherently unstable due to the variation in the
properties, a sufficiently fine mesh is needed especially in the near wall region. The
numerical results were compared with the experimental data produced by Pis’menny
et al. [30], which showed that LES is able to predict the HTD in terms of the onset
point, the magnitude as well as the recovery to normal heat transfer. The detailed
information about the mean flow and turbulent statistics also helps to evaluate
turbulence models in RANS.

At present, CFD studies on the heat transfer to SCW are still focused on RANS
which allows incorporating complex geometries with a large fluid domain. DNS and
LES are more appropriate to analyze the physical mechanisms of the unusual heat
transfer phenomena. It is noted that the experimental measurements other than wall
temperature, such as the distributions of velocity and Reynolds stresses, are scarce

and highly needed to validate existing numerical simulations.

6. Prediction methods
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An accurate prediction of the heat transfer from a fuel assembly to SCW affects
the thermal-hydraulic design of SCWRs. Since the 1950s, a number of heat-transfer
correlations have been proposed, most of which were reviewed by Pioro et al. [11]
and assessed by Jager et al. [192]. The majority of these correlations were developed
for circular tubes in support of the design of supercritical boilers, but very few for rod
bundles owing to the lack of relevant experimental data. In addition, most correlations
can well estimate the heat transfer coefficient in normal and enhanced heat transfer
regimes, but none is able to accurately predict the onset and magnitude of HTD [11,
42]. The correlations of Bishop et al. [23], Swenson et al. [24] and Jackson [44] are
most frequently recommended. The former two correlations can be used in the
preliminary design of SCWRs because the applicable ranges match the SCWR
operating parameters [35].

Current heat-transfer correlations could be roughly divided into three types. The
first type was developed based on the expression of Dittus-Boelter [16] correlation.
To account for the drastic variation in the thermophysical properties of SCW,

m n
additional terms such as (p_w) or (”—W) are added into the correlation with the

Pb Hp

exponent m and n being fitted by the experimental measurements. The second type
takes the friction factor into the correlation based on the idea that heat and momentum
transfer can still be analogized at supercritical pressures. This type of correlation was
mainly developed by Russian researchers between the 1970s-1990s, such as the
correlations of Krasnoshchekov et al. [72] and Petukhov et al. [31]. The third type
was proposed to address the effects of buoyancy and thermal acceleration on heat
transfer to supercritical fluids. Non-dimensional parameters such as the buoyancy
factor Bo and acceleration factor Ac are usually incorporated. Examples are the
correlations of Cheng et al. [42] and Liu and Kuang [193].

Table 7 summarizes the heat transfer correlations developed for SCW since
2005. Cheng et al. [42] focused on creating an amendatory term F to the
Dittus-Boelter correlation [16]. Three non-dimensional factors, ma, 7z and zc were

derived to account for the effects of thermal acceleration, buoyancy and property
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variation, respectively. The acceleration factor my was found most important while the
other two factors could be expressed indirectly by ma. The variables depending on the
wall temperature were eliminated in this correlation to avoid iteration and numerical
instability. Gupta et al. [18] developed a heat-transfer correlation using the
experimental data of Kirillov et al. [137]. The wall temperature was utilized as the
reference temperature, which is consistent with the method of Swenson et al. [24].
Mokry et al. [35] proposed a correlation for heat transfer of SCW in tubes based-on
dimension analysis. They suggested using cross-sectional average Prandtl number
(Pr) instead of Pr to better address the thermophysical property variations across a
cross-section. Liu and Kuang [193] collected 14758 experimental data points on heat
transfer of SCW in vertically upward tubes, covering a wide range of experimental
parameters and tube diameters. A new correlation was proposed considering the
effects of buoyancy, thermal acceleration as well as the thermophysical property
variations. The correlation of Chen and Fang [194] was developed based on 5366
experimental data points collected from 13 publications for vertical tubes and is
applicable for normal, enhanced and deteriorated heat transfer regimes. A recent study
[195] demonstrated a superior performance of this correlation in predicting the heat
transfer of SCW in_a bare rod bundle. Deev et al. [101] summarized available
publications related to the heat transfer from annuli and rod bundle to SCW. Based on
the analysis. of the experimental data, they put forward a correlation specifically for

these sub-channel geometries.
(Insert Table 7)

For the purpose of developing heat transfer correlations, attentions need to be

paid to the following issues. Firstly, the ratio of C—p was found most effective in
pb

correlating the experimental data [11, 19, 42, 43], and thus could be incorporated into
the expressions. Also, introducing excessive amendatory terms does not significantly
improve the prediction. For example, the complex correlation of Liu and Kuang [193]
shows a limited improvement to a simple correlation like the one developed by

Bishop et al. [23] or Jackson [44] in predicting the heat transfer coefficient in a 2x2
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rod bundle [195]. Secondly, the bulk temperature is recommended as the reference
temperature. Mokry and Pioro [196] derived three empirical correlations using the
bulk temperature, wall temperature and film temperature (average temperature
between the wall and bulk) as the reference temperatures, respectively, and assessed
the three correlations with the same set of experimental data. The comparison showed
that the predictions given by the bulk-temperature-based correlation agree accurately
with the data. Thirdly, the entrance effects or upstream effects on heat transfer of
SCW need to be considered. As discussed in Section 4.2.5, several investigations have
shown that these effects are more pronounced for supercritical fluids compared to
fluids with constant properties. A proper geometry-based term is needed to account
for the effects of inlet condition. Finally, multi solutions may exist at supercritical
pressures [42]. That is, the wall temperature has different values under the same
experimental conditions, i.e. channel geometry, pressure, mass flux, heat flux and
bulk temperature. This phenomenon is considered to be one of the reasons for the
large discrepancy of the experimental data coming from different sources [17].
Parameters depending on the wall temperature are not recommended in developing

new correlations because this might involve iterations and numerical instability.

7. Conclusions

The state-of-the-art R&D on heat transfer to SCW in simple geometry and
bundle subassemblies has been presented through an extensive review of recent
publications. Based on the analyses, the following conclusions could be drawn.

A large number of experimental studies [27, 29, 33, 34, 55, 61-63] have been
performed with simple geometry such as tubes and annuli. Effects of flow conditions,
diameter (or flow area), flow direction and spacers on heat transfer were investigated
extensively and confirmed with observations in previous studies. Experimental data
obtained from these studies are ideal for validating correlations and analytical tools,
or for developing new prediction methods.

Several experimental studies on heat transfer to SCW have been performed with

bundle subassemblies [58-60, 66-68, 70, 71]. The observed heat transfer
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characteristics are similar to those in simple tubes. However, the heat transfer in
bundles appears to be improved compared to that in tubes at similar
cross-sectional-averaged flow conditions. One of the major concerns has been the
mal-distribution of wall temperature around the heated rod of the bundle, which could
lead to rod distortion affecting the thermal-hydraulic performance. Experimental
results indicated a relatively small circumferential temperature gradient within the
range of test conditions.

Heat transfer correlations adopted the form of Dittus-Boelter correlation [16]
with additional terms to account for variations in thermophysical properties. Most of
these correlations provide reasonable predictions of heat transfer coefficients in
normal and enhanced heat-transfer regimes, but not for the HTD. Several issues were
encountered in developing correlations (e.g., the need of information based on wall
temperature and heat flux that require iteration and could lead to multiple solutions).

Experimental and numerical studies demonstrated that the HTD depends strongly
on buoyancy [77, 89, 161], thermal acceleration [12, 64] and variation in the
thermophysical properties [20, 56, 76]. Correlations proposed by Lokshin et al. [94]
and Mokry et al. [35] are applicable in predicting the transition boundary to HTD in
tubes, but tend to underpredict the critical heat flux for annuli and rod bundles. Grid
and wire-wrapped spacers enhance the heat transfer and suppress the onset of HTD.

The majority of numerical analyses focus on evaluating the applicability of
various ‘turbulence models in predicting the heat transfer to SCW, but none of these
models is applicable to a wide range of flow conditions. The high-Re turbulence
models adopting wall functions cannot capture the HTD. The SST k-w model and
low-Re models coupled with the full resolution scheme are capable to qualitatively
capture the onset and magnitude of HTD. However, further improvements are needed,
in particular to model the turbulent heat flux which is directly linked to buoyancy and
thermal diffusion, through the variable turbulent Prandtl number or other advanced
methods (such as AHFM). LES and DNS [185, 191] can be used to study the

fundamental heat transfer and flow behaviors at supercritical pressures. However,
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significant expansion and investment in computational resources are required to
extend their applications.

Other observed issues in improving the prediction accuracy of heat transfer to
water at supercritical pressures include the following:
(i) Reliability of heat transfer data in rod bundles. Large scatter has been observed
among wall-temperature measurements along the heated rods in bundles [64, 70, 711,
and could be attributed to the fluctuation of flow conditions or measurement
uncertainty. Besides, while the circumferential variations of the wall temperature were
obtained, only the cross-sectional average bulk-fluid temperature was available in
calculating the local heat-transfer coefficient. This hampers the effectiveness of using
these data for validation of analytical tools (such as subchannel codes or CFD tools).
(i1) Lack of experimental data for quantification the effects of non-uniform axial and
circumferential power distributions on heat  transfer. All experiments performed
up-to-date employed channels with uniform axial and circumferential power
distributions, which are not representative to the power profiles of SCWR fuels. The
location of the fuel assembly and burnup would lead to axially non-uniform power
profiles along the fuel assembly [139]. In addition, the introduction of the water box
in the fuel assembly would enhance moderation to the adjacent fuel rods leading to a
non-uniform circumferential power profile [164]. The current assumption of
negligible upstream history effect on local heat transfer needs to be confirmed or
validated.
(iii) Lack of detailed measurements in flow velocity and turbulence at supercritical
pressures. These measurements facilitate improvement in understanding the changes
in velocity and turbulent distributions within simple and complex geometries,
especially local phenomena such as spacer and rod distortion. In addition, correlations
for specific separate effects can be developed through applying these local
measurements. The measurements are also applicable for benchmarking CFD tools.
Performing experiments for detailed measurements in water flow at supercritical
pressures are challenging. The use of surrogate fluids would simplify the complexity

and lower the cost of these experiments.
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(iv) Difficulty in modeling buoyancy. Both the variable Pr; model and AHFM appear
to be able to capture the local transport effect. Improvements to these models are
needed to take into the account of buoyancy using available experimental data. This
would enhance the prediction accuracy of heat transfer especially at the DHT regime.
(v) Unsteady nature of the fluid flow and heat transfer at supercritical pressures:
Variations of the thermophysical property, especially at the vicinity of  the
pseudo-critical point, have led to the unsteady flow impacting the heat transfer
behaviors. Application of LES, DNS or transient RANS is needed to investigate the
phenomena, in particular the HTD.

(vi) Extensive use of non-dimensional parameters and both wall temperature and heat
flux as dependent parameters. Some heat transfer correlations include an extensive list
of non-dimensional parameters as correlating functions. These functions introduce
duplicated effects and hence may not be necessary. or relevant. Furthermore, wall-
temperature and heat-flux based parameters were included as correlating functions in
a few empirical equations. This has introduced additional complexity in applications

as iterations are required and in.some cases lead to multiple solutions.
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Table 1 Experimental studies on heat transfer of SCW in tubes.

Table 2 Experimental studies on heat transfer of SCW in annuli and rod-bundles.

Table 3 Selected correlations in predicting the onset of HTD.

Table 4 Numerical simulations on heat transfer of SCW.

Table 5 Numerical investigations on HTD of SCW.

Table 6 Prediction models of the turbulent Prandtl number.

Table 7 Recently developed heat-transfer correlations for SCW.

Figure 1. Pressure-Temperature diagram of water.

Figure 2. Thermophysical properties of SCW calculated from the NIST database [15].

Figure 3. Enhanced and deteriorated heat transfer at supercritical pressures.

Figure 4. Circumferential wall temperature distributions in 2x2 bare-rod bundles (a)
Wang et al. [66]; (b) Gu et al. [68].

Figure 5. Heat transfer deterioration in vertical and horizontal tubes.
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Figure 6. Comparison of the predicted heat flux with the experimental data.

Figure 7. Typical velocity profiles near the wall.

Figure 8. Comparison between the predicted and experimental wall temperatures at a
low mass flux of 430 kg/mzs [89].

Figure 9. Comparison between the predicted and experimental wall temperatures at a
high mass flux of 1500 kg/m?s [107].

Figure 10. Comparison of the measured and predicted wall temperatures with
different turbulent Prandtl numbers.

Figure 11. Comparisons of the wall temperature using the dynamic definition of Cy

with experimental data.
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Table 1

Authors

Flow direction

Experimental conditions

Main findings

Bazargan et
al. [27]

Kirillov and
Grabezhnaya
[26]

Pis’menny et

al. [29, 30]
Yin et al
[32]
Zhu et al.
[33]

Horizontal

Vertically

upward

Vertically

upward and

downward

Inclined, angle

of 20°

Vertically

upward

P=23-27 MPa; G=330-1230 kg/m’s;
¢=0-330 kW/m?; d=6.3 mm; L=3 m.

P=23-25 MPa; G=200-2000 kg/m’s;
g=400-1200 kW/m?; £;;=320-380 °C;

d=10 mm; [=4 m;

0.63-0.8 um.

roughness

P=23.5 MPa; G=250-2200 kg/m’s;
¢=360-3210 kW/m?; £;;=100-415 °C;

d=6.28, 9.5 mm;
roughness 0.25-0.5 um

L=0.36-0.6 m;

P=23-30 MPa; G=600-1200 kg/mzs;
¢=200-600 kW/m?*; d=26 mm; L=2

m.

P=9-30 MPa; G=600-1200 kg/m’s;
¢=200-600 kW/m?, d=26 mm; L=1

m.

(a) Non-uniform wall temperatures in horizontal flow are mainly caused by
buoyancy

(b) Buoyancy criteria proposed for vertical tubes are not applicable to horizontal
tubes

(c) Petukhov et al. [28] criterion for negligible buoyancy is recommended

(a) Correlation of Bishop et al. [23] can be used for preliminary calculations

(b) A lower boundary for DHT considering molar weight of fluids was proposed

(a) Free convection decreases the heat transfer coefficient in upward flow
(b) DHT starts earlier in the upward flow compared to that in the downward flow
(c) Petukhov et al. [31] correlation best predicts the heat transfer in upward and

downward flows

(a) Non-uniform heat transfer exists along the circumference of the inclined tube
(b) Wall temperatures at the top are higher than those at the bottom due to
buoyancy

(c) DHT is weakened with increasing mass velocity or pressure

(a) The increase of pressure weakens both the heat transfer enhancement and
deterioration
(b) The degree of HTD is reduced when fluid enthalpy is far from the

pseudo-critical point
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Mokry et
[34, 35]
Yu et
[36]
Yu et
[37]
Shen et
[40]
Zhao et
[41]

al.

al.

al.

al.

Vertically

upward

Horizontal

Horizontal

Vertically

downward

Vertically

downward

P=24 MPa; G=200-1500 kg/m’s;
¢=70-1250 kW/m?; £,=320-350 °C;
d=10 mm; [=4 m;
0.63-0.8 pm.

roughness

P=23-25 MPa; G=300-700 kg/m’s;
g=200-400 kW/m* Hy=1000-3000
kJ/kg; d=26 mm; L=2 m.

P=25 MPa; G=300-1000 kg/m’s;
g=50-400 kW/m?; d=26, 43 mm; L=2

m.

P=11.5-28 MPa;  G=450-1536
kg/m’s; g=50-585 kW/m*; d=17 mm;
L=2 m.

P=23-26 MPa; G=450-1500 kg/m’s;
g=190-1400 kW/m?; £,=240-350 °C;
1,=280-400 °C; d=7.6 mm; L=2.64 m.

(c) Swenson et al. [24] correlation best fits the experimental data

(a) There are three heat-transfer regimes at supercritical pressures

(b) The appearance and magnitude of enhancement and deterioration are affected
by P, G, g and t,,

(c) A new heat-transfer correlation was developed using the method of dimensional

analysis

(a) Buoyancy leads to non-uniform wall temperature and heat flux distributions in
horizontal flows

(b) At DHT conditions, the increase in wall temperature is more severe in vertical
upward tube

(c) Smaller diameter helps to reduce buoyancy effect in horizontal flows

(a) DHT induced by buoyancy occurs when ¢/G>0.5

(b) The effects of tube diameter on heat transfer are noticeable at high ¢/G
condition

(c) Both criteria of Jackson and Hall [38] and Petukhov and Polyakov [39] are able
to predict the onset of buoyancy at DHT regime

(a) Heat transfer in high enthalpy region is much better than that in low enthalpy
region
(b) Far from the pseudo-critical point, heat transfer in downward flow is superior

to upward flow

(a) Mass flux has great effects on heat transfer, while the effects of pressure are
negligible

(b) Heat transfer in upward flow is better than that in downward flow at low heat
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Gu et al
[43]
Lei et al
[45]
Shen et al.
[46]

Vertically

upward

Horizontal;
Vertically

upward

Vertically

upward

P=23-26 MPa; G=450-1500 kg/mzs;
g=190-1400 kW/m?*; £,=280-460 °C;
(1) d=7.6 mm, L=2.64 m; (2) d=10

mm, L=2.5 m.

P=23-28 MPa; G=200-600 kg/mzs;
g=100-400 kW/m?*; d=26 mm; L=2

m.

P=11-32 MPa; G=170-800 kg/mzs;
¢=85-505 kW/m?; d=19 mm; L=2 m.

fluxes, but the case is opposite at high heat fluxes

(c) Cheng et al. [42] correlation shows best agreement with the experimental data

(a) Entrance effect could exist over a much larger region than expected

(b) The effects of tube diameter are inversed within and outside the pseudo-critical
region

(c) Correlations of Jackson [44] and Cheng et al. [42] show good agreements with
test data

(a) Wall temperature profiles are different for vertical and horizontal tubes at DHT
regime

(b) At the same parameters, buoyancy in horizontal flows is stronger than that of
vertical flows

(c) The criteria of buoyancy and thermal acceleration proposed by Petukhov and

Polyakov [39] are superior to other criteria for tube flows

(a) Acceleration number derived by Cheng et al. [42] is appropriate to predict heat
transfer
(b) Correlations of Mokry et al. [35] and Bishop et al. [23] predict the closest to

experimental heat transfer coefficients
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Table 2

Authors Geometries Experimental conditions Main findings
Licht et al. Circular P=25 MPa; G=350-1425 kg/m?s; (a) HTD depends on flow geometry and hydraulic diameter
[55] annular; q=125-1000 kW/mz; 1n=300-400 °C; (b) At normal heat transfer conditions, circular annulus has a similar
square dioq=10.7 mm; circular annular gap 16.1 performance with tubes
annular mm; square annular gap 9.05 mm; L=3.3 m; (c) Heat transfer data agree closely with the Jackson correlation [56]
grid spacer; upward flow. (d) The onset of buoyancy aligns-with criteria proposed in Jackson [38] and
Seo et al. [57]
Razumovskiy Circular Annular: P=22.6, 24.5 MPa; G=800-3000 (a) HTD was observed in all three test sections

et al. [58-60]

Lietal. [61]

Gang et al.
[62]

annular; 3-rod
bundle; 7-rod
bundle

Square

annular

Circular

annular

kg/m’s; g=1030-3450 kW/m®.

3-rod bundle: P=22.6, 24.5, 27.5 MPa;
G=1000-2700 kg/m’s; g=1250-4580 kW/m”.
7-rod bundle: P=22.6, 24.5, 27.5 MPa;
G=700-1500 kg/m?s; ¢=500-1600 kW/m?*.
drog=5.2 mm; =485 mm; upward flow.
P=23-25 MPa; G=500-1200
g=200-800 kW/m?; £;,=300-400 °C; droq=10

mm; gap of 2.5 mm; L=1.5 m; wire-wrapped

kg/mzs;

spacer, pitch of 200 mm; upward flow.

P=23-28 MPa; G=350-1000
g=200-1000 kW/m®; t;, up to 400 °C; d;0a=8

mm; gaps of 4 mm, 6 mm; L=1.4 m;

kg/mzs;
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(b) During HTD, the peak of wall temperature appeared near the outlet first
and moved to the inlet direction with increasing heat flux

(c) Pressure appears to have little effect on heat transfer

(d) Pressure oscillation was not observed in the experiments even at DHT

conditions

(a) Spacers do not enhance heat transfer significantly at the normal
heat-transfer regime

(b) The Jackson criterion [38] is capable in predicting buoyancy and the
onset of HTD

(c) Pressure pulsation and temperature oscillation were observed when f#,
approaching #,c

(a) DHT is more severe in the annular channel with a 4-mm gap than a
6-mm gap

(b) The effect of pressure on wall temperature are noticeable in all heat



Yang et al
[63]

Li et al. [64];
Zhao et al.
[65]

Wang et al.
[66]

Circular

annular

Circular
annular;
2x2
bundle

2%x2
bundle

rod

rod

wire-wrapped spacer, pitch of 50 mm;

upward flow.

P=23-25 MPa; G=700-1000 kg/m’s;
g=200-1000 kW/m?; di,q=8 mm; gap of 2

mm; [=620 mm; grid spacer; upward and

downward flows.

P=23-26 MPa; G=432-1775 kg/mzs;

g=189-1498 kW/m? £,=264-357 °C;
upward flow.

Annular: d;,¢=8 mm; gap of 2.4 mm;
L=2640 mm.

2x2 rod bundle: d,,q=8 mm; P/D=1.18, 1.3;
L=1328 mm; grid spacer.

P=23-28 MPa; G=350-1000 kg/mzs;
g=200-1000 KkW/m?; £,=200-450 °C; d,0i=8
mm; P/D=1.18; L=600 mm; grid spacer;

upward flow.
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transfer regimes

(c) Wire-wrapped spacer enhances downstream heat transfer, especially at
high mass fluxes

(d) Experimental Nusselt numbers agree closely with the Jackson correlation
[44]

(a) Heat transfer coefficients for downward flow are higher than those for
upward flow, particularly at high ¢/G cases

(b) The effect of spacer on heat transfer depends strongly on mass flux

(c) Experimental Nusselt-numbers agree closely with the correlation of
Swenson et al. [24]

(a) Non-uniform wall temperature in rod circumference was observed in the
bundle

(b) Slight HTD was observed in bundle with P/D of 1.18 but not with P/D of
1.3

(c).Grid spacer enhances local heat transfer significantly but decays shortly
downstream.

(d) Heat transfer in the 2x2 rod bundle is improved compared to tubes or
annuli (based on cross-sectional averaged flow conditions).

(a) Non-uniform wall temperature was observed along the circumference of
the rods

(b) Circumferential wall temperature gradient is the smallest at #,.

(c) Effects of pressure, heat flux and mass flux on heat transfer in the 2x2
rod bundle are similar to those observed in tubes

(d) Experimental Nusselt numbers agree closely with the Jackson correlation



Gu et al. [67,
68]

Gu et al. [70]

Wang et al.
[71]

2x2
bundle

2%x2
bundle

2x2
bundle

rod

rod

rod

P=23-26 MPa; G=400-1200 kg/m’s;
g=300-1000 KW/m?; £,=200-480 °C; dioq=10
mm; P/D=1.18; L=833 mm; grid spacer;

upward flow.

P=23-26 MPa; G=400-1400 kg/mzs;
g=300-1000 KkW/m?; 1,=280-500 °C; d,pq=10

mm; P/D=1.18; L=750 mm; wire-wrapped

spacer, pitch of 250 mm; upward flow.

P=23-28 MPa; G=400-1000 kg/m’s;
¢=200-1000 kW/m?; £;,=200-450 °C3 droq=8

mm; P/D=1.18; L=600 mm; wire-wrapped

spacer, pitch of 200 mm; upward flow.

71

[44]

(a) Non-uniform wall-temperature distributions are attributed to the change
in the subchannel flow-area around the heated rod

(b) High wall temperatures were observed at the surface facing the corner
subchannel and low wall temperature at the surface facing the central
subchannel

(c) Correlations of Bishop et al. [23] and Jackson and Fewster [69] predict
closely the experimental Nusselt numbers

(d) HTD was not observed during mass flux or power transients

(a) Effects of system parameters on heat transfer are similar to those in bare
bundles

(b) Non-uniform wall-temperature distributions were observed around the
heated rod

(c) Wire-wrapped spacers appear to be able to suppress, but not eliminate,
the occurrence of HTD in the 2x2 rod bundle

(d) Correlations of Bishop et al. [23] and Jackson and Fewster [69] predict
closely the experimental Nusselt numbers

(a) Non-uniform circumferential wall-temperature was observed around the
heated rod with the peak at the surface facing the corner subchannel

(b) A localized wall-temperature peak was also noticed at the spacer location
(b) The wire-wrapped spacers enhance heat transfer, particularly near the
H,, compared to the bare rod bundle

(c) Correlations of Jackson [44] and Krasnoshchekov et al. [72] predict

closely the experimental Nusselt numbers



Zhao et al. Circular P=15.5-26 MPa; G=500-1600 kg/m’s; (a) The grid spacer enhances heat transfer but the enhancement decays
[73] annular q=450-1400 kW/mz; 1=310-390 °C; d;,q=8 exponentially to the downstream
mm; gap of 3.65 mm; L=2032 mm; grid (b) The effect of spacer on heat transfer are negligible small after 40 times of
spacer; upward flow. Dyy
(c) A new correlation was proposed to predict the local enhancement in heat

transfer due to spacers
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Table 3

Authors Correlations
Styrikovich et al. [92] q = 0.58G
Vikhrev et al. [93] q =04G
Lokshin et al. [94] q=0.7G
4.5
Kondrat’ev [95] -5 17 p 1.7 (—)
q = 5.815x 107" Re, 101325

Ogata and Sato [96] q=0.034- \]Z (C_p) -G

8 \p pe
Yamagata et al. [19] q =0.2G?

1.3

Protopopov et al. [97] q=0G

Jackson and Hall [38]

Petukhov et al. [31]

Cheng et al. [42]
Mokry et al. [35]

Liet al. [98]

13
(tpc - tb)cpb (f/s)(vw/vpc)
-0
T
ppG \Oh/)pp \up/ \pp Rey
q=0.1875-f-<c—p> -G
B/ e

C
q=1354x1073 (—”) -G
B/

q = —5897 + 0.745G

0.36G 121
q= d 4 (T— 11)

€N 2065
Schatte et al. [99] g =1.942 x 1076 - G795 . (30 — d)03% - (—”)

B/ e

0.55

qnupc Cpc —4

NDom = =55 <2x10
om (GPrpoc'S/lpCAT()) (cpc*>

Dubey et al. [100]

Deev et al. [101] q =5.32- G265 . q0865
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Table 4

Authors CFD code Assessed turbulence model Flow geometry Dimension Benchmark data Recommended
turbulence model

Seo et al. FLUENT Standard k-¢ model Vertical tubes 2D Yamagata et al. [19], -
[57] Shitsman [22]
Cheng et al. CFX 5.6 ¢ type: Standard k-, RNG k-¢, Reynolds Vertical tube 3D Yamagata etal. [19] SSG Reynolds
[117] stress models of SSG and LRR; w type: SST and stress model

k-w, Reynolds stress-w model (RSO) sub-channels
Yang et al. STAR-CD Standard k-¢ high-Re, Standard k-¢ low-Re, Vertical tube 3D Yamagata et al. [19] Two-layer  model
[118] 3.24 V2F, RNG k-¢, Chen k-¢, Speziale k-g, and (Hassid and Poreh)

Two-layer models, Standard k-w high-Re, sub-channels

SST k-o high-Re, Standard k-o low-Re,

SST k- low-Re
Shang and STAR-CD Speziale quadratic high-Re k-¢ model, Vertical -~ 3x3 3D - Speziale quadratic
Yao [119] 4.02 Standard high-Re k-& model rod bundle high-Re k-¢ model
Licht et al. FLUENT Reynolds stress model Vertical 3D Licht et al. [55, 74] -
[74] 6.3.26 annulus
Shang [88] STAR-CD Speziale quadratic high-Re k-¢ model Vertical tube 3D Yamagata et al. [19] -

4.02 and rod
bundles

Gu et al. CFXS5.6 ¢ type: Standard k-g, SSG Reynolds stress Vertical 3D Mantlik et al. [121] SSG Reynolds
[120] model,; sub-channels stress model

o type: SST k-w, RSO Reynolds stress-w

model
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Shang and
Lo [122]
Yang et al.
[123]
Zhang et al.
[124]

Li et al
[126]
Shang and
Chen [80]
Lei et al.
[127]

Li et al
[128]
Wang et al.
[113]

Zhu et al.
[114]

STAR-CD

4.02

CFX

Unstated

FLUENT

STAR-CD

FLUENT

CFX

FLUENT

STAR CCM+
6.04

Speziale quadratic high-Re k-¢ model

Standard k-¢, RNG k-¢, Modified RNG k-¢

Standard k-¢, RNG k-¢, Realizable k-¢

SST k- model

Speziale non-linear high-Re k-¢ model

RNG k-¢ model

¢ type: Standard k-, RNG k-¢, Reynolds
of LRR, QI and SSG,
Algebraic Reynolds stress EARSM; w type:
Standard k-w, SST k-, BSL k-w, Reynolds
stress models of BSL-RSM, ROS, Algebraic
Reynolds stress BSL-EARSM

Standard k-g, RNG k-¢, Realizable k-¢

stress models

Standard high-Re k-¢, Standard low-Re k-e,
Realizable high-Re k-¢, Standard two-layer
k-¢ models of WO and NR

Horizontal rod
bundles
Vertical 17x17
rod bundle
Horizontal
tube

Vertical tubes

Horizontal
tubes

Vertical and
horizontal
tubes

Vertical tubes

Vertical
annulus
Vertical

sub-channels
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3D

3D

3D

3D

3D

3D

3D

3D

3D

Yamagata et al. [19]

Yamagata et al. [19],

Bazargan{125]

Ackerman [82], Zhu et

al: [33]
Bazargan et al. [27]

Yamagata et al. [19],

Swenson et al. [24]

Yamagata et al. [19],

Pis’menny et al. [30]

Gang et al. [62], Wang

etal. [113]

Empirical correlations

Modified RNG k-¢
model
Standard k-& model

BSL-EARSM  for
high G, none for
HTD

RNG k-¢ model

Standard two layer
k- model of
Wolfstein (WO)



Dutta et al. FLUENT SST k- model, Reynolds stress model, 1-D  Vertical tubes 2D and 1D Ornatskij et al. [130],

[129] 14.5, TH model Mokry et al. [35],
THRUST Churkin et al. [131]
(in-house
code)
Podila and STAR CCM+ Low-Re SST k-w model Vertical 3D - -
Rao [132] 7.04 sub-channels
Xiong et al. CFX 5.6 SSG Reynolds stress model, ®-RSM model, Vertical 2x2 3D Zhao etal. [65] -
[133] BSL-RSM model rod bundle
Podila and STAR CCM+ SST k-w model, Low-Re V2F model Vertical 2x2 3D Wang et al. [66], Wang -
Rao [134] 9.02 rod bundles etal. [71]
Wang et al. CFX RNG k-¢, SST k-w, SSG Reynolds stress Vertical 2x2 3D Wang et al. [66] SSG Reynolds
[135] model rod bundle stress model
Zvorykin et FLUENT Standard k-¢, Realizable k-¢, Low-Re models Vertical tube 2D Kirillov et al. [137] SST k- model
al. [136] of AKN and LB, SST k-w, BSL k-
Gao and FLUENT RNG k-¢ model Horizontal 3D Yamagata et al. [19] -
Bai [138] tubes
Rowinski et FLUENT SST k- model Vertical tube 2D Ornatsky et al. [140] -
al. [139]
Shen et al. FLUENT SST k- model Vertical tube 3D Ackerman [82], Shen et -
[46] al. [46]
Zhu et al. CFX RNG k-¢, SST k-w, Reynolds stress models Vertical 3D Yamagata et al. [19] SSG Reynolds

[141, 142] of SSG, LRR and RSO sub-channels stress model
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Table 5

Authors CFD code Assessed turbulence model Flow Dimension Benchmark data Recommended
gseometry turbulence model
Palko and CFX 11.0 Standard k-¢ model, SST k-w model Vertical tubes Unstated Shitsman [22], Ornatskij et al. SST k-w model
Anglart  [104, [130]
107]
Sharabi and THEMAT Standard k-¢ model, Low-Re models Vertical tubes 2D Yamagata et al. [19], Kim et al. -
Ambrosini [153] (in-house  of JL, LS, LB, CH, YS and AKN, [155]
code) k-0 model, k-t model, SST k-w

model
Kaoetal. [147] FLUENT RNG k-¢ model, Reynolds stress Vertical tubes 2D Yamagata et al. [19], Shitsman Reynolds stress

model (RSM) [22] model (RSM)
Wen and Gu FLUENT Low-Re k-¢ models of AKN, YS, Vertical tubes 2D Pis’menny et al. [30], Shitsman V2F model and SST
[156] CHC, AB, V2F; SST k-w model [22] k- model
Mohseni and In-house Low-Re k-¢ models of JL, LS, CH, Vertical <and 2D Bazargan et al. [27], Song et al. Low-Re k-¢ models
Bazargan [109] code MK, AKN and CK horizontal [79] of MK

tubes

Wen and Gu FLUENT Low-Re k-&¢ models of AKN, YS, Vertical tube 2D Ornatskij et al. [130] SST k- model
[108] CHC, AB, V2F; SST k- model
Bazargan  and In-house Zero-equation algebraic models of Vertical tubes 2D Yamagata et al. [19], Bae and -
Mohseni [148] code VD and BR, Low-Re k-¢ models of and annulus Kim [157], Kim et al. [155]

MK and CK, k- model
Zhang et al. In-house Low-Re k-¢ models of YS, AB, CH, Vertical tube 2D Zhang et al. [106] The improved
[106] code AKN and LS; SST k-w model, an k-&-k-¢; model
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Jaromin and
Anglart [158]
Kiss and Aszodi
[150]

Lei et al. [159]

Liu et al. [89,
161]

Wang et al. [77]

CFX 12.1

CFX 13.0

FLUENT

FLUENT

CFX

improved k-¢-k;-¢, model
SST k- model

SST k- model

Standard k-¢ model, RNG k-¢ model,
SST k- model

Low-Re models of AB, LB, LS. YS,
AKN, CHC and V2F, SST k-w model

RNG k-¢ model, SST k-w model,
SSG Reynolds stress model

Vertical tubes

Vertical tube

Horizontal
tube
Vertical tubes

and annulus

Vertical

annuli

2D

3D

3D

2D

3D

Shitsman [22], Ornatskij et al. -
[130]

Shitsman [22], Ornatskij et al. -
[130]

Yamagata et al..[19], Yu et al.
[160]

Shitsman' [22];- Ornatskij et al.
[130], Glushchenko and
Gandziuk [162]

Yang et al [63], Wang et al.
[77]

RNG k-¢ model

SST k- model

SST k- model
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Table 6

Authors

Assessed or proposed correlation

Benchmark data

Bazargan and Fraser
[169]
Mohseni and Bazargan
[170]

Mohseni and Bazargan
[174]

Bae [171]

Tian et al. [172]

Pr, = 1.855 — tanh[0.2(y* — 7.5)]

1.63
In(1 + Pr/0.0015)
Pr, = 1.855 — tanh[0.2(y* — 7.5)]

Pry = 0.75 +

(107 y*<10 . o
Pre = {Z/Pet +085 y*+ > 10 nWwhich Pe, =2 Pr
. {1 L03Pe (e [1 < 1
e =1= —(0.3Pe —exp|————
“ |7 Voss ‘ P\ ™ V085(0.3Pe,)

Pr(x,7) = Prycr [1 - (1 — 99 )(1 - ’“"'”)] where Pr, ¢, = ~1.067X + 0.9, and

PTtcr

() +
Pcr,C02 p Mref dref G2

Bmax

I

Pr, =09 —f1f,(09 — Priy)  where f; =1—exp (_ Z_:)

tanhF—y+10
1.0 yt <5
pr? + Ut
Pr, = a+b§ 5<y" <100 where Pe; =7Pr
t
0.85 100 < y*

and  f, =051+

Bazargan and Fraser [169]

Yamagata et al. [19] for water, Bae
and Kim [157], Song et al. [79] and
Bae et al. [84] for CO,

Yamagata et al. [19], Song et al.
[79] and Kim et al. [155] for CO,

Shitsman [22] and Vikhrev et al.
[93] for water, Bae [175] CO,, Mori
et al. [176] for R22

Gu et al. [43] for water, Zahlan et al.
[177] for CO,, Feuerstein et al.
[178] for R134a
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Table 7

References Correlations Flow Geometry Applicability Range
Cheng et al. Nu,, = 0.023Rep®Pr-33F, where F = min(F,,F,) Tubes (D=10,20  P=22.5-25 MPa; G=700-3500
[42] F, = 0.85 + 0.766(m, - 103)%* mm) kg/mzs; g=300-2000 kW/mz;
0.48 . Boa 1,=300-450 °C
F, = : 3155+1.21<1— A)andnA:L
(Tapc - 103)* Ta,pc Gep
Guptaetal. ' _ 0 004pe092355>" 73 (#_w>°'366 (P_w>°'186 Tube (D=10 mm) P=24 MPa; G=200-1500 ke/m’s;
[18] " YT A\ Pb ¢=70-1250 kW/m?; £,=320-350 °C
Mokryetal. o _ 00061 po0904r 0684 (pw>°-564 Tube (D=10 mm) P=24 MPa; G=200-1500 kg/m’s;
b =V b b —
[35] Pb q=70-1250 kW/m?; £,,=320-350 °C
Liu and Kuang Nu, = Tubes (D=6-38 P=22.4-31 MPa; G=200-3500
[193] 0.01R68'889ﬁ2-730 (A_W)O-Z‘w (#_W)0.153 (p_w)0.401 (E_p>0'014 Gr*0-007< >0.041 mm) kg/mzs; ¢=37-2000 kW/mz;
A Hb Pb Cpb Hy=93-3176 kJ/kg
Chen and Fang Pr 01 —055 /7 \OB8 /(o 081 Tubes (D=6-26 P=22-34.3 MPa; G=201-2500
Nu, = 0.46Re?16 (ﬂ) (V_W> “p ( rb) 2 2
[194] b . b Pr, v Co Gr, mm) kg/m-s; g=129-1735 kW/m~;
H,=278-3169 kl/kg
Deev et al. Annuli (gap of P=22.6-28 MPa; G=350-2700

[101]

pw\025 [ \"
Nu,, = 0.026Rep®Pr* (p—w) (—”) £(B,,) where B,, =
b ,

" G|Hpe—Hp

Cpb

2.67-6 mm), 2x2
bundles
(Dpy=2.4-5.4 mm)

kg/m’s; g=200-3200 kW/m?;
Hy,=865-3144 kJ/kg

81



35

w
o

N
w

Pressure (MPa)
o S

10 Superheated Vapor
5
0 | ] ] | ]
200 250 300 350 400 450

Compressible Liquid

Supercritical Water

(P_=22.1 MPa, T_=374°C)

Temperature (°C)

Figure 1

500



300

700

(a) ——P=23MPa 500 (b)[—— P =23 MP4|
250 |- --- P=24MPa
o -—- P=25MPa
Baob e P=26MPa 500
S -~ P=27MPal |g
< 4 5,400
g =
s z
g 7 300
= 8
53 a
& 200
100
1 L 1 1 0 1 1 1 1
360 370 380 390 400 410 340 360 380 400 420 440
Temperature (°C) Temperature (°C)
8x10° 06

7x10°

6x10”

Dynamic Viscosity (Pa-s)
&
=

<
'S
T

Thermal Conductivity (W/mK)
5
 §

--- P=24MPa
== P=25MPa
——————— P=26MPa
-- P=27MPa

4x10 02 -
3x10° 0.1
2X1 0‘5 & 1 1 1 OD 1 1 1 L
340 360 380 400 420 440 340 360 380 400 420 440
Temperature (°C) Temperature (°C)
Figure 2



Ratio of Heat Transfer

2.0

1.8

0
- - - -
o (] IS o

Coefficient A/h

o
o™

------- q=600kW/m* "/

hih,
[ ---- g =200kWm’ .7,
----g=400kWim’ | -/

----- g =800 kWim’ | /%]

Heat transfer
enhancement

35

25

06 |- vertical upward flow ‘\ //
[ P=25MPa; G = 1000 kg/m’s {1/ 19
00F a-10 mm; 7 = 658 K \,\“'- Heat transfer
i deteripration
0.2 T . T L T T 5
550 600 650 700 750

Bulk Temperature (K)

Figure 3

Heat Transfer Coefficient /, (kW/m’K)



ACCEPTED MANUSCRIPT

T T T T 430
—%— | Sliding thermocouple P=23.0MPa
282 || —A— #2 Fixed thermocouple q=400 kglm’s
I | y 420 -Q=300 kw"mz T ITTTZZLr 3
Gaso [ [ P2smpa AN s,
1 G=1000kg/m’s / \\\
Baep q=400kW/m® - 410
2 (=413 | A4 g
£ 276 * S 400 = T,=377.5°C
E // —a—T,=3459°C
274 &j[
e (@) 390
272
270 H H H H H H H H 380 L I 1 L 1 1 1 L 1
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Angle(®) 0[]

Figure 4 ‘



600

Shitsman [22], G=430 kg/m’s Domin [91], =725 kW/m’
[ ——¢=340kW/m° = - G=686 kg/m’s

550 | ¢=285 kW/m’ - - --G=T24 kg/m’s
3
§500 =
o]
5
o
5
= 450
=
=

400

350 L L 1

1400 1600 1800 2000 2200 2400 2600 2800

Bulk Enthalpy (kJ/kg)
Figure 5

10



2000

------ Styrikovich et al. [92] -+~ Cheng et al. [42]
Vikhrev et al. [93] Mokry et al. [35]

- Lokshin et al. [94] - - - Lietal. [98]
1600 | Ogata and Sato [96] ----- Schatte et al. [99]
s Yamagataetal. [19] —-—- Deevetal. [101]

Petukhov et al. [31]

1200 t P=25 MPa ;
d=10 mm /
" error bar =1 5%,/

Heat Flux (KkW/m’)

800
400 +
O L 1 Iy
0 200 400 600 800 1000 1200 1400 1600
Mass Flux (kg/mzs)
Figure 6

11



30

25

20

s 15

10

Inner region

Outer region

viscous

log-law layer

sublayer

\ buffer layer /\

U\:‘Exp. data [152

0

]

12




Tw (K)

1100 -

—— With gravity (SST model)
Without gravity (SST model)
1000 m  Shitsman(1963)
+ p=23.3MPa

900 4 G=430kg/m?s
q=387.33kW/m?2
D=8mm

800

n
700 - . - ———-
n
u n
600

T v T ¥ T v T T T T T Y T T 1
1500 1600 1700 1800 1900 2000 2100 2200
hp (kJ/kg)
Figure 8

13



650

600

550

500

Tw (°C)

300

250

200

| | I I I | | |
_.....E..ﬂ...i....CEDI‘GSUH.T'% ........................
CFD result no buoyancy :
E . 0 L e S
Ex;per. da‘f:a

Dlttus Boelter

| I | | i I | |
600 800 1000 1200 1400 1600 1800 2000 2200 2400
Bulk enthalpy (kJ/kg)
Figure 9

14



1000 |
¢ 900
o
]

g

s
]

(e
=
L
H
=
=

® Guetal. [43] Pr=0.2
P=25 MPa; G=600 kg/m’s Pr=0.62
g=700 kW/m’; # =300 °C Pr=0.85
t

1.0 1.5
Axial Length (m)

Figure 10

15

20

25



600

| | Predictions Pis’menny [29, 30]
50 water, 6.28 mm ID, 23.5 MPa
g 508 kg/m’s, 390 kW/m’ -
O 400
&
E « %
%< ¥r W -
5 B A O > e R L U
g 300 * 1' ‘\ *_ﬁ’ﬁ--hﬁ---ﬁ \
E P Watts [189]
w
= 500 | Fewster [188] water, 24.5 mm ID, 25 MPa
§ CO,, 5.1 mm ID, 7.584 MPa 364 kg/m’s, 340 kW/m’
631.48 kg/m s, 68 kW/m’
100 |- E 0 & \%
00 © 00 00 b OO CoCTUDUD
0 1 | 1 | 1 | 1 | 1
0 20 40 60 80 100
x/d
Figure 11
Highlights
® Experimental and numerical studies of heat transfer to SCW were reviewed.
® The effects of several factors on heat transfer were discussed.
® ' Deteriorated heat transfer were summarized and analyzed.
®  The validation of various turbulence models was studied.
® Suggestions were provided in developing new prediction correlations.
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